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SUMMAI'V

The nechanism of thiosulphate oxidation by Thiobaci 1lus versutus
(A2) was investigated in an attempt to elucidate the enzyme system and
the energetic processes involved. The theoretical maximum growth yield
of the organism on thiosulphate was 7 (g dry wt/mol). Thiosulphate
oxidation was coupled to the electron transport chain through c-type
cytochrome(s). Cell-free extracts catalyzed the complete oxidation of
thiosulphate and linked the associated electron transport to ATP synthesis
with a P/0 ratio of about one. On the basis of these data and a knowledge
of the biochemistry of the organism, a requirement reduction of one mole
of approximately three ATP for NAD+ was deduced and the involvement of an
oxygenase in thiosulphate oxidation ruled out. Enzymes for conversion
of thiosulphate to sulphate were located in the cytoplasm, but oxygen
uptake required the membrane fraction, which provided cytochrome c_ and
cytochrome oxidase and could be renlaced by its counterparts from mammalian
sources.

The crude extract was fractionated by ammonium sulphate, then
resolved into three major fractions involved in thiosulphate oxidation by
chromatography on DEAE-Sepharose-CL 6B. Four essential components, enzyme
A, enzyme B, cytochrome £551 and cytochrome £552.5 and sulphitescytochrome £
oxidoreductase were finally highly purified from the three fractions by
means of gel filtration, hydrophobic interaction chromatography, isoelectric
focusing, chromatofocusing and gel electrophoresis.

Enzyme A (Mr 16,000) and Enzyme B (llr 64,000) were colourless
proteins both necessary for the thiosulphate-oxidizing reaction.
Cytochrome £551 (Mr 260,000) and cytochrome £552.5 (Mr 56,000) were
multihaem c-type cytochromes, each with a dual Em 7 of -115, +240 and
about -50 and *220 nV respectively. The four components, each comprising
0.6 to 1.57. of the cellular protein, catalyzed complete oxidation of
thiosulphate in the presence of an electron transport system. The reaction
proceeded in an integral way as neither cleavage of thiosulphate nor any
intermediates (e.g. sulphite) were detected and the individual or specific
functions of the four components were not identified. The two cytochromes
may serve not only as electron carriers but could also have other enzyme
functions. Sulphite:cytochromo c oxidoreductase was an important component
in the enzyme system, but further study of its function was hampered by
its low concentration (less than 0.52 of the cellular proteins) and its
intimate association with cytochrome £jjj

Rltodancse was proven not to be a part of the thiosulphate-oxidizing
system.

A generalized mechanism and a model system are proposed for
the path of thiosulphate oxidation to sulphate, the involvement of the
four essential components and the role of dual Em 7 of the cytochromes
in feeding electrons into ATP and NADII-generating electron transport.
The problems remaining to be resolved and possible routes to their



CHAPTER 1

GENERAL INTRODUCTION

1.1 Biochemical background to the oxidation of inorganic sulphur
compounds in thiobacilli

Thiobacilli are chemolithotrophic bacteria capable of obtaining
all the energy required for growth from oxidizing inorganic forms of
sulphur, such as thiosulphate, elemental sulphur, sulphide and polythionate
and cell carbon from fixing carbon dioxide using the Calvin cycle (Kelly
1971). Thiobacilli occur in diverse aquatic and terrestrial environments
and are believed to be responsible for a major part of the biological
oxidation of inorganic sulphur in nature.

Progress in elucidating the mechanisms of sulphur oxidation and
biochemical energy-coupling in thiobacilli has been slow, mainly because
of technical difficulties in handling the organisms (e.g. low growth yield)
and the chemistry of their substrates. During the last fifteen years,
however, there have been some achievements, mainly on the bioenergetics
of the chemolithotrophic organisms, of which | shall give a brief suemary
in this Chapter. As the title of nmy thesis has indicated, the Introduction

will stress the biochemistry of thiosulphate oxidation and related subjects.

1.1.2 Growth yields
Chcmostat culture techniques are generally used to estimate the
energy efficiency (growth yield, Y ) of thiobacilli grown on sulphur

compounds, which is very difficult to obtain by using batch culture

mi x

m*rhods. Theoretical maximum (or true*) growth Yyield, , corrected
for energy expended in cell maintenance, is calculated graphically using
the following equations (Pirt 19hS, 197'i):

1 /v . I/y'l'%”*om/u (r.1)

or

q . ivy'"].,l* . m (1.2)



where m m maintenance coefficient, u = specific growth rate ( < D,
dilution rate, in steady state of continuous culture), q * specific rate
of substrate consumption. From equation 1.1 it follows that if mis
constant the graph of 1/Y8 against 1/u will be a straight line with slope
m and intercept, I/Y1é3* on the ordinate. Alternatively Y;IBI‘B* and m may
be estimated from the plot of g against u (equation 1.2).

As shown on Table 1.1, the theoretical maximum (or true) growth
yields of thiobacilli growing on thiosulphate examined so far fall into
more or less the same category, around 6.3 g dry wt cells per mol
thiosulphate, except T. denitrifjeans which gives a doubled value in
aerobic growth condition and about 11 in aiufrobic growth conditions. The
results suggest that the efficiency of energy conservation by these aerobic
thiobacilli on thiosulphate is similar. Does this mean that the same
biochemical mechanism of thiosulphate oxidation is also operative in
these organisms (and thereby extend the concept of "unity in biochemistry”,
(Kluyver and Donker, 1926)? The present answer is "possible”, but direct
evidence, such as highly purified enzymes, isolated intermediates (if
any) etc., is necessary for a proper comparison before any conclusions
can be reached. Nevertheless these values can provide a rough but useful
guide to their metabolic patterns.

Based on the lezax of 6.H and P/0 ratio .»bout 1 (therefore 4 ATP
produced per thiosulphate metabolised) (see 1.1.2 and 2.3.5) a Y”, value
of 1.7 could he obtained. The value for T. denitrifjeans is 1.93 (Kelly
1982). The values of YT * for T. versutus and T. denitrificans are 2.2
(see 2.5)and 3.07 (Timmer-ten-hour 197h) respectively. These figures
are very much lower than those found in hetcrotrophic bacteria from
8.4 to 14 (Jones 1977). That is because a vast amount of energy (ATP)
is consumed for the reduction of NAIli* through reversed electron transport
by tlie thiobacilli inaiulv for flic purpose of (.(I., lixation. (See 2.4

and 2.i ior lull her disillusion).



maximum growth yields

and other bacteria

TABLL 1.1 Theoretical
of thiobacilli
cliemostat culture
Organism
T. neapolitanus

T. versutus (A2)
T. ferrooxidans
F. novellus a

T. denitrificans

Thiomicrospira
denitrificans

Thioraicrospira
pelophila
Paracoccus n
deni trificans

Data arc taken from Kelly

which
) * 0.02 - 0.05h~*

and Mitrenga (1180).

is calculated from Fig.

after

Substrate

s203- 7
5.

S2°3~

s203- 7.

sA°r 12

S2°3~ 7

s202-(02) 1A.

s202" (no3) 11.

S2-  (NOj)

S,02"(NO")

S203-(°2)

S2" (Noj)

s203-(02)

S2°3~ <°2>

(1982) except

(a)

7.

1 of Leefeldt and Matin

a plot of Y 1to O 1 and

and observed yields

growing in continuous
max
Y D
c c (D)
.7,6.3,6.3*
5
0,6.A
5
.2
6 5.7 (0.055)
7
A,10.0
9.A (0.03)
5.2 (0.03)
7.7 (0.03)
5.9 (0.03)
0
A.5 (0.1A)
the figure of T. nove 1llus

(1980) for

from Friedrich

(b)



1.1.3 Electron transport systems and energy coupling

Basically the respiratory chain in thiobacilli is similar to that
in mitochondria and some heterotrophic bacteria such as Paracoccus
deni tri fjeans (Kelly 1978; Suzuki 1979). The components found so far
are cytochrome a, a3, b, c, and O, ubiquinone @ and flavoprotein. The
organisms normally also contain succinate dehydrogenase and NADU
dehydrogenase. However, the exact compositions of the electron transport
system vary in different organisms. A few c-type cytochromes have
been partially purified and characterized frota thiobacilli, which will be
discussed in Chapter 6.

The oxidation of inorganic sulphur compounds is ultimately coupled
by the electron transport system to oxygen or to nitrate (in the case
of T. denitrifjeans) as a terminal electron acceptor (Kelly and Syrett,
1963; Aleem 1975, 1978; Peck 1968; Suzuki 1979). It is generally
accepted that oxidative phosphorylation is a major or only (in some
organisms) way for energy conservation, and substrate level phosphorylation
(APS pathway) is also involved in some organisms.

It has been established by considerable work that electrons from
thiosulphate (and probably other reduced sulphur compounds) enter the
electron transport chain at the level of cytochrome £ in most thiobacilli,
such as T. novcllus, T. neapolitanus, T. versutus, T. thiooxidans (Aleem
1975; Kelly 1978, 1982), but at the level of flavoprotein or cytochrome
b in T. denitrifjeansm These results suggest that only one ATP could be
produced per atom of oxygen consumed in the aerobic thiobacilli and two in
T. denitrifjeans which is in harmony with the observations growth yield
of the aerobic thiobxcilli. Much of this evidence has been obtained from
inhibition studies with intact cells and cell-free extracts of thiobacilli.
In such study some note xliould he taken that the mechanism of action of many
inhibitors is not yet fully understood, and a selective blocking of electron

transport at certain sites by certain inhibitors ntiv not lie universal among



nil electron transport systems (Suzuki 1979). This view may account
for some controversial results such as the partial inhibition of
thiosulphate oxidation by rotonone amytal (flavoprotein inhibitors),
antimycin A and 2-n-heptyl 4-hydroxyquinoline N-oxide (blocking electron
transfer between the Ubiquinone-cytochrome b and cytochrome c¢ segments)
in some experiments with T. neapolitanus (Saxena and Aleem 1v72) and
T. novellus (Cole and Aleem 1973). Nevertheless, this evidence is clearly
supported by the other means of approaches to the problem as follows.

ATP formation coupled to thiosulphate oxidation has been successfully
demonstrated in extracts of T. neapolitanus with a P/0 ratio of 0.8 for
T. neapoli tanus and 0.9 for T. novellus (Aleem 1975), although rather
low P/0 ratios were obtained by others (Davis and Johnson 1967, Moriarty
and Nicholas 1970) with sulphite or sulphide as substrates. Unfortunately
the data for T. denitrifjeans are not available. Drozd (1974) demonstrated
by measurement of the outward translocation of protons coupled to
thiosulphate oxidation a 11*/0 value of 2 in intact cells of T. neapolitanus
consistent with the presence of only one energy coupling site. The same
value was shown with sulphide, sulphite and ascorbate-TMPD as electron
donor (Drozd 1978) in the same organism. A proton-induced ATP formation
was also demonstrated in whole cells or cell-free extracts of T. novellus
by using an artificially established pi. gradient (Cole and Aleem 1973).
Using the (juinacrine fluorescence technique, Tuovinen et al_. (1977) also
showed a proton translocation in intact cells of T. denitrificans during
thiosulphate oxidation. These observations suggest that the chemiosmotic energy
conserving mechanism is also involved in the oxidation of sulphur compounds by

Ikiokacillus. . i i X i i
1.1.3 Reduction of nicotinamide adenine dinucleotides

Since the redox values of the probable oxidation steps in the
metabolism of sulphur compounds are not sufficiently electronegative
to couple directly to NAD or NADP* reduction (see 1.1), the pyridine
nucleolideM reduction must occur by an energy-dependent reversed electron
transport. I'liis the rmodynami ¢ considcr.it ion is coni itried hy the direct

evidence that (a) electrons iror.i thiosulphate, sulphide or sulphite enter



the respiratory chain at the levels of cytochrome c, flavoprotein or
cytochrome b (see 1.1.3) and (b) ATP-dependent reduction of pyridine
nucleotides by thiosulphate was demonstrated in the cell-free extracts
of T. novellus (Aleem 1966) and T. neapolitanus (Saxena and Aleem 1972);
both systems were inhibited by anytal,antimycin A and uncouplers of
oxiditive phosphorylation. Roth £ al. (1970) also observed that the
pathway of pyridine nucleotide reduction in intact T. neapoli tanus proceeded
through an energy-dependent and amytal sensitive step when either
thiosulphate or sulphide was used as the substrate.

The amount of energy required for NAD reduction by thiosulphate
is still uncertain. A value of 2.5 or 1 ATP per mol of NAD* in
T. neapolitanus and T. novellus respectively was reported by Aleem and
his co-workers (Aleem 1966; Saxena and Aleen 1972). These values,
however, are probably underestimated due to the complexity of conducting
and interpreting this kind of experiment. For example, the presence of
an active adenylate kinase in T. neapolitanus would re-synthesize a
substantial amount of ATP from ADP produced from the reaction of NAD*
by the ATP-driven reversal of electron transport. If this extra amount
of ATP was considered in the calculation, the actual value could reach
about five ATP per NADH (Kelly 1962). On the basis of the P/0
ratio of one and the complete oxidation thiosulphate to sulphate (thus
ATP/S’\O.% ratio of about four) the value was estimated to be more than
three for T. versutus (A2) (for details see 2.4, 2.5 and Kelly 1982). A
value of five was found in Rhodopseudomonas palustris, a pliotosynthetic
purple bacterium, with thiosulphate as an electron donor (Knobloch ef£ al.
1971). Nevertheless from the present knowledge of the biochemistry of
aerobic rhiohacilli, such as growth yield, CO™ fixation by the Calvin
cycle, I'/O ratio about | and similar biosynthetic pathway tor cell
components, one could expect that the major energy (or AIll') sink would be
the reduction ot nyridiue nucleotides, which, logoliter with the CO,

fixation probably account lor the low v ol this type ol living organisms



(see 1.1.1).

1.1.4 Enzymes reported to be involved in thiosulphate oxidation
1'rom a chemical consi6craLion, the basic process of the complete

oxidation of thiosulphate can be givun by g _SO“‘

3

/ \
(S) son

I
This simple concept was put forward about 15 years ago (Kelly 1968;
Suzuki 1974), before and since then a few enzymes involved have been
detected and some of them partially purified.
I'eck (1960, 1962) demonstrated that the following patliway (AI'S

pathway) is present in T. thioparus for sulphite oxidation.
. APS-reductase
SOj ¢ AW e » APS ¢ 2e

ADP-sulphurylase -
APS ¢ P * ADP ¢ Sof~

The APS-reductase was also shown and partially purified from

T. denitri fjeans (Bowen et al. 1960). Later, another AMP-independent
sulphite oxidizing enzyme (sulphite:cytochrome c oxidoreductase or sulphite
oxidase) was found and partially purified from T. novellus by Charles and
Suzuki (1965). This enzyme catalyzes the reduction of horse heart

(or other sources) cytochrome c or forricyanide by sulphite. The enzyme
activity was shown in several tliiobaril l'i, including T. thiooxidans.

T. versutus. f. ferrooxidans and T. nc.ipulitanus (see U.4) as well as

T. thioparus and I denitrifjeans (Koy and Trudinger 1970). Doth enzymes
were ilaimed in plav an important nart in tliiosnl nluile oxidation hy
Ihilel.ai till. ITiese two eii/vittcs accomil , mn.vvri , onlv | < the terminal
.i.ep .ii Ihio'oil pital. I.lit I"It, an. .to net ... it let o\t.lalion el |lie

eii | phiill* - «o [ eehill .

Il is eeee( i limi why iiMU Iliinh.ii i 1li rmil.iiit hotli Iv]»«s ol sulphitel



oxidizing enzymes and how these two enzymes operate during the oxidation
of thiosulphate. Although the possible advantage for organisms in having
tlie APS pathway is to enable then to obtain 0.5 or 1 extra ATP through
the oxidation of 1 mol sulphite (Kelly 1982), there is certainly no
thermodynamic reason for this pathway to occur in the sulphur-oxidizing
bacteria as there is in the sulpliate-reducing bacteria, due to the fact
that the of SON/SON pair is too low to accept electrons from NADH.
High purification of both enzymes from T. denitrifjeans or T. thioparus
is necessary to prove the co-existence of them in one organism.

Trudinger (1961) demonstrated the existence of a thiosulphate-

oxidizing enzyme, catalyzing:
2 S20"" ¢ 2 Fe (CN)j?* - S~"™ * 2 Fe «*)*"

Cytochrome £ can be used to replace ferricyanide as the electron acceptor
but with very low activity. The enzyme was subsequently found in numerous
thiobacilli and other bacteria (Roy and Trudinger 1970), but not in
T. versutus and T. denitrificans (Justin and Kelly 1978). In any case this
enzyme cannot play an essential role in the complete oxidation of thio-
sulphate to sulphate.

The initial "activation" or scission of thiosulphate is uncertain.

Uhodanese (thiosulphate:cyanide sulphur transpherase), catalyzing the

reaction:
S20N" ¢ CN~ * SCN_ ¢ SOj"
is present in all the strains of thiobacilli growing chemoautotrophically

or heterotrophically and was speculated upon as a candidate for this role
(Charles and Suzuki 1966), but direct evidence has never appeared (for
further discussion of this subject see Chapter A).

Heck (1960, 1962) proposed a thiosulphate reductase in T. thionnrns

with reduced glutathione (OSH) as electron donor to produce sulphide and



"ssn" ¢ 2H* ¢ 2 e" -+ S0O”~ ¢ I,S

This enzyme seems unlikely to be operative in the aerobic thiobacilli
because of the heavy burden of regeneration of GSIl and the insensitivity
of the oxidation of thiosulphate by the aerobic thiobacilli to flavoprotein
inhibitors (see 1.1.2 and below ).

The central uncertainty is the mechanism of oxidation of sulphur
(including sulphane-sulphur from thiosulphate) to sulphite. A sulphur-
oxidizing oxygenase enzyme capable of oxidation of elemental sulphur
requiring reduced glutathione (GSH) and producing sulphite or thiosulphate
was found in T. thiooxidans (Suzuki 1965). This enzyme was subsequently
shown in several other thiobacilli, including T. thioparus, T. novellus
and T. ferrooxidans (Suzuki 1979), altliough generally with rather low
activities (see also Justin and Kelly 1978). It is noted that all of
the organisms studied except T. thiooxidans were cultivated in thiosulphate
medium.  Suzuki (1966, 1979) proposed that the enzyme actually catalyzed
the oxidation of sulphane-sulphur of thiosulphate to sulphite in the
oxidation of thiosulphate by thiobacilli. However little progress in
purification of these enzymes has been achieved since then (Professor
Suzuki's group is still trying to do this, personal communication). So,
we know virtually nothing about its properties. Moreover, the existence
of such an oxygenase was challenged by the following arguments:

(a) in Suzuki's original 180] experiment (Suzuki 1965b), the whole cells
crude extract and the two ethanol-concentrated fractions did not incorporate
any 180 from 18(1’\ into sulphate during sulphuroxidation. Only one of the
ethanol-concentrated fractions showed a small amount of incorporation of
,00 into sulphate, which could arise from a number of exchange reactions
occurring during the experiment (Aleem 1975). In this experiment the
extract of elemental sulphur-grown T. thiooxi dans was used, so tlie result
may not he applicable to other thiobaci Ili systems growing on toionulphatc;
(h) il reduced glutathione is required tor the oxidation ol sulphur and

NADI'll is utilized to regenerate GSIl as postulated by Suzuki (19ti51>), then
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sulphur oxidation to sulphite should be inhibited by uncoupling agents

simply due to the involvement of an ATlI'-dependent reversal of electron transport
for reduction of NAD* (Aleem 1975). This is certainly not the case in the
oxidation of thiosulphate by thiobacilli; (c) if an oxygenase reaction

was involved, the P/0 ratio would be 0.5 rather than 1 as expected from
previous evidence (see 1.1.2) for the aerobic thiobacilli, so only 2 ATP
could be produced per thiosulphate oxidized to sulphate, which would then

be insufficient to support the observed yields, as we have calculated that

the minimum requirement for ATP production from thiosulphate is 2.5, 3.1

or 3.7, depending on whether two, three or four ATP are required to reduce
NAD* or NADP* (see Kelly 1982 and 2.6 for detailed calculations). If the
generation of reduced glutathione is taken into account an extra amount

of ATP lias to be added to these figures; (d) the high concentration of £-type
cytochromes in thiosulphate-grown T. novellus, T. versutus and T. neapolitanus
(see Chapter 6,Kula et al. 1975, and Sadler and Johnson 1972) indicates their
essential role in thiosulphate oxidation. Our recent results (see

Chapter 7) showed that none of four soluble £-type cytochromes purified

from T. versutus combined with CO, suggesting that they are not available

for direct oxidation by oxygen.

It is noted that the elemental sulphur-oxidizing system from
T. thiooxidans were resolved into four components, a particulate fraction
sensitive to oxygen, two soluble components (A and B) and a pyridine nucleo-
tide as a cofactor (Takakuwa 1975). All of the four were necessary for
sulphur oxidation. Components A and B were partially purified, but the
specific activities of the crude extract and the reconstituted system were
not mentioned throughout the paper.

Schcdel and Trllper (1979, 1980) demonstrated a sirohaem sulphite
reductase in T. denitrifjeans, comprising about 27 of the total cellular
protein, and purified it to homogeneity. The enzyme might provide the
missing link in the organism lor the conversion of solphane-sulpltur to

sulphite if it is operative in the oxidative direction hi vi_vnh as proposed



by the authors, but they failed to show the oxidation of thiosulphate
with the purified enzyme. As the mechanism of thiosulphate oxidation
in T. denitrificans might be different from other thiobacilli according
to the results of growth yields (see 1.1.1) and 358-thiosu|phate oxidation
and the present data (see 1.1.5) are insufficient for proper comments, 1
shall not go further into the detail of this subject.

Finally a few words about metabolism of polythionates. As clearly
pointed out by Kelly (1982), polythionates have no central role as
free intermediates of inorganic sulphur oxidation in thiobacilli. Their
degradation seems always to require reductive or hydrolytic scission to

simpler molecules such as thiosulphate and sulphite, with which energy

conservation processes definitely involved. Moreover the only enzyme

in polythionate metabolism that has ever been isolated is the tetrathionate-

producing thiosulphate-oxidizing enzyme mentioned above.

5

1.1.5 Oxidation of3 S-thiosulphate by whole cells: test for the "inhitial

reaction

The work by Kelly and Syrett (1965) revealed that washed intact
cells of T. neapolitanus oxidized both sulphur atoms of thiosulphate to
sulphate at a fairly rapid and more or less equal rate, the formation of

33 trom (s Psoj) %

(358 SO.j)Z_. A similar result was observed by Aleem (1975) with intact

being slightly faster (about 1 min) than that fromS8

cells from T. novellus and T. neapolitanus. He also found that the cell-
free extracts from both organisms catalyzed the oxidation of both the
sulphur atoms at approximate ly the same rate. Those findings suggest
that in these two organisms there is no discrimination for oxidation of
either sulphur atom of thiosulphate.

In contrast, Schedel and TrUpcr (1980) found that elemental sulphur
was transiently formed from stilphnne-sulphur and deposited within the cells
ol' T. denttrificans. |Its oxidation to sulphate was delayed (about half
hour in their experimental conditions) as long as thiosulphate was

present. So, they concluded that thiosulphate was split (by rltodanese)



to sulphite and elemental sulphur (an intracellular hydrophilic sulphur
sol). Similarly, Smith and Lascelles (1966) showed that the oxidation

of thiosulphate by Chromatium strain D, a photosynthetic purple sulphur
bacterium is bisphasic in character. In the initial fast phase about half
the sulphur of thiosulphate is converted to sulphate which arose largely
from the sulphonate group. The sulphane-sulphur accumulated within the
cells during the initial phase and was subsequently oxidized to sulphate
at a slower rate. A similar observation was made by Trllper and Pfening
(1966) on Chromatium and Thiocapsa floridana. From tliose observations it
follows that there may be two different types of initial meclianisms of
thiosulphate oxidation, one involves a distinguishable cleavage reaction
and discriminative oxidation of two atoms of thiosulphate, another oxidizes

thiosulphate in a more or less integral way.

1.1.6 Cell-free extracts catalyzing oxidation of thiosulphate and the
sub-cellular location of the enzyme systems

Crude, cell-free preparations of T. thiooxidans (London and Rittenberg,
1964) and T. novel lus (Aleem 1965; Cliarles and Suzuki 1966; Oh and Suzuki
1977) were described which catalyzed the oxidation of thiosulpliate to
sulphate without added cofactors or special treatment. The cell-free systems
from all other thiobacilli carried out incomplete thiosulphate oxidation with
sulphate and tetrathionate as the major products (Roy and Trudinger 1970).
This is one of the major problems to complicate the study of thiosulphate
oxidation pathway and to hinder the investigation of the enzyme systems
involved in the oxidation.

Aleem (1965) reported a soluble enzyme system from T. novellus which
catalyzed the reduction of horse heart cytochrome c by thiosulphate with an
appreciable activity. This so called soluble fraction, a supernatant fraction
after centrifugation of the crude extract produced by ultrasonication at
140 ,)<<> xg tor 2 h probably still contained a certain amount of sm.il | membrane
fragments (as we louinl in tin' work with 1. vorsutns , see 2.1.4), thereby

it could also el led the complete oxidation ot thiosulphate and even oxidative
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Crude, cell-free preparations of T. thiooxidans (London and Rittenberg,
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This is one of the major problems to complicate the study of thiosulphate
oxidation pathway and to hinder the investigation of the enzyme systems
involved in the oxidation.

Aleem (1965) reported a soluble enzyme system from T. novellus which
catalyzed the reduction of horse heart cytochrome c by thiosulphate with an
appreciable activity. This so called soluble fraction, a supernatant fraction
after centrifugation of the crude extract produced by ultrasonication at
140,00«) xg for 2 It probably still contained a certain amount of sm.il | membrane
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it could also effect the complete oxidation ol thiosulphate and even oxidative
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phosphorylation as reported (Cole and Aleem 1970, 1973). (For further
comments, see 2.A). However a converse observation was made later (Oh

and Suzuki 1977 a,b), showing that a membrane-bound thiosulphate oxidation
system could be obtained from the same organism, this might be explained

by the enzyme system being associated with the electron transport chain

in the intact cell, but the tightness and stability of the association could

be affected by the growth conditions method of preparation of the crude

extract and subsequent purification procedures. Saxena and Aleem (1972) reported

that a thiosulphate:cytoclirome c oxidoreductase also resided mainly in the
soluble fraction from T. neapolitanus.

It is generally accepted that oxidation of sulphur compounds by
thiobacilli must involve oxidative phosphorylation as a major or only energy-

conserving process (Alecm 1977, see 1.1.2), therefore the membrane system

is always necessary for the whole process. But a membrane-dissociated enzyme
system (like a soluble thiosulphate:cytochrome c oxidoreductase) will be
very useful in the further elucidation of the enzyme(s) involved. It is not

surprising that most sulphur or sulphide oxidation systems reported were

also membrane-associated, some of these required both soluble and particulate
fractions (for a general review, see Suzuki 1974). However, none of them

was further resolved and studied, except the work done by Takauwa (1973)
mentioned above (1.1.4). Although Suzuki stated in his review (1974) "it would
interesting if these membrane systems were further fractionated and the
specific enzymes involved were identified. It might be possible then to
reconstitute a sulphur-oxidizing system capable of oxidizing sulphur to

sulphate with purified enzymes and membranes.”

1.1.7 Thiosulphate as a model substrate to study the biochemical
mechanisms of oxidation of sulphur compounds
Thiosulphate is the most commonly used substrate for growth of
the Mulphiii oxidizer to investigate the netwlh>ism of sulphur compounds
simply because it is easily soluble and reasonably stable at 120 t in the

autoclave and at the pll range suitable for thiobacilli and good methods for

be



its qualitative and quantitative determination are available. All species
and strains of thiobacilli can oxidize tliiosulpliatc and grow on it very
well as an energy source (Tuovineu and Kucnen 1981).

There is some evidence showing that in the natural environment
(especially in seawater) sulphide produced by sulphate-reducing bacteria
and microbial breakdown of organic matter could be chemically re-oxidized
to thiosulpliate in the presence of oxygen (Sorokin 1971, Almgren and
KagstrUm 1974, and Kuenen 1975), probably by the following reactions

(Nedwell 1982):

Biological oxidation was subsequently responsible for the further oxidation
of thiosulphate to sulphate (Sorokin 1972, Tuttle and Jannasch 1973).
Suzuki and Silver (1966) also reported a non-enzymatic condensation of
sulphur and sulphite to thiosulphate in their reaction mixture. It is
likely that thiosulphate is one of the major and widespread forms of sulphur
combined in the natural environment, and the activity of its oxidation by
sulphur-oxidizing bacteria plays an important part in the cycle of sulphur
compounds.

Chemically, thiosulphate can be regarded as sulphate in which one of

the oxygen atoms has been replaced by sulphur (i.c. the sulphane group)

S

Iif iwo sulphur .itiH.ts .in* ilius uiit'<]Jwil , Ilit* outor one* li.ivinj* 111 Oxitl.1Lion

Hitlu't o1
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nature of the cleavage of the bond between the sulphane and sulplionate
sulphurs in thiosulphate. Hydrolytic cleavage could give rise to sulphur
and sulphite or to sulphide and sulphate:

~Sso~ * H20 * HSO~ * s° * Qil

2 - *
"sso" * * HSO~ * S * H
»2°

Thus, the mechanism of thiosulphate oxidation probably involves and
shares the mechanisms necessary for sulphide and sulphur oxidations, though we
do net know which of the two reactions is operating in thiobacilli. It
is likely that the S° or formed after the cleavage reaction are
associated or bound to an enzyme or acceptors for further oxidation, and
thus would not be exactly the sane as the free sulphide and sulphur. In
this sense, oxidation of elemental sulphur in the presence of GSH or not
with cell-free extracts from thiosulphate-grown cells could not reflect
the real reactions and enzyme systems of thiosulphate oxidation in vivo.
Nevertheless, | guess that a similar enzyme or acceptor-bound S° or
might be formed after elemental sulphur or sulphide was transported (by
what mechanisms?) into the cells.

There is some preliminary experimental evidence to support the
suggestion that mechanisms of oxidation of thiosulphate and sulphide might
be similar, at least in the aspects of energetics. Drozd (1977) demonstrated
that in T. neapolitanus. sulphide (and also sulphite) oxidation was associated
with a maximal 11*70 ratio slightly under 2, i.e. a P/0 ratio of about 1.
The same value was found for the oxidation of thiosulphate in the same
organism (Drozd 1974). Using intact cells of T. neapoli tanus, Roth et al.
(1973) reported that the pathway of pyridine nucleotide reduction proceeded
through an energy-dependent and amytal-sensitive step when either thiosulphate
or sulphide was used as the substrate, and the ATI* formation with either
substrate was not interfered with by amytal. These observations were
supported bv the results that the anaerobic growth yields of V. deni tri fjeans

and I'llionic rospira denitr<fjeans on sulidiidc wore comparable to those on



thiosulphate (Timmer-ten-Hoor 1981), even though sulphide is generally
thought to be a stronger biological reductant than thiosulphate and some
inhibitor studies indicated that the electrons from sulphide entered the
respiratory chain at the level of cytochrome b or even flavoprotein in
the aerobic thiobacilli such as T. neapolitanus and T. novellus (Aleem 1975).
Sulphide and elemental sulphur are less useful experimental substrates
owing to the low aqueous solubility of the latter making quantitative
study difficult and the instability of the former: sulphide in neutral
solution is largely present as HjS, which is volatile (the first ionization
constant is 1.15 x 10 ”~), auto-oxidizable (oxidation being chemically
catalyzed by some metal ions and haem compounds) and toxic at other

than low concentrations.

1.2 Thiobacillus versutus (A2)
1.2.1 Description of the organism

Thiobacillus versutus (former name Thiobacillus A2, (Harrison 1983)),
isolated by Taylor and Hoare (1969), is an aerobic, nesophilic, gram-
negative, non-sporulating, non-mobile, rod-shaped, non-acidophilic bacterium.
Thiosulphate is the only sulphur compound known to support the autotrophic
growth (Taylor and Hoarc 1964). It can grow autotrophically in a formate
minerals medium (Uood et al. 1981). The organism grows anaerobically
respiring nitrate, which is coupled to the oxidation of organic substrates
(e.g. glucose, acetate, formate) but not inorganic sulphur compounds.
T. versutus can be differentiated from other non-acidophilic mixotrophic
or facultative thiobacilli by its versatility in using various organic
compounds as sole sources of energy with rapid rate of growth and good
cell yield, by its ready transition from cheraolithotrophy to organotrophy
and vice versa and by its denitrifying activity with organic substrates.
Like the other thiobacilli, T. versutus uses the Calvin-Benson cycle for

its autotrophic CO, fixation.
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1.2.2 T. versutus as a model organism for studying thiosulphate

oxidat ion

Thiobacillus versutus lias proved to be the organism of choice in
attempting to elucidate sulfur oxidation mechanisms, in that it does not
exhibit many of the complicating properties found with other species,
such as unpredictable accumulations of elemental sulfur or polythionates
and does not lose all its thiosulfate-oxidizing activity on being disrupted.
Its main advantages are thus (a) both whole organisms and cell-free extracts
oxidize thiosulfate completely to sulfate; (b) no tetrathionate or sulfur
are accumulated; (c) no tetrathionate-producing thiosulfate-oxidizing
enzyme is present; (d) there is no APS pathway involved in the oxidation
of sulfite by the organism; (e) large quantities of bacteria in good
yield can be obtained, completely free of inorganic precipitates, by
continuous chemostat cultivation (Kelly and Tuovinen 1975; Smith et® al.

1980; Kelly 1982 and also see Chapter 2).

1.3 Some thermodynamic calculations for the oxidation of sulphur
compounds
The standard electrode potential of a redox pair can be calculated
from the following relationship:
AC(‘) (1)
where ACS is the standard free energy change, n the number of electrons
transferred per mol, F Faraday's constant (23,063 cal x volt ~ x

equivalents) and AE™ difference between the redox potentials of the two

half reactions. AE' < (E* of the half-reaction containing the oxidizing
agent) - (E” of the half-reaction containing the reducing agent) (Segel
1976).

To calculate K(') we need to know A%‘* which can be estimated from

the equation below (Lehniger 1975):

(2)

where A» , is (lie standard frec energy of format ion. It siiould be
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recognised that the error in such calculations for AC('J can be rather
large because the volume for AC™ usually involves a small difference
between two large numbers. Nevertheless this approach represents the
only convenient way of obtaining the AC™ of the redox reactions of
sulphur compounds.

The standard free energy of formation for compounds related with
sulnhur metabolism are listed in Table 1.2. As an example, the redox
potential of SO% /SOg’pair is calculated as follows:

The overall reaction: SON ¢ J02 * SON

According to equation (2) and Table 1.2, we have AG* * —178——116)—-62 Kcal/mol

overall reaction consists of two half reactions
m = 4

so3 ¢ 1Jo » S04 ¢ 2H + 2e” E('J - ?

1°2 ¢ 2H* ¢ 2e - H20 E(') - *0.02volt
Therefore, according to equation (1):

-62,000 - - 2 x 23,063 (0.82 - EN)

E' * -0.51 volt

¢}
In the saiite way, | calculated the AC™ and AE™ for other sulphur reactions
which appear on Table 1.3 and Table 1.4 respectively. The data of AC"
are similar to those published by Aleem (1975). The calculation procedure
for thiosulphate oxidation in this thesis is as follows:

i - * d
Overall reaction: 8203 * 2%,0 11é) 280.40 211 ACO » 212 Kcal/mol
Two half reactions: SjOj * 5170 -» 2S0™ ¢ 8e ¢ 10H
20, & OH* & 8e” -» 41170
Therefore: - 212,000 - -8 x 23,063 (0.82 - EN)
E' - -0.31 volt
¢}

In this calculation, it is assumed that the electrons from the substrate
are transferred to oxygen through the electron transport chain, as it would

he impossible to calculate E™ by this way if there were any oxygenases

involved.

In fable 1.4 | list the calculated and published values of electrode

potentials >i various redox hall reactions involved in oxidation of sulphur



TABLC 1.2 Gibbs free energies of formation from the elements for

compounds related witli sulphur metabolism

Compound AG° (Kcal/mol)
so“ -116
HSO" -126
H2S0 3 -129
S02 - 72
s°: -178
11504 -181
S2°3 -123
s2°4 “1a4
s
S 20.5
lis" - 2.9
H2s -7
S (rhombic) 0
120 (liq) - 56.7
11> (pH 7) - 95
02 (gas) 0

The data are taken from Vlagman et alL. (1968). All of the compounds

are in aqueous solution except where specified.



TABLIi 1.3 Standard free- energy changes of important reactions

of sulphur metabolism

Reac tion AC* (Kcal/mol) ,
(published)3 (calculated)

1. S20” ¢ 202 ¢ H20 « 2So" * 2H+ -211 -212
2. so" ¢ }o2 - sO - 60 - 62
ol - " i - 25
3. 303 * HgO 304 ¢+ 2H
4. so" ¢ H2 - so" ¢ ll20 - 5
5. It2S ¢ 202 - H2S04 -160 -165
6. S* 202 -*>so4 -199
7. S° ¢ 1J02 ¢ 2H+ - 112504 -118 -158
8. 5S,0" ¢ 8NO" ¢ H-O - 10S04+AN +2H* -893

3Taken from Aleem (1975)

hSee the text for detailed calculations



TAULE 1.4 Electrode potentials of some redox half reactions involved

in oxidation of sulphur compounds

E (volt
(a) (velt) (c)
System E~pil 7) Eo(b) (pH 7)
| * % -
1. 8303 . SHEOIZSO4 ¢ 10H* ¢ 8e 0. 31
2. S203 + 3H20/2H2S03 ¢ 2H* ¢ 4e -0.02" -0.4 +0.013
" * _ ok * -
3. 303 . I—BO/SO4 2H* ¢ 2e 0.51
= i -017 +0.26
4. HESO3 . HSOISOA ¢ 4H4 ¢ 2e
*
5. 112S03 ¢ 1120/112S04 ¢ 2H* ¢ 2e -0.28
ii ”» * - *
6. ||303 / 304 0.516
7. HQS 3 4|LiO/HéSOZL ¢ 811* ¢ 8e -0.07
8. S* ¢ 4H-0/S0* ¢ 8H* ¢ 8e -0.26
9. S° ¢ 3H20/So“ ¢ 6H* ¢ 6e -0.03(d)
or
-0.32
10. S ¢ 'B,HQO/HESO.4 ¢ 4AH* o 4e -0.45 -0.037

(a) See the text for detailed calculations, except that taken from Thauer
it
ent (1977) and from Kelly (1982).

(b) Taken from Latimer (1952), who calculated the values by the following method,

for example, eq. (2), AF° * SJ x2 " KS20* "~0x3 - 128,600 - -124,000
- 3x(-56,700) - 37,000; then. Q AF° 37.000

n x23,060 " 4 x 23,060 “-0'4"
But, using the same method of calculation for eq.(l), the E° value will be

¢ 0.33. Also the value of ¢ 0.26 for eq. (4) is obviously too high.

(b)
(c) Calculated fromE( by using the equation E~ m E0“0.059 x pH.

(d) Calculated from AC* of -118 and -153 Kcal of Table 1.3 respectively.
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compounds. One can sec Chat the values vary considerably depending on

tlie value of AC” and the method of calculation. Therefore these figures

can only provide a rough guide to the metabolic patterns of those reactions,

such as that they are all too high to reduce NAO or NADP* directly and the
of the sulphide/sulphate pair is not lower than that of the thiosulphate/

sulphate pair. However one should bear in mind that by these calculations

any value of half reactions containing more than one pair of electrons

probably represents an average value of the pairs of electrons which may

actually have different electrode potentials.
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CHAITI: K
CIIKMOSTAT GROWTH KINETICS, TIIHISt'I.I'IATI OXIDATION, ELECTRON [|RANSPORT ANI)

PIIOSPIIORY ILATION IN WIOI.LE CI 1'IS AND CEI.l.-FKKE SYSTEM

2.1 introduction

There have been relatively few reports of the preparation of cell-free
systems from thiobacilli capable of the complete oxidation of thiosulphate
to sulphate. Examples are extracts of Thiobacillus novellus (Aleem, 1965;
Charles 4 Suzuki, 1966; ©Oh 4 Suzuki, 1977a,b) and T. thiooxidans (London 4
Rittenberg, 1964). Recently a membrane-associated thiosulphate-oxidizing
system was obtained from T. novelluc, but was not active on reconstitution
from its constituent enzymes (Oh 4 Suzuki, 1977h). Few studies have been
reported of efficient electron transport phosphorylation dependent on cell-
free thiosulphate oxidation. In cases where P/q ratios of about 1*0 have
been obtained it has not always been clear whether complete oxidation of
thiosulphate was occurring (involving oxidation of both the reduced sulphane
and oxidized sulphone atoms of the ion) or whether phosphorylation was
accompanying the oxidation of sulphite derived from thiosulphate. The occurrence
in some thiobacilli of substrate-level phosphorylation, dependent on APS
reductase and ADP- or ATP-sulphurylase, has probably also been an interfering
factor in attempts to demonstrate oxidative phosphorylation (Ross et al.,
1968; Peck, 1968; Kelly, 1978). There have in fact been no published
reports of phosphorylation by cell-free extracts of thiobacilli in which the
complete oxidation of thiosulphate to sulphate was simultaneously and
unequivocally known to be occurring. Earlier work with T. novellus (Aleem,
1965) showed thiosulphate oxidation by crude extracts and a 144,000 xg
soluble fraction with a ratio of oxygen consumed/thiosulphate oxidized of
1*6 - 1*8. Oxidation was stimulated by added cytochrome a and recent work
with ThioDacillus A2 indicated electrons from thiosulphate oxidation to
enter the electron transport chain at the level of cytochrome a (Kula et al.,
1982). We have undertaken to prepare cell-free systems from Thiobacillus A2

that would siimiltaneously effect complete oxidation of thiosulphate and ATP



synthesis by electron transport phosphorylation. We have sought to establish
the electron transport pathway involved in thiosulphate oxidation and the

subccllular location of the thiosulphate-oxidizing system.

2.2 MATERIALS AMD METHODS
2.2.1
Organism and culture conditions. Thiosulphate-agar media were used for
culture maintenance as previously described for Thiobacillus A2 (Wood & Kelly,
maximum theoretical
1977). Continuous chemostat culture was used both for estimating growth
yield and as a procedure for the generation of large quantities of the
organisms in a medium containing (g £ *): Nans~MON. SHMO, 12.5 or 25;
MgS04.7H20, 0.1; NH4CI, 0.8; KI*PON,. 1.5; Na2HP04.27~0, 7.9; H2S04 as
required; trace metal solution (Tuovinen & Kelly, 1973), 10 ml. The culture
was established in an LH Engineering (Slough, Ducks) modular type series 500
fermenter with a culture volume of 750 ml, stirred (500 rpm) and aerated

(65 ml min 7~) with air containing 1.4Z (v/v) CO”~. Temperature was

maintained at 30°C and pH 7.7 by automatic addition of 2M NaOH.

Preparation of crude cell-free extract. The effluent from the chemostat

culture was collected in an ice-cooled vessel and kept at 4°C until used.

The bacteria were washed once with 55 nmM phosphate buffer (pH 7.5) and resuspended
(20 to 40 mg dry wt ml ~) in the same buffer. The suspension was passed twice
through a French Pressure cell at 140 MPa. The disintegrated material was
treated at 4°C for 10 min with deoxyribonuclease (2 ug ml S and 10 nM MgCl2,
then centrifuged at 10,000 xg for 15 min at 4°C to remove any unbroken cells.

The supernatant fraction was used as the crude extract.

2.2.3

Alternatively a crude extract was prepared with a lysozyme treatment

based on the method described by Kahack (1971 ). Washed cells were

and It) mM phosphate buffer,pH /.0. lvsor.vino was added to the suspension at a

mttmirh.incc .11 440 ititi iti . til luted .ilitputt ut iti«' . -ipi'itsimi h.ul decreased 5 t«



6-fold compared with that before addition of lysozyme. The lysozyme-treated
cells were sedimented by centrifugation at 12,000 xg for IS min and resuspended
to one-fifth of the original volume in 55 nM phosphate buffer (pH 7.5). The
suspension was then diluted 5 - 10-fold with water to disrupt the cells.

The resulting suspension had a high viscosity which was rapidly lowered by
adding deoxyribonuclease (10 ug ml 1) and MgCI® (2 mM). The suspension was
then centrifuged at 5,000 xg for 30 min to remove any unbroken cells. The
supernatant was also termed the crude cell-free extract.

fceiteH

Preparation of "membrane fraction". The extract from either French Pressure
cell or lysozyme treatment was centrifuged at 48,000 xg or 130,000 xg for 45
min or 90 min at 4°C. The pellet fraction was washed with a 20-fold volume
of 55 nM phosphate buffer (pH 7.5) and recentrifuged. The particulate
fraction, containing cell membrane particles, was resuspended in the same

buffer to give 8 - 15 mg protein ml

2.2.5
Preparation of "soluble fraction". The extract from lysozyme treatment was

centrifuged at 48,000 xg for 30 min and the supernatant further spun at
130,000 xg for 90 min. The resultant supernatant was carefully removed

and designated "soluble fraction". The supernatant (130,000 xg) from

French Pressure cell treatment was not exclusively a "soluble fraction" as it

contained membrane material (see Results).

2.2.6
Enzyme assays. The thiosulphate-oxidizing activity was routinely assayed

at 30°C by measuring oxygen consumption in a Teflon-covered Clark oxygen

electrode cell (Rank Brothers, Bottisham, England) with a chart recorder.
Oxygen concentration in the experimental system was calibrated using the
method described by Robinson Cooper (1970), The reaction mixture (final

volume, 1 ml) contained, unless otherwise specified, 2 limol thiosulphate;

50 nmol phosphate Ixiffcr (pll 7.5); 0.2 or 0.5 mg dry wt cells or 5 mg enzyme
protein. The reaction was started by injecting thiosulphate solution with a
Hamilton mierosvr iitge. Act ivilv was expressed .is nmol or nmol oxygen uptake

m| *| I
n (mg proteinjor (Irv wt}



The NADH-, succinate- or sulphite-oxidizing activities were measured
polarographically in the same way as above except that 0.2 pmol NADU, 0.5 pmol
succinate or 1 pmol Nan”SO™ in 5 nmM KOTA was used instead of thiosulphate.

Rhodanese activity was measured by a method based on that of Silver &
Kelly, (1976). The reaction mixture contained 50 ymol Na”S”Oj, 125 pmolTris (2-amim
2-hydroxymethyl-I, 3-propanediol), pH 10.6; ->

n (_100 1jmol KCN; enzyme and water to give
2.1 ml. After incubation for 10 min at 30°C, thiocyanate was determined
as described previously (Wood & Kelly, 1981). For the assay of small
quantities of cells, the organisms were lysed by the modified EDTA-lysozyme
method of Vandenbergh et al. (1979). Lysozyme and EDTA (final concentrations
0.5 mg ml * and 10 mM, respectively) were added to the cell suspension (final
concentration about 1 mg dry wt ml '), which was then incubated at 30°C for
20 - 30 min until the turbid cell mixtures became clear and some precipitation
occurred. The lysed cell suspension was used to assay rhodanese activity as
described above. Alternatively the cells were incubated with 5Z (v/v) Tricon
X-100 for 20 min at room temperature and then Che rhodanese activity was
measured. The rhodanese activities measured by either method were similar.

Thiosulphate:cytochrome a oxidoreduccase activity was measured by
following chc reduction of cytochrome c¢ (horse heart 111) at 550 nm in 1 cm
cuvettes with a Pye-Unicaro SP1700 spectrophotometer.

The assay mixture contained, unless otherwise stated, 2 nmol Na.S.O-, 50 umol
buffer

phosphate MpH 7.5); 35 or 70 nmol cytochrome e; 3 mg protein and water to

give a final volume of 1 ml. The same procedure was employed to assay

sulphite: cytochrome a oxidorcductasc activity, except that 2 nmol sulphite

in 5 nM EDTA, 100 imtol Tris-HCI (pH 7.5) and0.5 mg protein were used instead

of thiosulphate and phosphate . Activity was expressed

a mi 1limolar extinction

as nmol cytochrome N reduced min (mg protein)

coefficient at 550 nm of 28.0 we. used.

dfv ~rtrmftluttMm’t.Pfi.  Difference spectra were obtained with Pye-llnicam SIM 700 or
SIMMOO recording specllopliolmud el s. Expel imcnl.il .lei.ill-, tie provided in tin-

1 to tII'll1OS .



2.2.8

13

O xidative phosphorylation. Reaction mixtures were incubated at 30 C in the

oxygen electrode cell as described above. The assay mixture contained in a
buffer
total volume of 1.0 ml (pmol): AO phosphate [ (pH 7.5); 1 AMP; 1 AOP; 20

(to inhibit endogenous ATPase activity)

NaFh 6 MgCIl2; 10 NanSjo”n; and cell-free extract (3 mg protein). NADH

(0.2 wmol) was added instead of thiosulphate when NADH was used as substrate.

The reaction was started by adding substrate with a microsyringe. The rate of

oxygen uptake was recorded throughout the reaction. To terminate the reaction,

0.5 ml of assay mixture was removed o.uickly into a tube containing 0.6 ml of

3Z Cw/v) perchloric acid, to which 0.1 ml of 2.6 M NaOH was added shortly

afterwards. The amount of ATP in the neutralized

reaction mixture was-

determined by a luciferin-luciferase method using a Lumac celltester M1030

(Boro Labs Ltd, England). Endogenous respiration and ATP formation by controls

were determined by the same procedure except that the substrate was omitted.

2.2.9

Analytical procedures. Thiosulphate was estimated colorimetrically as described

by Kelly et al. (1969) or by Stirbo (1957). Biomass was estimated from absorbance

at 660 nm (1 cm) using appropriate dry weight-absorbance calibration curves.

Direct determination of dry weight of organisms i

n culture confirmed that this

was a reliable method for monitoring biomass concentration. Protein was estimated

according to the procedure of Lowry et al. (3951) using crystalline bovine serum

albumin as standard. Carbon content of dried bacteria and cultures was determined

with a Beckman Total Organic Carbon Analyzer.

Chem icals. Lysozyme (egg white), cytochrome c

(horse heart 111), cytochrome oxidase

(bovine heart), rhodanese (bovine liver), catalase (bovine liver), bovine serum

albumin, NADH, antimycin A, HONO (2-heptyl-6-hydroxquinoline-N-oxide) and rotenone

were from Sigma (London) Ltd. Luciferin-luciferase and ATP were purchased from

Boro Labs Ltd, England; ADP from Boehringer Mannheim CmbH; and deoxyribonuclease

(bovine) from Seravac Lab. England

2.3 RESULTS

2.3. 1
Aerobic thiosulphate-limited chanostat culture.

A continuous culture was

established using a medium containing approximately 30 nM thiosulphate. Steady

states were maintained at eight dilution rate

(D)

between 0.026 and 0.086 h (Kig.2-1 *

during which no thiosulphate was detectable in the cultures.
Complete oxidation of thiosulphate occurred in all steady



Fig.2-1t#>Steady state yield, thiosulphate oxidation rate, protein content and
rhodanese activity of a thiosulphate-limited chemostat of Thiobaaillus A2.
Yield (g dry vt (mol NajSjOj consumed) 1; 9 ); Rate of oxidation of thiosulphate

by organisms removed from the chemostat and assayed polarographically (nmol

uptake min * (mg protein) o ); protein content of the organisms
(g protein (g dry wt) ); rhodanese activity in lysozyme-treated
organisms (nmol thiocyanate formed min (mg dry vt) At ).

Fig. 2.1b Plot of the specific rate of thiosulphate oxidation

(9, ,.*) against the dilution rate. For details see the text and 1.1.1.
3
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scaces in agreement with the following equation:

320j2 o 202 % 250% & 2H* oo (1)
Precise determination of input concentration of thiosulphate and biomass enabled
estimation of steady state yield in terms of g dry wt (mol thiosulphate consumed) 1
for each dilution rate. Viability of the organisms in steady states was high
(>90Z) at all Dvalues tested. The yield increased from 5.35 g dry wt (mol
thiosulphate consumed) * «t D * 0.024 h * to 6.66 at D« 0.081 h 1 (Fig.2-1<$.
Dcr~c (above which washout would occur) was approximately 0.085 h *. The specific
race of thiosulphate oxidation (q_ J2- - mmol h * (g dry wc) *) in the steady state
was calculated for each dilutionsfa:t%e from thiosulphate consumption race and the
steady state biomass. The value of g_ _2- increased from 4.58 at D, 0.025 h 1 to
14.01 at 0, 0.084 ﬁl and gave a Iine2a§ relationship (fitted by regression analysis)
when plotted against D. The correlation coefficient for fit of the eight data
points to a straight line was 1.003. The reciprocal of the slope of this plot
indicated a maximum theoretical growth yield (YmaX) of 7.04 g dry wt (mol
thiosulphate)-1,. The q intercept of the plot gave a maintenance coefficient (m)
of 1.44 mmol thiosulphate h 1 (g dry wt) 1, (Tig. 2.1b)

The protein content of the bacteria decreased as the dilution rate increased,
but the capacity to oxidize thiosulphate measured in the oxygen electrode cell
(nmol 02 min-1 (mg dry wt)-1), increased with increased D. The carbon concenc
of the bacteria was 46Z (w/w) of the dry wt. The specific activity of rhodancse

was constant at 280 - 10 nmol min-1 (mg protein)-1 at all dilution rates tested

(Fig.JU.A)

2.3.2
Thiosulphate oxidation and the electron transport chain in thiosulphate-groun

Thiobacillus A2.

Whole cells oxidized thiosulphate rapidly, but did not oxidize succinate.
Sulphite was oxidized by whole cells at about 1SZ of the rate of thiosulphate in
0.1M Tris-HCI buffer but only at less than 5Z of the thiosulphate rate in
phosphate buffer. Crude extracts oxidized thiosulphate, NAIlll and succinate

hut showed only very slight ability to oxidize sulphite or formate when

assayed in the oxygen electrode. Thiosulphatc was oxidized at similar rates by

crude extracts (10 mg protein ml ') in Tris (0.01 - 0.1M) or phosphate (0.03-0.01M)
buffars.
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states ¢n agreement with the following equation:

S20j" ¢ 202 > 2S02° &  2H* e, (1)
Precise decermination of input concentration of thiosulphate and biomass enabled
estimation of steady state yield in terms of g dry wt (mol thiosulphate consumed) *
for each dilution rate. Viability of the organisms in steady states was high
(>90Z) at all Dvalues tested. The yield increased from S.35 g dry wt (mol
thiosulphate consumed) ~ at D m 0.024 h ~ to 6.66 at Dm 0.081 h ~ (Fig.2*14.
Dcrit (above which washout would occur) was approximately 0.08S h 3. The specific
rate of thiosulphate oxidation (qc _2- - mmol h * (g dry wt) 3) in the steady state
was calculated for each dilution ?a?e from thiosulphate consumption rate and the
steady state biomass. The value of gq_ _2- increased from 4.S8 at D, 0.02S h 1 to
14.01 at D, 0.084 ﬁl and gave a Iineza:%' relationship (fitted by regression analysis)
when plotted against D. The correlation coefficient for fit of the eight data
points to a straight line was 1.003. The reciprocal of the slope of this plot
indicated a maximum theoretical growth yield (YIUX) of 7.04 g dry wt (mol
thiosulphate) The q intercept of the plot gave a maintenance coefficient (m)
of 1.44 mmol thiosulphate h * (g dry wt) ~, (Tig. 2.1b)

The protein content of the bacteria decreased as the dilution rate increased,
but the capacity to oxidize thiosulphate measured in the oxygen electrode cell
(nmol 02 min * (mg dry wt) *), increased with increased D. The carbon content
of the bacteria was 46Z (w/w) of the dry wt. The specific activity of rhodancse

was constant at 280 - 10 nmol min * (mg protein) 1 at all dilution rates tested

(Fig.*1.6)
2.3.2
Thiosulphate oxidation and the electron transport chain in thiosulphate-groun
Thiobacillus A2.

Whole cells oxidised thiosulphate rapidly, but did not oxidize succinate.
Sulphite was oxidised by whole cells at about 1SZ of the rate of thiosulphate in
0.1H Tris-HCIl buffer but only at less than SZ of the thiosulphate rate in

phosphate buffer. Crude extracts oxidized thiosulphate, NADII and succinate

hut showed only very slight ability to oxidize sulphite or lormnte when

assayed in the oxygen electrode. Thiosulphate was oxidized at similar rates by

crude extracts (10 mg protein ml-*) in Trie (0.01 - 0.1H) or phosphate (0.03-0.01H)



The reduced minus oxidized spectra of Qe crude extract, memxae fraction
and soluble fraction, using NADH succinate, 2- or 83?‘ as reductancs,
indicated that cytochromes a, b and a were present in Thiobaaillue hi with a
bands at 552, 560 and 605-620 nm respectively (Figs.2-2.,,2.3) A trough at 450 no
suggested that flavin-protein was also present.

The cytochromes were reduced imnediately on addition of NADH or succinate
to the crude extract or membrane fraction. The cytochrome b band at 560 nm was
visible in the membrane fraction (Fig.2-3) but was masked by the very high
concentration of cytochrome a in the crude extract (approximately 1.4 nmol (mg
protein) 1). With thiosulphate or sulphite as reductants, the spectra of
the crude extract appeared in 5 to 15 min during which the reaction mixture
in the cuvette apparently became anaerobic since the peaks would disappear
if oxygen was introduced simply by inverting the cuvettes, indicating high
activity of cytochrome oxidase in the crude extract. Reoxidation did not
occur with NADH or succinate as reductants because the oxidation rates of
NADH or succinate in the crude extract were about 15 and 5 times higher
respectively than that of thiosulphate. Cytochrome 072 reduced in the soluble
fraction by thiosulphate could not be oxidized by adding manmalian cytochrome
oxidase. Horse heart cytochrome a reduced in the soluble fraction by thiosulphate
could easily be oxidized by the membrane fraction.

The difference spectra in the soluble fraction were formed as soon as
thiosulphate or sulphite was added (Fig.2.4). This fraction probably
contained only c-type cytochrome (a band at 552 ran). Thiosulphate or
sulphite failed to reduce the cytochromes in the membrane fraction (Fig.23).
Similarly NADH or succinate did not reduce cytochromes in the soluble fraction
(Fig.2.4).

Antimycin A or IIQNO inhibited the reduction of cytochrome a with
NADH or succinate as reductants but had no effect with thiosulphate or

sulphite as substrates (Fig.22 and2.3b) .
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Fig.2.X Difference speccra of Thiobaaillua A2 crude extract (6 mg protein el*1)
incubated without further addition* (trace 1); with 1 aM NADH or 5 nM nuccinate
(trace 2); 10 *H thiosulphate or sulphite (trace 3); 10 mM thiosulphate with

either rocenone, antimycin A (SO iJg ml S or HQNO (25 pg ml *) (trace A).

Jg



Fig. 2.3 Cytochrome reduction in Thiobacillus A2 membrane fraction and the
effect of electron transport inhibitors. (a) Difference spectra immediately
after addition to membrane fraction (7.5 mg protein) of 10 mM thiosulphate
or sulphite (trace 1) or 1 nM NADH or 5 mM succinate (trace 2). Prolonged
incubation did not alter trace 1. (b) Cytochrome reduction using membrane
fraction (5 mg protein) with NADH or succinate after 2 min pre-incubation
with cither antimycin A (50 lig ml ) or HQNO (25 Ug nil ~)i measured after

0 min (trace 1), 2 min (trace 2), 8 min (trace 3), 9 min (trace 4), 10.5

min (trace 5).
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Fig. 2-~ Difference spectra of Cho 'soluble fraction* (5 mg protein) from

Thiobaaillua A2 incubated with no further addition (trace 1), 10 nM thiosulphate

or sulphite for 1 and 4 min (traces 2 and 3), | >M NADIl or 5 mM succinato

for 2, 5, S and 23 min (traces 4, 3, 6 and 7).
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The effects of several inhibitors on NADH, succinate or thiosulphate
oxidation by the crude extract are shown in Table2.1. The results confirmed
the finding from the difference spectra that neither b-type cytochrome nor
any electron transport chain component on the NADH dehydrogenase side of
cytochrome b was involved in Che oxidation of thiosulphate by oxygen.
Sztgibshiometry of thiosulphate oxidation by cell-free extracts.

Thiosulphate oxidation by whole cells or cell-free extract was consistent
with equation (1), two molecules of oxygen being consumed for each thiosulphate
oxidized (Tablel.2).

Neither the soluble nor the membrane fraction (from centrifuging at
130,000 x g) could separately carry out Che oxidation, indicating that factors
present in both fractions were necessary (Table2.2). NADH- or succinate-
oxidizing activities were, however, mainly membrane bound, hardly any activity
being found with Che soluble fraction alone.

Cytochrome c¢ (horse heart 111) caused little stimulation of the activity
of thiosulphate oxidation by the crude extract which was, however, slightly
inhibited (30Z) by reduced glutathione (S mM) and strongly (80Z) by sulphite
(2 mv) if the sulphite was added before thiosulphate.

The crude extract exhibited a high affinity for thiosulphate with a K value
between 33jaM’e“(necfg. Fig.2-5 compared to 37ptM for thiosulphate-dependent oxygen
uptake by whole cells, even Chough the V x for thiosulphate oxidation by the crude
extract was approximately one hundredth of that for whole cells. It was very
difficult to measure the K value precisely for Che crude extract because of (a)
the occurrence of a lag and acceleration phase of several minutes before the

maximum rate of oxidation was reached; and (b) the specific activity of thio-

sulphate oxidation was related to the concentration of extract (Fig.2.6a), thus

the specific activity wan increased with increase of protein concentration up to

was
12 mg ml- , indicating that a complex enzyme system”involved in thiosulphate
oxidation. There wan also an interdependence of Trin buffer concentration

and protein eoneentr.il ion in deforming ilie specific activity



Table 21 Effect of electron transport inhibitors on the oxidation of
NADH, succinate and thiosulphate by a crude extract of

Thiobacillus A2

Inhibition of

Substrate Inhibitor oxidation rate (X)
NADH Antimycin A (10 Pg) 96

HONO (5 Pg) 97

Rotenone (10 Pg) 93
Succinate Antimycin A (10 pg) 75

HONO (5 Pg) 80
Na2s2°3 Antimycin A (10 Pg) 13

HONO (5 pg) 11

Rotenone (10 pg) 10

Cyanide (0.1 mM) 95

Initial oxidation rates were determined using the oxygen electrode cell
(1 ml final volume) as described in the Methods. Inhibitors were added

after the initial rates of substrate oxidation had been established.



Table 22 Thiosulphate oxidation by whole cells and extracts of Thiobacillus

A2
Reaction system Total Thiosulphate Oxygen o
. . - - 2/Naz2s,
(mg protein) incubation oxidized consumed
time (min) (pmol) (Vimol)
Whole cells
(0.55 mg dry wt) 4.5 0.58 1.08 1.86
Crude extract (10)* 8 0.46 0.92 2.00
Crude extract (12.5)+ 16 0.81 1.76 2.17
'Soluble fraction'
(7)* 15 0 0 -
'Membrane fraction'’
(3) + 15 0 0 -
'Soluble' (5.6) ¢
'Membrane' (0.6)
fraction 15 0.66 1.31 1.98

Thiosulphate oxidation was measured polarographically as described in the

Methods. Residual thiosulphate was determined by the method of SUrbo (1957).

Prepared using the French pressure cell.

* Prepared using lysozyme treatment for crude extract.



Fig.2-5 Kinetics of oxidation of thiosulphate by intact organisms (0.9 mg

dry wt; < ) and crude extract (9.5 mg protein; O ) Thiobaoillua A2 using

the oxygen electrode. Lineweavcr-Burk plots of reciprocals of thiosulphate

concentrations (20 - 400 liM) and oxygen uptake rate ( tanol min 1 and nmol x

2 -1
100 min for intact organisms and crude extract respectively) are shown.

and V values were calculated as 37 and 87 nM Na_S,0_ and 694 nmol min
max 22 3

dry we) and 16 nmol min (mg protein) respectively.



Fig.2.6 Thiosulphate oxidation by crude extracts of Thiobacillus A2. (a)

Effect of concentration (mg protein ml *) of crude extract on specific activity

of thiosulphate oxidation (nmol O~ uptake minting protein) *); (b) Effect

of concentration (mM) of Tris-HCI buffer, pH 7.4, on specific activity with

two amounts of crude extract (5 mg protein ml ~, O ; 10 mg protein ml *, O ).

Oxygen uptake was determined polarographically as described in the Methods.
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of thiosulphate oxidation (Fig. 2.6.b). n
Heoonatitution and localization of the thiosulphate oxidation system.

It is illustrated in Tablel3 that the factors essential for thiosulphate
oxidation were totally soluble in the cell and that the membrane fraction was
only necessary for the terminal transfer of electrons to oxygen. The membrane
fraction could be replaced by mammalian cytochrome £ and cytochrome oxidase.
The stoicheiometry of thiosulphate oxidation by the reconstituted system also
showed an Oj/SjO’z\_ ratio of 2, which suggested that the reaction was complete
(equation 1). Moreover, the following experiment revealed that the enzyme
system was located in the cytoplasmic rather than periplasmic side, thus the
supernatant after spinning down and separation from the spheroplasts produced
by lysozyme - EDTA treatment in O.SM sucrose as described in the Methods
(2.2.3) contained no thiosulphate-oxidizing activity, which was shown in the
solution after lysis of the sedimented spheroplasts by osmotic shock in
55mM phosphate buffer. The specific activity of the solution was more or less
the same as that of crude extract prepared by ultrasonication or French

Pressure Cell treatment.

ATP form ation by cell-free preparations during thiosulphate oxidation.

The oxidation of thiosulphate was coupled to ATP synthesis by the
AO,000 xg supernatant fraction from Thiobacillus A2 (Table 2.A). The P/0
ratio from four determinations was 1.10 - 0.23. This oxidative phosphorylation
was not affected by antiraycin A or HQNO, in contrast to NADH-dependent
oxidative phosphorylation which was severely inhibited (Table 2.A). This
confirmed the former finding that thiosulphate entered the electron transport
chain at the cytochrome £ level and only the terminal site of energy
conservation involving the action of cytochrome £:cytochrome oxidase
was functional in thiosulphate-grown Thiobacillus A2.

The crude extract (10,000 xg or 20,000 xg supernatant) oxidized
thiosulphate less rapidly and exhibited phosphorylation but with a wide
variation in P/0 ratio (from 0.5 to 1.5).

The 130,000 xg supernatant from French Pressure Cell treated organisms
also catalysed phosphorylation coupled to thiosulphate oxidation (Table 2.A).

The sane kind of supernatant from lysozyme-treated cells failed to
oxidize thiosulphate (Table 2.2). The French I'ressore Cell preparation
contained cytochrome oxidase activity .and was able to oxidize HAIHi. lhese

results indicate that membrane material was still present in the 130,000 xg



Tableid Thiosulphate oxidation by the 'soluble fraction' (7 mg protein)
of Thiobacillus A2 supplemented with horse heart cytochrome c

(0.27 \imol) and bovine cytochrome oxidase (S units)

Na2S2°3 added Oxygen consumed 2 /N 25203
(nmol) (nmol)
20 40.3 2.02
50 99.5 1.99
200 385.0 1.93

Experimental conditions were as described in Methods except that oxygen

uptake was recorded until thiosulphate oxidation was complete.



Experimental conditions were as described in the Methods using extracts
prepared from French pressure cell treatment. Values for ATP formation

and oxygen consumption were corrected for values obtained without added
substrate.

Some supplementary data of the experiment: (a) Na2S,0” was added last into
reaction mixture, which had been incubated for 4 min, to initiate the reaction
(i.e. to start the incubation time). (b) This was an average value of

four measurements (0.91, 1.3, 1.3 and 0.9 (S.D. - 0.19). The average value
of endogenous formation of ATP (i.e. in the absence of NajSjO”) for the four
measurements was 282 nmol (S.D. - 0.19). The value of P/0 ratio of 0.9 was
obtained from a difference in the values of ATP formation and O2 uptake
between (@ min and 8 min incubation. (c) AMP was used against the ATPase
activity (hydrolysis of ATP), which, in a control experiment (the conditions
were the same as above except without adding Na2$20” and adding ATP (0.1 umol)
instead of AMP and ADP), showed an activity of about 9 nmol ATP hydrolysis

per min per mg protein of extract during the 8 min incubation. The figure
decreased about 10 times in the additional presence of AMP (0.1 umol). On
the other hand, the AMP could enhance the activity of adenylate kinase after
ATP was synthesized to certain amounts by the phosphorylation. However, the
following control experiments indicated that this role of AMP would not be
significant in the experimental condition. Thus, the extract showed an
adenylate kinase activity of about 80 nmol ATP formation from ADP (0.S umol)
per mg protein during a 2 min incubation in the absence of ATP and AMP,
whereas only about 25 nmol of ATP disappeared per mg protein during a 2 min
incubation with ATP and AMP (0.5 umol each). (d) The values of P/0 ratio
assayed by using crude extract, S-130,000 fraction and membrane fraction
(without washing) exhibited a great diversity of results, from 0.2 to 1.5
(giving an average value of 0.75 from 12 measurements and S.D. « 0.45). It is
not clear why the S-40,(XK) fraction showed the better result, which might be

related with the size of the membrane particles, their orientation (i.e. inside

Table 2.4
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Table 2.4 Oxidative phosphorylation by cell-free extracts of 7hiobacillus A2

Preparation Substrate Reaction Inhibitor ATP Oxygen

tested* time (ug(mg formed consumed p/o
(min) protein) ) (nmol) (natom)
- *
S-40,000 Na2s2°3 6 Nong ) 258 231 1.12
Antimycin A
HQNO 210 189 1.11
241 227 1.06
NADI! 0.5 None 167 322 0.52
Antimycin A 0 12
11I0NO 0 10 -
S-130,000 Na S O 4 None 80 104 0.76
2:4-Dinitro-
phenol
(0.1 nM) 113 0

*

S-40,000, supernatant fraction from centrifuging at 40,000 xg for 30 min.

S-130,000, supernatant fraction from centrifuging at 130,000 xg for 90 min.

out or right side out). Generally the preparations from EDTA-lysozyme
treatment showed poorer results (more diverse and lower P/0 ratio) than that
from the French cell treatment, which implied that the large membrane fragments
(probably right side out) were poor materials.

The assay of ATP synthesis may be done by following the disappearance
of free Pi in the presence of a 'glucose-hexokinase trap' system, which rapidly
removes ATI* formed. In this way the problems of adenylate kinase and ATPase

(to catalyse hydrolysis of ATP) could be largely obviated.



>
supernatant liquid, as was also shown hy l.oya el a K (1982). Lysozyme

treatment presum.ah 1v produced no memhraiM* material not sedimented at 1)0,000 xg.
AMI"’ was adik'd to the rearlion mixture in order to inhibit tlie adenylate
kinase in the crude extract, which otherwise rapidly catalysed the conversion
of about one-third of the added All' into ATI*. ATl'ase activity was also
observed in the crude extract in the absence of fluoride, with an initial
hydrolysis rate of approximately 10 nmol ATP min * (mg protein)
2.3.6 Occurrence of rhodanese in extracts
Most rhodanese activity was recovered in the soluble fractions following
lysozyme treatment, indicating it not to be membrane-bound. If bovine liver
rhodancse (2 units m *) was incubated with the Thiobac i llus A2 membrane
fraction (0.5 mg protein), horse heart cytochrome £ (33 nmol) and thiosulphate
(1 umol) no oxygen consumption occurred, indicating the soluble fraction
to provide components as well as or other than rhodanese that were necessary
for thiosulphate oxidation to occur. The addition of reduced lipoatc resulted
in rapid oxygen uptake even if the absence of rhodanese.
2.3.7 Sulphite oxidation by cell-free preparations

The rate of sulphite oxidation by the crude extract was negligible

(1.2 - 1.4 nmol min * (mg protein) ) in 0.05M phosphate pH 7.4 or
0.01 M Tris pll 7.4. If horse heart cytochrome £ was added at 70 or 140 oil,
the rate in 0.01 M Tris was increased to 2.1 and 5.4 respectively. In 0.1 M

Tris pll 7.4, sulphite oxidation was increased to 5.2, and further stimulated
to 13.3 by 70 uM cytochrome c. The crude extract would oxidize 2 nH thiosulphate
in phosphate buffer (9 nmol min 1 (mg protein) 1) but the prior addition of
sulphite (2 tnM to give an initial oxidation rate of 1.4 nmol min 1 (mg protein)
before thiosulphate addition, resulted in a rate ol only 1.7 after adding
thinsulphatc.

Similarly, the oxygen uptake rate by the crude extracts was depressed
hy 40/ when sulphite (2 mV) was added during thiosulphate oxidation. The

inhihilory action of sulnhilc on Iliiosulphato—dependent oxygen uptake in



phosphate buffer has not yet been explained, but is apparently not due to
direct inhibition of cytochrome oxidase.

The soluble fraction (130,000 xg) had a very active sulphitc:cytochromc ¢
oxidorcductase, exceeding that for thiosulphate by about 60-fold. Sulphite-
dependent cytochrome c¢ reduction could only be demonstrated in Tris buffer,
as phosphate was markedly inhibitory. Thus the rate of reduction of
cytochrome ¢ (35 pM) by sulphite (1 mM ) was 71 nmol min* (mg soluble protein)
in 0.1 MTris pH 7.5 but only 0.8 in 0.05 M phosphate. Cytochrome c¢ reduction by
thiosulphate had a KIn of about 200 pM cytochrome c¢ and was
consequently very slow in this system, but sulphite-dependent reduction was not
affected by thiosulphate.

Korricyanide was also reduced by sulphite using the soluble fraction.
Respective rates were 65 and 262 nmol min * (mg protein) * in phosphate
and Tris buffers. Under similar conditions no ferricyanide reduction was

effected by thiosulphate.

2.6 DISCUSSION

This is the first time that a cell-free system from Thiobacillus A2 has
been obtained that is capable of the stoichciometric oxidation of thiosulphate
to sulphate and the coupling of this oxidation to ATP
synthesis. Recently Kula et al. (1982) reported unstable thiosulphate oxidizing
activity in extracts of Thiobacillus A2 and a failure to observe ATP synthesis
during thiosulphate oxidation. The data obtained are consistent with the

following stoicheiometry:

S20j“ ¢ 202 ¢ 1120 ¢ 6ADP ¢ 6P. - 2SO* ¢ 211* ¢ 6ATP ....cccccceiiiinnnnnn. (2)

The effects of the uncoupling agent 2:6-dinitrophcnol and of electron
transport inhibitors indicate that thiosulphate oxidation is coupled directly
to cytochrome c¢ reduction, without involving cytochrome b for the oxidation of
eeitiler the sulphane- or sulphone-su lphur to sulphate, ami that ATP synthesis

is effected exclusively by electron transport phosphorylation coupled to the



phosphate buffer has not yet been explained, but is apparently not due to
direct inhibition of cytochrome oxidase.

The soluble fraction (130,000 xg) had a very active sulphite:cytochromc ¢
oxidorcductasc, exceeding that for thiosulphate by about 40-fold. Sulphite-
dependent cytochrome c¢ reduction could only be demonstrated in Tris buffer,
as phosphate was markedly inhibitory. Thus the rate of reduction of
cytochrome ¢ (35 uM) by sulphite (1 mM ) was 71 nmol min' (mg soluble protein)
in 0.1 M Tris pH 7.5 but only 0.8 in 0.05 M phosphate. Cytochrome c¢ reduction by
thiosulphate had a Km of about 200 UM cytochrome c¢ and was
consequently very slow in this system, but sulphite-dependent reduction was not
affected by thiosulphate.

Ferricyanide was also reduced by sulphite using the soluble fraction.

Respective rates were 65 and 242 nmol min (rag protein) in phosphate
and Tris buffers. Under similar conditions no ferricyanide reduction was

effected by thiosulphate.

2.4 DISCUSSION

This is the first time that a cell-free system from Thiobacillus A2 has
been obtained that is capable of the stoichciometric oxidation of thiosulphate
to sulphate and the coupling of this oxidation to ATP
synthesis. Recently Kula et al. (1982) reported unstable thiosulphate oxidizing
activity in extracts of Thiobacillus A2 and a failure to observe ATP synthesis
during thiosulphate oxidation. The data obtained are consistent with the

following stoicheiomctry:

2— o +
SjOj ¢ 202 ¢ I1jO ¢ 4ADP ¢ 4P. - 2SO ¢ 211 ¢ 4ATP ccovociiceeeinns (2)

The effects of the uncoupling agent 2:4-dinitrophcnol and of electron
transport inhibitors indicate that thiosulphate oxidation is coupled directly
to cytochrome c reduction, without involving cytochrome b for the oxidation of
either the sulphane- or sulphone-sulplmr to sulphate, and that ATP synthesis

is effected exclusively by electron transport phosphorylation coupled to the



rcoxidation of cytochrome c. The spcctrophotometric observations with NADU,
succinate and inhibitors showed that Llie organism contains a complete electron
transport chain allowing electron flow from NADU to oxygen. The thiosulphate
oxidizing enzyme system was located in the ‘'soluble' 130,000 xg fraction of
cell-free extracts and the membrane material was required only to provide the
cytochrome oxidase system for terminal oxidation processes. This soluble
fraction is currently being resolved into component fractions catalysing
thiosulphate cleavage and sulphane-sulphur or sulphite oxidation (U.P. Lu,
unpublished data). It is noteworthy that the system obtained from Thiobacillus
A2 is significantly different from that from T. novcllus (Oh & Suzuki, 1977a,b)
which was wholly membrane-associated. Among the enzymes believed by Suzuki
(Suzuki, 1965; Suzuki & Silver, 1966; Charles & Suzuki, 1966; Oh & Suzuki,
1977a,b) to be involved in cell-free thiosulphate oxidation were rhodanese,
sulphite oxidase and the 'sulphur-oxidizing enzyme'. The former were present
in our preparations but our results give positive evidence incompatible with

a role for a sulphur oxygenase in Thiobacillus A2. The demonstration that
electrons from thiosulphate oxidation enter the electron transport chain ac
cytochrome ¢ and the P/q of 1.0, indicate that each pair of electrons
transferred to oxygen supports one phosphorylation. Since four oxygen atoms
(equivalent to four electron pairs) arc consumed during thiosulphate oxidation
and four ATP formed, all oxygen consumption must be used by cytochrome oxidase,
and no oxygen could have been used in the direct oxygenation of sulphur.

Our results on thiosulphate-dependent phosphorylation using a 130,000 xg
'soluble' preparation can be compared with those of Cole k Aleem (1970)
using a 144,000 xg fraction from 7. novellue. They believed their system to
prove oxidative phosphorylation in a membrane-free soluble system. This is not
the case with our data, as our observations indicate chat membrane material,
albeit very finely degraded, is present even after high-speed centrifuging.
Moreover, high-speed supernatant preparations from lysozvmo-treated bacteria
arc inactive as no small membrane fragments are produced by this method in

contrast to the French Pressure cell or sonic disintegration methods.



The growth yield data obtained from the chemostat culture can be used for a
theoretical comparison with the ATP synthesis observed with the cell-free systems.
The ‘'true growth yield' (Y~i ) of 7.0 and carbon content of 46Z of the dry wt
indicates the fixation of (?.2273 mol (X2 for each thiosulphate oxidized. Since CO02“
fixation by the Calvin cycle requires 3ATP and 2NADI1 for each CO02> a minimum of
0.81 ATP and 0.54 NADH must therefore be produced from the oxidation of one
thiosulphate. As 0.54 NAD* requires 1.08 reducing equivalents (H) for reduction
and thiosulphate oxidation produces 8 H per mol oxidized, energy for the generation
of ATP and cytochrome a -dependent reduation of NAD* comes from the oxidation with
oxygen of 6.92 H produced from 0.87 mole thiosulphate. ATP and NADH production
from one mole thiosulphate oxidized for energetic purposes via electron transport
to oxygen thus becomes 0.93 ATP + 0.62 NADH. Thiosulphate-dependent NAD®
reduction in thiobacilli requires a minimum of 2ATP per mole NAD reduced (For
reviews, see Kelly, 1978, 1982). Consequently the ATP required to effect the C02_
fixation required for the observed Y?3* would be 2.17 ATP per mole thiosulphate
oxidized for energetic purposes. Sir1sc2e3about 30Z of the energy available from
chemolithotrophic oxidations is probably expended directly in CO02~fixation and the
remaining 20Z in biosynthetic and transport processes, the total ATP production is
indicated to be of the order of 2.7 ATP per mole thiosulphate, experimentally the
P/0 ratio of about one supported by cell-free thiosulphate oxidation indicated that
the overall apparent efficiency of growth was lower than assumed in these
calculations and could indicate that more than two ATI'’ were consumed per mole of
NAD* reduced. The maximum experimental ATP production observed of 4.4 per mole
thiosulphate oxidized (Table24) could indicate that 4ATP were consumed for reduction
of one NAD*. This problem is discussed in greater detail elsewhere (Kelly, 1982).

Thiobacillua A2 is proving the ideal experimental system for the elucidation
of electron transport-dependent phospliorylation during sulphur compound oxidation
as it is possible to obtain cell-free systems that arc sufficiently stable for
biochemical fractionation and are not complicated by the presence of any

substrate-lcve 1 phosphorylation, such as are present in six.»: other luiubacilli

(Kelly, 1v82).
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Two energy consumption processes which hove not been taken into
account in the above calculation (see also Kelly 1982) arc the reduction
of NADI'll required by biosynthesis and thiosulphate transport.
Stouthamer (1973) calculated that the formation of amino acids and lipid
from glucose and inorganic salts needed 110.3 and 39.2 mol Xx 10-A NAOPII
per g cells respectively (i.e. 0.286 and 0.1 mol NADPH per mol of thiobacillus
cell carbon if a value of 467 carbon per g dry wt cells is used). The
value for biosynthesis of nucleotides is estimated about 3.3 mol x 10_A
NALML per g cells from Stouthamcr's figures and the knowledge of the
biosynthetic pathway. So a total amount of 0.4 mol NADPH is required
for 1 mol of cell carbon formation. Stouthamer believed that the
production of NADPIi during glucose breakdown would be sufficient to meet
the demands of biosynthesis and assumed that tiie formation of NADPH from
NADH did not require any ATP. 3'hcrefore this value was only considered
for the amount of reducing equivalents liberated per mol of thiosulphate
oxidized. Thus, formation of 0.27 mol cell carbon from 1 mol thiosulphate
needs an extra 0.108 mol NADPli, the total reducing equivalents available
from 8e of thiosulphate for energy conservation will be 847.

Transport of glucose and sucrose by T. versutus was by
respiration dependent systems requiring a membrane proton gradient
(Wood and Kelly 1982). But we know nothing about thiosulphate transport
into this organism. The lysozyme experiment (see 2.3.4.) showed that
the thiosulphate-oxidizing system is located inside the cytoplasmic
membrane. Kron the consideration of chemiosmotic theory cations should
enter across membranes on bifhoclional carriers, or proton syniports
(Hamilton 1t77). This was confirmed I« the experimental results so far.
Transport ot sulphate, phosphate, animoiiinri and sevei il sugars were shown

to be through the action ol a proton sym|Mir( with a 1:1 proton stoiclu onioi ry



(li.imi 1'lon 1977). A value lor tin* olcrlruneotral symporl u! 211 /SO"
ucruss tilt? membrane ui I=n.nm ens denilril'icans w.is also reported
(Burnell el aj_- 1975). In S.ilnonel 1i lyphimur iuih, sulphate and

thiosulphate were transported by a single transport system (Ureyfuss

1964). On the basis of these observations, | assume that a similar proton

svmport is operative for thiosulphate transport in T. versutus with a
2:1 proton/thiosulphate ratio, equivalent to 0.5 ATP per thiosulphate.

Let us refer back to the previous calculation: we have deduced
that the observed yTI" - represents fixation of 0.27 mol CO- to cell
carbon, for which 0|.08213ATP and 0.54 NADU are required for CO2 fixation
and 0.243 ATP is required for biosynthesis of cell components using a
value of 0.9 mol ATP per mol cell carbon, which was calculated from
Stouthamer,s value of 347.1 x 10_4 mol ATP ner g cells). Assuming
that 2ATP are required for reduction of 1 mol HAD , we have 2.63 ATP
(0.81 ¢ 0.54 x 2 ¢ 0.243 ¢ 0.5 consumed for 820123- transport) formation
from 1 mol of thiosulphate. Because only 841 of the 1 equivalents
are used for energetic purposes, the real value will be 3.13 ATP formed
per thiosulphate oxidized. If 3ATP/NAD* is assumed, the value becomes
3.8, which is close to the experimental result of a P/o ratio of 1,
i.e. 4ATP formation per thiosulphate oxidized. The value will be
4.4 or 50.6 if 4 or 5ATP are needed for reduction of 1 mol NAD‘
respectivoly.

There may be some errors involved in the above calculations.
The Stouthamer value of ATP requirement for the formation of microbial
cells from glucose (347 x lo“4 mol ATP/g cells) is a purely theoretical
one. from which a v™* “f 28.8 is obtained, whereas the experimental
value of YI * is only about Il (K. coli) (StoutlIt.imer 1977). Therefore,
tlie urinal value of AIl' retptirenteiil for biosynthesis is probably much
higher than that used here. me AIll' requirement lor thiosulphate

-runsnort is  ........ nil. I\ sneculalive one, which would lie i.mi hi jh it

there is a sort ol energy-independent efflux paluwny exchange between



57

I'liiosu Ipli.iti' .iihl sul;li.11>a I( is inn It .ir il thf s.imm mechanism is
operative in tin- transport of inorganic compounds nwiinly for snerj".i'lii
purposes and lor biosynthetic demands

We propose that the low redox centres of cytochrome c”~] (tm7-1 10 ml)
and cytochrome AN (Km7 ¢ 25 to -25 mV) might function as electron
transfers to reduce NAD in the oxidation of thiosulphate (see Chapters
7 and 9). In this case the energy gap between the two cytochromes and
NAD*/NADH couple uill be about 0.22 or 0.32V, from which a free energy
difference of 10.12 or 14.7 Kcal is obtained. Therefore, an energy
efficiency would be 46" or 672 for 3ATP requi.rement for NAD’ reduction,
or 35% or 50% for 4ATP/NAD* (the C° of 7.3 Kcal for ATP is used).

It is noted that in their classic paper (Chance and llol lunger
19b0) about the energy-dependent reduction of mitochondrial pyridine
nucleotide. Chance and llollunger pointed out that it is not surprising
that the energy expenditure in the reduction of NAD by succinate is
high (actually about two) relative to the one ATP equivalent obtained
in the oxidation of NADH because the reduction reaction must pay the
full cost of the reaction.
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CHAPTER 3
PART I Al. PURIFICATION AND RESOLUTION OK A THIOSULPHATE-OXIDIZING S'STKM FROM
TH1O0BACILLUS A2

3.1 INTRODUCTION

Despite considerable study over many years, a complete understanding of
tiie mechanism of thiosulphate oxidation to sulphate by thiobacilli has not yet
been achieved (Kelly 1902). In the previous paper we reported complete
thiosulphate oxidation and energy-coupling with high efficiency by crude
cell-free preparation from T'liobacilLuo A2 ( Chanter 2 ). The principal
unresolved problems of the oxidation pathway are the mechanism of the initial
'activation* reaction of thiosulphate and the nature of the enzymes oxidizing
the sulphane-sulphur atom of thiosulphate (and probably also of sulphur and
sulphide) to sulphite. A number of hypothetical schemes have appeared (for
general review, see Kelly, 1968, 1976, 1982; Suzuki, 1974; Aleem, 1975),
but substantive evidence to confirm these hypotheses, including highly purified
enzymes and the demonstration of thiosulphate oxidation by reconstituted enzyme
systems in vitro are still lacking except for the terminal conversion of
sulphite to sulphate. Our recent work ( chanter 2 ) demonstrated that the
enzyme system for thiosulphate oxidation was completely soluble (i.e. not
sedimented at 130,000 xg) and that membrane material was required only to
provide the cytochrome oxidase system for terminal electron transport. The
present paper describes the partial purification, resolution and reconstitution

of this soluble enzyme system into three major components.

3.2 METHODS

3.2.1 Organism and chemoatat culture. Thiobacillua A2 was grown in continuous culture
on a medium as described elsewhere ( Chanter ? ) except that 200 nM
NanSjOj was used in order to maximize biomass production. A chemostat culture was
established in a Callenkamp glass fernenter vessel with a culture volume of 5.21,
stirred (1000 rpm) with a direct drive shaft stirrer module and aerated (320 ml min *)

with air containing 1Z (v/v) CO™ (Fig.3.1). Temperature was maintained at 30°C with .mi

M

Engineering heater module and pH was maintained at pH 7.7 by automatic titration with
10 M NaCH using an LH Engineering pH controller. Thiosulphate was completely

consumed and was Che growth-limiting nutrient, giving about 79 dry wt of bacteria per
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-1
day .it a dilution rati* of 0.06 h . Tile effluent from the clicmost.it was

collected in a flask maintained at 2°C and stored at 4°C until centrifuged.

1 =
I'rcparation of cell-tree extract. bacteria were sedimented by centrifuging

and the cell pellet suspended to about 80 nmg dry ut m * in 55 mil phosphate
buffer (pll 7.5). Organisms were disrupted by sonication for 5 min at 30 sec-
intervals in a 100 ml beaker immersed in ice using a 3/4" probe and maximum
power output from a M.S.E. ultrasonic disintegrator. The treated cell suspension
was centrifuged at 10,000 xg for 15 min and the supernatant centrifuged at
48.000 xg for 30 min to remove any unbroken cells and large membrane fragments.
The resultant supernatant uas designated the 'crude extract.' 'Membrane

fraction' was prepared as described previously (Chapter 2).

3.2.3
Enzyme assays. Thiosulphate and sulphite-oxidizing activities were measured

polarographically as described elsewhere (Chapter 2) except that 'membrane
fraction' (0.5 mg protein) and various amounts of cytochrome £ (horse heart 111)
were added as indicated. Thiosulphate:cytochromc £ oxidoreductase, sulphite:
cytochrome c oxidoreductase, rhodanese and succinate-oxidizing activity were

35

35 .
assayed as stated elsewhere (Chapter 2). S sulphate production from S

thiosulphate was assayed as described elsewhere (Kelly & Syrett, 1966).

Ammonium sulphate fractionation. Crude extract was fractionated at Lc by

the addition of serially increasing amounts of a saturated (4 M) ammonium

sulphate solution. In each step the precipitated protein was centrifuged at

17.000 xr for 10 min, then dissolved in a small volume of phosphate buffer (25

mM, pll 6.5 or 55 mM, pH 7.5) and dialyzed against the same buffer for 5 h.

The supernatant at each step was brought to a higher percentage saturation

with saturated ammonium sulphate. The fraction precipitating between 44 - 602

of saturation with ammonium sulphate was called fraction A<OZ. A typical fraction-
ation is shown helow: 110g (NII™) ,SO™ was added into 550 ml crude extract containing
J8g protein, which was then siirreil for 15 min and centrifuged at 17 kg lor 15 min.
The pellet was discarded anil tin- supernatant added with Ilg (NINASO”N anil treated as

above to obtain second supernatant, to which a final [115g (NII®)jSO”™ was added and

stirred and centrifuged as above. The pellet was collected and dissolved in phosplia



3.2.5
DEAE - Sepharose CL-6B chromatography. The A60Z fraction (25 ml, 1550 mg

protein) was applied to a column (2.6 x 16.5 cm) of DEAE-Sepharose 6B,
equilibrated at 2°C with 25 nM phosphate buffer, pH 6.5, containing 2 nM
thiosulphate and eluted stepwise with a total of 1600 ml of the same buffer
containing NaCl at OM, 0.1M, 0.2M, 0.3M, 0.35M and 0.4M. Fractions (18 ml)
collected at 2°C using a flow rate of 105 ml h * were monitored for-protein,
A280.«"type cytochrome (by absorbance at 616 nm), and sulphite:
cytochrome ¢ oxidoreductase. Fractions containing distinct peaks of
protein or cytochrome were combined and brought to 63Z saturation with
ammonium sulphate. The protein precipitated was collected by centrifugation

and dissolved in a small volume of 55 nM phosphate buffer, pH 7.A.

Analytical procedures. Thiosulphate was estimated colorimetrically as
described by Kelly et al. (1969).
Protein was measured according to the procedure of Lowry et al. (1951)

using crystalline bovine serum albumin as standard.

M aterials. Sepharose 4B, Sephacryl 200 superfine and DEAE-Sepharose CL-6B
were from Pharmacia Fine Chemicals AB, Sweden. Cytochrome c¢ (horse heart I11)
cytochrome oxidase (bovine heart), rhodanesc (liver) and catalase(liver)

were from Sigma (London) Ltd.

3.3 RESULTS AND DISCUSSION

3.3. \
Anmomwn sulphate fractionation of the crude extract.

The thiosulphate- and sulphite-oxidising activities were recovered in the
fractions above 44Z of saturation with amnonium sulphate (Table!)). The
specific activity of thiosulphate oxidation was increased about fourfold in

the A58Z fraction compared with that in the crude extract, and total activity



A21Z, etc., refer to protein participated at 21Z etc. of saturation with ammonium sulphate. Enzymes were assayed as

described in Methods except chat 10 mM Tris-HCI, pH 7.4 was used for assay of sulphite or succinate oxidation.

Activities obtained when A21Z or A39Z fractions were added (1 rag protein nil *) instead of the Thiobacillus membrane



«6

was previously shown to be membrane-bound and (b) could also replace Che requirement
for the 'membrane fraction* for electron transfer to oxygen (Table”~l). The rate of
thiosulphate oxidation in fraction A50Z was stimulated about ten-fold by the
addition of horse-heart cytochrome a. This contrasted with the crude extract,

to which addition of cytochrome ¢ had no effect (Tablejl). The stimulation could
have been due to the loss of a certain amount of specific c-type cytochrome

during the fractionation, even tuough the content of c-type cytochrome increased
from about 1.4 nmol(mg protein)"l in the crude extract to about 2 nmol(mg protein) 1
in fraction A53Z. This possibility was supported by the fact that addition

of fractions A21Z and A39Z to the reaction mixture instead of the membrane

fraction (prepared as described previously; Chapter. 2 ) showed higher
thiosulphate-oxidizing activity in the absence of added horse-lieart cytochrome c.
The thiosulphate:cytoc'nrome ¢ oxidorcductasc activity of fraction A60Z showed a

Km value of about 200 uMfor horse heart cytochrome c. The fact that a multiplicity
of enzymes is involved in this system means, however, that this value might not be
highly significant. The A60Z fraction oxidized thiosulphate completely to sulphate.
This was demonstrated by the consumption of two moles of oxygen for each tniosulphate
oxidized and the demonstration, using thiosulphate labelled with in either atom,

that both the sulphanc- and sulphone-su Ipliur were oxidized to sulphate.

3.3.2
Gel filtration of the thionulphate-oxiditing system precipitated, bu anmonium

sulphate betueen 44 - 60Z of saturation (A602)

Passage of fraction A60* down a column of Sepharose CL-4B or Sephacryl-300
superfine yielded similar elution patterns with one main peak of
protein (*280”" with which a peak of c-type cytochrome coincided. The peak of
thiosulphate:cytochromo a oxidorcductasc activity, however, eluted in fractions

slightly behind this main peak. These results indicate that little



by Che A60Z fraction had been achieved, although the complex was partly resolved

from Che bulk protein of the preparation.

3.3.3.
Resolution of the thiosulphate-oxidizing system into three main fractions by

DEAE-Sepharo8e CL-6B chromatography.

Chromatography of fraction A60Z on a column of DEAE-Sepharose CL-6B
yielded seven distinct peaks with absorbance at 280 nm or 660 nm (Fig. 32
The first and last of these NaCl) contained little protein when
analysed by the Lowry procedure and were not further studied. The 0.1 M NacCl
fraction contained no detectable cytochrome, but c-type cytochrome an<*

absorbance) was present in the other four peak
fractions. The fractious with 0.1 Mand 0.2 M NaCl had a greenish colour.
The 0.3S M NaCl eluate was resolved into two parts: the first (0.35 M-I)
contained all the sulphite:cytochrome c¢ oxidoreductase activity and the
second (0.33 M-11) mainly consisted of e-type cytochrome.

None of the fractions alone showed chiosulphate:cytochrome c¢ oxidoreductase
activity (Table 321 This activity was, however, recovered when the 0.1 M and
0.33 M-l NaCl fractions were mixed. The 0.2 M NaCl could replace the 0.1 M
NaCl fraction, but gave lower activity. Activity of the 0.3S M-l fraction with
either the 0.1 Mor 0.2 M NaCl fraction was stimulated about five-fold by the
addition of the 0.35 M-Il NaCl fraction. Boiling the 0.35 M-Il fraction
destroyed the stimulatory activity. These results demonstrate that a number
of components were necessary for the expression of thiosulphate:cytochrome c¢
oxidoreductase activity. Thiosulphate-oxidizing activity could also be measured
polarographically using reconstituted mixtures of these fractions. Oxygen
uptake was observed when a mixture of the 0.1 M, 0.35 M-l and 0.35 M-Il fractions
were supplied with thiosulphate in the presence of horse heart cytochrome c
and either bovine cytochrome oxidase or Thiobacilluo A2 'membrane fraction¥*.

Oxygen was consumed at about 9 nmol min ~ ( mg protein) *, calculated only for

67



Fig. 3.2.Fractionation of the A60Z fraction from Thiobaoillus A2 on DEAE-
Sepharose CL-6B. The chromatography was performed as described in the Methods
with stepwise elution with increasing concentration of NaCl in Tris-HCI
buffer. Sodium chloride concentration is indicated ( -------—---- ) for each step.
Fractions were assayed for absorbance at 280 nm (O ), absorbance at 616 ran

(0 ) and sulphite :cytochrome o oxidoreductase (O ).



n from Thiobaoillus A2 on DEAE-
performed as described in the Methods
centration of NaCl in Tris-HCI
indicated ( -----—-—---- ) for each step.
280 nm (O )t absorbance at 416 nm

ctase (O ).



Table 3.2 Reconstitution of thiosulphate:cytochrome ¢ oxid'.>cductase
activity using fractions from the AB0X fraction of Thiobacillus
A2 separated by DEAE-Sepharose CL-6B chromatography

Fraccions assayed”
(mg protein assay )

0.1M 0.2M 0.3M 0.35M(l) 0.35M(II)

1.64

1.64
1.64
1.64

1.64
1.64

2.4

2.4
2.4

2.4

2.7
1.04
0.6
1.04
1.04 0.3
0.3
1.04 0.3
1.04
1.04 0.3
2.7 1.04
2.7 1.04
1.04

Cytochrome ¢
reduced s

(nmol

N
©O o1 m O O O O ©o

1
13.

4.
5.

Enzyme activity was measured as described

heart cytochrome c,

indicated. Specific activity

added

90 MM Tris-HCI,

is expressed

in the various fractions.

o w

min )

.8

0

5
3

in the Methods,

relative

Specific activity

(nmol

cytochrome c

QI

reduced min

to the total

=
o N O O O O O

© O o o1 © o o

pH 7,4 and amounts of protein as

protein

(mg

using 70 pH horse

70



the protein added in the three NaCl fractions. This oxidation rate'vould require

r. _‘1 ':,(

cytochrome c reduction and reoxidation at a rate of 36 nmol min mg protein)- *,

or rather more than was observed spectrophotomctrically. s The reaction

mixture contained only 70 uMcytochrome c¢ (or only one-third of that for the K
m

value), so oxidation could have been stimulated when complete electron transfer

to oxygen was possible.

3.3.4
Separation of two cytochrome ¢ components.

Two distinct cytochrome c spectra were observed in the different NaCl

fractions (Table 331 One was that of the predominant cytochrome Cjjj, which

was present largely in the oxidized form in fractions 0.35 M-I and 0.35 M-II,

and was rapidly reduced by sulphite when the 0.35 M-l fraction was present.

The other was cytochrome Cjjgq which was mainly present in the 0.2 M NacCl

fraction. This was always recovered in the reduced form, presumably because

of the presence of thiosulphate as an enzyme protector in the eluate. The

existence of cytochrome Cjjg in the crude extract and A 602 fraction was

masked by the intense absorbance of cytochrome
<xI So

'Two types of cytochrome c¢ (550 and 551 no maxima) werelpurified from T. novellus

s

(Yamanaka et al. 1971, 1981).

3.3.5
Distribution of enzyme activities among the fractions from DEAE-Sepharose
CL-6B chromatography.

Thiosulphate:cytochrome c¢ oxidorcductasc activity in mixtures of the 0.35 M-I,

0.35 M-Il and either the 0.1 Mor 0.2 M NaCl fractions always showed

a lag and acceleration phase of about two minutes if the 0.1 Mor 0.2 M NacCl

fraction was the component added to initiate the assay. This implied that these

two fractions contained an enzyme or enzymes required for the initial attack on

thiosulphate, and that this activity was initially rate-limiting. It is likely



Table 3 3 Separation of two typer, of cytochrome c during DEAE-Sepharooe
CL-6l1 chromatography of the AB0X fraction from Thiobacillus A2

Fraction Assayed Absorption maxima® Concentration
in fractions (no) (nmol mg protein )
a e Y

OM NacCl 550 415(412) N.D.

0.1M NacCl

0.2M NacCl 550 522 416 0.4

0.3M NacCl 417(412) N.D.

0.35M NaCl (I) 552 522 418(410) 3.0

0.35M NaCl (1) 552 522 418(410) 9.0

*
Reduced cytochrome absorbance maxima were determined after reduction

with dithionite. Oxidized peaks for the y bands are given in parenthes:

ACytochrome c concentration in the fractions was calculated as the reduced
vs oxidized absorbance wusing a molar extinction coefficient of

28, and expressed relative to the total protein content of the fraction.



(Kelly, 1982) that this initial step is the cleavage of thiosulphate to
sulphite and a sulphanc-sulpliur moiety. Enzymes implicated as possible cleavage
enzymes include rhodanese (Silver A Kelly, 1976; Kelly, 1982).

Khodancse was present at high activity in the 0.1 M NaCl fraction and
to a lesser extent in the 0.2 M fraction (Table 3.4). Addition of liver
rhodanese instead of the 0.1 M NaCl fraction in the assay mixture with the
0.35 M1 and Il fractions did not, however, give any thiosulphate:cytochrome £
oxidoreductase activity. Pure catalase also exhibited rhodanese activity
(Table 3.4), but it could not replace the 0.1 M NaCl fraction either. The
cleaving enzyme in this fraction is thus either not rhodanese, or the activity
requires enzymes or cofactors other than rhodanese which are provided by the
0.1 M NaCl fraction. The location of the enzyme or enzymes catalysing the
oxidation of sulphane-sulphur to sulphite has not yet been established, but
the complete absence of absorbance in the 590 nm region in the 0.1 M and
0.2 M NaCl fractions suggests that they did not contain a sirohaem sulphite
reductase of the kind found in T. denitrificans, that night iji vivo act as
a sulphane-oxidase (Schedel A Trllper, 1979; Kelly, 1982).

The specific activity of sulphite:cytochrome c oxidoreductase was
increased about tenfold after chromatography and was recovered in the 0.35 M
I fraction (Table 3.5). Activity was further enhanced by addition of the 0.35
M Il fraction (Table 3.5). The latter stimulation may reflect improved catalysis

of the reaction by the additional Thiobaci 1lus cytochrome £.

3.4  CONCLUSIONS

This is the first time that a cell-free thiosulpliate-oxidizing system
from a thiobacillus has been resolved into distinct fractions and then
reconstituted from those fractions. The fractionation so far achieved is
summarized in Kig. 3.3. These fractions are, however, still relatively crude
and the total number and nature of the enzymes involved is not yet known. Tlie
system catalyzing the oxidation of sulpltane-xulphur to sulphite has clearly
survived the froclionalion procedure so far, and it is Imped that further

puriljcation ol the O.1 Mand 0.2 M NaCl fractions from IMiAK-Sopherose



Table J.4-Rhodaneac activity in the fractions from DEAE-Sepharoae CL-6B
chromatography of the ACOX fraction

Fraction assayed Thiocyanate formed
(nmol (min x nmg protein) )

A60Z 270
0.1M NacCl 420
0.2M NacCl 130
0.3M NacCl 100
0.35M NaCl (1) 0
0.35M NaCl (I1) 0
Catalase (bovine liver) 1500
Rhodanese (bovine liver) 1600

Rhodanese was assayed as described in the Methods



Table Js5 Separation of sulphite :cytochrome ¢ oxidoreductaac during
chromatography of the AB01 fraction on DtAL-Sepharose d.-GH

Fraccion assayed ProCein in assay Specific activity
(mg) (nmol cytochrome c_\ educed
(min x mg protein) )

A60Z 0.30 110
0.2M NaCl 0.24 4
0.3M NaCl 1.65 2
0.3SM NaCl (1) 0.10 1200
0.35M NaCl (11) 0.15 7
I 11 0.1 + 0.05 1500

Experimental conditions were as described in Che Methods and in Fig. 2,
except that 35 liM horse heart cytochrome a, 90 mM Tris-HCI buffer,

pH 7.4, and the indicated amounts of protein were used in the assay.



TnbleJss Separation of sulphite :cytochrome ¢ oxidorcductaac during
chromatography of the A60Z fraction on DEAE-Sepharosc CL-6B

Fraction assayed Protein in assay Specific activity
(mg) (nmol cytochrome c ieduced

(min x mg protein) )

AB0Z 0.30 110
0.2M NaCl 0.26 6
0.3M NaCl 1.65 2
0.35M NaCl (1) 0.10 1200
0.35M NaCl (11) 0.15 7
16 11 0.1 ¢ 0.05 1500

Experimental conditions were as described in the Methods and in Fig. 2,
except that 35 IliM horse heart cytochrome e, 90 mM Tris-HCI buffer,

pH 7.6, and Che indicated amounts of protein were used in the assay.



Pig* 3.3

Summary of the fractionation procedure employed with the cell-free

thiosulphate-oxidizing system from Thiobacillus a2

DEAE-Sepharose CL-6B
chromatography with
stepwise elution
with NacCl.
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Fig. 3.3 Suninary of the fractionation procedure employed with the cell-free

thiosulphate-oxidizing system from Thiobacillns A2

DEAE-Sepharose CL-6B
chromatography with
stepwise elution
with NaCl.

16
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chromaCography may enable unequivocal idenCification of Che enzymes and kind
of reactions involved in the initial metabolism of thiosulphate, and the

oxidation of sulphane-sulphur.

We are grateful to Dr Mark Woodland for advice and assistance, Dr Ann Wood
for discussion and Mrs Dorothy Sanders for technical assistance. This work
was made possible by financial support from the Covernment of the People's

Republic of China, The British Council and the SERC.
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3.0 AI''KN 1)1 X
i.>.1 Clioia lul experimental conditions for the ion cxchangc

Chromotography of A60" fraction oil DKAK-Sepharoso CI.-OH

The reasons for using UCAH-Sepitarose CC-6B as tlie ion exchanger
matrix were simply that most proteins had pi values of less than 7,
though we initially knew nothing about the enzymes in this system.

The test-tube method essentially as described by Pharmacia's
booklet "lon exchange chromatography” (1982) was used to select starting
pH and buffer. Two ml of the gel and four mg protein of A65Z fraction
were used for each tube. A range of pll from 5 to 9 with 0.5 pH intervals
in 0.1M iris buffer or 55 nM phosphate buffer were tried. It was
found that nearly all of the proteins were bound onto the gel and were
difficult to elute uith buffer containing NaCl (0.1-0.3M) in the tubes
with pH at and over 7. While in the tubes with pH at and below 6.5
some proteins were in the supernatant of the start buffers and the proteins
bound on the gels could be eluted out stepwise with the buffers containing
0.1 to 0.5M NaCl which meant that the A65Z fraction could be fractioned
in these conditions. Since pH less than 6.5 would probably adversely
affect the enzyme activity, pH 6.5 was clioscn. Obviously phospliato
buffer was superior to Tris buffer in this pll range and was used in
the chromatography.

Next, a similar test-tube method for selecting starting and
eluting ionic strengths of the buffer was done. It was found that
proteins and c-type cytochromes (indicative of red colour) absorbed
on the gel in phosphate buffer, pH 6.5 were eluted out stepwise with
the same buffer containing 0.1, 0.2, 0.3 and 0.35M NaCl and S"O’z\_:
cytochrome c¢ oxidoroductase activity appeared.

Finally, a column chromalography was conducted and by trial
and error, the filial chromatography condition was found as described
al t.2.5.

Kegeneratiun of tile ion exchanger was done as introduced by the

booklet "lon ixehangc chromatography.”



1.(>.2 A large scale and modified cliromatography ul A657 fraction oil
DKAF-Sepha rose- Cl.-611
Fig.14 shows a typical elution pattern of the largi; scale and
nodi tied chromatography of A657, fraction on DKAE-Sepharose IX-bB.
The A657, fraction (250 ml, 12g protein) was applied to a column
(A.1 cm x 22 cm) of UFAE-Sepharose CL-6B, equilibrated at 4°C with 25
ntf phosphate buffer, pH C.5, containing 2 mil thiosulphate and eluted
stepwise with a total of 3.5 i of the same buffer containing NaCl at
OM (460 ml); 0.1M (530 ml), 0.12M (270 ml), 0.2M (350 ml), 0. 3M
(350 ml) and 0.35M (1500 ml) at a flowrate of about 140 ml h
Fractions (20 ml) collected at 4°C were monitored for protein, ~2S0O
c-type chromosomes enzyme A (see 4.2.2) and sulphite:cytochrome c
oxidoreductase. Fractions containing distinct peaks of protein or
cytochrome or enzyme activities were combined as shown in the figure
and brought to 65" saturation with (NHAMSO”. The protein precipitated
was collected by centrifugation and dissolved in a small volume of
50 mM Tris-buffer, pH 7.2.

Fig. 3.5 shows a photograph of the chromatography.
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Fig. 3.4 Elution pattern of the A6% fraction on DEAE-Sepharose CL-6B.












CHAPTER A

KIIODANESE: AN ENZYME NOT NECESSARY EUR THIOSULPHATE OXIDATION BY TillOBACILEUS
A2

A.1 INTRODUCTION

The oxidation of thiosulphate to sulphate can provide all the
energy required for autotrophic growth of the Thiobacillus and
Thiomicrospira species CO* The first step in thiosulphate oxidation
is its enzymatic cleavage to sulphite and a sulphane-sulphur residue
Thiosulphate reductase, producing sulphite and sulphide, has been shown
able to fill this role 1.3.1. More generally, rhodanese has come to be
regarded as the most likely cleaving enzyme L 1 « Rhodanese
cleaves thiosulphate to produce sulphite and thiocyanate or lipoate

persulphide with either cyanide or reduced a-lipoic acid as sulphane-

acceptor molecules Rhodanese appears to be present in all the
thiobacilli, often at high specific activity, but its presence is not
restricted to organisms grown on thiosulphate C.4-,,12.! . We now present

evidence showing that in Thiobacillus A2, rhodanese is not the cleaving
enzyme initiating thiosulphate metabolism and has no role in the complete

oxidation of thiosulphate to sulphate by cell-free preparations.

A.2 MATERIALS AND METHODS
4.2.1 Preparation and fractionation of the thiosulphate-oxidizing system.
Thiobacillus A2 was grown autotrophically in continuous chemostat
culture on sodium thiosulphate (0.2M) as the growth-limiting nutrient (Chapter
’ The A8,000 x g crude extract (following sonication) and the

protein fraction precipitating between AA-WtX saturation with (NIINjSOAN



(A65Z) were prepared at 4°C as described previously (Chanter 1).

The A65Z contained a thiosulphate-oxidizing system effecting the
stoichiometric oxidation of thiosulphate to sulphate with the concomitant
reduction of cytochrome a . This system was fractionated into three
major components by chromatography on DEAE-Sepharose-CL6B with elution
using a series of concentrations of NaCl (see 3.3). lleconstitution of the
system previously required two fractions eluted with 0.35K NaCl (0.3SM-I
and 0.35M-I1) and a component eluted with 0.1M or 0.2K NaCl. The component
eluted with 0.1M or 0.2M NaCl will now be referred to as "Enzyme A".

In the present study the A65Z fraction (12g protein) was fractionated
essentially as before using a column 4.1 cm x 22 cm, eluted with about Ui
NaCl solutions at 160 ml h . Following elution with 0.1M NaCl, elution
with 0.12M NaCl was carried out before applying 0.2M NaCl. This resulted
in removal of all activity for "Enzyme A" into the 0.1 + 0.12H NaCl
fractions (see 3.6.2 for details).

"Enzyme A" was further purified by a second ansnonium sulphate
precipitation. The combined 0.1 ¢ 0.12M NaCl eluates were brought to 60z
of saturation with solid (WHA~A"SO”, centrifuged at 17,000 x g for IS min,
and the precipitated protein recovered as "second A60Z fraction". The
supernatant solution was brought to 90Z saturation with additional solid
(NH~jSO” and the nrecipitated protein collected by centrifugation as above
and recovered as "second A90Z fraction". All procedures were performed
at 6°C. Protein precipitates were redissolved in 25mM phosphate, pH 6.S,

to a final concentration of about 30 mg ml * and stored at -20°C.

2.2 Aaoay of "Enzyme A"

This was based on the assay of thiosulphate: cytochrome c
oxidorcductasc previously described (2.2.6) The reaction mixture
(I ml in a 1 cm light-path cuvette) contained (pmol): NanSjoO», 2;

phosphate buffer, nil 7.5, 50; cytochrome ¢ (horse heart type 111), 0.07;



(A65Z) were prepared at 4°C as described previously (Chanter 3).

The A65Z contained a thiosulphate-oxidizing system effecting the
stoichiometric oxidation of thiosulphate to sulphate with the concomitant
reduction of cytochrome a . This system was fractionated into three
major components by chromatography on DEAE-Sepharose-CL6B with elution
using a series of concentrations of NaCl (see 3.3). Reconstitution of the
system previously required two fractions eluted with 0.35K NaCl (0.35M-I
and 0.35M-11) and a component eluted with 0.1M or 0.2M NaCl. The component
eluted with 0.1M or 0.2M NaCl will now be referred to as "Enzyme A".

In the present study the A65Z fraction (12g protein) was fractionated
essentially as before using a column 4.1 cm x 22 cm, eluted with about &
NaCl solutions at 160 ml h *. Following elution with 0.1M NaCl, elution
with 0.12M NaCl was carried out before applying 0.2M NaCl. This resulted
in removal of all activity for "Enzyme A" into the 0.1 ¢ 0.12M NaCl
fractions (see 3.6.2 for details).

"Enzyme A" was further purified by a second ammonium sulphate
precipitation. The combined 0.1 ¢ 0.12M NaCl eluates were brought to 60Z
of saturation with solid (WHA~AMSO”, centrifuged at 17,000 x g for IS min,
and the precipitated protein recovered as "second A60Z fraction". The
supernatant solution was brought to 90" saturation with additional solid
(NH7jjSO”™ and the precipitated protein collected by centrifugation as above
and recovered as "second A90Z fraction". All procedures were performed
at 4°C. Protein precipitates were rediesolved in 25mM phosphate, pK 6.S,

to a final concentration of about 30 mg ml 1 and stored at -20°C.

..2.2 Aaoay of "Enzyme A"

This was based on the assay of thiosulphate: cytochrome a
oxidorcductase previously described (2.2.6) The reaction mixture
(I ml in a t cm light-path cuvette) contained (pmol): Na"S"O», 2;

phosphate buffer, nil 7.5, 50; cytochrome o (horse heart type 111), 0.07;



as

0.35M-1 fracciéon (0.9 mg protein); 0.35MeXl fraction (0.6 mg protein);
and "Enzyme A" solution (0.1 - 0.3 mg protein). Reaction at 30°C was
normally initiated by adding the "Enzyme A" solution. Activity was
expressed as cytochrome C reduction relative to the protein added as

"Enzyme A", rather than relating to total protein in the assay.

2.3 Assay of rhodanese

Rhodanese was assayed spectrophotometrically essentially as
described by Smith and Lascelles Ql4”~ . The reaction mixture (1 ml in
a 1 cm cuvette) contained (iimol)s Na”~jOj, 50; Tris-HCI buffer, pH 7.5;
30; NaCH, 50; 2,6-dichlorophenol-indophenol (DCPIP),0.09; N-methylphenzonium
methosulphate (PMS), 0.1 mg; and enzyme solution as indicated, 0.2 - 0.4 ny
protein. The reference cuvette contained the complete reaction mixture
without thiosulphate and DCPIP. The reaction was initiated with the
cyanide and DCPIP reduction recorded at 605 nm using a Pye-Unicam SP170C
spectrophotometer. A millimolar extinction coefficient of 16.4 at 605 nm
was used for DCPIP. Rhodanese specific activity was expressed as nmol DCPIP

reduced min ~ (mg protein)

2.4 Chemicals

DEAE-Sepharose-CL6B was from Pharmacia Fine Chemicals AB, Sweden;
cytochrome c (horse heart 111), catalase (liver) and N-methylphenazonium
methosulphate were from Sigma (London) Ltd; DCPIP was purchased from

British Drug Houses, Poole, England.

3. RESULTS

.3.1 Distribution of rhodanese activity from Thiobacillus A2 among the
fractions from DEAF.-Sepharose-CLSB chromatography and the second
ammonium aulphatc fractionation
Most of the rhodnnese activity in the A65S fraction was eluted from

the column using 0.3 M NaCl (Tablc”~.1). The remainder was contained

in the OM and 0.1 ¢ 0.12M HaCl eluates (Tableil). The activity



Table”l. Separation of rhodanese during fractionation of cell-free extracts of Thiobacillua A2 by

DEAE-Sepharose CL6B chromatography and further ammonium sulphate precipitation
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present in the 0.1 M NaCl fraction was completely precipitated by (NIMSO”

at h07, of saturation with none being present in the A90” fraction (Table 4.1).
For comparison, commercial catalase was also shown to exhibit hit'll rhodanese
activity in this assay procedure (Table 4.1) as well as in the standard
procedure in which thiocyanate formation is measured (Chapter 3).

Reconstitution of the complete thiosulphate-oxidizing system required
components in all three of the 0.1M (or 0.2M), 0.35M-1 and 0.35M-11 NaCl
fractions (3.3.3). Rhodanese activity was absent from the 0.35M-1 and 0.35M-II
fractions, so if the activity attributed to "Enzyme A" in the 0.1 M fraction
were actually due to rhodanese, further purification of rhodanese should
increase "Enzyme A" activity in parallel. In fact 94" of the "Enzyme A"
activity was recovered in the protein precipitated between 60-902 saturation
with (NI1.).SO, of the 0.1 ¢ 0.12H NaCl fractions, whereas all the rhodanese
activity was in the 602 saturated (NII*jSO” precipitate (Table 4.2).

Consequently, "Enzyme A" and rhodanese are separate and unrelated enzymes.

4.4 DISCUSSION

This demonstration that the cell-free thiosulphate-oxidizing system
from Thiobacillus A2 does not require rhodanese for its activity shows that
an as yet unidentified enzyme effects thiosulphate cleavage and that
rhodanese plays no part in thiosulpliato oxidation. The physiological role
of rhodanese is unknown, as is also true for rhodanese in other bacteria.
Indeed "rhodanese" appears not to be a single enzyme in Thiobacillus A2
as it occurred in three distinct subcellular fractions (Table 4.1) and is a
function also exhibited by unrelated enzymes such as catalase. The non-
involvement of rhodanese in thiosulphate oxidations is consistent with its
constant specific activity in chcmostat cultures exhibiting a threefold
range of specific rate of thiosulphate oxidation (2.3.1). The complete
oxidation mechanism also involves c-type cytochromes and enxynKS for the

oxidation of sulphite to sulphate anil the sill ph.tne-siil plnir residue of



Table A.2 Distribution of "Enzyme A" after ammonium sulphate

fractionation of 0.1 and O.I12M flaCl fractions from

DKAK-Scpharose Cl.-6B chromatography

a
"Enzyme A"

Total activity Specific activity
Fraction Total protein (umol cytochrome (umol cytochrome c¢
assayed a (mg) ¢ reduced min-1!) reduced rain-! (mg

protein)-*)

0.1 ¢ 0.12M NacCl

fractions'* 2190 5A1 0.2A7
"Second A60Z" 12A0 30 0.02A
"Second A90Z"b 9A0 511 0.5A0

asee Materials and Methods for details of procedures.

Supplementing these assay mixtures with "membrane fraction" prepared
as previously described, resulted in complete oxidation of thiosulphate
to sulphate, when assayed by the oxygen electrode procedure (see 2.3.A).
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thiosulphate to sulphite n i Sul phil<:cy tiH'hromc ¢ uxidurcductast* was
located in the 0.35M-I fraction (see 3.3.3). "Enzyme A" iron the 0.1 ¢ 0.12 NaCl
fraction and a second essential enzyme component from the 0.35M-1 fraction
arc currently being purified .and characterized. The absence of a requirement
for any reduced cofactors for this thiosulphate-oxidizing system also
indicates that the enzyme for thiosulphate cleavage is not a reductant-requiring
thiosulphate reductase of the kind shown by Peck f 23, or if it is, it is
fed with electrons recycled internally from subsequent sulphanc or sulphite
oxidation. This possibility is thermodynamically unlikely. Moreover, a
role for reduced lipoate as a sulphanc-sulphur acceptor is unlikely both
thermodynamically [I1 and through the lack of role for rhodanese.

The role of rhodanese in the metabolism- of thiosulphate was also
suspected by other observations. The activity of this enzyme in Chromatium
was about the same in organisms grown on thiosulphate, succinate or
pyruvate and was only about twice that of the Athiorhodaceae, RhodospiriHum
rubrum and Rhodopseudomonas spheroides which are unable to utilize thiosulphate
fls X Ciani £ 163 and Bowen et al_. [ 173 showed with Clorobium vinosum and
T. denitrificans respectively that the enzyme activity may be found in a

variety of fractions and different molecular weights.



REFERENCES

LM
fcQ

c3)

c.4]

ci]
col
\ijl

[a]

£0)

Q1

cI2\
£V5]

(1Z]

Kelly, D.P. (1982)

Peck,

Chhanlles,, ANM. am Swaukdi,

Phil. Trans. R. Soc.

H.D. (1960) Proc.

522-534.

Tabita, R., Silver, M and Lundgren,

47,

1141-1145.

Silver, M. and Kelly,

Natn. Acad. Sci.

90

Lond. B298, 499-528.

U.S.A. 46, 1053-1057.

. (U9EE) Hidhimm. biophys. Acta 128

D.P. (1976) J.

Kelly, D.P. (1968) Aust.

Oh, J.K. and Suzuki,

Silver, M., Howarth,O.

97,

285-288.

Silver, M. and Kelly,

J. Sci. 31,

. (1977) J. Gen

W.

and Kelly, D.P.

D.P. (1976) J.

Wescley, J. (1973) Adv.

Bowen, T.J., Butler,
97, 651-657.
Wood, A.P. and Kelly,

Lu, W-P and Kelly,

Smith,

Roy,

A.J. and Lascalles,

D.P.

P.J.

D.P. (1981) J. Cen.

A.B. and Trudinr.cr,

compounds of sulphur.
Giani, D. (1976). Dipl,

Bowen, T.J., Butler,

J.

97, 651-657.

P.J.

D.G.

(1969)

Can. J. Biochem.

Gen. Microbiol. 97, 277-284.

165-173.

. Microbiol.

Chromacog.

(1976) J.

Enzymol. 39, 327-367.

and liappold,

(1983) J. Gen.

J. (1965) J.

P.A. (1970).

F.C.

(1965)

Microbiol,

Cen.

Micro

99, 397-412, 413-423.

Gen. Microbiol.

123, 479-481.

Biochem. J.

Microbiol. 125, 55-62.

(in press).

biol. 42, 357-370.

The biochemistry of inorganic

Cambridge University Press.

thesis. University

and Happold,

F.C.

- Bonn.
(1965).

Biochem.



CHATTER 5

PURIFICATION AND SOME PROPERTIES OF TWO PRINCIPAL ENZYMES OF THE THIOSULPHATE- 91
OXIDIZING MULTIENZYME SYSTEM

5.1 INTRODUCTION

Th« preparation of a cell-free extract from ThiobacilLus A2, capable of
the complete oxidation of thiosulphate to sulphate with the consumption of two
moles of oxygen for each thiosulphate oxidised, was described previously
( Cunter 2 I. Complete oxidation of thiosulphate required both a
membrane system and a soluble fraction. The soluble fraction coupling
thiosulphate oxidation to cytochrome £ reduction was separated into three
major components ( Chanter 3 ;). The earlier work indicated the
thiosulphate: cytochrome £ oxidoreduction process to be effected by a
soluble multi-enzyme system. Subsequently, the rhodanese present in the system
was shown not to be required for thiosulphate oxidation.

Further analysis of this multi-enzyme system was undertaken with an initial
objective of establishing the nature of the thiosulphate-cleaving enzyme,
believed from earlier work to be a primary step in thiosulphate oxidation,
(Suzuki, 1974; Kelly, 1982) and to seek the presence of a 'sulphane-aulphur

oxidase' in addition to the sulphite oxidase already deamnstrated,

The present one describes the purification and some properties of two
principal enzymes from the enzyme system and the reconstitution of the
thiosulphate-oxidizing activity with the two enzymes, two partially purified
£-type cytochromea, mammalian cytochrome £ and cytochrome oxidase. The
involvement of thiosulphate cleavage and of sulphite oxidase in thiosulphate

oxidation is discussed.

5.2 METHODS

Organisms and chemostat culture. Thiobacillua A2, which has recently been
designated as a new species, T. varautus (Harrison, 1983), was grown in continuous
culture as described previously (Charters 2, 3 ). Cell suspensions (80-100 ng
dry wt ml“1l) collected and concentrated from the culture were stored at -70°C.
This storage had no affact on tha thiosulphate-oxidising activity of crude

extracts prepared from tha frosen calls.



92

Preparation of ccll-frcc extract and A65Z fraction and resolution of the A65Z
fraction into three main fractions involved in thiosulphate oxidation.
These procedures were as described previously ( Otnr.fr 1 ) and
arc summarised in Fig.5.1* The £-type cytochromes in the 0.35M NaClI(l) and (I1I)
respectively
fractions were found to have a bands at 551 and 552.5 nm“”racher than at 552 ns,

as was previously thought ( r<—>t-r 1 ). The previous observation was

probably due to incomplete separation of the two cytochromes from each other.

Resolution of the A65Z fraction

Enzymes A and B, sulphite:cytochrome c oxidoreductase and cytochrome

were resolved as sunsnarized in Fig.Jl .

5.2.2.
Enzyme assays

Thiosulphate:cytochrome £ oxidoreductase activity could only be observed
using mixtures of the main fractions or of the further purified enzymes
(Fig.5.1 1 Chanters 3. 4 ). The O.IMNaCl and 0.35 MNaCl (I)
fractions contained activities we shall refer to respectively as "Enzyme A"
and "Enzyme B". Both were required for thiosulphate-oxidizing activity. The
0.35M NacCl(l) fraction was resolved into two major components, one being
enzyme B, the other being cytochrome cjjj , both of which were required for full
activity.

Enzyme A activity was measured as described before (see 4.2.2) except
that a smaller amount of enzyme A solution (0.01 - 0.1 mg) was used at the
later stages of the purification. Enzyme B was assayed by essentially the same
procedure as for enzyme A. The reaction mixture (1 ml in a 1 cm light-path
cuvette) contained (pmol): NajSjO”, 2; Tris buffer, pH 7.3, 45; cytochrome £
(horse heart type Il), 0.07; A65Z fraction (0.3 mg protein, as enzyme A);
0.3SM NacCl(ll) fraction (0.6 ng protein); C-200-1 fraction (0.4 mg protein,
containing cytochrosM £ ;  see Results) and enzyme B solution (0.01-0.08 nyg

protain). Reaction at 30°C was initiated by adding the enzyme B solution.



Activity was expressed ns cytochrome c reduction in terms of the protein

added as enzyme U. The activities of enzyme A and enzyme B measured and
calculated in this way arc relative, as the amounts of enzyme B (for assay

of enzyme A), enzyme A (for assay of enzyme B)(cytochrome £ j~ and

cytochrome £72 5Used *n thc assay will affect the activity. In order to
obtain a linear relationship between amount of enzyme A assayed and the
activity, a ten times or greater excess of enzyme B (in terms of protein)

was used. Similarly, enzyme A was used in excess to assay enzyme B. Sulphite:
cytochrome £ oxidoreductase activity was measured as described before

(see 2.2.6 ) except that less protein (4-50 pg) was used.

5.2.3
Purification of Enzyme A

Protein precipitated from the combined 0.1M and 0.12M NaCl fractions by
precipitation between 60-90Z saturation with anraonium sulphate was recovered
as described previously and referred to as the A90Z fraction.

This was stored at -20°C. The A90Z fraction (420 mg) was thawed and applied
to the top of a 2.6 cm x 6.5 cm column of phenyl-Sepharose CL-4B equilibrated
with 18 mM phosphate buffer, pH 6.5 containing 2 nM NajSjO” and (NH~jSO™ at
17Z of saturation. After sample addition elution was continued with 1 bed
volume of equilibrating buffer, followed by a linear gradient of decreasing
ammonium sulphate concentration and increasing ethylene glycol concentration,
which was produced by constant-head mixing of 250 ml each of (NH~jSO™ (17z
saturation) and 50Z (v/v) ethylene glycol, both in 18 mM phosphate buffer,

pH 6.5 containing 2 MM NajSjOj at 4°C and a flow rate of 30 ml h *. The

typical elution pattern is shown in Fig.2 . The active fractions were combined
at 4°C

and then concentrated”in a 50 ml Amicon ultra-filtration cell over an Amicon

-PM10 membrane under nitrogen at 0.7 bar (7 X 104 Nﬁz). In the presence of

ethylene glycol about 30Z of the enzyme passed through the mesfcranc in the
filtrate. The ultrafiltration had to be repeated three tines to obtain 95Z

of the enzyme.



5.2.4 Gel filtration oil Sepbadex G-100

The concentrated enzyme A solution (120 mg) was loaded on the bottom
of a 2.hem x 83cm column of Scpliadex G-IOO equilibrated with 50 mM Tris
buffer, pll 7.3, containing 2 nmM Na”S"O”" and eluted upwards with the same
buffer at 4°C and a flow rate of 16 ml h The elution pattern was as
seen in Fig. 3. The active fractions were pooled and concentrated by (NIli*INSON
as described before (Lu and Kelly, 1983c).

5.2.5 Preparative isoelectric focusing in Sephadex IEF thin layer

Preparation of plate (gel bed). 45 ml of Sephadex IEF suspension
containing 3 tal Pharmalyte-wI (pH 2.5-5) prepared according to the instructions
(Pharmacia Fine Chemicals) was poured on a 11.5cm x 24cm glass plate and
spread by means of a glass rod. The plate was dried in air or by means of
a hair dryer uith indirect flow until the shiny surface of the gel became
opaque like a frosted glass window.

Focusing. The contact between the electrodes and the gel layer was
established with electrode strips (11lcm x 0.5cm) from LKB soaked in 0.1M
NaOH at the cathodic side and 0.1M phosphoric acid at the anodic side. An
LKD Multiphor 2117 and constant power supply 2197 were used. The gel was
pre-focused for about half an hour, then loaded with sample and focused for
four or five hours at constant wattage (10 to 30U) and 1500 volts. Cold
water (0°C was circulated through the cooling plate during focusing.

Sample application. Enzyme solution was dialysed against 1%
glycine for 2.5h. About 3 ml gel was scraped out from the pre-focused plate
with a spatula forming a slot in the position of about 10 cm from the anode
and mixed with the dialysed enzyme solution in a small beaker. The mixture
was then poured back into tlie slot. The gel surface was smoothed and
allowed to equilibrate for a few minutes before reconnecting the power.

Detection of separated zone. A quick paper print technique as
described in the LK1 manual was employed. A sheet of Whatman No. | paper

was rolled on the gel layer, allowed to slay in contact with a gel for



0.5 min, then removed froi.i the gel and dried from above with a stream
of hot air from a hair dryer. The dried print was placed in staining
solution (0.7g page blue in | litre destaining solution) for 5 min, then
quickly rinsed twice in destaining solution (60 ml of 702 perchloric
acid in 940 ml distilled water) and finally placed in preserving
solution (mixture of 70 ml acetic acid, 200 ml glycerol, 250 ml methanol
and 500 ml distilled water) for 10 min before removing in onto a sheet
of aluminium foil to allow it to dry.

Recovery of separated proteins. After location of the proteins
using the stained print, the fractions of interest were removed from the
gel layer with a spatula and suspended in small amounts of 50 nM Tris
buffer, pH 7.3. The proteins were separated from the gel by filtration
on No.1 waterman a small column. Enzyme A activity was measured in the
solutions. Solution containing enzyme A was desalted by dialysis or
gel filtration on Sephadex C-25, followed by dialysis against solid
polyethylene glycol to concentrate the sample. The carrier ampholytes
could also be removed from the enzyme solution by ammonium sulphate
precipitation of the enzyme.
5.2.6a Possible modifications of the purification procedure for enzyme A

Hie ultrafiltration steps could use membranes with lower molecular
weight cut-off levels (e.g. YH5 instead of PM10) in order to avoid passage
of the enzyme in the presence of ethylene glycol. Inclusion of thiosulpha
in the elution buffer as an enzyme stabilising agent was necessary as it
was subsequently shown that its omission in the elution buffers caused

considerable loss of tlie enzyme activity.



E_uzr’isfication of enzyme Il
Resolution of 0.35M NacClI(l) fraction into two major fractions containing
enzyme B and cytochrome c,, ™ respectively.
The O0.35M NacCl(l) fraction (500 mg protein) was applied to the bottom
of a column (3.2 x 85.5 cm) of Sephadex G-200 equilibrated with 50 MM Tris
buffer, pll 7.3 and eluted upwards with same buffer at 4°C and a flow rate of
35 ml h *. Active fractions were pooled and then concentrated by ultrafiltration
under nitrogen pressure (0.7 bar) through an Amicon PM10 membrane at 4°C.

5.2.7
Hydrophobic interaction chromatography

Concentrated enzyme B solution (60 mg) was brought to about 15Z of saturation
with (NHMNSON loaded on to the top of a 2.6 x 6.5 cm column of Phenyl-Sepharose
tt—4B equilibrated with 50 MM Tris buffer, pH 6.5, containing 10Z of saturation
with (NH~”)2SO”. After sample application the column was eluted downwards with one
bed volume of the same buffer at 4°C and a flow rate of 30 ml h *, followed by a
linear gradient of decreasing ammonium sulphate concentration, which was produced
from two 150 ml volumes of 50 MM Tris buffer, pH 7.3, one of which contained
(NH~jSO” (10Z of saturation). The active fractions were combined and concentrated

by ultrafiltration as stated above.

Preparative isoelectric focusing
The procedure was the sane as described for purification of enzyme A (Fig.5Ab).

5.2.8
Assay of stoicheiometry of thiosulphate oxidation by the reconstituted system

This was done in a Clark oxygen electrode cell essentially as described
before (see 2.2.6). * Reaction mixture (final volume 1 ml) contained:
purified enzyme A (0.15 mg), pure ensyme B (0.2 mg), cytochros» c jjj fraction
(G-200-I fraction, 0.5 mg), cytochrosw £ 552*$¢ (°-35M NaClI(ll) fraction, 0.5 mg),
horse heart cytochrosie ¢ (2 mg), bovine heart cytochrosw oxidase (5 units).
Tris buffer, pll 7.3 (40 pmol) and NajSjOj (50 or 100 nmol precisely). Oxygen
concentration in the experimental conditions was calibrated using the method

described by Robinson and Cooper (1970).



3.2.9
Polyacrylamide gel electrophoresis, Polyacrylamide gel electrophoresis

in the presence of sodium dodccyi sulphate was carried out to monitor the
protein purification and to determine molecular weight using the method of
Lacmmli (1970). 12Z (w/v) acrylamide in the resolving gel was used. Protein
samples were incubated at 60°C for 10 min in Tris buffer, pH 6.5, containing
3Z (v/v) 2-mercaptoethanol and 1Z (w/v) SDS before loading and electrophorcsed
at a constant 40 mA for 5 to 6 h at 4°C. The gels were stained overnight
in a mixture of 30Z (v/v) methanol, 5Z (v/v) acetic acid in distilled water
containing 0.2Z (w/v) Coomassie Brilliant Blue G and destained in the same
solution without the dye. Standard marker proteins (Mf in parentheses)
used for calibration were bovine albumin (66,000), egg albumin (45,000),
glyceraldehyde-3-phosphatc dehydrogenase (36,000), carbonic anhydrase
(29,000), trypsinogen (24,000), trypsin inhibitor (20,100) and a-Lactabumin
(14,200). Fig. 5.10 shows such a determination for enzyme A and enzyme B.
Purity of the samples was also examined by discontinuous polyacrylamide
gel electrophoresis under nondenaturing conditions essentially as described
by Davis (1964). 8Z (w/v) acrylamide in the resolving gel was used. The
electrophoresis was performed at a constant 30 mA for 4 h at 4°C. The

staining procedure was the same as for the SDS-gel.

5.2.10
Determination of the molecular weight of enzyme B by gel filtration. A

method based on Andrews(1965) was used with bovine serum albumin (mol we
67,000), egg albumin (mol we 43,000), bovine pancreas chymotrypsinogen A
(mol we 25,000) and bovine ribonuclease A (mol wt 13,700) as marker proteins.
Enzyme B (4 a« protein) and marker proteins (5 mg protein each) were run
separately on a 2.6 cm x 84 cm column of Sephadex C-100 with 50 nM Tris
buffer, pH 7.3 at 4°C. The positions of tho marker proteins and enzyme B

were determined by sieasuring absorbance at 280 nm and enzysie activity (Fig. 101>
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5.2.11 Determination uf isoelectric point. The isoelectric points of the
purified proteins were measured hy flat bed electro-focusing in polyacrylamide
gels using diurnalyte, pll 2.5-5 and LKU Multiplier 2117 and constant power
supply 2197. (‘reparation of gel (100 x 50 x Imr.i). application of samples,
running conditions and staining of gel were based on the instruction for 'l
calibration kits from Pharmacia Fine Chemicals. The pH gradient profile

across the 1EF gel was calibrated by using a low pi calibration Kkit.

5.2.12 Reaction of purified enzymes with 35S20%- Reaction mixtures (0.5 ml)

in Tris 1IC1, pH 7.3, contained either Na2358-SO’\ or Na’\S-sssO’\ (2 gmol at

2-10 x 106 dpm umol 1) and other components as indicated in the Results.

After incubation at 30°C, samples were analysed by paper chromatography

using a butanol-pyridine-acetic acid-water (20:30:6:24) solvent with and
without treatment with iodine to convert residual thiosulphate to tetrathionate
(Kelly and Syrett, 1966). Whatman No.1l sheet was used. The R™ values for
SO%, Sjo% and S’\O’o" are 0.12, 0.12 and 0.46 respectively. Chromatograms were
assayed for by cutting strips into segments and counting in scintillation
vials filled with 053C (w/v) butyl PBD in toluene. Tris buffer was replaced by
phosphate buffer 25 mil, pH 7.2 later, as it was found that Tris buffer caused false
formation of small amounts of sulphate (i.c. certain amount of 35880’\ in the
iodine-added solution appeared at Rf 0.12 on the chromatographed paper sheet).
The thin layer chromatographic method (Kelly 1970) (using solvents systems

S(! or S~) failed to do the job due to the fact tnat a substantial amount of
thiosulphate non-specifically associated with proteins in the experimental
conditions, which confused with tlie calculation of sulphate formation and

certain amounts of Sjo’g' moved to the spot of S’\Og'.

Chemical s. See Chapter 6.

RESULTS
5.3.1 I'urilirat ion of enzyme A
Enzyme A was purified some 100-fnld hy the procedures described
(Fig. 5.1; Table 1). The progress ol |IIk* separation, monitored hy SRS

polyacrylamide gel electrophoresis is shown in Fig. 5.5.
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Fig.S.~a and b. Paper princa of flat bad iaoalaccric focusing gals of
purifiad enzymes A and B.
(a) IEF of active reacerial (enzyme A) from Sephadex G-100
chromatography (aaa Methods). Sample (12 mg protein) was loaded
and focused for 6 h at 12W, constant power, 1,SO0V maximum. The
gel was pre-run for 1 h.
(b) IEF of the enzyme B fraction (HIC-Il) from phenyl-sepharose
CL-4B chromatography (see Methods and Results). Sample (IS mg protein)
was loaded and focused from 6 h at 30W, constant power, 2000V

maximum. The gel was pre-run for 1 h.



Fig.SAa and b. Paper prinCs of flat bed icoeleccric focusing gels of
purified enzymes A and B.
(a) IEF of active material (enzyme A) from Sephadex G-100
chromatography (see Methods). Sample (12 mg protein) was loaded
and focused for 6 h at 12W, constant power. 1,500V maximum. The
gel was pre-run for 1 h.
(b) IEF of the enzyme B fraction (HIC-11) from phenyl-sepharose
CL-4B chromatography (see Methods and Results). Sample (15 ng protein)
was loaded and focused from 6 h at 30W, constant power, 2000V

maximum. The gel was pre-run for 1 h.



Fig.SAa and b. Papar princ» of fiat bad isoalaceric focusing gala of
puridad antyaai A and B.
(a) IBP of activa naCariai (ansyaa A) fron Saphadax C-100
chroaacography (aaa Mathoda). Sampla (12 ag protain) was loadad
and focusad for 6 h ac 12W, constane powar, 1.500V naxinun. Tha
gal was pra-run for 1 h.
(b) IBP of Cha ansyaa B fraccién (HIC-1l) froa phanyl-sapharosa
CL-4B chroaatography (saa Mathoda and Baaults). Saapla (13 ng protain)
was loadad and focusad froa 6 h at 30W, constane powar, 2000V

naxisNMB. Tha gal was pra-run for 1 h.
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SOS polyacrylamide alab gel eleccrophoreeia of Che fracciona in

Che purificacién of ensyme A. (1) Marker proceina (55 ug);

(2) Crude exCracc (60 ug); (3) A6SZ fraccién (60 us); (6) 0.1M and
0.12M fraccién (60 ug); (5) A90Z fracciéon (60 ug); (6) Pooled

accive fracciona (30 ug) from Phenyl-aepharoae CL-4B column;

(7) Pooled accive fracciona (30 ug) from Sephadex C-100; (8,9) Purified
enayme A afcer preparacive iaoeleccric focuaing (30 and 20 ug reap.);
(10) Marker proceina (45 ug)e Ff)r decaila aec Method* and ReaulCa.

Molecular weighca of markara and direccién of migraciéon are indicaced.
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SDS polyacrylaalde slab gal alaccrophorasis of Cha fracciona in

Cha purificacién of enayae A. (1) Marker procains (S3 ug);

(2) Cruda axcracc (60 ug); O) A65X fraccién (60 ug)( (6) 0.1M and
0.12M fraccién (60 ug); (3) A90Z fraccién (60 ug); (6) Pooled

acciva fracciona (30 ug) (roa Phanyl-sapharoaa CL-41 coluan;

(7) Pooled acciva fracciona (30 ug) froa Sephadex C-100; (8,9) Purified
enayae A afear preparaciva iaoeleceric focuaing (30 and 20 ug reap.);
(10) Marker procaina (43 ug)e Ftor dacaila aaa HaChoda and RaaulCa.

Molecular veighca of aarkara and direccién of aigracion ara indicacad.
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SDS polyacrylamide alab gel eleccrophoreaia of Che fracciona in

che purificacién of enzyme A. (1) Marker proceins (55 ug) ;

(2) Crude excracc (60 ug){ (3) A65* fracci6on (60 ug); (6) O.IM and
0.12M fraccién (60 ug)i (5) A90Z fraccién (60 ug); (6) Pooled

accive fracciona (30 ug) from Phenyl-aepharoae CL-4B column;

(7) Pooled accive fracciona (30 ug) from Sephadex C-100; (8,9) Purified
enzyme A afeer preparacive iaoeleccric focuaing (30 and 20 ug reap.);
(10) Marker proceina (45 ug). For decaila ace Methodk and ReaulCa
Molecular weighca of markera and direccion of migracion are indicaced.
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5.3.2
lurity and some properties of enzyme A

As shown in Kig. S{Jenzyme /7, after the final purification.still
appeared as one major band with a molecular weight of 16,200 and another
minor bond of 16,600. The minor protein was about 15Z of Che major protein
as measured by scanning the gel at 600 nm. The two bands had similar
densities in che crude extract. On the basis of the 100-fold increase in

specific activity and its concentration, the major band in che purified
preparation is presumed to enzyme A. The enzyme comprised about 0.8Z (w/w) of

Che crude extract. Because both proteins had very
similar molecular weights, nearly che sane Pl values, determined by iso-

electric focusing in polyacrylamide gel, and more or less che same hydrophobic
properties, it is very difficult to separate them by the techniques used so
far. The isoelectric point of enzyme A is about 6.2. The enzyme lost about
50Z and 80Z of its activity at 20°C after ¢ h and 20 h respectively, and

30Z and SOZ at 6°C after one day and two days respectively.

5.3.3
Purification of enzyme B

The 0.35M NaClI(l) fraction from DEAE-Sepharose-CL-6 B chromatography
was separated into two major protein peaks by gel filtration on Sephadex
C-200 (Fig5.6). Three fractions were collected, fraction | (called C-200-1)
containing cytochrome £s55%; fraction Il (C-200-I1), containing some sulphite:
cytochrome c¢ oxidoreductase; and fraction 11l (G-200-111) containing enzyme
B and most nf the sulphite:cytochrome £:oxidoreductase activity (TableJ[2).
Ensyme B and sulphitercytochrome £ oxidoreductase in the C-200-IIl
fraction were further separated into two fractions by Phenyl-Sepharose-CL-6 B
chromatography (Fig.S7 and Table53). Most sulphite:cytochrome £ oxidoreductase
activity was recovered in che first fraction (called HIC-I). Host of che enzyme
B activity was in the second fraction (called H1C-11) but the specific activity
was not increased and the total activity recovered (yield) was low.
The specific activity of enzyme B was, however, increased about 60Z by including
a small amount of Che HIC-1 fraction,Co give a ratio in the reaction mixture

of IIIC-I:11IC-Il protein equivalent to that in the separated fractions. Yield

was also restored to about 953 of that originally present.
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Elution profile of the 0.35M NaCI(l) fraction on Sephadex C-200
(see text for detail). O , protein (Ajjqg)> O , cytochrooe £551
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TAPLE5.2. Resolution of che 0.35 H NaClI(l) fraction from DEAE-Sepharosc CL-6B

chromatography into two major components by gel filtration on Sephadex C-200 (See Fig.5jo)

from che reaction mixture reduced the specific activity by half.
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Enzyme B in che IUC-11 fraction was finally purified by preparative

isoelectric focusing in Scphodcx IEF. Two major protein bands were obtained
on a paper print of the gei (Fig.jib). Both of them contained enzyme B
activity (TableSA). The SDS-polyacrylamide gel electrophoresis disclosed
that they were the same protein although the protein from the bottom band had
less enzyme activity and one or two minor contaminants. Enzyme B accounted
for at least 90Z of the total protein in the H1C-Il fraction and the double-
banding observed was probably due merely to overloading.

The purification of enzyme B is summarized in TableS.A and Fig.5.1. The
final product represents some 2SO-~fold purification over the crude extract with
an overall recovery of about 502. The enzyme comprised about 0.62 (w/w) of the
crude extract protein.

5.3.A
Purity and molecular weight of enzyme B

The purified enzyme appeared as a single sharp band after SDS-polyacrylamide
gel electrophoresis and discontinuous polyacrylamide gel electrophoresis (Fig.58a
and56b respectively). However, the enzyme band shifted from the position
equivalent to a molecular weight of 63,000 (- 2,000) to that of half this
molecular weight on the SDS polyacrylamide gel, indicating the enzyme to consist
of two subunits, molecular weight, 32,000 (- 2,000). Determination of molecular
weight on Sephadex G-100 also confirmed that the native enzyme possessed a
molecular weight of about 6A,000. Gel electrophoresis of the crude extract and
A6SZ fraction showed a band at the position expected for enzyme B (Mr about
63,000; Fig.58a), but most of enzyme B in the 0.3SM NaCI(X) fraction moved
down to the subunit position. Since all of the samples were prepared in the
same way before being loaded on the gel, it is unclear why the enzyme behaved
so differently. Treatment with SDS at 100ftC did not cleave the 63,000 Hr enzyme
into smaller units. Boiling the purified ensyam from IEF (Fig.5.8a, lane 6)
resulted in most of the protein running as Mr 63,000, although the milder treatment
gave the smeller unit seen in Fig.58a. This behaviour is anomalous and cannot
be further explained at present.
gc')?r’n'e5 other properties of enzyme B

The enzyme had a FZ value about A.25 and had an absorption spectrum only in the

uv region, with a sharp maximum st 280 nm and a broad absorbance below 250 nm.



TABLES. Summary of Che purification of Enzyme B



Fig.£8 (a)SDS-polyacrylamide slab gel electrophoresis of the fractions in
Che purification of enzyme B. (1) Crude extract (60 pg); (2) A65zZ
fraction (60 pg); (3) 0.35M NacCl(l) fraction (60 pg>; (4) C-200
(111) fraction (see Fig.6) (30 pg); (5) HIC-Il fraction
(see Fig. 8) (30 pg); (6) Pure enzyme B from preparative isoelectric

focusing (20 pg); (7) Marker proteins (45 pg).

(b>Discontinuous polyacrylamide slab gel electrophoresis of the
fractions in the purification of enzyme B.
£> (1) 0.35M NacCl(l) fraction
(60 pg); (2) C-200 (Ill) fraction (see Fig. 6) (25 pg); (3) HIC-II
fraction (see Fig. 7) (25 pg); (4) Pure enzyme B from preparative

isoelectric focusing (20 pg). For details see Methods and Results.



crophoresis of che fraccione in

1) Crude exCracC (60 vg); (2) Ae5z
C1(l) fraccién (60 yg>; (4) G-200
Ug); (5) HIC-IlI  fraccién

enzyme B from preparacive isoeleccric

oceins (45 pgQ).

>b gel eleccrophoresis of Che
! enzyme B.

£s> (i) 0.35M NaClI(l) fracciéon
ion (see Fig. 6) (25 yg); (3) HIC-I1I
(4) Pure enzyme B from preparacive

'or details see Mechods and Resulcs.
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The enzyme was more stable than enzyme A. It lost about 30Z and 50z
activity at 20°C after one and two days respectively, and 4Z and 20Z at 4°C
after one and two days respectively. Storage at -20°C for at least three
months, with freezing and thawing had no significant effect on the enzyme
activity.

5.3.6
Sulphite-cytochrome c oxidoreductase and the stimulation of enzyme B activity

by the HIC-1 fraction

The specific activity of sulphite:cytochrome £ oxidoreductase was increased
over 600 times during purification even chough Che recovery was rather low
(TablesSS). However, Che final product (HIC-lI fraction) gave more than 6
protein bands on SDS polyacrylanide gel (Fig.59.), in which Che top major

st probably
band was<#nzyme B and the rest had more or less Che same density.

The HIC-1 fraction stimulated enzyme B specific activity in the HIC-II
fraction (Table£3) and pure enzyme B (Table5A) by 20-40Z. Fractions from
previous steps were also stimulated. The stimulation could not simply be
accounted for by the presence of the small amount of enzyme B in the HIC-I

fraction. *

5.3.7
Reconstitution of thiosulphate-oxidizing activity with the purified components

Thiosulphate was completely oxidized to sulphate by the reconstituted
system with a consumption of 1.95 - 0.05 moles of oxygen for each thiosulphate
added (four determinations). The reaction was negligible in the absence of any
one of enzyme A, enzyme B, or the cytochrome c and cytochrome (~”"~ractions.

5.3.8
Attempt to demonstrate thiosulphate cleavage by the purified enzyne(s)

Incubation of partially puriXied enzyme A (0.35 mg) or enzyme B (1.5 mg) or
mixtures of ansysm A, enzyme B and the cytochrome c jjj and cytochrosm £.532 5
fractions with thiosulphate labelled in the inner or outer sulphur atom with S,
in the absence of electron acceptors for as long ss 45 min at 30°C demonstrated
no significant formation of sulphite or sulphate. In other words the S-S bond

of thiosulphsta was not split by any one of the ansymes or the enzyme system



TABLE SS Purification of sulphitejcytochrome ¢ oxidoreductase
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Flg.S? SDS-polyacrylanida gal olaccrophoraais of fracciona in Cha
aaparaCion of aulpliica:cyCochrona £ oxidoraduccaaa and cyCochroaa
eJ51. (1) Markar procaina (45 Mg); (2) Fraccién HIC-1 (saa Fig57)
(30 ]ig); (3) Fraccién 0-200-1 (oca Figffe) (25 pg)s (4) 0.35H

NaCl(X) fracciéon (40 tig).
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under these expcrimcnt.il conditions. However, the experiment did show Chat
thiosulphate appeared to be associated witli enzyme U (111C-Il fraction) with a

molar ratio of about two thiosulphatejone protein.

5.3.9
Cytochrome £ 55~ and cytochrome £ 552,5

Thiosulphate oxidation and horse-heart cycochromc £ reduction by the
reconstituted enzyme system was negligible if the cytochrome £75” and £552 5
fractions were omitted from the reaction mixture and only commenced when one
of them was added. Subsequent addition of the other cytochrome fraction increased
the activity further. The apparent for thiosulphate in the reconstituted
thiosulphate:cytochrome £ oxidoreductasc system was probably less than 2 pH.

The apparent K™ value for horse heart cytochrome £ was lower in the reconstituted
system (40 pH) Chan in the A65Z fraction (200 pH). The caukes seemed related Co
cytochrome £ 55~ and cytochrome £552 5 concentration since there was more of

them in Che reconstituted system. However, the two cytochromes contained in the
C-200-1 fraction and 0.35H-11 fraction were still quite crude, as shown in Fig. 9 .
Subsequent purification (unpublished data) of cytochromes £55” an<®£.552 5 enabled »

proof of their essential role in the thiosulphate-oxidising complex (Table5$%$).

5.4 DISCUSSION

The conclusions to be drawn from our results to date indicate that enzymes
thought to have some role in thiosulphate oxidation by thiobacilli (Oh | Suzuki,
1977; Kelly, 1982) do not seem to have central functions in Thiobacillus A2.
These include rhodanese, which although very active in Thiobacillus A2 (Silver i
Kelly, 1976; Wood A Kelly, 1981; Chapter 2 ) is not required for
complete oxidation of thiosulphate by extracts ( Chanter. 1 ), while
the*thiosulphate-oxidising cnzymc"(Trudinger, 1961), adenylyl sulphate (APS)
reductase and the sulphur-oxidising oxygenase enzyme (Suzuki, 1965; Charles A
Suzuki, 1966a; Suzuki A Silver, 1966) are either absent from Thiobacillus A2

or present only at low levels (Kelly A Tuovinen, 1975; Silver A Kelly, 1976).



18

TABLE#. A typical assay of thiosulphate: cytochrome c¢ oxidorcduction

activity with the four highly purified components.

Additions (mg protein) Cytochrome c¢ reduction

Enzyme A Enzyme B Cytochrome Cjjj j Cytochrome £55~ (nmol reduced min *mg protein
0.1 0.08 3
0.1 0.08 0.04 35
0.1 0.08 0.04 0.085 85
0.1 0.08 0.085 22

Enzyme activity was measured spectrophotometrically as described in
the Methods except that the components were added into the reaction mixture
in the order and the amount as listed above, following the,addition of
horse-heart cytochrome c¢ and thiosulphate. Activity was calculated in
terms of the total protein of the components added. The detailed purification
and characterization of cytochrome £332 5 and "cytochrome £337~" are to

be published elsewhere (Lu & Kelly, in preparation).
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(Fig. 5.10a)

Fig. 5.10a Molecular weight estimation of enzyme A and enzyme B after

SDS gel-electrophoresis.

Marker proteins were:

1. a-Lactabumin Mr 14,200
2. trypsin inhibitor 20.100
3. trypsinogen 24,000
4. carbonic anhydrase 29,000
5. glycerol dehyde-3-

phosphate dehydrogenase 36,000
6. egg albumin 45,000
7. bovine albumin 66,000

Kmyi»* A - Molecular weight * 16.000

laZyi«' H - siihimil unleculnr woi;*lit « 11,000
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Fig. 5.10b Molecular weight estimation of enzyme B and cytochrome

—b552 5 by Kel filtration on Sephadex C-100.

Marker proteins were:

bovine serum albumin Mr 66,000
egg albumin 43,000
bovine pancrease

chymotrypsinogen A 25,000
bovine ribonucléase A 13,700

Tlie molecular weight of enzyme B - 64,000

The molecular weight of cytochrome c~”~ ~ » 56,000

Ve - Vo
vVt - Vo

Kav
Ve < elution volume

VI e« hed volume

Vo < void vo ltime
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So far wc have also failed to demonstrate a thiosulphate-cleaving enzyme

(Peek, 1960; Kelly, 1982) or a major role for free sulphite as a substrate

for sulphite oxidase in the system. It is generally believed that

free sulphite is the penultimate intermediate in sulphate formation (Charles *
activity

Suzuki, 1966b; Kelly, 1982) and sulphite oxidasc”is present in all thiobacilli

examined.

We have, however, obtained a cell-free system catalysing the complete
oxidation of thiosulphate, for which at least two novel colourless enzymes and
several cytochromes are required. These two enzymes have now been highly
purified (Fig.5.2) although we are as yet unable to ascribe specific individual
functions to them. To our knowledge, these two enzymes differ from any
enzymes so far found in sulphur-oxidizing bacteria, although a relative lack
of detailed enzymological data in other published work makes proper comparison
difficult.

The present work confirms the view ( Chapter 3 ) that the thiosulphate:
cytochrome c oxidoreduction system in Thiobacillus A2 is a soluble mulcienzyme
complex. The complete oxidation of thiosulphate by the reconstituted purified
components proves that no small cofactor molecules are needed. The
relatively easy separation of the components suggests their association
in vivo to be weak. Many multienzymc systems show much stronger association,
although some (e.g. tryptophan synthetase) are easily separated into subunits,

(Miles, 1979)
with a considerable decrease in overall activity L Dissociation of the complex
could help explain why thiosulphate-oxidising activity in the crude extract
from Thiobacillus A2 was sbout one hundredfold less than in intact cells (Kula
ct al, 1982; Chanter 2 ). Thus, rapid and stoicheiometric oxidation
of thiosulphate in vivo depends on the integrity of the well-organised multiensyme
complex and its association with the membrane system. Any disturbance of the
structure, such as caused by disruption of the cell could thus dramatically
affect oxidative ability. In fact, one advantage of a multienzyme complex is

that it provides a very short transit time for passage of intermediates from



one enzyme to another. This could be particularly important it unstable
compounds such as sulphite and other reduced sulphur species are produced as
intermediates in thiosulphate oxidation. Such intermediates might always

be enzyme-bound in the multienzymc system. For thiosulphate to be oxidized
to sulphate, three main processes should occur.These are cleaving of the

S-S bond, the oxidation of the sulphane-sulphur group to sulphate and that

of the sulphone-group to sulphate. Cleavage has come to be regarded as the
primary step (Kelly, 1982), followed by oxidation of the sulphur (or sulphide)
and sulphite formed thereby. Our reconstituted system seems to contain

two colourless enzyme proteins and two essential £-type cytochromes (of which
"cytochrome cjjj " may in fact be a third enzyme of thiosulphate oxidation),
which together can effect all three essential processes. W have so far
failed to show a thiosulphate-cleaving function using purified enzymes or

the enzyme system in the absence of the electron transport system. This
might mean that cleavage only proceeds at the rate of overall oxidation, so
that in the absence of electron transport, thiosulphate binding to an enzyme
can occur, but cleavage cither does not occur or is so slight as not to

be detectable. This could be because the products of cleavage are not released
in the free state, but have to be transferred to acceptor-enzyme components of
the multienzyme system and further cleavage ceases as oxidation of the
transferred groups cannot occur. Alternatively, oxidation of sulphanc-sulphur
to sulphite might occur on the thiosulphate-binding enzyme with cleavage
occurring only when an enzyme-bound intermediate analogous to dithionatc

( OjS-SOj) has been formed. At present it is not possible to decide on the
exact nature of the partial reactions of sulphate fortMtion or even the exact
timing of the sulphur-sulphur bond cleavage. Certainly, however, thiosulphate

cleavage is not a simple primary reaction of the rhodanese type.



In current work we arc attempting to evaluate the midpoint potentials of
the various e-type cytochromes, which should enable an assessment of the
sequence of their involvement as electron transport carriers.

Fig. 9-2, gives a schematic representation of the probable interrelations
of the multicnzymc complex and the membrane system in effecting thiosulphate
oxidation.

The sulphite:cytochrome £ oxidoreductase in Thiobacillus A2 compares with
that in T. novellus (Yamanaka et al., 1981), in that cytochrome Cjjj appears
to be the electron acceptor for sulphite oxidation and separation of the
cytochrome from the enzyme considerably reduced its activity (unpublished
observations). Nevertheless, the significance of the sulphite-cytochrome £
oxidoreductase in Thiobacillus A2 is still obscure. One phenomenon of
potential significance to understanding the system was the observed stimulation
of enzyme B activity by the fraction containing the sulphite-cytochrome £
oxidoreductase activity. A more critical analysis of the HIC-11 fraction is
essential before further conclusions can be drawn.

This work was made possible by financial support from The Government of
the People's Republic of China, The British Council and the Cooaaittee of Vice
Chancellors and Principals. We are grateful to Dr Mark Woodland for advice
and the use of some items of equipment, and to Drs Ann Wood and Ben Swoboda

for discussions.
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CHAPTER 6 1(

1UKIFICATION AND CHARACTERIZATION OF TWO ESSENTIAL CYTOCHROMES 01 THE THIOSULPHATE-
OXIDIZING MULTIENZYME SYSTEM

b\ 1

Introduction

C-type cytochromes are generally regarded as essential components in the
chemolithotrophic oxidation of thiosulphate from the facts that they are the
primary acceptors for electrons from the substrate oxidation in nearly all of
the thiobacilli except probably T. denitriffjeans ~17%nd the contents of c-type
cytochromes are much higher in autotrophically grown than heterotrophically
grown Thiobacillus A2 and _T. novellus ~2,3~ . This type of study was mainly
carried out with either crude extract or membrane systems. Although numerous
workers have reported the identification and purification of the £-type
cytochromes from thiobacilli over more than 20 years[I/”~]the investigations
were limited to the'small, basic c-type cytochromes resembling the mammalian
cytochromes and provided little information related directly to the role of
£-type cytochromes in thiosulphate oxidation.

Recently we reported j*5(6[]Jthat the thiosulphate-oxidizing system of
Thiobacillus A2 was a multi-enzyme complex composed of up to five soluble
components, namely enzyme A, enzyme B, cytochrome 5* cycochrome £.551
and sulphite:cytochrome £ oxidoreductase, apart from membrane particlas
which functioned as electron chain components and could be replaced by
mammalian cytochrome £ and cycochrome oxidase. Enzyme A and enzyme B were
highly purified and characterized ~3 and an investigation on sulphite:
cytochrosHi £ oxidoreductase is to be published elsewhere. The present
Chanter describes the purification and some properties of cytochrosM
£jjj 5 and cytochrome £331 as well as two small cytochrome Q. The role
of cytochrome £jj2 5 and cytochrome Cjjj, functioning as special redox
carriers or effectors, in the thiosulphate-oxidizing system was also

investigated and discussed.
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.2 maikkiai.s anl>mktik>>;

i
Growth of the organism and preparation of cell free extract. These were
described previously
Purification of enzyme A and enzyme B. These were as stated before [ fc3 (W,aPter 5)
Ehzzy%"ne assay. Thiosulphate:cytochrome £-oxidoreductase activity was measured
by following the reduction of cytochrome £ (horse heart Ill) essentially as
described previously [5-7] (Chapters 3 and 4)

The reaction mixture contained, unless otherwise stated, Na”SjO~n,
2~"mol; horse heart cytochrome ¢, 1 mg; enzyme A, 0.05 to 0.1 mg;
enzyme B, 0.03 to 0.06 mg; cytochrome c j, 0.02 to 0.04 mg; cytochrome
c551, 0.04 to 0.08 mg; Tris-HCI buffer, pH 7.3, 35 to 45™.mol to give a
final volume of 1 ml.

Activities of cytochrome Gjj and cytochrome £jj2 5 *n the eh*osulphate:
cytochrome £ oxidoreducing system were assayed as above except that cytochrome
—552 5 W* omi cted *or assay of cytochrome £~” and vice versa. It was
virtually impossible to evaluate the activities of these two cytochromes
quantitatively in the course of the purifications mainly due to the facts
that (a) the two cytochromes were not completely separated from each other
in the 0.35M NaCl (1) and 0.3SM NaCl (11) fractions and very small amounts
(0.002 ng or less) of cytochrome 5 “or cytochroinc £557) *n the r«acei®n
mixture for assay of cytochrome Cjjj (or for assay of cytochrome £552,5) |1****|
enhanced the activity and (b) both of them were probably activators or electron
carriers to assist the whole enzyme system rather than functioning as
enzymes (see Results for further description).

Thiosulphate-oxidizing activity was measured polarographically with a
Clark oxygen electrode as described previously £3,6”~. The reaction mixture
was essentially the same as the spectrophotometric method above except that
higher amounts of the two enzymes and thu two cytochromes were used as indicated
in the individual experiment and bovine huart cytochrome oxidase (5 units)

was added.
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it.2.3

Tcrminology. Thiosulphate-oxidizing nml t.i-enzymc system (or complex) means
the mixture containing enzyme A, enzyme B, cytoclirome £552 5’ cytoclirome £jj]|
and sulphite:cytochrome c oxidorcductasc or means the mixture containing
enzyme A, enzyme B and both or one of the two cytochromes, which arc able to
start the reaction either spectrophotomctrically in the presence of
thiosulphate and horse heart cytochrome c¢" (also called thiosulphate:cytochromc
c oxidoreductase system) or polarographically in the additional presence of
cytochrome oxidase. Sulphite:cytochrome c¢ oxidoreductase was not normally
included in the reaction mixture due to the fact that this enzyme was not
essential in the assay of thiosulphate oxidation activity, but which did not
mean the enzyme was less important than others of the multi-enzyme system

in vivo (Lu and Kelly,in preparation).

0.2 .4
Preliminary purification of c-type cytochromes. As reported before, the crude

extract of Thiobacillus A2 was fractionated by ammonium sulphate to obtain

A65Z fraction £5] which was then resolved into five major fractions by
chromatography on DEAE-Sepharose CL-6B £5-7j where 0.3SM NaCl (1), 0.35M NaCl (I11),
OM NaCl and 0.2M NaCl fractions contained cytochrome e cytochrome £532 S’
cytochrome £jjqgq (basic) and cytochrome Cjjfl (acidic) respectively. From this
stage these £-type cytochromes were further purified and detailed in the

present paper.

n.2.s
Purification of cytochrome £jj}

Gel filtration on Sephadex C-100. The 0.35M NaCl (1) fraction (SSOmg) from the
DCAE-Sepharose CL-6B chromatography was loaded on to Che bottom of a column

(3.2 x 89.5 cm) of Sephadex C-100 equilibrated with SO nM Tris buffer, pH 7.3,

and eluted upwards with the same buffer at 4°C and a flow rate of 30 ml h *.
Cytochrome £jjj, coming out at the void volume (Fig&la) was combined and concentrated
by salt out with nimnonium sulphate. The concentrated material was called

the C-100 preparation. The reasons for using Sephadex C-IOO for this step instead



Fig6.1.

Purification of cytochrome (see Methods for previous procedures

and detail). e, protein (A2go*' ° cytochromc £551 *A416"*

(a) Elution profile of 0.35M NaCl (lI) fraction on Sephadex C-100.
Void volume was 280 ml. Sulphito:cytochromc £ oxidorcductasc and
enzyme B activities, eluted at the fractions from 310 ml to 390 ml
and from 390 ml to 470 ml respectively, are not shown. Fractions
containing cytochrome £551 from 275 ml to 303 ml were pooled and

named C~100 fraction.

(b) Elution pattern of the C-100 fraction on Sephadex G-200.

Void volume was 163 ml.

(c) Elution profile of the C-100 fraction on Phenyl-Sepharose
CL-4B. Cytochrome £jjj existed in all the protein peaks except

the first one which contained an unidentified c- type cytochrome.



Methods for previous procedures

cytochrome c5J1 (A ™).

) fraction on Scphadex C-100.
DChrome £ oxidorcductasc and
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of the Sephadcx G-200 used previously w were that tliv exclusion of Che
cytochrome (Mr about 300,000) from Sephudex G-100 greatly decreased the
tailing of the cytochrome and gave hettur separation of sulphitc:cytochrome £

oxidorcductasc from the cytochrome.

Gel filtration on Sephadex C-200. The G-100 preparation (150 mg) was applied
to the bottom of a column (2.6 x 88.5 cm) of Sephadex C-200. Procedures of
the chromatography and concentration were the same as stated above except

that a flow rate of 18 ml h * was used (Figfclb).

Hydrophobic interaction chromatography. The G-100 preparation (112 mg) was
brought to about 15Z of saturation with (NHMNASO” and loaded on to a column
(2.6 x 6 cm) of Phenyl-Sepharose CL-4B equilibrated with 50nmM Tris buffer,

pH 7.3, containing 10Z of saturation with (NH/MNASON at 4°C. The column was
then eluted with one bed volume of the same buffer at a flow rate of 30 ml h *,
followed by a linear gradient of decreasing ammonium sulphate concentration,
wtich was produced from two 150 ml volumes of 50 nM Tris buffer, pH 7.3, one
of which contained (KH”")jS04 (10Z of saturation) (Figftlc). Fractions belonging
to the same protein peak were combined and concentrated by ultrifiltration

through an Amicon PM10 membrane under pressure .

Chromatofocusing. 25 ng of concentrated cytochrome £351 from gel filtration
on Sephadex C-200 was loaded on to a column of Polybuffer exchangers PBE 94
equilibrated with 25 mM piperasine-HCI buffer, pH 5.4,at 4°C. The column was
eluted with 10Z Polybuffer 74-HC1, pH 3.5, at a flow rate of 26 ml h *. One
major protein peak was eluted at pH 3.9-3.7, pooled and concentrated by
ultrafiltration. When the effluent reached pH 3.5 the red protein remaining
on the top part of the coluam was resioved and then dissociated from the
exchanger by adding a few ml of 1M NaCl. The protein solution was concentrated

by salt out with (NII*jSO”, and then desalted by Sephadex C-2S if required.



Fig. 6.1d Molecular weight estimation of cytochrome by gel
filtration on Sephadex G-200 or on Sephacryl S-400.
av vi - ve
Ve m elution volume
vVt “ bed volume
Vo “ void volume
Molecular weight markers were:
1. bovine serum albumin Mr 67,000
2. lactate dehydrogenase 120,000
3. catalase 210.000
4. ferritin 440,000
The molecular weight of cytochrome 5;551 ® 100,000
(for the true molecular weight of cytochrome crer., %' llie text).

sephacryl-400

sephadex-200
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6.2.6

Purification of cytochrome- £552 5

Ce: filtration on Sephadex C-100. 420 mg of 0.35M NaCl (I11) fraction from
DEAE-Sepharosc CL.-s B chromatography was loaded on to a 3.2 x 88.5 cm column of
Sephadex G-100 and eluted as described for chat of cytochrome Cjjj above.
Fig6,2 shows a typical elution pattern for the chromatography. Fractions
containing cytochrome £552 5 were combined and concentrated by ultrafiltration

as described above.

Chromatofocusing. The procedures were the same as that of cytochrome c”j

except that 120 mg protein sample was used.

Gel filtration on Sephadex G-75. Cytochrome £s552 5 *rom 8e* filtration on
Sephadex G-100 or chromatofocusing was further purified by chromatography

on Sephadex G-75 with a column of 2.2 x 87 cm if required. The conditions
of the chromatography were the same as that on Sephadex G-100 except a flow

rate of 18 ml h * was used.

P'S'rizication of cytochrome cJ50 (basic). IXiring the chromatography of the
A6SZ fraction on DEAE-Sepharose CL-6B the fractions of the second half of the
OM NaCl elution, containing cytochrome Cj”~, were combined and concentrated

by salt out with (NH~jSO”~. The concentrated fraction was applied on to a
column (2.2 x 87 cm) of Sephadex G-75 and eluted as described above (Fig43a).
Fractions containing cytochroma (with a ratio of A*16 to A280 greater than

3.0) were pooled and concentrated by salt out with (NH~JjSON.

6.2.8
Purification of cytochrome CjjQ (acidic). Cytochrome Cjj() in the 0.2M NacCl

fraction from chromatography on KAE-Sepharose CL-6B was further purified by
gel filtration on Sephadex C-100 (Pig.CJb) and then on Saphadex G-75 (FigtSc)
with the same procedures as stated before. After each gel filtration, fractions
containing cytochrome £jjqg (with a ratio of A416 to A280 greater than 2 or 2.5)

were pooled and concentrated by ultrifiltration as described before.
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300 400 500
Elution volume (ml)

FigA.2.A Elution profile of cytochrome £752.5 <0,35M NaCl 11 fraction) on

Sephadex C-100 (ace Methods for details). -« protein, (*280>«

O cytochrome £532.5 <A4U >’
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Fij. 6.2bSDS-gel eleecrophoresis of che fracciona in Che purificacién

of cyCochromc £552.5' <I) *rotein "se'erkera MV (2) 0.35M (11) fraccién

3) Sephadcx C-100 fraccion (4) reparacién from chromacofocu*inj*.
( p prep J






Fili. 6.2b SDS-gel eleecrophoresia of clie fracciona in che purificacién
of cyCocliromc Cj52 vy (1) Frotein markers MN (2) 0.35M (I1) fraccién

(3) Sephadex G-100 fracci6on (4) preparacion froai chromaCofocuainfj.



Figé>3(a)Elucion pattern of cytochrome £55Q (baaic) (OM NaCl Il fraction)

on Sephadex C-75. e protein (A280" ® cytochrome -550 (A416>

(b) and (c) Purification of cytochrome (acidic) (b) cel

filtration of 0.2M NaCl fraction on Sephadex c-100 followed by

(c) Cel filtration on Sephadex C-75. ¢ protein (A280"5 ®

cytochrome £jjq (A4j$) (*ec Methods for details).



CJJJ (basic) (OM NaCl 1l fraction)
(A280) ° cytoc*Iw” £550 (\ 16)
tochrome c”~”"iacidic) (b) Cel

on on Sephadex C-100 followed by
: C-75. e« protein (A280"" ®

chods for details).
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e.2.i>

Polyacrylamide get electrophoresis. SDS-polyacrylnmidc slab clectropliorcsia
{or boCh monitoring purification of proteins and determination of molecular
weight of polypeptides as well as nondenaturing disc-polyacrylamide slab gel
electrophoresis were as described previously £63 except that samples were
boiled for 5 min before loading on to SDS-gel and the following staining
procedure was used for the nondenaturing gel: fixed with fixing solution
(a mixture of 28 ml 75Z perchloric acid, 160 ml methanol and 600 ml distilled
water) for 0O.Sh, then stained with staining solution (0.2g Coomassie Blue C
in 400 ml of fixing solution) for 1.Sh and finally destained in destaining
solution (5Z(v/v) acetic acid and 10Z methanol in distilled water). A haem-
staining procedure on SDS-gel described by Thomas et al.fil was used.
Preparative nondenaturing disc-polyacrylamide slab gel electrophoresis
was performed essentially the same as described above except that thicker
gel (3 ran) and more sample (18 mg of cytochrome £55}) were used, and the
electrophoresis was run at a constant 18 mA for IOh at 4°C. After running
the gel (which showed about six visible red bands, due to cytochrosm £551)»
it was cut into strips. The strips with cytochrome c”~”™ were individually
macerated to give fine suspensions from which cytochrome Cjjj was extracted
and separated by addition.of 50 MM Tris buffer, pH 7.3, and followed by
filtration through Whatman No.l paper. The cytochrome in the solution was
then concentrated by dialysis against solid polyethylene glycol. All the

procedures ware performed at 4°C.

Preparative isoelectric focusing on Sephadax IEF. This was done as described

previously £67°

8.2.10

Determination of isoelectric point on 1 mm polyacrylamide gal. This was done
by flat bed electro-focusing as stated before [*3 except that a broad PI

calibration kit was employed in the case of using Phsrawlyte, pH 4-6.5.



139

6.2.11

Determination of molecular weight by rcl filtration. Molecular weight of
cytochrome £552 5 was determined on Scphadcx C-100 using the same procedures
as detailed before [6”~ « Molecular weight of cytochrome £jj{ was measured

on Sephadex C-200 and Scphacryl S-400 with essentially the same procedures

as Chat on Sephadex G-100 except Chat the following molecular weight markers
were used: ferritin (Mr 440,000), catalase (Mr 210,000), lactate dehydrogenase

(Mr 120,000) and bovine serum albumin (Mr 67,000), (Fig. 6.1d)

6.2.12
Spectrophotometry. Room temperature absorption spectra were done as stated

previously "3 ™. Pyridine haemochromogen spectra were obtained in a mixture
containing 10 to 30 ml of cytochrome and equal parts of pyridine and 0.2N KOH
Co give a final volume of 1 ml after reduction with a few grains of dithionite

£93. A Pye—Unicam SP1700 spectrophotometer was used.

6.2.13
Haem concent. The number of £-type haem groups per cytochrome molecule was

determined by Che pyridine haemochromogen method based on a millimolar extinction

coefficient of 29.1 cm * at 550 nm (reduced band) [lo ],

6.2. 14
Determination of iron. Iron concent was measured by atomic absorption spectroscopy

using a Rank Hilger instrument (Atomspek H1550). Samples (0.25 ng protein) were
prepared by digesting at 100°C (15 min) in 0.5 ml HjSO™ ¢ HNO™ (1 ¢ 1.8 v/v
each) and diluted to 2.5 ml for assay. Blanks without protein and with bovine

serum albumin (which contains no iron) were used.

Proteins estimation. Protein was decarsdned by the standard Lowry Folin method,

using bovine serum albumin as a standard.

Reagents. Cytochrome c¢ (horse heart I11), cytochrome oxidase (bovine heart),
all of the protein markers used for determination of molecular weight by gel
filtration and molecular weight aMrker kits (MU-SDS-70L), were obtained from
Sigsw. Scphadcx C-75, G-100, C-200, Sephacryl 5-400, Phenyl-Sepharose CL-4B,
Sephadex ICF, Pharmalytc (pH 2.5-5 and pH 4-6.5). Low and broad Pl calibration
kits. Polybuffer exchanger PBE94 and imlybuffcr 74-1ICI were purchased from

PharsMcia.
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(*.J RKSULTS

0.3. 1
Puri £ication of cytochrome Cytochrome £jjj was purified by the procedures
described in the Methods, end the results ore summarized in Table£l. The reasons

why the procedures of 111C and chromatofocusing were not used in the large-scale
purification and therefore not included in the summary are presented later.

The final purification showed about 85Z purity of the cytochrome judged by
SDS-gel. Based on this, and assuming a yield of SOZ, cytochrome Cjjj represented
approximately 1Z of the total protein in Che crude extract. The purified
cytochrome Cjjj was completely free of enzyme B and sulphite:cytochrosm c

oxidoreductase activities.

0.3.2
Aggregation of cytochrome One of Che peculiar characteristics of
cytochrome Cjjj was its polymerization as found during the purification. The

cytochrome solution (G—l00 fraction) was separated on hydrophobic interaction
chromatography (HIC) into four major protein peaks: three of which mainly

consisted of Che cytochrome with some minor contaminators as shown on SDS-gel

(Fig6£). Both spectral properties and enzyme assay also confiraied that they
were cytochrome Cjjj. The recovery of cytochrosm £557~ after HIC was very low,
only about 20Z of the sample loaded. Hence, the procedure was not used in the

large-scale purification of cycochraae Cjjj.
Whereas cytochrome purified after gel filtration and HIC gave only
one sMjor band on SDS-gel (PigfAa), the same samples showed multiple bands
(about six) on nondenaturing disc-gel (Figiib) which implied chat they might be
a sort of isoenzyme . To solve the problem, a large amount of purified
cytochrome was run by preparative electrophoresis on nondenaturing disc?
polyacrylamide gel and then removed from the gel as stated in the Methods. The
cytochromes from the six red bands were electrophoresed again on a nondenaturing
ditc-gil. Each sample continued to show four to six bands with more or less Che
pattern on the gel (Flgfib). However, they only gave one major band on SDS-gel
(Fig.SAa). The results strongly suggested chat isoenzymes were not involved,

otherwise only one original band would appear on the nondenaturing gel. Every



Fig6£(a)SDS-gel electrophoresis of Che fractions in the purification of
cytochrome c¢J51 and the fractions frosi the preparative nondenaturing

gel electrophoresis. Marker proteins (1), molecular weights were
indicated. Cytochrome fractions pooled from Sephadex C-100

(2), from Sephadex C-200 (3), from Sephacryl S-400 (4), from

H1C 11 fraction (3), from H1C 111 fraction (6) and from H1C IV
fraction (7). Lanes (8) to (13) were fractions from the top to the
bottom band after preparative nondenaturing gel electrophoresis.

Samples contained 30 ug to 80 ug protein.

1 2 3 4 5 6 7 8 9 10 11 12

13



Fig64(a)SDS-gel electrophoresis of Che fractions in the purification of
cytochrome and the fractions from the preparative nondenaturing

gel electrophoresis» Marker proteins (1), molecular weight
indicated. Cytochrome Cj” fractions pooled from Sephadex C-100

(2), from Sephadex C-200 (3), from Sephacryl S-400 (4), from

HIC 11 fraction (3), from H1C 111 fraction (6) and from H1C IV
fraction (7). Lanes (8) Co (13) were fractions from the top to the
bottom band after preparative nondenaturing gel electrophoresis.

Samples contained 30 wg to 80 ug protein.



Fig64(a)SDS-gel electrophoresis of the fractions in the purification of

cytochrome an”™ Che fractions from the preparative nondenaturing
gel electrophoresis. Marker proteins (1), molecular weights were
indicated. Cytochrome Cjjj fractions pooled from Sephadex C-100

(2), from Sephadex C-200 (3), from Sephacryl S-400 (4), from
H1C 11 fraction (5), from H1C 111 fraction (6) and from HIC IV
fraction (7). Lanes (8) to (13) were fractions from the top to the

bottom band after preparative nondenaturing gel electrophoresis

Samples contained 30 pg to 80 pg protein.

1 2 3 4 5 6 7 8 9 10 11 12
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Fig. 6~ (b) Nondenaturing gal

-laetrophoraaia of cha fracciona in cha purificacién oi cyCochroma
and Cha fracciona from cha praparaciva nondanaCuring gal

alaccrophoraaia. Cycochroma £5J1 fraccién poolad from Saphadax

C-100 (1), from Saphadax C-200 (2), from HIC 11 fraccién (3),

from HIC 111 fraccién (4), and from HIC IV fracci6én (5).

Lanas (6) co (11) vara fracciona from cha cop band co cha boccom

band afear Cha praparaciva nondanaCuring gal alaccrophoraaia.

Samplas concainad 30 ug co 80 ug protein. Saa Machods and Raaulca

for dacaila.
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fraction also showed
some stimulatory activity to the thiosulphatejcytochrome £ oxidorcductasc
system.

It appeared, therefore, that cytochrome formed a scries of aggregates
from monomer to hcxamecr. A plot of the Rf values of the six bands
on the nondenaturing disc-gel against the molecular weights of the monomer
to the hexamer on semi-logarithmic paper exhibited a straight line. This
finding also meant that the subunits were non-covalently bound to each other
and their association and dissociation were in a constant equilibrium.

The formation of the aggregates and their equilibrium also help to explain
the diverse elution pattern of cytochrome Cjjj on HIC; thus different sixes
of aggregates probably had different hydrophobic interaction strengths with
the column and were eluted at different times, and Che further purification
of Che cytochrome was difficult simply because of the trapping of contaminating

proteins during the pelymerization.
6.3.3
Molecular weight of cytochrome £351' The molecular weight of cytochrome £j~"

was about 300,000 estimated by gel filtration on Sephadex G-200 or on

Sephacryl S-400 and 43,000 (- 2,000) by SDS-gel. (t'lg.C.l1d). The purity of the purified
cytochrome Cjjj was about 85Z, which implied that the real molecular weight

of the aggregated cytochrome £7j] was about 260,000. The figure was in

good agreement with the molecular weight of the aggregate cos”osed of six

polypeptides each of the same size, 43,000.

6.3.4
Some observations on the haem prosthetic groups of cytochrome Cjjj. Acid

acetone (0.012 N HC1 in acetone) did not extract the haem groups from cytochrome
—331* jw*#<* by fbe observation that the red colour stayed with the precipitated
proteins, which indicated chat the haem groups were covalently attached to the
apoprotein. However, as shown on Pig Ib, a certain asx>unt of haem (about

10 - 20Z), recognised by absorbance at 416 nm, was eluted at the end of the
chroaiacography on Sephadex C-200 with very little protein (A2g0) in these
fractions. The observations accounted for the very low increase of purity index

<A331red/A280 ox 5 Tabi06.1) and might have indicated release of haem



TABLEG6.1. I"'URI KtCATION OK CYTOCHROME c¢ ~

Scage

Crude excracc

Ammonium SulphaCe
fraccion (A6SZ)

DEAE-Sepharose
CL-6B (0 .35M NaCl (1))

Sephadex G-100
Sephadex G-200

Procein
(mg)

39,500

11,400

1,150
355
185

Purity
(A551

*

Index

red/A280 ox*

0.13
0.24
0.26

Owing Co Che presence of nucleic acids and ocher £-cype cytochromes,

assay of Che puricy index was impossible before Che ion exchange

chromacography scage.



from the cytochrome. The possibility that this haem came from other sources
could not be completely ruled out.

The loss of haem from cytochrome was S0 exhibited in SDS-gel
electrophoresis, where the green liacm band stained as described in the Methods
appeared at the ,nt line. However, if the sample was treated without
boiling, a certain amount of haem was seen at the band position characteristic
of the apoprotein.

Cytochrome Cjjj (C-100 fraction) was separated into two major fractions
after chromatofocusing, one fraction eluted at pH 4.5 to 4.2 containing
colourless proteins, and another eluted after addition of 1M NaCl containing
haem group as indicated by the red colour. Neither the single fractions
nor a mixture of/iw:)* retained ability to stimulate the activity of the
thiosulphate:cytochrome c oxidoreductase system. On SDS-gel the colourless
fraction showed a band the same as that of native cytochrome Cjjj, and the

haem—eontaining fraction gave several bands, one of them with the same position

as that of native cytochrome Cjjj.
ff. 3.6
Spectral properties and haem content of cytochrome Gjjj. Fig&5a shows the

absorption spectrum of the purified cytochrome Gjj. Ascorbate reduced cytochrccie

to about 70Z of the fully reduced state whereas dithionite completely reduced
the cytochrome. The absorption maxima were 551, 552 and 418 nm in the reduced
form with both reductants and 410 nm in the oxidised form. On the basis of a
molecular weight of 260,000 and a purity of 85Z the millimolar extinction
coefficients were calculated to be 40 cm 1 from Ayj.yo ,nd 64 cm * from
absolute absorbance at (Fig$Ja).

The pyridine ferrohaesMchrosngen of cytochrosm Cjjj exhibited an absorption
spectrum typical of ctype cytochrome with maxisui at 550, 521 and 414 nm (Fig65b).
By the same method of calculation, the millimolar extinction coefficient was
found to be 96 cm 1 at 550 nm, from which the nuari>er of haem groups per
cytochrosm molecule was estinuited to be 3.5. The iron content per smlecule

of cytochroam Cj~ was determined to be 5.1 - 0.8 (4) atoms/mole. From these



Wavelength (nm)

Fig6.5 (a >Absorption »pactrun of cytochrome (----- *») oxidiaed; (—
ascorbate-rcducedj(--------- é ) dithionite-reduccd. 1 ca cuvette
contained 1.36 ag of purified cytochrome cJM in 50 nM Tris-HCI
buffer, pH 7.3 in a final volume of 1 ml. The aacorbate-reduction

and dithionite-reduction were allowed to proceed for 23 min and 5 min

reapectively before recording the apectra.
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Kig. 65 <*) Absorption spectrum
of pyridine hacaochronogcn of cytochrome c¢5J1 (--—--—--—-- ) oxidised,

( d ) dithionitc-rcduccd. I cm cuvette contained 0.6 m* of purified

cytochrome ¢~ in 1 mi of alknlinc-pyridine solution.
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Absorbance

350 400 450 500 550 600
Wavelength

Kig. 6'5 (b) Absorption spectrum
of pyridine haeoochronogon of cytochrome £jjj (-—--—-- **3) oxidiied,

( d ) dithionite-reduced. | cm cuvette contained 0.6 mg of purified

cytochrome £5J1 in | ml of alkaline-pyridine solution.



results it cnn be tent.itivcly concluded timt the cytochrome contnins four to

five e-type hnem groups per molecule.
\3.C~

Pl vnluc end the stnbility of cytochrome The isoelectric point of
cytochrome Cjjj was found to be pll 5.2 (- 0.3). The slow movement and the
diffuse banding of the protein on the 5Z polyacrylamide gel prevented the precise
determination. Preparative isoelectric focusing on Sephadex IEF with Pharmalyce
(pH 2.5 to 5, or 4-6.5) failed to purify the cytochrome c”j also due to little
movement of the cytochrome on the gel for unclear reasons.

Cytochrome was reasonably stable when kept it 4OC or at —2000.
Thawing and freezing three times had no detectable affect on the activity of

the cytochrome in the thiosulphate-oxidizing multi-enzyme system.

8.3. 7
Purification of cytochrome £552 5* Cytochrome £552 5 was Purii>-e<* to homogeneity

by the procedures described in the Materials and Methods. The overall
purification steps are sunmarized in Table6.2. Assuming a yield of 60Z, the
cytochrome comprised about 1.5Z of the total protein of the crude extract. The
purified protein gave a single diffuse band after SDS-gel electrophoresis and
there may be a small amount (less than 2Z) of contaminating proteins.
Purification of the cytochrome by preparative isoelectric focusing on
Sephadex was unsuccessful because the cytochrome moved extremely slowly and

was, for unknown reasons, virtually unfocused on the gel.

«33.8
Molecular weight and P2 value of cytochrosie Cjjj j. The sx>lecular weight of

the native cytochrome c... . was 56,000 (- 2,000) as determined by gel filtration
( Fij. S.fokJ"552*5

on Sephadex 0-100~ After SDS-gel electrophoresis a single polypeptide species

was found, corresponding to a subunit awlecular weight of about 29,000 (- 2,000).

Thus the cytochrome appeared to be a dimer of subunits of equal molecular site.

The isoelectric point of cytochrome tjjj j was measured by isoelectric

focusing on polyacrylamide gel and a value of 4.8 (- 0.2)was obtained.



TAD1.K6.2. PUK1FI CATION OK CYTOCHROME

Purification
step

Crude extract

Ammonium sulphate
fraction (A652)

DEAE-Sepharose CL-6B
(0.35M NaCl (11))

Sephadex C-100

Chromatofocusing

Due to the presence of nucleic acids and ocher c-type cytochromes
determination of the purity

exchange chromatography.

index was

Protein Purity
A552.5 red/A oX

(mg) 2 d/A280
39,500 -
11,400 -

962 0.45

568 0.73

378 0.77

index

impossible before the

130
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6.3.9
Spcctr.il properties nnd li.icm content of cytochrome Yy Absorption
maxima of ascorbate- or dithionitc-rcduccd cytochrome 5 were at 552.5,

523 and 418 nm and that of the oxidized form at 415 nm as shown in Figl-£.

But ascorbate only partially reduced the cytochrome (about 65Z of totally reduced

state) whereas dithionite completely reduced the cytochrome. On the basis of

a molecular weight of 56,000 the millimolar extinction coefficient of 28 at

Ajjj 5-540 an<t °* N at A552 5 were obtained for fully reduced cytochrome Cjjj y
Pyridine haemochromogen of dithionite-reduced cytochrome Gjj j revealed

a typical £-type absorption spectrum with maxima at 550, 520 and 415 nm. The

millimolar extinction coefficient of the band was determined to be 67 cm *,

N

from which a value of 2.3 haem groups per molecule of cytochrome Gjj was

estimated. The iron content was found to be 2.2 Fe per cytochrome c_., ,.
Therefore it appears that the cytochrome contains two c-type haem group per
molecule.

Acid acetone (0.012N HCl in acetone) did not extract the haem groups from
cytochrome £332 S' w**ich indicated that they were covalently attached to the
apoprotein.

Cytochrome £552 5 uas reasonably stable when kept at 4°C or -20°C. Thawing
and freezing three times had no detectable affect on the activity of the

cytochrome in the thiosulphate-oxidizing multi-enzyme system.

<7.3.10
Studies on the involvement of cytochrome £372 5 an<* cytochrome £33 in thiosulphate

oxidation. Both cytochrome £332 3 or cytochrome £33” could effect the reduction

of mammalian cytochrosw c by thiosulphate in the presence of enzyme A and enzysw

B as shown previously [i] . The rate of the reduction with cytochrome £332 3

as cstalyst showed a progressive increase while cytochrome £33} gave a progressively
decreasing rate, i.c. the rate reached the highest level immediately after the
start of the reaction, then slowly declined. A possibly related phenoswnon was
shown on Tabletf.4 where adding cytochrome £352 5 into the reaction mixture as the
last component govc lower activity than did adding cytochrome Gjj last. It

seems that both cytochromes interacted with enzyme A and enzyme B in sosie way

and the interaction with cytochrome £551 Bsve lower activity, which also



Pig 6 i

Wavelenath (nm)

Absorption spectrum of cytochrome £352.5 !<-—------- M> .oxidised; (-------- Ate),ascorbs to-

reduecd ; ( , JL) dithionite-rcduced. 1 cm cuvette contsined 0.32 ng

of highly purified cytochrome £552.5 »" 50 "W Tris-HCI buffer. pH 7.3,

in a final volume of 1 ml. The ascorbate-reduction and dithionite

reduction were allowed to proceed for 13 min and 2 min respectively before

recording the spectra.



TABI.E64. EFFECT OF AMOUNT ANI) OKOEK OF ADDITION OF CYTOCHROME £552.5
AND CYTOCHROME £55, ON THE ACTIVITY OF THE THIOSULPHATE:
CYTOCHROME ¢ OX1IXREDUCTASE SYSTEM.

First Second A Activity

addition addition

Cyt %52.5 Cyt %51 cyt £551 cyt £552 j (nmol cyt c reduced (nmoi clyt c ;e)duced

(mg) (mg) -in"” min g

0.03 0.12 21.4 70

0.08 0.12 21.4 58

0.018 0.12 18 61

0.03 0.17 28 79

0.03 0.08 18 67
0.12 0.03 16 52
0.12 0.08 17 46

*

Basic reaction mixture contained: enzyme A, 0.1 mg; enzyme B( 0.08 mg;
2.

S"ON , 2 umol; horse heart cytochrome c¢, 80 nmol; Tris-HCI buffer, pH 7.3

45 umol and cytochrome £552 5 and cytochrome £551 a* indicated”in * final

volume of 1 ml. Cytochrome Sjjj or cytochrome £552 5 wa* added last as

indicated , Reduction of horse heart cytochrome £ at

550 nm was recorded spectrophotometrically at 30°C as described in Methods.



prevented the good interaction between cytochrome 5 and I',c two enzyme:
and caused the lower activity if cytochrome was added before cytochrome
Tablc6£ also demonstrates that the amount of cytochrome 5 to Promotc t*e
activity of the multi-enzyme system was about S times less than that of
cytochrome £55"-

Although the single addition of cytochrome £552 5(]’C§IGI1'TOTB£551 with
enzyme A and enzyme B catalysed the reduction of mammalian cytochrome by
thiosulphate, the oxidation of thiosulphate to sulphate was complete only in
the presence of all four compounds (Tablefi5) apart from the presence of
cytochrome oxidase and horse heart cytochromes. The complete oxidation of
thiosulphate was also confirmed by experiments with ~S-labelled thiosulphate
to measure the formation of sulphate. The reaction mixture without cytochrome
—552 j gave no reaction at all. However, the reaction mixture without
cytochrome Cj~ did show very low rate of oxygen uptake and an incomplete
oxidation of thiosulphate with a ratio of Oj to ) about |I. This finding
was interesting in the sense that it showed a partial reaction, but the low
oxidation rate did not enable us to separate and identify the intermediates
or the product(s) of the partial reaction using *S-labelled thiosulphate.

The different observations obtained with the spcctrophotometric method
and with oxygen electrode methods were probably due to (a) the former method
being much more sensitive (over 100 times in the terms of number of electrons
transported for a response of one division on the chart paper) than the
latter; (b) the reaction conditions were not the same: for example, the
intensive stirring used in the oxygen electrode might affect or disrupt

interactions between components of the cosg>lex which were essential to the

r,,ct™on* A typical profile of oxygen electrode measurement was shown on Fig. b.7

Tabled shows that cytochrosw ES ane Cytodwame £551 a» well as
cytochrome £jjq (basic) were gradually reduced by thiosulphate in the presence

of ensysn A and enzyme H. The reduction of cytochroaic ¢~ 0 (basic) was



TABLETS. OXIDATION OK THIOSULPHATE BY THE PUR1KIED COMPONENTS

Reaction Rate of 02 uptake SZO%_ added 02 uptake
mixture (nmol Oj min~I) (nmol) (nmol)
Complete 22 10 204
—cytochrome £552 5 no reaction
—cytochrome £ j5j 1.6 10 88
-Enzyme A no reaction
mEnzyme B no reaction

The experiment was done in an oxygen electrode as described before £33*
Standard reaction mixture contained: enzyme A, 0.4 mg; enzyme B, 0.2 mg;
cytochrome 5% 0,00 m& cytochrome £XHle 0.23 mg; horse heart
cytochrome 0.5 mg; bovine heart cytochrome oxidase,S units, and Tris-HCI
buffer SOmM, pH 7.3 ,to a final volume of 1 ml. Na"SgO™ (100 nmol
precisely) was added to start the reaction. All of the components were
highly purified, and there was no sulphite:cytochrome £ oxidoreductase
activity at all in the enzyme B and the cytochrome fractions. All

of the figures were means of three experiswntol results. A detailed
description of the involvement of sulphite:cytochrome £ oxidoreductase

in the thiosulphate oxidation is in preparation (Lu and Kelly, unpublished).
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Kit;. (>.7 A typical profile of the oxygen electrode experiment

to determine the stoicheiometry of thiosulphate oxidation by the

highly purified components. The experimental conditions were as described
in the legend to Table 6.5 except that the final volume was 0.95 ml.

Thus, 205 nmol (2.6 x 83 x 0.95) of 02 was consumed for the oxidation

of 100 nmol of thiosulphate.



*t

complete in the sense that the supplementary addition of dithionite did not
increase the absorbance any more, whereas reductions of cytochrome Cjjj j

and cytochrome £551 were only partial, about 60Z and 70Z of fully reduced

form respectively. Cytochrome £j5j was nearly fully reduced by supplementary
addition of sulphite:cytochrome c oxidoreductase. The reduced
cytochrome £55j was slowly and partially re-oxidised. On the other hand

adding sulphite and sulphite:cytochroow £ oxidoreductase did not effect the
further reduction of cytochrome «jjj j, which was completely reduced by
dithionite. Horse heart cytochrome £ also was fully reduced by thiosulphate

in the presence of enzyme A and enzyme B although the rate was very slow.

These observations were in good agreement with the finding that cytochrome £/ 7? j
and cytochrome were partially reduced by ascorbate and fully reduced

by dithionite (Figi>a,K(i), which claarly indicated that these two cytochromes
contain two redox centres, a high potential one, which was reduced by ascorbate
and thiosulphate and a low potential one, whose reduction was effected by dithionite
or thiosulphate in the case of cytochrome tjjj. These findings were
confirmed by tedox potential titration experiawnts (Lu, Poole and Kelly,

in preparation).
6.3.11
Purification of cytochroaw £550 (basic). Cytochrome (basic) was purified

to about 80Z purity by the procedures described in the Materials and Methods
md summarised in Tablets. On the basis of 80Z purity and supposing a yield of

50Z the cytochroaM comprised about 0.3Z protein of the crude extract.

Some properties of cytochrome £sso (basic). The molecular weight was
determined by SDS-gel electrophoresis to be 15,000. The isoelectric point
of the cytochroam was about (or higher than) pH S by the fact that the band for
the cytochrome appeared at the cop of the denaturing gel after electrophoresis
at pH «.$.

The cytochroaM was complacely reduced by ascorbate as well as dithionite

with absorption maxima at 350, 521 and *13



TABLE6.3-  PURIFICATION OF cytocHroMme c9BQ(boxic) and £55Q(acidic)

Purification
step

(basic)
Crude extract

Ammonium sulphate
fraction (Ai}z)

DEAE-Sepharose CL-6B
(OM NacCl(lh)fraction)

Sephadex G-75

—550*,cidic*
Crude extract

Aasaonium sulphate
fraction (A652)

DEAE-Sepharose CL-6B
(0.2M Nad)

Sephadex C-100

Sephadex C-75

*aee Table 1

Protein
(mg)

49,100

12,000

234

55

39,500

11,400

660

125

Purity index*
<A550 red/A280 ox*

0.25

0.83

0.18
0.51

0.76
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The absorption maxima of the pyridine ferrohaemochromogen of cytochrome
Cijji (basic) were at 550, 521, 414 ns. On the basis of the molecular weight
of the cytochrome and a purity of 80Z the millinolar extinction coefficient
was found to be 26 cm1 (A ~), which was very close to that of mannalian
cytochrome c. Therefore, the cytochrome apparently contained one haem group
per solecule.
Cytochrome (basic) was slowly but completely reduced by thiosulphate
in the presence of ensyne A and ensysm B (Table66) as was horse heart cytochrome c.
However, the cytochrome did not accelerate the oxidation of thiosulphate by the

multi-enzyme system swaaured either spectrophotometrically or polarographically.

6.3.12
Purification of cytochrosm c”~Q (acidic). Cytochrome ¢ ~ (acidic) was purified

to about 702 purity by the procedures described in the Methods and susssarised
in Table63b. The Cytochrome did not precipitate in any concentration of
ammonium sulphate, so the ultrifiltration procedure was used to concentrate

the cytochroam in the purification.

Some properties of cytochrome Cjjg (acidic). The molecular weight was
estimated by SOS—gel electrophoresis to be 14,000, but was shout 29,000 by gel
filtration on Sephadex G-75. This presumably indicates the formation of a
dimer ««posed of two 14,000 Mr subunits. The isoelectric point was found ct
pH 5 (- 0.2) by isoelectric focusing on polyacrylamide gel.

The cytochrome was completely reduced by ascorbate or dithionite with
absorption maxima at 550, 552 and 415 nm. The absorption maxims of its
pyridine ferrohaemochromogen were at 550, 320 and 414 nm. The millimolar
extinction coefficient was 36 cm1l (A55Q), indicating one haem group per mole.

The cytochrome was not reduced by thiosulphate at all in the presence of
ensyme A and ensyne B (Tablet”), and had no offset on the thiosulphate-

oxidising system.
6.4 nisrimoTAj»

The novel redox carriers or effectors of tho thiosulphate-oxidising
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system, cytochrome Cjjj ;i find cytochrome £jjj» <llve been purified from
Thiobacillus A2. They ore termed £-type cytochromes mainly because of their
spectral and haem group properties, although in many aspects such as high
molecular weight, presence of several subunits and haem groups and, a»st of
all, the presence of two redox centrea, they arc quite different from the
£ -type cytochromes previously found in living organisaw. The two cytochromes
coa”rise about 2.5Z of the total crude extract protein, which indicates their
ianortance. It is also worth noting that this thiosulphate-oxidising multi-
enzyme system (two ensymes and two cytochroaws) represents soam 4Z of the
crude extract protein or about 3.2Z of the total protein of the organism.
From the facts that cytochrome 5 *nd cytochrome c”~” ar* necessary
components for the thiosulphate-oxidising anilti-enzyaie?gﬁ(tjergoth of them can
easily be reduced by thiosulphate in the presence of ensyaie A and enzyaie B,
the two cytochromes appear to be the primary electron carriers linking
oxidation by the two ensymes to the next coaponents of the electron transport
chain, which could be membrane-bound or associated c-type cytochrome”.
Furthera>ore, since the thiosulphate oxidising activity of the multi-enzyme
system in the presence of both cytochrome j and cytochrome Cjjj is much
higher than that in the presence of only one of them, cytochrome j and
cytochrome Cjjj also appears to function as effectors. The awchanism of this
effect night be that (a) molecular interactions between the two cytochromes
or between them and ensyne A and ensyne B, or (b) as thiosulphate oxidation
involves the transfer of 4 pairs of electrons, one or other cytochrome might
accept electron specifically from particular oxidation reactions, such as
sulphane-aulphur oxidation steps or from sulphonate sulphur, so that if only
one of them is present in the reaction mixture soaw partial product(s) of the
reaction would accuamlate which would prevent or retard further reaction(TaWe{fX
There is soaw evidence to support point (b) showing that cytochrome *i] It
be a redox carrier for electrons from sulphonate-sulphur, as follows: (i)

from the purification results, cytochrome very closely associated with



sulphite:cytochromc c¢ oxidorcductnsc, and the total separation of the two
causes drnmatic loss (around 90Z) of the activity of sulphite:cytochrome c
oxidoreductasc; (ii) the low activity was variably increased by 15-30Z in several
experiments by the addition of a small amount of cytochrome Cjj| and only about
10Z by that of cytochrome £552 5 an<* *n P'<P>taCian); (iii) the low
redox potential centre of cytochrome Cjjj is partially reduced by sulphite:
cytochrome c¢ oxidoreductase . If further evidence shows this to
be the true situation, one can expect that cytochrome Cjjj j probably serves

as a direct acceptor of electrons from sulphane-sulphur, for which direct
evidence is lacking. The partial oxidation of thiosulphate catalysed by
cytochrome Cjjj j, two enzymes and the electron chain (Tabled), could mean
that intermediates may accumulate and would be available for detection and
identification, provided that the problem of low activity can be overcome by
improving the experimental conditions, for example, by increasing the amounts
of the components, decreasing or omitting stirring, or finding some further
stimulatory cofactor.

Although an Mr of 260,000 was established for cytochrome Gjjj in this
paper, the ox>lccular weight of the active unit of the cytochrome remains
uncertain. The combination of the six polypeptides of cytochrome Cjjj was
indicated to be non-covalent because the subunits were easily dissociated.

As about four to five haem groups are present per molecule of cytochrome Cjjj
it is unlikely that the single polypeptide unit is the active form of the
cytochrome.

The aggregation property of cytochrome Cj~ suggests that the cytochrosn
contains hydrophobic surfaces for interaction with the lipid swmbrane, which
is in agreement with the fact that the cytochrosw is a redox carrier between
the membranc system and enzysm A and enzynw B, and may be a property of enzymes

normally bound to membranes as was shown, for example, for UDP-glucosc-
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1 ipolysaccliaridc glucosyl trnnsfc mac 1 from Snlmone 1In typlijmurium (11J.
Actually it is not surprising to find this similarity if one bears in mind
that not only cytochrome but the whole of the multi-enzyme system is

a respiratory enzyme complex attaching intimately to the membrane system in

some way.
Recently a cytochrome was purified from another facultative
thiobacillus, T. novellus [I2, 13j . This cytochrome was shown to be tightly

bound to the sulphite:cytochrome £ oxidoreductase”~and Mr 23,000 (by SDS-
gel electrophoresis) or about half that of the cytochrome Cjjj from Thiobacillus
A2. It is interesting to note that the two £55” cytochromes show some
similarities such as both being involved in sulphite oxidation, having the
same Pl value (5.2) and more or less the same spectral properties at room
or liquid nitrogen temperatures and of their pyridine ferrohaemochromogens.
Only two £-type cytochromes (the other being a small cytochrome -5505 have,
however~been identified and purified from T. novellus so far.

Two distinct £3~ cytochromes involved in thiosulphate metabolism were
also purified and characterized from two thiosulphate-oxidizing Chlorobium
strains £14, 157~. One of them had an Mr of 43,000 (by SDS-gel electrophoresis)®
two haem groups per molecule and was shown to be reduced by thiosulphate in
the presence of a thiosulphate-cytochrome £551 reductase £163. Coincidentally,
this reductase had an Mr, 80,000 which may be compared to a combined Mr of
about 80,000 for enzymes A and B of Thiobacillus A2 [**.The reduction rate was
greatly enhanced on addition of cytochrome £Sjj. « flavin-cytochrome of Mr,
50,000. Although the system in the photosynthetic bacteria may not be directly
comparoble with that in chesmlithotrophs, these findings do suggest an important
and general role in the oxidation of thiosulphate for these novel c-type
cytochromes, which arc characterized by their large molecular weights, low PI

values and often containing more than one haem group per protein.
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CHAPTER 7
OXIDATION-REDUCTION POTENTIALS OK THE MULTIHIIAEM CYTOLi.ROME £53] AND
CYTOCHROME £ 332 AND THE LOW TEMPERATURE SPECTRA OF HIE PURIFIED AND

MEMBRANE CYTOCHROMES.

7.1 INTRODUCTION

The thiosulphate-oxidizing multienzyme system (complex) of
T. versutus consists of four major components, enzyme A, enzyme B,
cytochrome £33j and cytochrome £752 5* which can affect the complete
oxidation of thiosulphate in the presence of mammalian cytochrome £
and cytochrome oxidase or cytochrome c and membrane fraction from
T. versutus and these components have been highly purified from the
organism (Chapter 5, Chapter 6). Cytochrome £7j and cytochrome £552 5
are essential parts of the multienzyme system, and probably function as
electron transfer carriers between the membrane-cytochrome £552 an<*
enzyme A and enzyme B (Chapter 6). It has also been shown that cytochrome
c531 (Mr 260,000) contained five to six haems and cytochrome £552 5
(Mr 52,000) two haems. Each of them had two redox centres, the high
one could be reduced by ascorbate and the low one was only effected by
dithionite or by thiosulphate in the presence of sulphite oxidase in the
case of cytochrome £jjj (Chapter 6). Cytochrome £550 (basic) and
cytochrome £ "0 (acidic) were also partially purified from T. versutus,
but their functions were obscure (Chapter 6).

In the present work, midpoint redox potentials of cytochrome £55]
and cytochrome c”~” 5 were measured in an initial attempt to assess the
sequence of their involvement as electron carriers. The liquid nitrogen
temperature difference spectra of the four purified soluble £-type
chromosomes, A652 fraction and the membrane fraction, were also studied

to characterize further these redox components.

ibb



If. 1

7.2 Methods

Growth of T. versutus (A2) and the preparation of cell-free

extract and membrane fraction. These were described previously

(see 2.2; 3.2).

Purification of cytochrome cytochrome £552.5» cytochrome £ Q
(basic) and cytochrome £55Q (acidic). These were as stated

before (see 6.2).

7.2.1 Oxidation-reduction titration. The method employed was based on that
described by Dutton (1978). Absorption spectra were recorded with a
Johnson Research Foundation dual-wavelength spectrophotometer, which had
two monochromators: one was set at a fixed reference wavelength, (540 In
in the present work) and the other was used to scan the sample. Spectra of
samples at different potentials could be automatically subtracted from each
other by means of a digital memory computer which stored any selected
spectrum and subtracted it from the following spectra. A home-made anaerobic
glass cuvette as described by Dutton (1978) with a path length of approximately
1 cm and a working volume of give to nine ml was used. Oxidation-reduction
potentials were measured with a Beckman (Model 4S00) pH/mV meter using a
combination platinum and calomel electrodes. The meter was calibrated by
immersing the electrode in 200 ml of a solution of 0.85 g K"Fe(CN)6.JHjO
and 0.66 g K~FefCN)® at 25°C to give a reading of 184 mV, which was
equivalent to an of 429 mV. The value of >245 mV was used to correct

the potentials read from the meter to actual E”, potential with standard
hydrogen electrodes as the reference electrode. The titrations were
conducted at 25°C maintained by water circulation to the cuvette base. To
achieve mediation between the platinum electrode and the cytochrome tested,
the following dyes (Em 7 and um) were used: Ferricyanide (>430 mV, 20 urn),
quinlydrone (>280 mV, 20 um), N,N,N,'N’'-tetrarnethyl-»-phenylenediamine
(>260 mV, 40 urn), 1,2,napthaquinone-4-sulphonate (>215 mV, 40 um),

1,2,napthaquinone («16) mV, 20 um), trimethylhydroquinone («115, 200 um).



168
phenazitic mcthosul phate (+65 mV, 200 am), 2-methy |- 1.4, napllioquinone
(¢10 mV, 400 urn), tetramethyl-p-benzoquinoiie (+3 mV. 2400 pm),
2-hydroxy-1,4 nathaquinone (-143 mV, 25 pn), riboflavin-5-(p)(-219 mV,
25 pm), anthroquinone-2-sulphonate (-225 mV, 25 pm), benzyl viohogen
(-350 mV, 2 um), methyl viohogen (-430 mV, 1 pm). Tetramethyl-p-
benzoquinine and 2-hydroxy-I,4 nathaquinone were dissolved in ethanol
while the others in distilled water. After the addition of buffer (O.IM
phosphate, pH 7.0), the mediators and sample into the cuvette argon gas,
which had been moistened by bubbling through water, was sparged into the
solution for 15 min before start of the titration and gassing was maintained
during the titration to create a slight back pressure in the anaerobic
system. A fresh solution of sodium dithionite in 1M phosphate buffer,
pH 7.5 served as the reductant while potassium ferricyanide (1M in O.IM
phosphate buffer, pH 7.0) was used to supply oxidizing equivalents.
Addition of reductant or oxidant were made with a 25 pt Hamilton microsyringe
and each addition was terminated when the absorbance became constant following
a 20-40 nV oxidation-reduction potential change. When a cytochrome exhibits
two midpoint potentials with similar spectral properties a sigmoid curve
of the logarithm of the ratio of oxidized to reduced against oxidation-
reduction potential resulted.

An alternative method of analyzing the data involved plotting
Z reduction (i.e. 7.of the maximum absorbance change seen at the specified
wavelength pair) against E~ (mV). From the sigmoid curve thus obtained,
estimates of the relative proportions of the two potentiometrically
distinct species were made and of their midpoint potentials. Assuming
an n-value of 1, Nernstian curves satisfying the above parameters were
calculated, using a simple programme for a Hewlett-Packard HP-33E
hand-held calculator, and superimposed on the plotted data. EN values
and proportions of the two species were ontimised by eye on a trial and error

basis.
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7.2.2 v7K differonce siHctni. Hifferenco spectra at liquid nitrogen
temperature were obtained as described by Salmon and Poole (1980) using

a I'yc Unicam SP17(X) spectrophotometer, fitted with an accessory constructed
in the Department of Microbiology, Queen Elizabeth College, Condon. This
consisted of a Dewar flask, of which the lower 3 cm was silvered, and which
was positioned close to the photomultiplier. A brass cuvette liolder, the
lower end of which was immersed in liquid nitrogen in the Dewar flask, held
two small (0.3 ml capacity, 2 mn path length) Perspex cuvettes, about

5 cm from the photomultiplier. Solutions of cytochromes, either reduced
with Na dithionite, or oxidized with NH" persulphate, were pipetted into
the cuvettes held in the brass holder. The cuvettes were then immediately

frozen by inmersion of the holder with cuvettes in liquid nitrogen.

7.2.3 Effect of COon the difference spectra of the purified c- type

cytochromes at room temperature. This was done by sparging the
sample solution in cuvette with OO gas for 10 min before scanning with
the oxidized spectrum as the reference and using the dual-wavelength

spectrophotome ter described above.

7.2.A Reagents. All chemicals were of the highest grade conmercially

available.

7.3 Results

7.3.1 Oxidation-reduction titration of the purified cytochrome £ss1

and cytochrome £532.5. Simultaneous measurements of potentials
and absorbance changes were carried out for cytochrome c”~” over a wide
potential range from -400 nmV to +340 mV, which are shown in Fig. 7.la
(reductive titration) and Fig. 7.1b (oxidative titration). Another set
of the titrations bur with higher concentrations of some mediators gave
the same results. Uhen the logarithm of the ratio of the oxidized form to
reduced form (assuming that the increase in absorbance on reduction is
proportional to reduced form) is plotted against the redox potential, the

titration curve is sigmoid (Fig. 7.2), indicating the presence of two midpoint



Fig. 7.1 The absorbance changes accompanying reductive (a) and
oxidative (b) titration of cytochrome The experimental

conditions were as described in Methods. The suspension contained

6 mg protein in a final volume of 7.8 ml. For reductive titration

(Fig. la) the anerobic suspension was adjusted to 340 mV with

ferricyanide and the spectrum recorded as a baseline. The potential

was then lowered stepwise with dithionite to a final -400 mV and at
each step the spectrum was recorded against spectrum at *340 nV (the
baseline). For the oxidative titration (Fig. Ib), spectrum at -400 nV

was recorded as a baseline. The final pll of the titrated suspensions
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Fig. 7.2a The dependence of Che scate of reduction of cytochrome
c~™j on the oxidation-reduction potential < ). The data come from

Fig.TI #, reductive titration; 0, oxidative titration.

Fig. 7.2b The fitting of the experimental data of the dependence of
the state of reduction of cytochrome £55! on the E™ with a theoretical
curve based on estimates of and the relative proportions of the two
reduced species assuming an n value of one and Em 7 of —15 nmV and

«240 mv. For detail see the text and Methods.
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potentials in the eytochrome with the apparent values of about *173 nmV
and -30 mV. The curve also reveals large Nernst slopes, about 120 mV,
suggesting n values of 0.3, which are anomalous and are due to the presence
of two midpoint potentials (or redox forms) in the cytochromes as found in
cytochrome > (Wilson and Dutton, 1970). The high and low redox forms,
which were separated by the inflexion point (Fig. 7.2a) contributed about
432 and 332 to the overall absorbance changes respectively. With these
data, the analysis procedure described in Methods was used. Fig. 7.2b
shows such an analysed curve with Em 7 of -115 nV and *240 mV. The
curve fitted well with the experimental titration spots, indicating that
the two values are probably the true BEm 7 for cytochrone c”~”~. Poor or
nonsense fits were obtained when other values of BEm 7 and n and one or
three redox forms were used for the computer analysis. Using the
same procedure, the other set of titration values for cytochrome was
also analysed and the apparent values were confirmed.

The difference spectra of cytochrome £552 5 °t>taine‘l during the
anaerobic potentiometric titration are shown in Fig. 7.3. The plot of
the logarithm of the ratio of the oxidized form to reduced form at fixed
wavelength of 552.5 nm minus 340 nm against the measured oxidation-reduction
potentials also exhibited a sigmoid curve from the high potential region
of which an apparent Em 7 of *195 mV and a Nernst slope of 83 nV could be
obtained. (Fig. 7.4a). However, the titrations in the low potential part
were very poor. Fig. 7.4b shows a plot of proportion of reduction of
cytochrome Cj52 5 against redox potential. The data points were the
experimental results from Fig. 7.3, and the solid curve was drawn by the
calculator analysis described as for that of cytochrome £SS1 using the
data of the high redox form consisting of 652 of the absorbance change
and assuming the n value to be one and a high midpoint potential of *220 mv.
The curve fitted well with the experimental results in the high redox
potential region. The titrations were very difficult to conduct in the low

potential region, especially between -JIM to -150 mV, due to the instability



11t

Ki". 7.3 The difference spectra of potentioroetric titration of
cytochrome c.., .. The experimental conditions were as described in the

legend to Fig. 1 except that 2.1 mp. protein was used. The figure shows an

oxidative titration.



Fig. 7.4a The oxidation-reduction potential dependence of the
absorbance change of cytochrome 5 at 552.5 minus 540 nn. O

Reductive titration; O, oxidative titration (the data from Fig. 3).

Fig. 7.4b Plot of state of reduction of cytochrome £552 5 aSa*nst
correspondent oxidation-reduction potentials with the experimental data
as Fig. 4a and a theoretical data ( ) for the high potential region,
which was produced as described in the legend to Fig. 2b. by assuming
an n value of one and the Em 7 of *220 mV which contributed 65Z of the

overall absorbance change of the a-band.
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uf the absorbance spectra and the redox potentials. Thus, a small
addition of ditliionile or ferricyanide could cause a large change of
potential and, consequently, of absorbance ol the a-baud. An explanation
for this is lacking, although one possibility is that there is an undesirable
gan in Em values between anthraquinone-2-sulphonate (-225 mV) and benzyl
viohogen (-350 mV) in this region. Another two sets of oxidation-reduction
titration of cytochrome £552 5 were done but with less concentrations of
some mediators, and both of them showed the same troublesome results in the
low potential part, but the titration results in the high potential part
were similar.

Horse 1&rt cytochrome £ (type 111, Sigma), was titrated using
the same procedure to check the experimental conditions we used. The curve
of logarithm of the ratio of oxidized-to-reduced against redox potential
was straight and revealed an E 7 of 280 nV which is close to the published
value, and n value of one. But the cytochrome did show some increase of
absorbance at the a region on reducing the potential down to «100 mV (in

a reductive titration).

7.3.2 Difference spectra of the purified cytochromes and membrane
fraction at 77K. Reduced minus oxidized difference spectra of
cytochrome £55j and cytochrome £552 5 at |‘9uid nitrogen temperature are
shown in Fig. 7.5a and 7.5b. Each of the cytochromes exhibited a single
and sharp a-band suggesting their high purity, which is consistent with
the results of electrophoresis (see 6.3). Cytochrome £551 and cytochrome
ch52 5 to roon temperature spectra) at 77K gave
maxima of 548.5 nm and 550.5 nm respectively, which was a shift of about
2 nm towards the blue region of the spectrum (see 6.3) as described on
numerous occasions for other cytochromes (e.g. Salmon and Poole, 1980).
Cytochrome c”jj and cytochrome £552 5 f*'d several peaks in the
8-region, thus 510, 519 and 527 M1l for cytochrome c¢”j and 510, 515, 522
ami 510 nm lor cytochrome ¢ ~ 2. The same complexity in this region of

the spectra was found in puriried cytochrome c¢ (Salmon and Poole 1980) and
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cytochrome £ (Yu £t al. 1972). Since the bands in the Soret region

do not sharpen significantly at low temperature and give no additional
information, they arc not shown in the figures except for that of cytochrome
e 55

Fig.26 shows the reduced minus oxidized difference spectra of
cytochrome £5~ (basic) (7.6a) and cytochrome £555 (acidic) (7.6b).

Their a-bands were split into two peaks at 547 and 545 nm for cytochrome
(basic) and 548 and 546 nm for cytochrome £jjgq (acidic). The
preparations of these two cytochromes still contained some contorminating

proteins, but it seems unlikely that there was more than one £-type
cytochrome in either preparation.

Fig. 7.7 shows the reduced minus oxidized difference spectra of
the A652 fraction, from which the four soluble cytochromes were separated
by ion exchange chromatography (see 4.3) and then further purified.

However only two peaks (548 and 545 nm) at a-region were resolved, presumably
due to their broad natural band widths. This suggests that it is impossible
to identify unequivocally the composition of c-type cytochromes in crude
extracts or partially purified preparations by means of the 77K spectral
technique.

A difference spectrum of the membrane system of T. versutus at 77K
is exhibited in Fig. 7.8. Two peaks, 603 and 590 nm, appeared at the
a-region probably contributed by the cytochrome oxidase. The a-band of
cytochrome b was also split with a maximum at 556 and a shoulder at 560 nm.
In contrast, at room temperature the 590-600 mm region or cytochrome b
each only sltowed one maximum at 607 or 560 nm respectively in the a-region
(see Chapter 2 and Kula et a]_. 1982). The membrane-bound cytochrome c¢
appeared as n single a-band with a maximum at 549 nm, perhaps indicating
only one c-type cytochrome present, which is consistent with the finding
of oxidation-reduction titration (Kula et ul. 1982). There was also a
sin.111 anil unidentified peak emergiup, 11 536 uni between the o anil r regions.
The multiple peaks in the c region presumably contain contributions from

all b and c-type cytochromes on the membrane and give no further information.
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The CO difference spectra of the four soluble cytochromes at room
temperature showed no difference from those without CO, indicating

that there arc no binding sites for CO in these c-type CftockrorOtS .

7.6 Discussion

The present study confirms the previous observation that both
cytochrome Cjjj and cytochrome c~”~ 5 cor,tained two redox forms (see
Chapter 6) and demonstrates that the two midpoint potentials of
cytochrome £jjj are about 4235 and -110 mV, which contributed about 45Z
and 55Z of the overall absorbance change of the a-band respectively, and
the higli midpoint potential of cytochrome c”~”™ 5 *s about 220 mV, which
comprises about 65Z of the overall absorbance change of the a-band.
The value of low midpoint potential of cytochrome £552 5 remains uncertain,
but from the titration results, a value between 0 - -50 nV can be deduced.

Earlier we had shown that cytochrome and cytochrome £552 5
probably function as electron transfer components between the membrane
cytochrome £552 an<* enzyrae A and B in the thiosulphate-oxidizing system
(Chapters 5 and 6). The finding that the high midpoint potentials of the
two soluble cytochromes are very close to that of the membrane cytochrome
c”~ro (¢ 205 mV) supports this view. It should be pointed out that the
direction of electron flow in a redox system not only depends on the Em 7,
of each component, but also on the concentrations of the components and the
ratio of their oxidized to reduced forms, especially when the difference
of Em 7 of two components is less than 60 nV (for n m 1) as indicated by
the Nernst equation.

Cytochrome c¢c~” 5 and cytochrome c”~” probably function in parallel
rather than in sequence as suggested by their similar values of Em 7.
But why docs the enzyme system of the organism need the two c-type
cytochromes? It seems that each of them must have different and specific
functions in the tliiosu lphato-ox idi xi Ik system. This point was also suggested
by the previous observation that the presence of both ol them in the enzyme

system gave a much higher activity than with only one of them (Chapter 6).
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Rut wo do not have a dofinito answer at tlio present tine.

Kurtlie more, ulial is tlie role of the low potential forms of the
two cytochromes in the thiosulphate-oxidizing system? One possibility is
that they might serve as a part of the reversed electron transport process
to transfer electrons from thiosulphate (through enzyme A and enzyme B)
to cytochrome b and finally NAD* This is certainly a more economical
way than that using the high potential forms for this purpose. This proposal
is supported by some data, such as the E™ 7 of 80’2\- /80’2\- couple is
sufficiently low (-280 mV, Kelly 1982; or as low as -450 nmVv to -510 mVv.
Thauer ct al. 1978, Dickerson and Timkovich 1975) and the partial reduction
of the low potential form of cytochrome occurred when the sulphite
oxidase was added to the reaction mixture of cytochrome enzyme A and
B and thiosulphate (Chapter 8). According to this proposal (Chapter 9)
electrons from thiosulphate enter the respiratory chain either through the
low potential forms of cytochrome £55" and cytochrome £552 5 at cytochrome
b level or through the high potential forms of the cytochromes at the membrane
cytochrome £552 S' depending on the redox potentials of the four electron
pairs of thiosulphate and possibly some other factors. The other published
and calculated values of the standard redox potentials (E~ 7) involved in
thiosulphate oxidation are -10 mV (Kelly 1982) and +13 mV (Dickerson and
Timkovich 1975, or my calculation, sec 1.12) for 2 /SOK’ couple and
-310 nv for 2 /SOZ' (my calculation, see 1.12). From these values
it seems that during the thiosulphate oxidation, the electrons from the
SO% /SO% couple (although we are not sure if the enzyme-associated transient
intermediate such as SO% has the same redox potential as the free anion
since the existence of free SO’2\7 has been seriously questioned in this
thiosulphate-oxidizing system (see 8.3.5)) are able to reduce the low Km 7
of the cytochromes, while the electrons from SZO%‘ISO?‘_ couple can only
be donated to the high Km 7 of the cytochromes. However, caution should
Ix- taken in using these redox values since there arc a number of problems

in the calculation of them as discussed before in sons- detail (see 1.12).
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A notcable feature of these two cytochromes is that the difference
of Midpoint potentials between the high potential fonns and the low
potential forms are extremely large, being about 330 nV in cytochrone
This potential gap may present some problems in the explanation of the
arrangement of the components, such as how the electrons from thiosulphate
were transferred nearly simultaneously to the membrane cytochrome c_ and
cytochrome b (with a A Em 7 of about 250 to 300 mV) through cytochrome
Cjij”™ and £552 5* A similar value of. A Em 7 (350 mV) was found in a dihaem
cytochrome £552 5 w*c* Em 7 values of +175 and -180 mV from Pseudomonas
nerfectomarinus (Liu al_. 1981). But the physiological function of the
cytochrome and the significance of the different redox potentials were
unclear. An intensively studied nultihaem and multi midpoint potential
cytochrome is cytochrome c™ from sulphate-reducing bacteria (Dickerson
and Timkovich 1975). Cytochrome (Mr 13,000) from Desulfovibrio
vulgaris contained four haems with various potentials from -284 to -319
mV (DerVartanian et al. 1978). Though it is generally accepted that the
cytochrome functions as an electron carrier between hydrogenase and ferredoxin
in these bacteria, an explanation is still lacking for the presence of four
c-type haems in this molecule and their multiple oxidation-reduction potentials
(Peck and LeCall 1982). Cytochrome t was resolved into two forms by the
oxidation-reduction technique (ICula et al. 1982) with Em 7 of 39 and -100
mV, and was reported by the same authors to give two maxima at 557 and
563 nm at liquid nitrogen temperature, which, however, are somewhat different
from the present figures of 566 and 560 nm.

Table 7.1 lists the main properties of the four soluble c-type

cytochromes from T. versutus.
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CHAPTER O
STUDIES ON SULPHITE:CYTOCHROME c OXIDOREDUCTASE

8.1 INTRODUCTION

We reported previously that the thiosulphate-oxidizing multicnzyme
system in Thiobacillus A2 consisted of five components (Chapters 5 and 6 ),
namely, ‘enzyme A*, ‘enzyme B’, cytochrome Gjj, cytochrome Cjjj j and
sulphite: cytochrome c oxidoreductase (subsequently referred to as 'sulphite
oxidase'). The system could affect the reduction of mammalian cytochrome £
with thiosulphate and the complete oxidation of thiosulphate to sulphate in
the presence of an electron transfer chain to oxygen, such as mammalian
cytochrome £ and cytochrome oxidase or membrane particles from Thiobacillus A2.

Sulphite oxidase was purified 600 fold ( chanter 5 ) but the preparation
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was still heterogeneous, showing more than six bands after SDS-gel electrophoresis.

The significance of the enzyme in the thiosulphate-oxidising system was also
still obscure (Chanter 5. ).

The present Cheptsr describes the further purification and some properties
of the sulphite oxidase as well as its essential role in the oxidation of
thiosulphate. Some cosiparison is nude with sulphite oxidase previously

reported from other species of thiobacilli.

8.2 MATERIALS AND METHODS

8.2.1

Culture of the organism and the preparation of crude extracts. Thiobacillus A2
(T. versutus) was grown autotrophically in continuous chemostat culture and

the crude extract prepared as described previously (see 2.2.1 and 3.2.1 ).

Purification of enzyme A and enayme B. This was detailed previously e*«

Chapters 4 andS).

Purification of cytochrome £551 and cytochrome £552.5* »e* »e described

earlier ( Chapter 6 ),

Sulphite: cytochrome £ oxidoreductase was measured spectrophotoaMtrically
essentially at described before (Chanter 2 /+ The reaction mixture

contained, unless otherwise specified, cytochrome £ (horse heart), 40 nmol;



enzyme preparation, 0.5-50 Mg protein; Nan~SO”, 2 umol in 5 mM EDTA; Tris-1I1ClI,

pH 7.3, 40-45 pmol in a final volume of 1 ml.

Thiosulphate: cytochrome c_ oxidoreductase activity was estimated as described

previously ( see 6.2.2 ). Sulphite- or thiosulphate-oxidizing activity

was assayed in an oxygen electrode essentially as detailed before (see 6.2.2,,
).  Variations in procedures are given in the Legends to the Figures or

Tables.

Polyacrylamide gel electrophoresis. SDS-polyacrylamide gel electrophoresis,
nondenaturing disc-polyacrylamide gel electrophoresis and preparative poly-

acrylamide gel electrophoresis were described previously vsee 5.2.9 )e

Determination of molecular weight. This used SDS-polyacrylamide gel electrophores

as stated previously ( see 5.2.9--.).

Preparative isoelectric focusing in Sephadex IEF. The procedure was the same

as described for purification of enzyme A ' see 5.2.5 >,

Protein estimation. Protein was determined by the method of Lowry et al. (1951)

using bovine serum albumin as a standard.

Results

Purification and some properties of sulphite oxidase

As shown previously ( r'-a”te** 3 see Tablejl) fractionation of the
crude extract with aemwnium sulphate concentrated most of the sulphite-oxidising
and thiosulphate-oxidising activities sitothe A44Z to A65Z fractions. The
total recovery of the sulphite oxidising activity in the A6SZ fraction was
even higher than in the crude extract. This might be due to the removal of
some inhibitors of the ensyme activity from the crude extract by the
fractionation procedure.

The A6SZ fraction was resolved into fi-vc major fractions by chromatography

on DEAE-Sepharose CL-6B, of which the 0.35 H NaCl (1) fraction
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contained sulphite oxidase as well as enzyme Il and cytochrome Cjj|. Sulphite
oxidase in the 0.35 M CaCl (1) fraction was separated from the bulk of the
cytochrome and enzyme U by gel filtration on Sephadex C-200 ( see 3.2.(>, ,

) or on Sephadex C-100 ( sc* ».2.5 ».

Several batches of sulphite oxidase (400 mg) from the previous step
were combined, subjected to gel fitlration on a Sephadex C-100 column of
3.2 x 81 cm, and then eluted with 50 nM Tris buffer, pH 7.3 at 4°C using a flow rate
of 30 ml h 1 (Fig.9.1a). Activefractions were pooled and concentrated by
(NH7jjSON precipitation. This preparation was called the C-100 fraction.

The C-100 fraction (140 mg) was then loaded on to a column (2.6 x 7 cm)
of Phenyl-Sepharose CL-4B equilibrated at 4°C with 50 mM Tris buffer, pH 7.3,
containing (NHNASON at 10Z of saturation and eluted with a linear gradient
of decreasing (NH”?jjSO™ concentration which was produced from two 150 ml
volumes of 50 mM tris buffer, pH 7.3, one of which contained (NH?jjSO™ at
10z of saturation. Fig.Klb shows the elution profile. The active fractions
were combined and concentrated by ultrafiltration under nitrogen pressure
through an Amicon PM 10 membrane. This prepartaion was termed the HIC fraction.

Tablef.l summarises these procedures, which resulted in about 2000 -
fold purification in termsof specific activity with a 39Z recovery
of the total activity. The purified enzyme was almost free of enzyme B activity.
This final preparation (HIC fraction) only comprised about 0.05Z of the crude
extract protein. Moreover this preparation still showed multiple bands
on nondenaturing gel (Fig.9.2a) and a major band with several minor bands on
SDS-gel (Fig.9.2b). The major band had an Rf value nearly identical with that
of cytochrome Cjj~ , to the band seemed not to be homogeneous.

In order to solve the problem the HIC fraction was further purified by
preparative isoelectric focusing on Sephadex. After running for six hours, using
Pharmalyte pH 4 to 6.5, three to four protein bands appeared at the region
2.5 cm - 4.5 cm from the anode on the gel plate, in which only the fraction at

3.5 cm - 4 om contained sulpliita oxidase activity. The same active band appeared



Fig.J.1. Purification of sulphite oxidase

For details see Results. (a) Elution pattern on Sephadex C—100 of

combined active preparations from Sephadex C-200 and Sephadex C-lOO colunns.

The void volume was 280 ml.

n e Protein (A2807 n cytochrome (Ajjj)]j 0 sulphite oxidase;

) m) , the pooled active fractions.

Enzyme B activity, eluting from 370 ml to 400 ml, is not shown; (b) Elution

profile on Phenyl-Sepharose CL-4B of the C-100 fraction.*/rotein (*280*'

0O , E-type (A616); . , sulphite oxidase; ) | , the pooled active

is not shown.

fractions. Enzyme B activity eluting after the sulphite oxidase,
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Fig.8.2. Non-denaturing polyacrylamide gel electrophoresis (a) and SDS-poly-
acrylamide gel electrophoresis (b) of the fractions from the purification of
sulphite oxidaae

(a) PACE: (1) C-100 fraction; (2) H1C fraction; (3) preparation froa
IEF (pH 2.5-5); (4) preparation froa 1EF (pH 4-6.5, running for 6 h);
(5) preparation froa IEF (pH 4-6.5, running for 3 h); (6) preparation froa
PACE (For (3) to (6) see Table 2 for details); (7) cytochroaa Cjjj.

(b) SDS-PACE: (1) C-100 fraction; (2) HIC fraction; (3) preparation froa
1EF (pll 4-6.5, running for 6 h); (4) marker proteins (Hr 66,000, 45,000, 36,000,
29,000, 24,000, 20,100 and 14,200, froa the top to the bottoa respectively);
(5) purified cytochrome tjjj (the upper band, Hf 43,000) 20 to 60 wg protein

was used in each case.
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Fig.T.2. Non-denaturing polyacrylamide gel electrophoresis (a) and SDS-poly-
acrylamide gel electrophoresis (b) of the fractions from the purification of
sulphite oxidase

(a) PACE: (1) C-100 fraction; (2) HIC fraction; (3) preparation from
IEF (pH 2.5-5); (4) preparation from IEF (pH 4-6.5, running for 6 h);
(5) preparation from IEF (pH 4-6.5, running for 3 h); (6) preparation from
PACE (For (3) to (6) sec Tabic 2 for details); (7) cytochrome

(b) SDS-PACE: (1) C-100 fraction; (2) HIC fraction; (3) preparation from
IEF (pH 4-6.5, running for 6 h); (4) marker proteins (Mr 66,000, 45,000, 36,000,
29,000, 24,000, 20,100 and 14,200, from the top to the bottom respectively);
(5) purified cytochrome (the upper band, 43,000) 20 to 60 pg protein

was used in each case.
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tlic
at 15 cm to 16 cm from~fanodc after focusing on Pharmalyte of pll 2.5 to 5.

However, as shown Tablet.2, both specific and total activity in this preparation
dropped considerably to about 7Z and 1.2Z of the initial values respectively
(See line 1 of Tablet?). Addition of purified cytochrome to the reaction
mixture enhanced the specific activity by only about 10 to 15Z. Nevertheless,
the preparation showed one major band on both non-denaturing gel and SDS-gel
(Fig.f.2 a,b).

Isoelectric focusing for a shorter time gave better recovery in terms
of both total and specific activity (line 2 of Tableff.2), but the preparation
exhibited mutiple bands on non-denaturing gel and SDS-gel, although the
major band had the same R™ as that of the purer preparation (line 1, Tablef.2).

Using sulphite oxidase purified by IEF as a marker, the enzyme in the HIC
fraction was isolated from a preparative polyacrylamide gel after electrophoresis.
The specific activity of this preparation was higher than the IEF preparation,
but was still only about 60Z of that of the initial sample, and only 7Z of the
initial activity was recovered (line 3, Tableff.2). The preparation showed one
major band on non-denaturing gel (Fig.f.2a) and on SDS-gel, with the same R®
as that of the first IEF preparation.

As shown on Fig.t.2b, the molecular weight of the finally purified sulphite
oxidase was 44,000. The Pl value was 4.5 (- 0.3), according to the results of
preparative isoelectric focusing.

.Ve2
Involvement of cytochrome £55] for sulphite oxidase activity

CytochroaM £331 exhibited an Rg almost identical on SDS-gcl to that of
purified sulphiee oxidase (both HIC and further purified fractions), but they
seemed not to be the same protein, as shown on the non-denaturing gel (Fig.ff.2a),
where cytochroaM £331 showed its typical pattern of multiple bands (for detaila
see 6-3.2 ) However, the sasic pattern of multiple bands did appear in
the HIC fraction on the non-denaturing gel (Fig.f.2a), which indicated the presence
of a substantial amount of cytoclwnmc Cjjj in the fraction. This was also

evidenced by the red colour of the fraction. These observations strongly
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suggested that the cytochrome £55) was a” essential rotjuirement for sulphite

oxidase activity and possibly a major and integral part of the sulphite

oxidase itself, as the removal of the cytochrome from the preparation by the
preparative isoelectric focusing and polyacrylamide gel electrophoresis

resulted in a dramatic decrease in enzyme activity (Table8.2), which could not be restore
by mixing of the separated cytochrome £:;51 and sulphite oxidase.

The polymerization property of the cytochrome Cjjj caused great difficulty
in the purification of the cytochrome ( see 4.3.7-. ), which might also
have accounted for the problems encountered in the purification of sulphite
oxidase. The HIC fraction also appeared to contain a certain amount of
enzyme B as judged by the Rj values on the SDS-gel (Fig.8.2b). So, enzyme B
might also play some role in the activity and structure of the sulphite

oxidase, similar to chat of cytochrome

8.3.3

Some properties of sulphite oxidase

In the following experiments the HIC fraction was used, unless otherwise
specified. The pH optimum for sulphite oxidase activity, measured spectrophoco-
metrically in SO mM Tris buffer, was around pH 8 and activity was identical
at pH 8 in 10 mMMor SO nM Tris, but was about 10Z lower at pH 7.3 and 8.S.

The enzyme exhibited a high affinity for sulphite, showing an apparent value
of 14 gM, calculated from a Linewcaver-Burk plot. From the same plot a
value of 192 utnol cytochrome C_reduced/min/mg protein was obtained

The activity of the purified sulphite oxidase was markedly inhibited
(about 9SZ) by phosphate buffer (SS mM pH 8) as found previously with the crude
extract ( Chanter 2 ). The inhibition by phosphate was found to be non-
competitive (Fig.f.3a) and the K., as determined from the intercept replot,
was about 12 mM (Fig.f.3b).

Enzyme activity was also inhibited by p-hydroxyswreuribensoate (pHMB) and
cyanido. Inhibition was dependent on the length of incubation with Che inhibitors
prior to sulphite. Incubation for 1, S and IS min with plIMB (1 mM) gave 30, 40
and 7SZ inhibition, and incubation for 0.1, 2, 6 and 10 min with CN (2 mM) showed

IS, SO, 70 and 100Z inhibition respectively. 4 mM CN gave 3SZ and 100Z inhibition

after incubation for 0.1 and 4 min. Incubation for IS min in the presence of both
plIMB (1 mM) and glutathione (I mM) nave SIZ inhibition.
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Fig4.3. Effect of phosphate on sulphite oxidase activity
(a) Doubl«-reciprocal plot of velocity against sulphite concentration
with variable asiounts of sodiua phosphate (pH 7.8). (O ). no phosphate;
(A) 5 sH phosphate; (O) 10 aM phosphate.
(b) Reciprocal plot of velocity against phosphate concentration for sulphite at
0.0L mH M) ,0-@ (O)- 0.1 VHI) and 1.0 am (O). The tests were conducted
as described in Materials and Methods except that *0 vinpl Tris-HCI, pll 8, 80 naol

horse heart cytochrome £ and 0.6 lig ensyae were used.



Tablc]3 shows the oxidation of sulphite by the purified sulphite oxidase
in the presence of the electron chain systems. Notonly membrane particles or
cytochrome oxidase but also c-cype cytochrome were necessary for enzyme
activity. The membrane particles from Thiobacillus A2 were more effective
than bovine heart cytochrome oxidase. In these conditions, sulphite was
completely oxidized to sulphate by the sulphite oxidase showing an Oj/SO’\z_
ratio of 0.5, consistent with the equation:

2Na2sS03 ¢ 02 - 2Na2S06

The purified sulphite oxidase was very stable. Only about 20Z of the activity
was lost on storage at 4°C for a month, about 35Z was lost after a week at 20°C

o]
and none was lost over several months at -20 C.

8.3.4
Involvement of sulphite oxidase in the oxidation of thiosulphate

Thiosulphate-oxidizing activity was higher in the multienzyme system
containing sulphite oxidase or supplemented with the enzyme than that without
the enzyme (Tablef.4 and85>. Generally the sulphite oxidase increased the
specific activity of the systems about 20 to 2SZ. Stimulation of thiosulphate-
oxidizing activity by added sulphite oxidase was observed previously
X-p n.1.6 ), when assaying enzyme B-limited activity, which was stimulated
30-40Z by small amounts of sulphite oxidase, added as the HIC (1) fraction.
The greater stismlation by the sulphite oxidase in this case was obviously

related to the low concentration of enzyme B in the reaction mixture.

In Tablet.4 (Experiments 6 and 7) the oxidation rate declined after
incubation for 20-25 min, probably because of the accuanilation of some
intermediate, which could Chen be further oxidised following addition of
sulphite oxidase resulting in the oxidation rate resuming or exceeding the
initial one. The subsequent decrease in oxidation race (ExperiamnC 7) obviously
resulted from loss of activity of components during long term incubation.

Tablets also shows that membrane particles from Thiobacillus A2 were more
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TABLEJ4.

The effect of added sulphite oxidase on che oxidation of thiosulphate by the reconstituted swltientyae systen
The experiments were done in an oxygen electrode cell essentially as stated in the Materials and Methods,

except that various amount of the components were used as indicated.
of total protein added as the four components.

The activity was calculated in terms

The components in the different sets came from several
separate stocks of organisms and purification batches, so the absolute activities varied among experiments.
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TAHLE85. The effect of sulphite oxidase on the activity
of thiosulphate:cytochromc £ oxidorcductasc

Experiment Substrate Supplementary addition Activity (nmol
No. of sulphite oxidase cytochrome £ reduced
min-1(mg protein) 1)

>
1 Na2S203 - e
*
5 ug 72*
2 Na2s03 - 0
N*2S2°3* ) 10

The activity was measured as described in Materials and Methods.

*Sulphice oxidase (HIC fraction) was added after the activity
had reached steady state.

*More than a dozen of these types of experiments were performed:

although the activities varied nearly all of them did show a
IS to 30Z rate increase following additions of sulphite oxidase.

AThiosulphate was added about S min after the sulphite.
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effective .is an electron transfer system than mammalian cytochrome oxidase.

Although the
four components (enzyme A, enzyme B, cytochrome £jj]| and cytochrome Cjjj j)
free of sulphite oxidase were not able to reduce horse-heart cytochrome & with
sulphite (Tablet”) , they did show a capacity Co oxidize sulphite in
Che oxygen elecCrode (TableJA). Moreover, Che oxidacion of chiosulphace by
che multienzyme system free of sulphice oxidase was complete, with an O’\/SjO’\Z'
ratio of 2.0, as reported before ( 5tt 6-3-10 I. The explanations for
these observations might be (a) free sulphite or sulphonace-sulphur were
slowly oxidized chemically in the experimental conditions in the oxygen electrode,
(note that the reaction mixture containing horse-heart cytochrome c, cytochrome
oxidase or the membrane particles showed no sulphite-oxidizing activity at all);
and (b) sulphonace-sulphur was oxidized by the thiosulphate-oxidizing multienzyme

system without appearing in the system as free sulphite as shown below.

8.3.S
Demonstration of no formation of free sulphite during the oxidation of

thiosulphate by the multienzyme system

2,6-Dichlorophenol-indophenol (DCPIP) was spontaneously reduced by sulphice:
thus, addition of SO nmol NajSO” to a solution (1 ml) of 60 nmol DCPIP in 50 niv
Tris-HCI buffer, pH 7.3 exhibited an initial race of 30 nmol DCPIP reduced/min
(AANMOjnm at 30°C). However, there was no DCPIP reduction by Che multienzyme
system containing enzyme A, enzyme B, cytochrome Cjjj, cytochrome Cjjj j and
sulphice oxidase supplemented with NijS”"Oj instead of Na"SO" under the same
experimental conditions. The same reaction mixture showed a rapid reduction of
horse heart cycochroam * by NajSjOj (Tablets). This result provides direct
evidence chat there was no free sulphice forswd during the oxidacion of thiosulphate
by the multienzyme system. It also revealed that the aniltienzyaw system could
not use DCPIP as an electron acceptor instead of horse heart cytochrome c¢ chough

the dye had a ES of 0.193 v.
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3.4 DISCUSSION

AMP-independent and soluble sulphite oxidases have been found and
partially purified from several species of thiobacilli (Aminuddin A Nicholas,
1974; Yamanaka et al. 1981). Before 1983 the highest purification achieved
was 163-fold and none of them was claimed to be highly purified. It is,
therefore, difficult to make a proper comparison with Che present study
in which a 2000 fold purification was achieved. However, Che sulphite oxidase
of T. novellus (Yamanaka et al. 1981) did show an interesting similarity
to its counterpart in Thiobacillus A2, in that the enzyme was tightly
associated with cytochrome c”j and the separation of the two resulted
in complete loss of the enzyme activity. Furthermore Che great difficulty
encountered generally in attempts to purify sulphite oxidase reflect
a resemblance to the enzyme in Che thiosulphate-oxidizing system from
Thiobacillus A2. Recently, Toghrol and Southerland (1983) have reported
a 206-fold purification to homogeneity of the enzyme from T. novellus.

They provided evidence that the enzyme is a molybdohaemoprotein, in
contrast to an earlier report that no haem was present (Charles and
Suzuki, 1966), but did not indicate if the haem might have been a (-type

cytochrome chat could be separated from the enzyme. Furthermore according to their
purification results the proteins concentration of sulphite oxidase in T. novellus
was about 0.453J5 of the crude extract, the figure is something 10 times greater than
we found in Thiobacillus A2. Such a big difference might mean that they arc basically
different enzymes or components or may do to that (a) the lower (than actual value)
of specific activity of sulphite oxidase in the A65Z fraction of Thiobacillus 47

was obtained. So, die recovery was higher than it should be, anu (b) the final
purified enzyme from T. novellus. actually consisted of a c-type cytochrome and a
sulphite oxidase with rhe same molecular weight (after SHS-gel electrophoresis) as

that which we found in the present study.



There are also ocher similarities between the sulphite oxidase of
Thiobacillus A2, T. novellus and T. thioparus (Charles t Suzuki, 1966;
Lyric | Suzuki, 1970). The of our preparation (44,000) is very similar
to that reported (41,000) for Che homogeneous preparation from T. novellus
(Toghrol and Southerland, 1983) The enzymes from the three organisms
showed a high affinity for sulphite with KIQ values of 14 pH. 20-40 pH
and 40 pM respectively. All of them were inhibited by phosphate and Che K.
for T. thioparus (10 pM) was similar Co that for Thiobacillus A2. Although
the latter was non-competitive and the former, uncompetitive. The pH
optimum was around pH 8 for Che three enzymes. They were also sensitive
Co sulphydryl inhibitors and could couple to either mannalian cytochrome c_
or ferricyanide as electron acceptors.

Even following the high degree of purification and characterization
achieved, it is still difficult to describe precisely how the enzyme
functions in vivo. In contrast to the ocher four major components of Che
thiosulphate oxidising multiensyme system (enzymes A and B, cytochromes £351
and Cjjj j), each of which comprises 1-2Z of the crude extract protein,
sulphite oxidase is less thsn 0.05Z of Che protein and its extraordinarily
close sssocistion with cytochrosM c”jj may indicate the sulphite oxidase
protein to be integrsted _in vivo into Che cytochrosw itself. This would

imply thst 'sulphite oxidase’
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was an integral component of the complex, being closely associated both with
Enzyme B and cytochrome Cjjj, rather than functioning as a free enzyme. An
essential role for the sulphite oxidase protein is indicated by the facts

that (a) thiosulphate-oxidizing activity by the reconstituted system is
stimulated by sulphite oxidase; and (b) the low redox potential hacm(s)

of cytochrome Cjjj is reduced by the enzyme in the presence of thiosulphate
and the multienzyme system ( -See 6-3.5' ). The conclusion would thus

be drawn that the sulphite oxidase is an essential part of the multienzyme
system for the oxidation of thiosulphate and probably functions in the
oxidation of the sulphonate-sulphur. The process of thiosulphate oxidation
would thus seem to depend on the sequential oxidation of sulphane-sulphur

to the sulphonate level, and retention of the original moiety of thiosulphate
in this form, all by means of multi-enzyme-complex-bound intermediates. The
sulphonate-sulphur-complex is indicated by the data not to be in equilibrium
with free sulphite, which is consequently not a substrate for the multi-enzyme
complex in the absence of 'free* sulphite oxidase. Although the mechanism is
still uncertain, and obviously depends on understanding the general mechanism
of oxidation of thiosulphate by the whole multienzyme system, the evidence so
far suggests that there are no individually separable steps in the oxidation of
thiosulphate in the sense that free intermediates seem not to exist and the
individual functions of the enzymes and cytochromes are at present impossible
to define. The situation might be similar to the reduction of nitrogen by

the nitrogenase system, where no free partially-reduced intermediates are found
and the only one detected was an enzyme-bound dinitrogen hydride which could

be cleaved from the enzyme by acid treatment to yield hydrazine. Free hydrazine
was, however, a very poor substrate for the nicrogenase (Postgate, 1982) in
contrast to the Thiobacillus system in which the presence of sulphite oxidase

with high activity towards free sulphite occurs (for further discussion sue 9.A)
Future work will need to establish whether the true substrate is free sulphite

or whether the enzyme acts in vivo on enzyme-bound sulphonate-typc groups to

produce sulphate.
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A PHDI'OSLI) ItIIDKI. SYSTKM AND CKNEKAI. DISCUSSION

9.1  General aspects of the thiosulphate-oxidizing multicnzyme

system

An overall purification scheme for the soluble thiosulphate-
oxidizing enzyme system is presented in Fig. 9.1. The four major
components (enzymes A and B; cytochrome and cytochrome £j~ 5)
comprise 4-5% of the cellular protein, whereas the sulphite oxidase
alone is less than 0.05% of the cellular protein. Table 9.1 shows
some principal properties of these components.

The four major components jointly catalyse the complete
oxidation of thiosulphate to sulphate in the presence of an electron
transport system, consisting of either the membrane particle fraction
of T. versutus and horse heart cytochrome £ or manualian cytochrome
oxidase and cytochrome £ (diapers 5 and 6). The membrane particles of
T. versutus are more effective than the mamnalian system. 1 Horse heart
cytochrome c¢ in both cases probably provides a better or more efficient
electron coupling between the multienzyme complex and the membrane or
cytochrome oxidase systems. The horse heart cytochrome £ can be replaced
by c-type cytochromes from other sources. Sulphite oxidase is an
important part of the enzyme system in the sense that addition of the
enzyme to the four components increases the activity by 20-30% (see
8.3.4.). The complete oxidation of thiosulphate was confirmed by demonstrating
a 2:1 stoicheiometry of O2 uptake:thiosulphate oxidized by bacteria in the
oxygen electrode cell and by the chromatographic demonstration of the
quantitative conversion of 35"2°§- to *ulphate by the reconstituted
system.

The enzyme system has a high affinity for thiosulphate (Km about
2 uM, measured by rate of reduction of liorse heart cytochrosie c). The

Km value for the cytochrome c is about N) uM. The enzyme system does not
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use ferrijcyanide or PUS-DCPII* (phenazonium metliosut pliate ¢
2,(>-diehloropheno 1-i lulophunol) as electron acceptors, but can couple to
cytochrome c¢ from different sources. Methane sulphonic acid; sulphonic
acid and dithionate are not oxidized by the enzyme system (as measured
by reduction of cytochrome c), nor do they affect the oxidation of
thiosulphate by the enzyme system. The thiosulphate-oxidizing activity,
measured either by reduction of cytochrome £ or as oxygen uptake, was
inhibited more than 707 when sulphite was added into the reaction mixture
containing the four major components completely free of sulphite

oxidase activity before the addition of thiosulphate. The mechanism

of the inhibition is obscure, and might be a type of competitive
inhibition as sulphite can be seen as a part of thiosulphate in chemical
structure.

Though we have termed this enzyme system a "thiosulphate-oxidizing
multienzyme system (or complex)" or thiosulphate:cytochrome £ oxidoreductase
when assaying it by the observation of cytochrome £ reduction (see 6.2.3),
it should be pointed out that the system is quite different from the usual
definition, (there is not yet a standard nomenclature for multienzyme
systems. Karlson and Dixon (1980) proposed the following definition:
Multienzyme proteins include all proteins with multiple catalytic domains,
and they be sub-divided into those which are non-covalently linked
(multienzyme complex) and those which are covalently linked (multienzyme
polypeptides), for a multienzyme complex such as the systems so far
well described for pyruvate dehydrogenase or tryptophan synthetase.

The present system seems only to function when all components are present
and we failed to find any individual catalytic activities for the four major
components as we had expected. Therefore the name "multicomponent enzyme"
might be better. However, since our failure so far does not necessarily
mean that there is no such individual activity and the multiplicity

of electron transfer reactions during thiosulphate oxidation and

involvement of four or five components still imply the possibility of a
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true mullijenzyme system (or complex) being involved, | sliall therefore
keep this term until the system can be more completely understood.

None of the five purified enzyme/cytochrome components contained
rhodanese activity. Ue therefore conclude that rhodanese is not
involved in thiosulphate oxidation (Chanter 4).

Since we also exclude the possibility that direct oxygenation
is involved in thiosulphate oxidation by the multienzyme system, we propose
that the overall process involves hydration, dehydrogenation and

electron transport-dependent oxygen reduction as given by:

"SSO~ ¢ 5H20 e 202 - 2S0™~ ¢ 4H20 + 2H* .... (1)

which may be expressed as being comprised of two component systems:

_ " _ o * '
8803 3 5H20 ZSOU ¢+ 10H ¢ 8Be' (2)
8H* ¢ 8e~ ¢ 202 - CH JO i (3)
9.2 Enzyme A and enzyme B. The exact functions of enzymes A and B
in the system are still obscure. These two colourless proteins have

no characteristic spectra apart from their absorbance at 230 and 280 nm,
and contain no iron, copper or nickel. Both are essential for thiosulphate
oxidation since omission of one prevents activity of the system, whereas
omission of either cytochrome £5~ or £552 5 st*ii allows thiosulphate
oxidation albeit at a reduced rate (Table 9.2). Preliminary results
suggest that enzyme B might be a component that binds thiosulphate

(Chapter 5) but this finding needs to be confirmed by other more classical
methods such as gel filtration and micro-equilibrium dialysis.

So far, attempts to demonstrate thiosulphate cleavage by the
purified enzyme(s) have been unsuccessful. Incubation (in 55 mM
phosphate, pll 7.2) of enzyme A or B or mixtures of A, B, cytochrome £ "]
(containing sulphite oxidase) and cytochrome 5 with thiosulphate
labelled in the inner or outer sulphur atom with 358 for as long as 90 mtn

at 30°C demonstrated no significant formation of sulphite or sulpliate.



TABLE 9.2 Oxidation of thiosulphate by the purified components from

T. vorsutus

Addi tions (ng protein) Kate of 0.. uptake
. . . -1 -1
*

Enz A Enz B 552 5 _s51 sulphite oxidase* (nmol 02 min mg )

0.15 0.2 0.07 0.003 0
0.22 0.2 0.07 0.003 0
0.22 0.15 0.07 0.003 0
0.22 0.15 0.2 0.003 5
0.22 0.15 0.2 0.07 40
0.22 0.15 0.2 0.07 0.003 55
The reaction mixture contained: Na2SO”, 2 umol; membrane particles of
T. versutus, 0.2 mg; horse heart cytochrome £, 0.2 mg; enzymes as
indicated and 50 mM Tris, pH 7.3 to a final volume of 1 ml. The reaction

was carried out in an oxygen electrode at 30°C. A typical profile is shown

in Fig. 6.7.

*The HIC (1) fraction was used, increasing of the enzyme had no effect

on the oxygen uptake.
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There is no reaction until the addition of an electron transport system,
when the thiosulphate is rapidly, continuously and completely oxidized
to sulphate. We also failed to show any substantial exchange reaction
between free sulphite and radioactive thiosulphate to be catalysed by
enzyme A or B or mixtures of the five components. This observation supports
the view that the free sulphite is not present during the oxidation of
thiosulphate by the enzyme system which was revealed by the DCPIP
experiment (see 9.A). The failure to show a thiosulphate-cleaving
function using purified enzyme(s) might be due to (a) a requirement for
the continuous removal of reaction product from an enzyme, otherwise no
continuous oxidation occurs; (b) the correct experimental conditions
not having been achieved; or (c) cleavage occurs, but is too slight

to be detected by the procedures employed so far(see 5.3.8).

9.3 Cytochrome £55” and cytochrome £552 5* T'*e cytochrome c¢ components
of the systems are large and rather unusual proteins. Each has two redox
centres (Table 9.1): the high potential centres account for AS and 65Z
respectively of the absorbance change seen with £j51 and £552 5* T,ley
are designated as c-type cytochromes largely on the basis of their
spectral properties and the covalent binding of the haeme groups to the
apoproteins. In several respects (see Table 9.1) they are quite different
from the £-type cytochromes from other sources, for example, by virtue,
of their high molecular weight, multiple haeme content and dual redox
centres (Chapter 6 and 7).

Both cytochromes are essential for efficient thiosulphate oxidation
and the high potential redox centres in both are reduced by thiosulphate
in the presence of enzymes A and B. They probably act therefore as electron
carriers between the enzyme-catalysed oxidations and the membrane system.
Judging from the similarity of the mid-point redox potential values,
the two cytochromes are probably not involved as sequential carriers but

rather are employed to accept electrons from different oxidation steps in
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thiosulphatc dissimilation: there are clearly a number of electron-
removal steps in the conversion of (S) to SO and presumably several
different E. values apply to them also. This vieu is supported by the
observation that the low redox centre of cytochrome is reduced

by the supplementary addition of sulphite oxidase into the reaction
mixture containing enzymes A and B (see 6.3.5). On the other hand, this
observation and the findings that cytochrome and sulphite oxidase
are closely associated and that considerable loss (>90Z) of sulphite
oxidase activity after separation fromc”~”, as well as the low z
protein concentration of sulphite oxidase in the cell, all lead to the
postulation that the sulphite oxidase is an integral part of the

cytochrome c”™™.

9.4 Sulphite oxidase. This enzyme was purified some 2000-fold from
T. versutus (Chapter 8) as indicated in Fig. 9.1 The enzyme from
T. novellus was also purified by several groups (Charles and Suzuki
1966; Toghrol and Southerland 1983 and Yamanaka et al. 1981) and was
found to contain c-type cytochrome. The Yamanaka group also observed
complete loss of the enzyme activity after separation of the cytochrome
Cjjj from the enzyme. Toghrol and Southerland (1983) purified the enzyme
to homogeneity and reported a molecular weight of 40,000 and the presence
of molybdenum. It is not clear if the c-type cytochrome (or haem c)
is an integral part of the enzyme as reported by Yamanaka et al. and
found in its counterpart from T. versutus (Chapter 8) but the sulphite
oxidase of T. versutus is certainly quite similar to that of T. novellus.
Both enzymes are sensitive to cyanide, sulphydryl inhibitors and phosphate
ion (Chapter 8).

Sulphite has long been regarded as the penultimate intermediate
in the oxidation of thiosulphate, mainly on the basis of chemical
considerations and the finding of sulphitescytochromc c¢ oxidoreductase
in several Thiobacillus strains. We have, however, failed to show the

existence of any dissociable sulphite during the oxidation of thiosulphate.
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For example, the multienzyme system (A ¢ 1L ¢ c~] * —552 5 Joes not

catalyse the reduction of DCI'Il’ hy thiosulphate in the presence of a

small amount of horse heart cytochrome c¢, although reduction of the

cytochrome occurred. As a small amount of sulphite spontaneously and

rapidly reduces DCPIP (Chapter 8), this observation strongly suggests

that no free sulphite is released during the operation of the multienzyme
system. If sulphite arises it is presumably in an enzyme-bound form of

short half-life that is not available for chemical detection. Regarding this,
the seemingly non-essential role of the sulphite oxidase in the complete
thiosulphate-oxidizing system could be explained if oxidation of free sulphite
is a gratuitous function of the enzyme rather than its true physiological role.
An observation made by Cottschal and l.uenen (1980) seemingly supports the
view, thus, the specific activity of sulphite oxidase was more or less

the same no matter whether Thiobacillus A2 was growing on thiosulphate,
thiosulphate and acetate or acetate in the chemostat, whereas thiosulphate-
oxidizing activity and the RuBP carboxylase sliowed high activities during
autotrophic growth. In vivo, the sulphite oxidase (possibly intimately
complexed into the system with cytochrome may oxidize enzyme-bound

form, without free ionic sulphite mediation) or may conceivably be the catalyst

for the oxidation of an enzyme-bound component other than sulphite.

9.5 A proposed scheme of action of tlie thiosulphate-oxidizing multienzyme

system and its links to the membrane-cytochrome system

From the data available so far (Kelly, 1982; Kula et al. 1982 and
Chapters 2 to 8) as summarized above, the relationship of the components
of the thiosulphate-oxidizing multienzyme system to each other and to the
electron transport system are likely to be as represented in Fig. 9.2.
electron transport from the system into the membrane cytochromes must
clearly bifurcate into energy-yielding electron flow to oxygen, and
energy-dependent flow through b-type cytochromes to NAD (Kelly 1982 and

Chapter 2).
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9.5 A proposed scheme of action of tlie thiosulphate-oxidizing multienzyme

system and its links to the membrane-cytochrome system

From the data available so far (Kelly, 1982; Kula et al. 1982 and
Chapters 2 to 8) as summarized above, the relationship of the comnonents
of the thiosulphate-oxidizing multienzyme system to each other and to the
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energy-dependent flow through b-type cytochromes to NAD (Kelly 1982 and

Chapter 2).



The location of the mul tienzymt- complex shown in Fig. 9.2 was questioned by
the following comments: (a) the oxidoreduction enzyme system, so far described,
using c-type cytochromes as direct electron acceptors, were found in the periplasm
space, such as the enzyme responsible for the oxidation of Ke in T. ferrooxidans
({ngledew et al. 1977) and methanol dehydrogenase in M. metliylotroplius (Alefounder
and Ferguson, 1981); (b) all of soluble c-type cytochromes (i.e. non membrane-
bound, normally with M.W. around 15K) are restricted to the periplasmic side of
membrane (although in our case cytochrome £55» 5 and cytochrome £27j were two
unusual cytochromes and it is not clear whether the electrons from the multienzyme
system are accepted directly by membrane cytochrome £552 5 or mei*iated by other
two soluble cytochrome £550)» (c) if the scheme is right, the evidence for
cytochrome a,a3 acting as a proton pump is desirable; (d) the result of EDTA-
lysozyme experiment was not conclusive since the cell well might not be completely
destroyed and the large proteins could still be trapped in between the well and
the membrane. It should be possible to obtain more convincing evidence using the
techniques such as radioactive labelling and antibody (e.g. raised against enzyme B).
The problem could also be tackled by indirect means to test whether a IlI* thiosulphate
symport exists by measuring the effect of ionophores to the thiosulphate oxidation
by whole cells and the pll difference before and after the addition of thiosulphate

to an anaerobic cell suspension.

Ingledew, W.J., J.C. Cox and P.J. Hailing (1977). FEIIS Microbiol. Letts. 2, 193.
Alefounder, P.R. and S.J. Ferguson (1981). Biochem. Biophys. Res. Comm 98, 778-784.

Cobley, J.G. (1976). Biochemical Journal, 156, 481-492; 493-499.
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Respiratory chain and redox components of T. versutus have
recently been the subject of extensive study (Kula alr 1982; Loya
et al.1982; Chapters 2, b and 7). Multiple b-type cytochromes were
detected using potentiometric metliods, giving E~ y values of -90 nV
for 52 and +30 nV for re8Pectivelye The components of T. versutus
cytochrome oxidase seem very similar to those of mammalian mitochondria
in that the oxidase has high absorbance at 608 nm and E‘.),i‘; values of.
4210 and *390 mV for a and respectively. The E y of the membrane-
bound £552 *s ®v

As shown on Table 9.1, both £551 and £550 5 contain two oxidation-
reduction centres with quite different E”~ y values. From the energetic
standpoint it is likely that electrons from thiosulphate oxidation pass
through the +240 (£55;) and *220 nV (£552 5) redox centres, then pass
to membrane-c”Nj2 and to °o0 v*a t*e oxidase. The significance of the low
potential redox centres in £j51 and £552 5 *s unclear. One possibility
is that they are involved in the transfer of electrons to cytochrome b
and thence to NAD* (Fig. 9.2). There would thus be "internal reverse
electron flow" between the redox centres of a single cytochrome, possibly
bestowing some energetic advantage on the energy-requiring NAD-reduction
sequence. Since the redox potential values for the four pairs of
electrons generated by thiosulphate oxidation are not known with any
certainty, it is of course possible that the low potential centres of

and could be direct carriers also. For example, the Eé for

C... c .
*551 "55Z »5
the S0j/SO™ reaction is about -280 nV (Kelly 1982), consistent with the

observed reduction of the low potential redox centres of £55} by the

jia

T. versutus sulphite oxidase (for the detailed discussion, see Chapter 7).

No redox centres have been found for enzymes A and U, so their
position on the scheme of Fig. 2 is not meant to indicate any information
on this point1 the scale relates only to the cytochromes. Components

not shown in Fig. 9.2 include sulphite oxidase (believed to be linked

with Cjjj) end two other soluble cytochromes (c”jQ(acidic) and c~”~(basic)).



which have also been purified from T. versutus (Chapter 6). Their 219

physiological role is unknown: they could mediate between c”| , <

and the membrane or might be located on the outer surface of the membrane
to facilitate a protonmotive redox loop mechanism. W have no evidence that
the cytochrome oxidase (a, a” in Fig. 9.2) is located on the periplasmic

or the cytoplasmic side of the membrane. Ue have not shown any scheme for a
prot on gradient in Fig. 9.2, as we have no experimental data, but is is clear

tliat the system generates such systems to drive oxidative phosphorylation.

9.6 Some comparisons with other biological inorganic system on the

formation of intermediates?®

This system is clearly a complex one and is analogous to the better
understood enzyme systems involved in the reactions of inorganic compounds
such as assimilatory nitrate reduction (Losada £it a K 1981), dissimi latory
and assimilatory sulphate reduction (Peck and LeGall 1982) and dinitrogen
fixation (Postgate 1982). In these cases free intermediates are equally rare,
the apparent sequence of reactions seems relatively short and the overall
processes involving six or eight electron transfer occur in an integrated
manner, making intermediate stage identifications difficult. From these, and
the present case, general rules may be formulated for the formation and
identification of detectable intermediates: (a) any free intermediate must
be chemically stable (e.g. nitrite), otherwise enzyme systems have been evolved
to avoid loss of such intermediates; (b) intermediates are detectable when
the reaction effected is thermodynamically unfavourable, thus seen in the APS
and PAPS pathways for the reduction of sulphate to sulphite (SOK' /SOK' with
E(') of -440 nV being unable to be effected by NADH, E(') -320 mV). Similarly,
oxidation of ammonium ion to hydroxylamine (E~ of the NHj/NH"OH couple,
¢ 899 mV) generates free NHgOIll, but the subsequent energy-yielding oxidation
to NO™ by Nitrosomonas does not liberate free intermediates. It is also
noteworthy that hydroxylamine is not detected as a dissociable free inter-
mediate of the reduction of nitrate or dinitrogen but is itself rapidly by
nitite reductase (Vega and Kanin 1976) and very slowly by nitrogenase
(Postgate 1982). This is a situation analogous to our observations with the
T. versutus sulphite oxidase, in the sense that free sulphite is oxidised

Ey the enzyme but is not a detectable interswdiate. As with these other
svstems. the He” oxidation of sulnhiir from -7 to *6 does not involve free
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quantities, electrons arc removed during thiosulphate metabolism. One
conclusion that can be drawn from the above comparisons is that the mechanisms
or patliways of oxidation or reduction of inorganic compounds seem quite
different from those of inorganic compounds in the sense that the reaction
steps or intermediates after the transition of each pair of electrons are

not normally detectable or separable in the inorganic systems as in the

case of the organic systems, thus the oxidation of methane to carbon

dioxide involves four distinctive steps and three stable intermediates,

for example. Therefore the theories and methods used in the study of

organic systems are not necessarily applicable to inorganic systems.

9.7 Some speculation on the nature of the oxidation process and its
transient intermediates
Chemically, thiosulphate can be regarded as sulphate in which one
of the oxygen atoms has been replaced by sulphur (¢ the sulphane group).
The two sulphur atoms are thus unequal, the outer one having an oxidation
number of -2, whereas the central sulphonate-group sulphur atom has an
oxidation number of +6 (Roy and Trudinger 1970 and Schmidt and Siebert 1973).
Thiosulphate synthesis can be from the condensation of sulphur and sulphite.
From these considerations, several postulations can be made regarding the nature
of the cleavage of the bond between the sulphane and sulphonate sulphurs
in thiosulphate. Hydrolytic cleavage could give rise to sulphur and sulphite

(equation 4) or to sulphide and sulphate (equation 5).:

ss03 + h2o liSOj ¢ S ¢ H (4)
SS03 e Hjo HSO" ¢ H* ¢ S2 (5)
Sulphite and sulphide would only be produced by a reductant-requiring

thiosulphate reductase (Kelly 1982 and Peck 1960).:

SSON e+ 2L s 2e S02' e Hjs (h)
If thiosulphate metabolism is initiated by a hydrolytic cleavage
it would seem likely, therefore, to be consistent with the lack of observation

of free sulphite, that either sulphate is produced directly or that sulphite
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is not released rrom the enzyme* complex after cleavage. Assuming an
initial cleavage, tile result of the concerted action ol enzymes A, U and

the associated cytochromes could he .is follows:

"ss03 Z;nzl A complex, EC ) ¢ h2o £ ECS + 80”9 . Zl’ 2c
EC-s" ¢ be T EC-So” ¢ 2H* + 2e
EC-SO~ ¢ “no = EC-S0” ¢ 2I1* + 2e

EC-SO~ ¢ h20 = EC-SO" ¢ 211* + 2e

EC-SOj ¢ h2e - EC~ + soj" + 2K
Overa 11 (equation 2) “sso" +5H20 = 2SOl~ * 10H* =« lie
9.0 Problems in the study and future strategy

While the T. versutus system is proving immensely valuable to the
elucidation of the thiosulphate-oxidizing process, further progress has been
hampered by a number of factors including (a) low activity: disruption
of the organism causes substantial loss of oxidative ability (see 2.3.3 and
5.4 for discussion). Thus intact cells exhibit a Qg of about 1000 nmol O»
uptake/min/mg protein in the oxygen electrode, which falls to about 10 in the
cell-free extract. Using the reconstituted system, the rate of thiosulphate
oxidation by the five components (including sulphide oxidase) is about 70
nmol cytochrome £ reduced/min/mg total protein or about 50 nmol/min/mg total
protein (in the presence of the T. versutus membrane particle fraction);

(b) a vast amount of work is involved in obtaining sufficient amounts of
autotrophically grown cells (Prof. Kuenen once suggested me to continuous
mixotrophic culture to improve the yield, as they found that Thiobacillus A2
growing on a medium of 18 nil thiosulphate and Il mil acetate at the dilution
rate of 0.09 h~1 showed the same specific thiosulphate-oxidizing activity as
one growing on thiosulphate alone and gave a much higher yield since acetate,
instead of COj, was the carbon source of the organism (Cottsehal and Kuenen
1980). This is certainly a way worthwhile to pursue) and to purify enzymes

and cytochromes one by one. Enzyme A is oxygen-sensitive and very unstable
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ns il was found tliut briefly bubbling the enzyme solution (for example,
to dissolve the protein precipitated by (NIT)9S0”) and omitting thiosulphate
from the elution buffer during the purification caused considerable Loss of
the activity) (c) as four or five components are necessary, kinetic and
inhibitors studies and determination of rate-limiting components and the
best ratio of the components for activity are very difficult; (d) the
absence of characteristic spectra for enzymes A and B and failure yet to
be able to attribute specific functions for them in the system make their
further characterization and study of the whole system, for example, the
route of electron flow from substrate, a considerable problem.

Future work needs to attempt to establish (a) the initial reaction
binding thiosulphate to an enzyme using a micro-equilibrium dialysis or
gel filtration method; (b) the presence or absence of separable reaction
steps and detectable intermediates; (c) the nature of the hydrolytic or
other cleaving reaction if this is the primary step for thiosulphate
metabolism. This could be attempted by measuring a time course of formation

of sulphate from 35

S-thiosulphate labelled on either the inner or outer sulphur
atom and using whole cell suspension (see 1.1.5) or even with the purified
components; (d) the progress of sulphane-sulphur oxidation: 35S-methods

or mass spectrometry may aid in this; (e) the redox levels of the component
oxidation steps and their cytochrome acceptors; (I have no other good ideas
on how to design experiments to solve these problems (b to e). One experiment
in my mind is to incubate enzyme A, B and cytochrome Cjjj 5 w*t% 358—
thiosulphate for a certain time, then to separate and identify (- which is

a considerable technical problem -) the intermediates since we found (see
6.3.10) that in the absence of cytochrome Cjjj the oxidation of thiosulphate
went on very slowly and incompletely) (f) the role of the dual redox centre
cytochromes; (g) amino acid compositions or sequences of cytochrome £552 5
and cytochrome to compare with the well defined £-type cytochromes;

(h) the substrate specificity of the multienzyme compounds such as thio-

sulphonetes (KSO"S ), thiosulphate esters (KSSOj), persulphides (RSSH) and
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methyl sulphide are possible subslroles, .11though son» preliminary results
(see 9.1) suggested that this enzyme system was possibly a very specific

one, only using thiosulnhate; (i) the effect of these subsLrate analogues
on the thiosulphate-oxidizing activity of the enzymr system; (j) mechanism
and energy consumption for thiosulphate transport by the organism, since this
could play an important part in the calculation of efficiency of energy
conservation as shown in 2.5; (k) ESR spectroscopy of enzyme A on enzyme B
and (1) enzyme Kkinetic studies on the interactions between the four major
components during the thiosulphate oxidation.

Among the specific experiments required with T. versutus are (a)
tests with 18O-Iabelled oxygen and water in order to eliminate (or otherwise)
a role for an oxygenase; and (b) short-term oxidation experiments with
358-80’\ and 8-3580’\ to attempt to establish (from the initial rates of
35SOZ_production) the timing of S-S bond cleavage. There have been studies
with 18O previously (Kelly 1982), designed to establish the role of APS
in sulphite oxidation but it would be desirable to study 180 transfer into
sulphate during thiosulphate oxidation by intact bacteria. The following

18

predictions on 0 enrichment can be made.

"SSOj ¢ 5H20 ¢ 21802 - 2S01~ ¢ 4H2I180 ¢ 211* (7))

"sso" ¢ 5H2180 ¢ 202 250 (180:160 - 5:3) & 2H* ... ... (8)

Neatt 8 o

SSO" ¢ 5H20 ¢ 21802 - 2S01~ o om 1:3) ¢ 201 ...... (9)

. 18 - 18 18

If no oxygenase functions, no 0 should enter SO?‘ from 02# but 11~ 0
should arise (equation 7) and 18O should be introduced into sulphate from
H2180 in the indicated ratio (equation 8). |If there is an oxygenase,

converting sulpliane-sulphur to sulphite, 18O from oxygen should enter sulphate
as given in equation (9). Once the mechanisms have been established, it will
be possible to deduce more exactly the nature of energy-conserving processes

in the thiobarilli (Kelly 1982 and Chapter 2).
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9.9 Possibility ot the some thiosulphate oxiding system opi.-r.iling

in other thiobacilli

The results of growth yields (see 1.1.1) and respiratory chain
inhibition (see 1.1.2) indicate that the energy efficiency of thiosulpliate
oxidation is more or less the same in the thiobacilli examined so far
except for T. denitrificans. This implies a possibility of a common pathway
for thiosulphate oxidation by these organisms (Chapter 1). There is some
other evidence to support the view which | have stated in Chapter 1, such as
a similar soluble thiosulphate:cytochrome c oxidoreductase in T. novellus
and possibly in T. neapolitanus. high content of c-type cytochromes in
thiosulphate-grown T. novellus and T. neapolitanus (about 2 umol/g protein
and more than one-third in soluble fraction found by Sadler and Johnson
1972, also Trudinger 1962). Oxidation of both sulphur atoms of thiosulphate
simultaneously by these two thiobacilli etc.

But the evidence against this view also exists such as: (transient)
accumulation of elemental sulphur or tetrathionate during the thiosulphate
oxidation by whole cells or extracts of T. thioparus, T. neapolitanua and
T. thiooxidans, quite different growth rates on thiosulphate, capacity to
oxidize elemental sulphur by the three organisms, which is absent from
T. versutus etc.

Nevertheless the evidence concerning this subject is still too
scanty both qualitatively and quantitatively to make any conclusions, for
which, obviously more work is needed.

There are a number of possible approaches towards this matter:

(a) establishing the location of the enzyme system and the role of the membrane
fraction, by for example, assaying thiosulphate :cytochrome £ oxidoreductase

in the soluble fraction as a preliminary test; (b) assay the effect of
concentration of crude extract on the specific thiosulphate-oxidizing activity
to find out if there is a nultienzymc complex involved; (c) fractionation

of crude extract with (NHASO” or further with DbAK-Sepharose LL-6B to resolve
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the components; (d) comparison of the protoin patterns of the fractions
after SDS-gc| electrophoresis with that of purified components from

T. vorsutus. (It is difficult to do this with crude extract as the
concentration of the four major components (if as in T. versutus each
comprises about 17, of the total proteins) is still too low to sliow any
significance in crude extract ) (e) inmunological approach using antiserum
prepared against highly purified components, for example, enzyme 3 from

T. versutus; (f) high purification of enzyme(s) involved.

9.10 Chemoautotronhic growth on thiosulphate by phototrophic and
facultative hydrogen bacteria

It has been long recognised that some heterotrophic bacteria such
as species of Pseudomonas and Achromobacter catalyse the oxidation of
thiosulphate to tetrathionate (Roy and Trudinger 1970). Recent results,
however, show that the complete oxidation of thiosulphate to sulphate to
support the chemoautotrophic growth is not limited to thiobacilli and might
be a more general phenomenon in the natural environment than we thought.

A survey conducted by KMmpf and Pfennig (1980) revealed that 7 species
out of 17 species of purple sulphur bacteria (Chromatiaceae) tested were
capable of chemoautotronhic growth in the dark under microaerobic conditions.
They also calculated a growth yield of 11.3 (a rather high value compared
to that of aerobic thiobacilli) for Thiocystis violacea 2311 on thiosulphate
in batch culture with a doubling time of 30h. The easy transition from
photolithotrophic growth to chemoautotrophic growth by these organisms and the
comparable growth yield suggest that the enzyme system or the metabolic
pathway (including electron transport) might bear some similarities to that
of thiobacilli, although further evidence is absent and the thiosulphate-
oxidizing activities of these orgonisms were generally rather low.

Friedrich and Mitrenga (1981) desionstrated that Paracoccus denitrifleans

grew chesioautotrophically in the chemostat giving a growth yield of A.5 g
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dry wt cell per niol thiosulphate with a a ox of 0.14 h *. They also showed
that all strains of Xanthohacter autotrophicus tested,some species of
1seudoRionas and a specie of Aquaspirillum were able to oxidize thiosulphate
on agar plates to produce acid, indicative of sulphate formation. These
observations suggest that complete oxidation of thiosulphate can be carried
out by a number of heterotrophic or facultative chemoautotrophic bacteria

and at least one of them shows a growth yield comparable to the aerobic
thiobacilli, indicating a similar energy efficiency of growth on thiosulphate.
These bacteria and facultative chemoautotrophic sulphur bacteria such as

T. versutus and T. novellus might play a significant part in the sulphur
metabolism in soil, as it was suggested that soil heterotrophs could be more
important than autotrophs in the oxidation of sulphur compounds (Vishniac

and Santer 1957). Indeed the borders between heterotrophs and autotrophs

and between hydrogen bacteria and thiobacilli are becoming less clear considering
the versatile capacities of T. versutus, P. denitriffeans and X. autotrophicus.
Anyway, it will be very interesting to see if the same enzyme system or

mechanism of thiosulphate oxidation is operating in these different organisms.
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CHAPTER 10

An enzymatic lysis procedure for the assay of enzymes in ThLO iwilLiuti A2.

Abstraet

A micromethod is described for the production of lysed preparations
of Thiobaaillus A2 following treatment with lysozyme and EDTA. These may
be used for the assay of intra-cellular enzymes including rhodanese,
hexokinase, glucose 6-phosphate dehydrogenase and phosphoglucoseisomerase.
The procedure is useful for assaying enzymes in samples too small to be
treated by conventional mechanical methods, but gives comparable recoveries

of enzyme activities.

10.1 INTHODUCTION

Lytic procedures have been widely used in the preparation of membrane
vesicles from bacteria (Coakley et al., 1977) but have received little
attention as a way of assaying individual enzymes. Vandenbergh et al (1979)
described a procedure for determining rhodanese in a wide variety of bacteria
using extracts prepared by lysis with EDTA and lysozyme, based on the method
used by Kaback (1971) for preparing membrane vesicles. W have tested the
effectiveness of this procedure on ThiobaoilLue A2 for the release and subsequent
assay of several intracellular enzymes, normally detectable only in extracts
prepared by mechanical or sonic disruption (Silver and Kelly, 1976; Wood ct al.,
1977; Lu and Kelly, 1983a). Our aim was to establish a simple procedure
enabling assay of enzymes in small samples of organisms taken from cliemostat
cultures, where removal of large culture volumes disrupts steady state
conditions (Wood and Kelly, 1981). A procedure allowing the volume sampled
from a 750 m chemostat to be reduced to 5-10 ml would overcome this problem

and enable variation in selected enzymes to be monitored during transition



.is well .1;. steady stale loiitli 1lions in |Ilie culture.

i .2 material: and methods
Or.gzalnlisms and Culture Conditions.

Thiobacillun A2 (Taylor and lloarc, 1969) was cultured in flasks shaken
at 30°C as described previously (Wood and Kelly, 1977) on a variety of
substrates. Anaerobic cultures were grown in bottles completely filled with
media containing glucose, formate or acetate and supplemented with 20 nmM KNO™.

Thiobacillus denitrificans (NCIB 9548) was grown anaerobically at 30°C
in bottles completely filled with a thiosulphate-r.itrate medium as described
previously (Justin and Kelly, 1973). T. neapolitanuo strain C (Kelly, 1969)

was grown anaerobically in liquid culture on thiosulphate (Kelly, 1967;

Tuovinen and Kelly, 1973).

10.2.2

Preparation of Lysates-

Cultures were harvested by centrifuging, washed with 0.055 M phosphate
buffer, pll 7.8 and suspended to a density of 1 mg dry wt ml * in the same
buffer. For lysis, one ml of a solution of 5 mg lysozyme in 0.1 M disodium
EDTA was added to cither 5 ml or 9 ml of cell suspension and incubated at
30°C for various lengths of time. Mixtures were centrifuged at 2000 g for
5 min. to remove broken cell material. Enzymes were assayed using both

unccntrifuged mixtures and the clear supernatant liquids after centrifuging.

10. V.J

Assay of Enzymes-

Khodanosc was assayed in a mixture containing (nmol) in a final volume
of 2.2 ml: Tris, 125; 100; KCN, 100; Lysate, 0.5 ml equivalent to
0.2-0.25 mg original cell protein. Buffer and extract were preincuhated at
XX C in siaill iulies (4 ml) for 5 min lieiiirc adding Ni,S,(I |, then iuili.il nig
react ion with KITH The assay was normally stopped altoi 111 mill hy adding
e, m lit Iw/vl toimilik¥hkvde solulion, lhio* valiate lorim'd was mcasill I'll

hy adding I. I ml 14.HZ tw/v) lerric nil rale m I'T Iv/v) UNO anil reading
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llexokinase, glucose b-phosphate dehydrogenase (NADP ) and phospho-

glucoscisomerasc were assayed as described previously (Wood et al., 1977)

Chemicals

Lysozyme (chicken egg white, grade 1), NADP, fructose 6-phosphate,

glucose 6-phosphate, ATP and glucose 6-phosphate dehydrogenase were all

obtained from Sigma (London) Ltd.

10.3

RESULTS AND DISCUSSIOt.

Rhodanese is apparently formed constitutively in Thiobacillus A2

regardless of growth substrate (Table]el; Mood and Kelly, 1981; Lu and Kelly,

1983a,b). While significant activity could be demonstrated using unlysed cells,

indicating the surface location of this enzyme, activity was enhanced up to

seven-fold following lysozyme treatment. Most of this activity was then

recoverable in the supernatant liquids obtained by centrifuging the lysates

at 2000 x g. These supernates probably still contained small particles -«

from the membrane material of the cells. Rhodanese could also be demonstrated

in anaerobic heterotrophic cultures (TablelOlb). Thiosulphate, which is not

oxidized by anaerobic batch cultures, had no effect on the amount of enzyme

synthesised. These results were in agreement with later results that showed

rhodanese not to be involved in the aerobic oxidation of thiosulphate by

Thiobaoillua A2 (Lu and Kelly, 1983c).

Maximum rhodanese activity in thiosulphate-grown bacteria was detectable

almost immediately after mixing the organisms with lysozyme but the release

pf enzyme activity into the supernate took up to two hours and was then

similar to activity obtained with French press extracts (Tabled). Similarly

about 85Z of the rhodanese from maltose-grown organisms was released into

the supernate during two hours incubation witli lysozyme, about 90Z of this

being

released in the first hour (Tablets)). Increasing the lysozysie



TABI.KIfII. Kffccc of

suspensions of Thiobacillus A2.

Growth Conditions

(mM)

(a) Aerobic
Thiosulphate (20)
Glucose (20)
Fructose (20)
Sucrose (10)
Maltose (10)
Acetate (30)
Pyruvate (10)

Succinate (IS)

(b) Anaerobic (KNO.

Glucose (20)

Glucose * SjOj (20 ¢ 20)

Fructose (20)

Fructose ¢ SjOj (20 * 20)

Acetate (30)

Acetate ¢ SjO*“ (30 ¢ 20)

*5 ml suspension ¢ 1 ml

(See Methods).

not determined

lysozyme on the assay of

(nmol

Intact
Cells

97
26
31

42
84

55

lysozyme-EDTA,

Rhodanese Activity

rhodanese activity in

*

SCN min * mg dry vt'l)

Lysozyme-
treated
suspension

218
342
139
144
285
200
178
166

144
153
129
153
144
118

Lysozyme
supernate

141
188

151
247

166

1 hour ac 30°C



TABLEO2. Time course of release of rhodancse from thiosulphate-grown

Thiobacillua A2 (5 ml suspension ¢ 1 ml lysozyme-EDTA).

Time Rhodanese Activity
-1 -1
(nmol SCN  min mg dry wt )

Lysozyme Lysozyme
treated supemate
suspension

* *
1 min 141 35
1h 210 110
2 h 218 141
3 h 228 143
4 h 140

Activities in the absence of lysozyme were

97 and 10 respectively.

Rhodanese activity in a crude extract prepared

using tne French pressure cell was 240.



TA11l.E103. Release of rhodanesc from maltose-grovn ThiobacilluB A2
(0.5 mg protein mi by lysozyme-EDTA.
Treatment Rhodanese Activity
(nmol SCN min * mg protein )
Whole suspension Supernate?®
Untreated intact cells 42 *
9 ml suspension ¢ ml lysozyme
1 hour incubation - 211
2 hour incubation 272 230
5 ml suspension + 1 ml lysozyme
1 hour incubation - 217
2 hour incubation 285 247
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did not increase the rate of release.

To test the general applicability of the method to other thiobacilli,
attempts were made to release rhodanesc from Thiobacillu8 denitrificans
and T. neapolitanus. After one hour's treatment with lysozyme, under the
standard conditions, T. denitrificans lysates exhibited a specific activity
of 179 nmol SCN min * mg dry wt 1 (compared to 66 by unlysed cells), of
which 75 were in the supernatant. Rhodanese was assayed in T. neapolitanus
at the apparent optimum of pH 9.0 (Kelly and Tuovinen, 197S). Untreated
suspensions had an activity of 90, which increased to 165 after one hour's
incubation with lysozyme-EDTA, of which about one-third was in the supernatant
solution.

Hexokinase, phosphoglucoseisomerase and glucose 6-phosphate dehydrogenase
cannot be assayed with intact cell suspensions. Treatment with lysozyme
and EDTA for one to two hours, however, released high levels of enzyme activity
(Tabled). Typical specific activities for these enzymes were 240, 790 and
200 respectively when calculated in terms of total cellular protein. Even
though this might underestimate activity if compared with extracts made w”th
the French pressure cell, these activities in fact exceed those previously
found using conventional cell disintegration procedures: values for maltose-
grown Thiobacillu8 A2 being 110, 537 and 164 respectively (Wood and Kelly,
1980; Wood et al., 1977). This procedure has thus been shown to be applicable
to the assay of a number of diverse enzymes in Thiobacillus A2, and would
presumably be suitable for many other enzymes. The experience of Vandenbergh
et al. (1979) indicates chat this and similar lytic procedures could have
applicability to many different bacteria and provides a rapid and convenient

micromcthod for enzyme analysis.
ACKNOI/LE IXIEMENT

I am grateful to I)r Ann l.'ood for her cooperation in this wort:.
It). 4 KEFFUlwrec

Coaklcy, W.T., bates, A.J. and Lloyd, D. 1977. Disruption of microorganisms.
Adv. Microbial, I'hysiol. Ib, 279,
Justin, P. and Kelly, D.P. 1978. Crowth kinetics of Tniobaoillu* denitrificans

in anaerobic and aerobic chemostat culture. gen. Microbiol. 107, 123.
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Calculated in terms of the protein content of the

unlysed suspension.
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