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ABSTRACT

Sulfur oxídation was studied using intact ce1ls and ce11-free

systems of ThiobaciTTus thiooxidans" The cell-free extracts frorn which

all preparations were made, r{/ere from cel1s broken by passage through

a French pressure cel1. Particular attention r{as given to the isola-

tíon and partial purification of sulfite oxidase and the sulfur-

oxidizing enzyme. Sulfite oxidase \,r'as associated with cel1 envelopes

but could be solubilízed in active form by mild detergent treatment.

The sulfur-oxidizing enzyme was released in soluble form but remain-

ed tightly associated with nucleic acid. Calcium and sucrose appeared

to play a substantial role ín the stabílization of the enzyme. In

the absence of nucleic acid or calcium, the sulfur-oxidizing enzyme

was very unstable and seemed to bind other protei-ns. Sulfite oxidase

was able to reduce ferricyanide but not mammalían or Saccharonyces

cerevisiae cytochrome c. The isolation of a native cytochrome c

for the reconstitution of a sulfite-oxidizing system is needed.
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INTRODUCTION



INTRODUCT]ON

ThiobaciTfus thiooxidans is a Grarn negative, rod-shaped bacteria

found naturally in acidic soil environments. The organism obtains its

energy requirements by oxidizing reduced or partially reduced sulfur

compounds including sulfide, elemental sulfur, thiosulfate, polythio-

nates, and sulfite to sulfuric acid. Its requirements for carbon are

met so1ely by assimilating carbon dioxide from the atmosphere. T"

thiooxidans belongs to the thiobacilli, a genera known for their

ability to oxidize inorganíc sulfur compounds. However, 7. thiooxidans

is set apart from other thiobacilli by being able to withstand an

extracellular pH of less than 1.0. As a resultr 7. thiooxidans can be

described as a true chemolÍthotrophic acidophile.

Such simplistic nutrient requirements necessarily \"/arrant great

biochemical complexity in the organism" Detailed studies on the

rnechanism of sulfur oxidation in ?. thiooxidans have only been able

to yield very basic outlínes. The complexity of the organism, together

with the complex chemistry of sulfur cornpounds have proven to be

formidable barriers to bíochemical studles of sulfur oxi-dations.

Initial divergent reports on the sulfur-oxidizing system have only

gradually given Íray to more established postulations.

The present study has been an attempt to characLerize sulfur

oxidation in z. thiooxidans. This characterizaLion involved some

studies with intact ce1ls, but mostly concentrated on French pressure
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cell-derived cellu1ar components. Particular attention was given to the

isolation and partial purification of sulfite oxidase and the sulfur-

oxidizing enzyme. These two key enzymes are probably the clues to

resolving the mechanisms involved in the metabolism of inorganic

sulfur compounds.



H]STORTCAL



H]STORICAL

ThiobaciTTus thiooxidans was discovered in I92l by Waksman and

Joffe (58). It r,¿as further studied and described by Starkey, raho

developed a growth medium sti11 used today (46). 0f all the thiobaci-

1li studied to date, T. thiooxidans has the lowest recorded G + C

ratio.0n the basls of this, as well as its membrane 1ipíd conposition,

it has been classified as a class III thiobacillus. It ís the only

organism to occupy that class (56). Although 7" thiooxidans has been

the subject of many studies and reviews (1, 7, 12, 16, 17,23,40),

most recent studies on the oxídation of sulfur compounds have bipased

thls organism in favour of other thiobacilli (15, 18, 23,37,47,59).

In spite of this, there is as of yet no clear understanding on the

mechanism of sulfur oxidation.

One of the major problems involved in the oxídation of elernental

sulfur is the nature of the substrate itself. Elemental sulfur is

insoluble in water; as a result, the ce11 must come in contact with

it in order for oxidation to occurr (15). T. thiooxidans is motile and

has been observed ltattackingtt sulfur partÍc1es (12). Studies have

shown that sulfur oxidation is facilitated by the use of wetting

agents or surfactants; this is not only true for j-ntact cells, but for

ce11 fragments as well (1). The rvetting agents probably increase the

force of adhesion between water and sulfur, facilitating contact

between sulfur and the enzymes ínvolved in its oxídation. There has
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been a search for a possible wettíng agent used by l. thiooxidans, the

evidence so far pointing to the lipid phosphotidylinositol, which is

produced by growing cultures of the organism (43). In shaking culture

experiments, attachment of active cells to sulfur particles is quite

fast; attachment ís complete within five minutes. This attachment

seems to be associated r,¡ith energy generation, as it is inhibited by

anaerobiosis and metabolic inhibitors such as 2,4-DNP and H0QN0 (51).

The method of attachment ís not yet clear but thiol groups rvhich are

bound to the cell surface appear to be essential for the initial

adhesion process.

Once sulfur is attacked by the cell and attachment takes p1ace,

the problem of oxidation sti1l has to be resolved. Because of its

insolubility, sulfur has to be either oxidized right at the cell

surface, dissolved in the cel1 membrane, or taken up as elemental

sulfur by the cell and oxidized internally (15). No definite theory

has been proposed, but methods of oxidation have been postulated for

each of the three possibilities. An extracellular sulfur oxidatíon

mechanism has been proposed in which the electrons derj-ved from

sulfur oxidatíon enter the cell through the inner membrane, leaving

H+ and HSO, outside (7). A similar reaction would also take place in

the oxidation of sulfite:

membrane

OUT

SO

HSO:J

3 H20

f

5 H'

2 H2O-l- o.-,W'lF ]N

oz
J

4H'



HS0.
J

HSO;

membrane

n,o ll - lr',0
,-'.4-2e-þ*-,,

IN

+2
OUT

H+

If this were true, then the protons produced by sulfur oxidation would

be released outside the cel1 while cytochrome oxidase would use the

electrons to consume H* ivithin the cel1, maintaining intracellular pH

neutrality when protons enter the ce1l through the ATP synthetase (7).

This proposed mechanism is sornewhat ner,/, but has received widespread.

support by many researchers (4, 10, 15). Other biochemical studíes

using cell components have so far yielded three sulfur-oxidizing

systems: a cell wal1 membrane complex; a system made up of a soluble

and membrane fractions; and a soluble sulfur-oxidizing enzyme (35).

Interestingly, each of these three systems has been derived from

studies using different methods of ce11 breakage; the first used

breakage by French pressure ce1l, the second one by sonication under a

nitrogen atmosphere, and the third by sonication after an ion-exchange

resin treatrnent. It is quite 1ike1y that the same enzyme is ínvolved

in all three.

The sulfur-oxidizing enzyme now denoted as sulfur: oxygen

oxidoreductase EC 1.13.11.18, was first partially purified during

studj-es on the oxidations of elemental sulfur and of thiosulfate (48,

49). The ce1ls were broken by sonication after an íon-exchange resin

treatment and gave a cell-free extract capable of oxidizing colloidal

sulfur to thiosulfate in the presence of glutathione (GSH). The actual

substrate of this enzyme u/as postulated to be a sulfur-glutathione
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complex. Co1loida1 sulfur is made up mostly of the octahedral molecule

So. Glutathione opens the sulfur ring by nucleophilic attack on one ofÕ

the sulfur atoms, forming a linear polysulfide which can be attacked

enzymatically (48). The partially purified enzyme was found to be

devoid of glutathione reductase activity, indicating the glutathione-

polysulfide complex was present only as an intermediate. Later studies

using preparations from z. thiooxidans and ThiobaciLTus thioparus

however, demonstrated that the initial product of sulfur oxidatÍon was

not thiosulfate but sulfite (49)" The formation of sulfite was proven

by trapping it with formaldehyde; otherwise, a non-enzymatic condensa-

tion of sulfite with elemental sulfur would produce the thiosulfate

as previously observed:

)_
SO:

J

These observations then,

oxidation in the presence

)_
ssoã

following mechanism for sulfur

amounts of glutathione:

GSB_SH

GS7-SH

')_s0ã +

)-f,+ S0ã + 2H'

1)

2) cs8sH

overall: S

-+

indicated the

of catalytic

r- GSH -+
enzyme

Hzo +
enzyme

H^0, 
GSH

+

q
ö

o^+
z

0^+
z

J
2H,

The enzyrne involved was considered as an oxygenase which contained

non-heme iron and possibly 1abi1e sulfide as cofactors (49). Removal

of bound iron with 2,2t-dipyridyl destroyed enzyme activity. Thís

particular form of the enzyme has been found in a number of thiobacilli

besides 7" thiooxidans and 7. thioparus. The enzyme has been found in

ín ThiobaciTfus noveLTus and forms an integral part of that organismts
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thiosulfate oxidizing system (37). The iron/sulfur oxidízer Thiobaci-

Tfus ferrooxidans has also been found to contain a sulfur-oxidizing

enzyme similar to that of T" thiooxidans in that its optimurn pH is 7"8

and requires catalytic amounts of glutathione for actÍvity (45). As

with the 7. thiooxidans enzyme, both non-heme iron and labile sulfide

\À/ere present and sulfite was the product of sulfur oxj-dation.

Apart from the soluble enzyme system, a sulfur-oxidizíng systern

has been prepared which does not requlre the use of cofactors or

sulfhydryl compounds such as glutathione (1). This system involves a

cell wall membrane complex derived from ce11s broken by French pressure

ce1l where sulfur is oxidized compretely to sulfate. Thiol-binding

agents were found to inhibit activity, indicating that protein-bound

active sulfhydryl groups may be substituting for glutathione. Sulfur

oxidation in this system seems dependent on a cytochrome system in the

membrane complex, since it can be inhibited by such agents as NaN, and

KCN. These however, are probably affecting the cytochrome-mediated

oxidation of sulfite, rather than that of sulfur (1)" Crude extracts

of r. thiooxidans derived by Frenchpressure ce11 breakage in our

laboratory do oxidize co11oida1 sulfur in the absence of glutathione.

However, activity increases substantially upon its addition, indicatíng

that its catalytíc efficiency is much greater than that of the

protein-bound sulfhydryl groups.

A sulfur-oxidizing system composed of a soluble and membrane

fractions has been prepared by sonication under a nitrogen atmosphere

Qf). It appears that the soluble fraction is involved with the

oxidation of sulfur to sulfite while the membrane fraction (which can



10

oxidíze sulfite, NADH, and NADPH) cornpletes the oxidation to sulfate

(20). The soluble fraction responsible for sulfur oxidatÍon has been

resolved to t\,/o components: a nonheme iron protein with a molecular

weight of 23,000 (50). Nonherne iron is essential for sulfur oxidatíon

since íts rernoval by KCN or diethyldithiocarbamate decreases activity.
To date however, all components including soluble and rnembrane prepara-

tions are required for activity; sulfur-oxidizing activity by the ti^/o

solublecornponents alone has not been determined (50)"

Sulfite is also oxidized by crude extracts of T. thiooxidans but

does not appear to be acellularsubstrate; rather, it is the key

intermediate in the oxidation of sulfur to sulfate (35). To date there

are tl{o known mechanisms of sulfite oxidation: one is the APS.reductase

pathr,ray which involves substrate-level phosphorylation; the other is
the sulfite oxidase pathway which involves oxidative phosphorylation

(35). Thus, it is the sulfite oxidation step which is associated with

energy generation. Sulfur oxidatíon in 7. thiooxidans then, can be

perceived simply as a rday for the cell to obtaín sulflte for its

energy requirements. The oxldation of sulfite in 7. thiooxidans appears

to proceed by the sulfite oxidase pathway which basically consists of

channeling electrons through cytochrome c to cytochrome oxidase:

SO!- + 2 cyt c(ox) + LI2O ->

2 cyt c(red) + I oz + 2 H+ ->

SOI-+2cyLc(red) +2H+

2 cyt c(ox) + H20

Both sulfite oxidase and cytochrome oxidase enzymes have been found in

T. thiooxidans (28). sulfite oxidation takes place in the membrane

fractions where sulfite can be oxidized with either molecular oxygen
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or a bacterial cytochrome c*552 from Pseudononas stutzeri as electron

acceptors (22). Active membrane fractions have been partially purified

and found to contain various cytochromes of the a, b, and c types,

indicating participation of the entire cytochrome system (22) " The

rnechanism of sulfite oxidation in 7. Lhiooxidans however, is sti1l
not clear since not as much research has been done as in other thio-
baci11i.

Thiosulfate oxidation in 7" thiooxidans remains ambiguous to date.

Many other thiobacilli are knorvn to oxidize this compound and the

mechanisms are well documented for T. thioparus (30,3rr 32), T.

noveTTus (36, 37), and Thiobaciflus versutus (59-65). These thiobaci-

11í however, all grow at a pH close to neutrality, unlike z. thiooxi-

dans " Thiosulfate is fairly srable at pH 7 "O (r2) , so there is litt1e
ambiguity about its use as a cellular substrate by the neutrophilic

thiobacilli. Below pH 4 to 5 however, thiosulfate rapidly decomposes

in a complex manner, the products depending on the acidity of the

solution (41). Decomposition of thiosulfate involves nucleophilic dis-

placement of sulfíte ions from hydrogen thiosulfate by the thiosulfate

ion. This results in rhe formarion of sulfur plus bisulfite (41).

Since 7. thiooxidans grows at an acidic pH, it 1s impossible to deter-

mine whether the cel1s are oxi-dizing thiosulfate or one of its decom-

position products: elemental sulfur (rz) " The problern is further

complicated ín that, as 7. thiooxidans groi{s, the pH of the growth

medium drops below one. Under such extrernely acidic cond.iti-ons, sulfane

monosulfonate intermediates from the decomposition of thiosulfate

interact with one another to gíve sulfur dioxide, sulfur, and poly-
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thionates (41). During early studíes, it was proposed that polythionates

were interrnediates in the pathways of thiosirlfate and sulfur oxidation

(26,4I,52, 53, 54r 57). This created much confusion until the role

of polythionates was finally ruled out.

Recent advances in the understanding of oxidation of sulfur

compounds has shifted to organisms and substrates that are easier to

study. Fundamental studíes on 7. thiooxidans and the oxidation of

elemental sulfur is lagging behind such organisms as z. versutus and.

T. ferrooxidans, and such substrates as thiosulfate. But elemental

sulfur is the building block of all the other sulfur compounds; before

its metabolism can be clearly understood, progress wj_th other sulfur

compounds will be slow and limiting"
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MATERIALS AND METHODS
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MATERIALS AND METHODS

Materials

All chemicals and reagents used were of reagent grade and obtai-

ned commercially. Elemental suffur was obtaÍned from British Drug

Houses. Ltd., Toronto. Sodium thiosulfate and sodium sulfite were ob-

tained from Flsher Scientific Co., Fairlawn, N.J., U.S.A. GSH, AMp,

NADH, bovine serum albumin (crystalline), DTE, cytochrome c (horse-

heart, type III and saccharonyces cerevisiae cytochrome c), trypsin

(bovine pancreatic, crystalline), trypsin inhibitor (from soybean),

catalase (bovine liver, crystallj,zed), ß-glucuronidase (as a component

of snail gut juice orcrystalLized), ribonuclease (crystalline), Tris

(Trizma base and Trizma hydrochloride), and EDTA (disodium salt) were

obtained frorn sigma chemical co., st. Louís, Missouri, u.s.A. Deoxy-

ribonuclease (DNAse I from bovine pancreas, lyophilized) was obtaine¿

from Calbiochem, La Jo1la, California, U.S.A. Ammoniurn sulfate (enzyme

grade, ultra pure) was obtained from schwartzfMann, cambridge, Massa=

chussets, u.S"A. Triton x-100 (alkyary1 polyether alcohol) was obtai-

ned from Baker Chemical Co. Phillipsburg, N.J. DEAE-ce1ulose was from

schleícher & schnell rnc., Keene, New Hampshire, u.s.A. DEAE-sephadex,

Sephadex G-i00 and G-150, and blue dextran r^/ere obtained from Pharma-

cia Iine G-remicals, Uppsala, Sweden. Electrophoresis reagents \^/ere

obtained from Bio-Rad Laboratories, Richmond, California, U.S.A.
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All reagents, buffers included, \,/ere prepared using glass-disti-

lled water.

Organi-srn and growth conditions

ThiobacilTus thiooxidans (ATCC B0s5) cultures were grown under

autotrophic conditj-ons using Starkeyrs medium (46). The mediumconsist-

ed of 0.3 g (NH4)2504,0.5 g MgS0*.7H2O,0. O1B g FeSOO.7H2O,3"5 g

RH2P}4, and 0 "25 g CaCr, in one liter of distilled warer. The organism

was gro\,/n stationary in 2.8 L Fernbach flasks containi-ng one L of the

medium aL 2BoC for four to five days. Ã 2.52 inoculurn was used and 50

g of powdered sulfur were sprinkled on the liquid surface of each

flask and distributed evenly. The flask was covered by a piece of

tissue paper, allowing proper air exchange.

After incubation, the ce1ls were passed through a Lrhatman No. 1

filter paper under vacuum in order to remove the powdered sulfur. The

turbid cel1 suspension was then passed through a Sharples super cen-

trifuge fítted with a water cooling system (zo) at 4o,ooo to 60,000

r"p.m' The resulting cell paste vr'as v¡ashed once with distilled water

and suspended at a concentration of 20 mg (wet weight) per mL in dís-

ti11ed r^/ater adjusted to pH 2"0 with dilute sulfuric acíd. The ce11s

r^/ere stored at 4oC and used for experiments within 20 days.

Methods

Preparation of sulfur suspension

A sulfur suspension was used as substrate

experiments. It r{/as prepared by suspending 32 g

for

of

sulfur oxidation

powdered sulfur in
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100 mL of distilled t¡ater containing 0.O52 Tiveen 80. The suspension

was stirred with a magnetic stirring bar until the preparation ivas

homogeneous, then stored at a 4oC until needed. \n/henever the prepara-

tion was used, it was kept constantly stirring so as to maintaln homo-

geneity.

Fine col1oida1 sulfur was prepared by sonicating the sulfur sus-

pension three times for twenty seconds in a 10 kc/sec Raytheon sonic

di-slntegrator. The milky white co11oida1 sulfur was decanted off from

the sonicated sulfur and kept at 4oC until needed.

Preparation of DMSO-sulfur

Elemental sulfur dissolved in Dl"fSO rvas used as a substrate in

stoichiometric experiments. ft was prepared by dissolving a few grains

of sulfur in dimethylsulfoxide (DMSO). Whenever stoichiometry was tes-

ted, a fer,¡ uL of DMSO-sulfur were added to a suspension of íntact

cells and the amount of oxygen uptake measured. The same amount was

thenaddedtothepreparationbeingtestedandtheoXygenuptake

compared to that of intact cells, which consumed 1"5 mols 0, per mole

S (I. Suzuki, personal communication). The DMSO-sulfur solutions \,r'ere

stored at room temperature.

Preparation of ce1l-free extracts

The cell suspension !/as centrifuged once and resuspended in 0.1 M

potassiurn phosphate buffer at pH 7.5 so as to achieve a ce1l concen-

tration of. 2oo mg (wet weight) pet mL" The thÍck ce11 suspension was

then passed three times through a French pressure cell at 20,000 p.s.i.

The broken ce1l suspension v/as then centrifuged aL 2,000 x g so as to

precipitate the cell debris. The cell-free extract was carefully rerno-
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ved \^/ith a pasteur pípette. A batch of. 23 liters of cells usually pro-

duced about 40 nL of extract. These crude extracts rvere normally

stored at -2OoC until needed.

Fractionation of extracts bv ultracentrifugation

Crude extracts were treated with a few grains of deoxyribonuclease

(111,000 units per mg) before being centrifuged at 120!ooo x g for rrvo

hours aL 40C. The supernatant was collected and t.he resulting pellets

\^/ere resuspended with 0.1 M phosphate buffer (pH 7.5) using a manual

ground-glass homogenizer. The homogenized preparation was again cen-

trifuged at r2o,00o x g lor two hours at 4oc. The resulting superna-

tant lvas collected and pooled with the first. The combined supernatants

were denoted as the ttspinco supernatantrr. The final pellets were

resuspended with a manual ground-glass homogenÍzer in the membrane

storage buffer consisting of 10 mM potassium phosphate buffer + 1 mM

I4gCI, + I07" (v/v) glycerol (39). This preparation was labeled "cel1

envelopestt.

TrVpsin treatment

Partial digestion of intact cells with trypsin prior to breakage

consj-sted of adding L.5 mg trypsin (r6r26ounits per mg) per mg r^/et

weight cells and stirring gently for 15 min at 25oC. The reaction was

stopped by adding trypsin inhibítor.

Ammonium sulfate fractionatíon

Selective protein precipitation using ammonium sulfate was carried out

as described by schleif and ldensink (44). Afrer precipitation, the

fractions rrere resuspended in either 50 mM Tris-Cl, pH 7.5 buffer or

S-buffer (707" w/w sucrose in 50 mM Tris-Cl, pH 7.5 buffer), The suspen-
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ded samples h/ere then dialyzed agaínst their respective buffers in

order to remove the ammonium sulfate. Dialysis was conducted for one

hour against one liter of buffer, and repeated a second time against

fresh buffer or agalnst cs-buffer (0.1 M cacl, in s-buffer) when the

procedure involved the use of calcium.

Ion-exchange chromatography

ron-exchange chromatography experiments were carried out using

either DEAE-sephadex A-50 equilibrated wirh 50 mM Tris-cl, pH 7.5

buffer or DEAE-cel-lurose equilibrated with s- or cs- buffers. The

columns used ranged in size from 4.0 x 1.0 cm to 1O.o x 3.5 cm, depen-

ding on the síze of the applied sample. Elutions \¡/ere always carried

out step\.,iíse by increasing the j-onic strength with Nac1, KC1 , or cacr,
in equilibrating buffer, as indicated.

Gel filtration chromatographv

Gel filtration chromatography experiments were carried out using

Sephadex G-150, unless indicated otherwise. The equilibrating buffers

used were 50 ml'{ Tris-Cl, S-, CS-, or AS-(O"i M AMp in S-buffer)

buffers. The sample volume never exceeded 77. of the total bed volume

in columns measuring 2.5 x 45.0 cm. The experiments were alruays run at

4oC, using a flow rate of 4.2 nL/cn2/h. Fractions were collected every

3.0 mL using a LKB 7000 Ultrorac fraction collector. The column was

kept covered rvith aluminum foil during the experiment in order to

protect any light-sensitive components. The void volume r{as determined

using Blue Dextran 2000.

DiRestion with ß-glucuronidase

Crude extracts and ce1l envelope preparations were digested with
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$:glucuronidase in crystalline form or as a component of snail gut juice

using a modification of the method of Noguchi et al" (34). Samples of

one to ten mL of crude extract or ce1l envelopes were incubated at

3ooc for two hours in the presence of 4i3o units or r5r75 units of

enzyme per mL of extract or ce11 envelopes, respectively.

Fractionation of digested membranes

The $-glucuronldase-digested cel1 envelopes were fractionated by

sucrose density gradient centrifugation using a modification of the

method of Osborn et al. (39). A 38 mL Beckman quick-sea1 ultracentri-
fuge tube was layered wíth six mL portions of 25, 30, 35, 40, 45, and

5o7. (w/w) sucrose in 10 mM Tris-cl, pH 7"5 buffer. The 1.5 to 2.o nL

sample was carefully layered on top of the gradient. After sealing,

the tubes were cooled for 15 minutes at 4oC prj-or to centrifugation.

Centrifugatj-on consisted of spinning the tubes aL r2o,0oO x g for two

hours at 4oC. At the end of the run, the indívidual bands were either

withdrawn from the tube with a pasteur pipette or collected Ín frac-

tions using a Beckman fraction recovery system. The membrane bands

I{ere usually dí1uted with dístilled v/ater and pelleted at 120,OOO x g

for trvo hours and resuspended in the membrane storage buffer.

Fractíonation of undigested membranes

The undigested ce1l envelopes were fractionated also by sucrose

densíty gradient centrifugation, this time using a modification of the

method by Bodo and Lundgren (3). This nodified method r,¡as exactly the

same as that for the digested membranes except for the gradient, whích

consisted of 40,4-5,50, 55, 60, and 65% (w/w) sucrose in 10 rnM Tris-

Cl, pH 7"5 buffer.
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Membrane solubilizati-on

Selective solubilization using mild detergent treatment r,;as car-

ried out based on information given by the work of Helenius and Simons

(r4). The cell envelopes were diluted to a concentration of 25 mg dry

weight per mL. The surfactant of choice, Triton x-100 was added to a

5Z (w/v) concentration, also giving a weight by weight ratio of 2¿I

detergent to cel1 envelope. The resulting suspension was stirred at

4oC for one hour in order to ensure proper detergent-membrane interac-

tion. The preparation r,¡as then centrifuged at 120,000 x g for two

hours at 4oC in order to pellet that portion of cel1 envelope rvhich

had not been solubilized. The supernatant \"/as collected while the

precipitate was resuspended Ín.the membrane storage buffer using a

ground-glass manual homogenizer .

Assay of sulfur oxidation

sulfur oxidation r¡/as assayed in a Gílson Oxygraph. The reaction

vessel consisted of a thermostated glass vessel equipped with a teflon-

coated Clark oxygen electrode, which measured oxygen uptake at a cons-

tant temperature of 25oC. The reaction vessel contained in a total

volume of 1.2 mL:

1 ) assaying cells- sulfur suspension

intact ce11s

assay buffer

sulfur suspension

sample

assay buffer

GSH (0.1 M)

2) assaying enzyme-

0.35 nL

0.1 mL

0"75 mL

0.35 mL

0.3 mL

0.55 mL

0.01 mL
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Assay buffer in.the case of intact cel1s consisted of either dis-

tilled \^/ater adjusted to pH 2.0 with dilute sulfuric acid or 0.1 M

potassium phosphate buffer at pH 2.5 or 7.5. Assay buffer in the case

of extracts or enzyme preparations consisted of either 0.1 M potassium

phosphate buffer or 50 mM Tris-Cl buffer, borh at pH 7.5. ldhen DMSO-

sulfur was used as a substrate, 10 ¡rL of the solution were added, the

rest of the reaction mixture being made up with assay buffer. One unit

of activity was defined as one nmol 0, consumed per minute. one unit

of specifj-c activity was defined as one nmol 0, consumed per minute

per mg protein.

i{hen longer term sulfur oxidation was rneasured, the rates were

measured manometrically using a l,{arburg apparatus as described by

Suzuki and Sílver (49). The reaction míxture contained in a total vo-

lume of 3.2 nL:

0"82 mL

1.0 mL

1.0 mL

0.3 mL

0.02 mL

0.05 mL

Reaction was carried out at 25oC.

0.1 M phosphate buffer, pH 7.5

co1loida1 sulfur

sample

catalase (10 mg/ml)

dipyridyl (20 mM)

GSH (0.1 M)

Assay of thiosulfate and sulfite oxidation

Thiosulfate and sulfite oxidatíon idere assayed by measuring oxy-

gen consumption in a Gilson oxygraph in the same manner as described

for sulfur oxidatíon. fn the case of thiosulfate, the reaction mixture

contaíned in a total volume of 1 " 2 mL:



0.1 mL

1.1 rnl

0.01 url

In the case of sulfite oxidation,

in a total volume of 1.2 nLz

0. 3 rnl

0.9 mL

0.01 mL

1.6 mL

0"2 mL

0.i mL

0"1 mL

The reaction was started r,¿ith

in absorbance at 420 nn due to the
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intact cells

<iistílled water at pH 2.0

sodÍum thiosulfate (63 mM)

the reaction mixture contained

sample

assay buffer

0.1 M sodium sulfite

in 50 mM EDTA

50 mM Tris-Cl, pH 7.5 buffer

5 mM K,Fe(CN)O

sample

NarSO, in 50 mM EDTA

the addition of sulfite. Decrease

reduction of ferricyanide was moni-

ü/hen intact cells were assayed, only 0.1 mL of ce11s was used,

the rest of the reaction volume being made up wíth assay buffer r^¡hich

consisted of 0.1 M potassium phosphate buffer at pH 5.5. In the case

of extracts and enzyme preparations, either 0.1 M phosphate buffer or

50mMTris-.C1buffer, bothat pH 7"5, were used as assay buffers. In all

cases, reactions lvere started with addition of substrate.

Sulfite oxj-dase assay usinR ferricvanide

Assay of sulfite: ferricyanide oxidoreductase activity was carried

out using a modification of the method by Charles and Suzuki (5). The

reaction mixture in a 3 mL, one centimeter cuvette to a total volume

of 2 mL:
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tored against a control cuvette containing all the reaction components

except for substrate.

Sulfite oxidase assay using cvtochrorne c

Assay of sulfite:cytochrome c oxidoreductase activity using oxi-

dized cytochrome c \^/as carried out using a modification of the method

described by Charles and Suzuki (5). The reaction mixture in a 3 mL,

one centimeter cuvette had a total volume of 2 mLz

The reaction was started wÍth the addition of sulfite. Increase in

absorbance at 550 nm due to reduction of cytochrome c i¡ras monitored

against a control cuvette not containing sulfite"

Cvtochrome oxidase assav

The activity of cytochrome oxidase \,/as assayed using a modifica-

tion of the rnethod described by 0h and Suzuki (36). The reaction mix-

ture contaj-ned in a 3 mL, one centimeter cuvette:

O"2 mL

0.1 mL

7.6 mL

0.1 mL

I.7 mL

O.2 mL

0.1 mL

sample

NarSO, (0.1 M) in 50 mM EDTA

50 mM Tris-Cl, pH 7.5 buffer

type Itr h. heart cytochrorne c

or Saccharonyces cerevisiae

cytochrome c

50 mM Tris-Cl, pH 7.5 buffer

sample

0.8 mM red. h. heart cytochrome ¿

The reaction was initiated rvith the addítion of reduced cytochrome

c. Decrease in absorbance at 550 nm due to the oxidation of reduced

cytochrome c was monitored against a control cuvette wj-thout sarnple.
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NADH oxidase assav

Assay of NADH oxidase activíty was carried out using a modifica-

tion of the method of Mackler (33). The reaction mixture in a 3 mL,

one centirneter cuvette had a total volume of 1.5 mL:

0.75 mL 0.1 M Tris-Cl, pH 7 "5 buffer

0.45 or 0.35 mL dístilled \,/arer

0.1 or 0.2 mL sample

0.1 mL NADH, inM

The reaction was started with the addition of substrate. Decrease in

absorbance at 340 nm was monitored agai-nst a blank cuvette containing

all the reaction components except substrate.

Protein determination

Protein concentration was deterrnined by a modified Lowry method

of Schacterle and Pollack (42) "using a phenol reagent. Bovine serum

albumin was used as reference.

KDO assay

Assay of 2-keto-3-deoxyoctonic acid for the detection of lipopo-

lysaccharide was carri-ed out using the method of Osborn (38).

Centrifugations

Lorv speed centrifugation was carrj-ed out using a Sorvall

superspeed: RC=2B autorefr1ger.ated-.,certrifuge aL 4oC. High speed

centrifugation was carried out using a Beckman Model L, type B ultra-

centrifuge using a Ti 60 fixed angle rotor.

Spectrophotometrv

Absorption spectra as well as time-absorbance studies were ca-

rried out using a Beckman DU-B spectrophotometer. For routine absor-
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bance measurements, a Gilford 2400 spectrophotometer rr¡as used.

Tentative molecular weight determinations

Tentative molecular rveights from gel filtration chromatography

experiments were estimated using selectivity product data of Sephadex

G-150 from a Pharmacia Fine chemicals co. producr guide booklet (9).

Non-denaturing polvacrvlamide ge1 electrophoresis

Puríty of the varj-ous preparations \.das monitored using polyacry-

lamide ge1 electrophoresis under non-denaturing conditions. A 7.57"

acrylamide ge1 was prepared following a standard method descrlbed by

Keresen (19). The ge1 size used was 16 by 16 cm. Gels were run on a

BRL vertical ge1 electrophoresis systen for four hours at a constant

voltage of 100 volts.

SDS polvacrylamide gel electrophoresis

Fractionatíon of protein samples under denaturing conditions \,/ere

carried out using a 72% acrylanide gel prepared according to the

Laemmli buffer system (24), The ge1 size was also 16 by 16 cm. Gels

were run on a BRL vertical ge1 electrophoresis system for two hours at

a constant voltage of 200 volts. Subunit molecular weight standards

rvere from a Sigma SDS Molecular weight markers Kit no" MI{-SDS-7OL,

covering molecular weights from 14,000 to 70r000 daltons.
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RESULTS
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RESULTS

Sulfur oxidation bv intact ce1ls

T" thiooxidans intact ce1ls readily oxidized sulfur at either

neutral (7.5) or acidic (2.0) pH. They were also able to oxidize sulfur

dissolved in dimethyl sulfoxide (DMSO-sulfur). Sulfur oxj-dation expe-

riments using DMSO-sulfur showed stoichíometry where 1j mo1 of o.
z

were consumed per mol of sulfur,

The oxidatíon of sulfur was monitored spectrophotometrically in a

Beckman DU-B spectrophotometer. The experiment consisted of placing a

suspension of intact cells in the spectrophotometer, then adding a

sma11amountofco11oida1su1furandtakinga-differenceSpectrum

every few minutes until the cells becarne anaerobic due to respiration.

The onset of sulfur oxidation was marked by the Apearence of a broad

peak in the 360 nm region. As the sulfur oxidation continued, and the

suspensi-on becane anaerobic, flavin and cytochromes were reduced (see

Figure 1 ) . There was also a general decrease in absorption probably

due to decrease in turbidity caused by the settling of the co11oidal

sulfur in the cuvette.

Sulfite inhibition of sulfur oxidation

Sulfite inhibited sul-fur oxidation of intact cel1s at pH 2.0 but

not at pH 7.5. Healthy ce11s werecompletely inhibited at pH 2.0 in rhe

presence of 0.83 rnM (one Umol per assay volume) sulfite, regardless of

whether or not sulfur oxÍdation was already taking place. Addition of
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FIGURE 1. Difference spectra of intact
sulfur in distilled water at

ce1ls oxidizing colloídal
pH 2.0.

The reaction rnixture consisted of I.2 nL
plus 15 ¡tL of colloidal sulfur.

The time required for anaerobiosis to be
be 13 min (by measurement in oxygraph).

of intact ce11s (2ong/nL)

achieved was determined to



29

360
q)
C)
Ë
ffin
L-
O
(rf)

_e
4

0 time

¿----5 min"

650

mm

35û 450 s50
¡

ånWaweåenEtåx



30

Su1fitetoce1lsoxidizingsu1furresu1tedinarapiduptakeofa

small amount of oxygen and some inhibition of subsequent sulfur oxi-

dation. The uptake of oxygen r,¿as not due to the oxidation of sulfíte,

since sulfite is not oxidized at this pH (28). As little as 0.08 mM

(100 nmol per assay) sulfite was able to cause a small oxygen uptake

of about 20 nmols oxygen (2 nmols oxygen per 10 nmols sulfite). Subse-

quent addition of sulfite did not induce any more short bursts of oxy-

gen uptake, but i-ncreasingly inhíbited sulfur oxidation. The presence

of sulfite before the onset of sulfur oxidation did not cause the

rapid oxygen uptake; sulfur oxidation had to be taking place in order

for this to happen. This rapid oxygen uptake r{as a cell-sulfite in=

teraction, not a sulfur-sulfite one. If cells were incubated with

sulfite at pH 2.0 and then transfered to pH 7.5, the sulfur-oxídizing

activity was restored.

Spectrophotometric studies revealed that addition of sulfite to

intact ce1ls at pH 2.0 resulted in the apearence of a broad peak at

360 nm, similar to the one seen at the onset of sulfur oxidation (see

igure 2). In contrast to.sulfur oxidation, however, there rüas no

f urther spectral change lvith time. If sulfur or thiosulfate r^/as added

to the sample, the spectrum remaÍned unchanged.

Thiosulfate oxidation bv intact cel1s

Intact cells were able to oxidize thiosulfate readily at acidic

pH (2.0) but not at neutral pH (7.5). Good stoichiometry \,/as observed

in that 2 nols of molecular oxygen were consumed per mo1 of thiosul-

fate. The oxidation reaction was biphasic, with a rapid initial oxida-

tíon rate to 0.5 mols oxygen per rnol thiosulfate, followed by a slor^rer,



31

FIGURE 2. Difference spectra showing the effect of sulfite on
colloidal sulfur oxidation by intact ce1ls in distilled
water at pH 2.0.

The reaction mixture consísted of r.2 nL of intact ce1ls (20 rlg/nL)
plus 15 ¡-tL of colloida1 sulfur.

The spectrum \.4/as taken immediately upon addition of sulfur.

Sulfite was introduced by adding 1 Umol of sodium sulfite.
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semi-lj-near rate to completion (see Figure 3). The uptake of one oxy-

gen atom corresponds to the oxldation of a sulfite ion. Sulfite was

able to inhibit only the second phase of thiosulfate oxidation, not

the first" Even if sulfite was present in the reactíon mixture before

thiosulfite, the first stage proceeded to completion. The spectrum of

sulfite-inhibited, thiosulfate-oxidj-zj.ng cells was identical to that

of sulfur-oxidizing ce11s inhibited by sulfite. This strongly suggests

that sulfite is inhibiting the sulfur-oxidation part of thiosulfate

oxidation. In other words, thiosulfate oxidation probably occurs in

the following manner:

")_
s.0;

¿J

rhodanese
--+

sulfite
-+oxidation

sulfur

oxidatÍon

sulfite
-+oxidation

so + so!-

')_
SO;

')_
SO;

)_
SO;

phase 1

+

phase 2
+

inhibited by
sulfite

So+Or+H2O

a
s0ã +àoz

Spectrophotometric studies showed that during the thiosulfate

oxidation there was no appearence of the 360 nm absorption peak, aI-

though a small extent of reduction was observed for flavins and cyto-

chromes.

rntact cells did not oxidize thiosulfate at neutral (7.5) pH. This

requirement of acidity for oxidation rvas on the part of the cells, not

on the substrate. A thiosulfate solution was acidified by diluting

rvith mild acid. L/ith time, the formation of turbidity due to acid-
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FIGURE 3. Biphasic oxidation of thiosulfate and the inhibition of
the second stage by sulfite.

The reaction mixture consisted of 0.1 mL of ce11s (2)ng/nL) plus 1.1
mL of distilled water at pH 2.0.

Addition of 12.5 nmols of thj-osulfate resulted in the consumption of
25 nmols of oxygen (2 mols oxygen per rnol thiosulfate).

Addition of 1 u mol of sulfite ínhibits only the second stage of
thiosulfate oxídatÍon, with only 0.5 nrnols oxygen being consumed
(0.5 nmols oxygen per mol thiosulfate).
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nediated thiosulfate breakdown could be observed. If thÍs acidified

solution of thiosulfate was added to cel1s at neutral pH, both before

and after thiosulfate breakdown could occur , no oxygen uptake could

be observed"

Effect of freeze-thawing on intact cells

Freezing of intact cel1s destroyed ability to oxidíze sulfur at

acid or neutral pH. Addition of GSH did not restore the activity.

Spectra of freeze-thawed cells at pH 2.0 showed that on contact with

sulfur, a peak at 360 nm did appear, as with healthy cells. However,

no other spectral features appeared since no anaerobiosis ensued. If

the cel1s r"¡ere frozen at pH 7.5, some lysis occurred. These partíally

lysed cells also showed no sulfur-oxidizing activity even in the pre-

sence of GSH. The 360 nm peak did appear upon contact with sulfur but

no other features r{ere present, as rqith ce1ls frozen at pH 2.0. Tf the

freeze-thawed cel1s (at acid or-neutral pH) were broken in a French

pressure cel1, the resulting extracts showed no sulfur-oxidizing acti-

vity with or without GSH" The 360 nm peak did nor appear when the

extracts came in contact with sulfur.

Properties of Cel1-Free Extracts

Tntact cel1s broken by passage through French pressure ce11 gave

extracts that l,¡ere active in sulfur oxidation. The extracts were able

to oxidize sulfur without GSH. However, this GSH-independent activity

was very sma11 (on1y I2Z of. the activity seen in the presence of GSH)

and unstable, decreasing by 5o7. after only ten minutes under assay

conditions. It was also very susceptible to storage, decreasing by 3/4

after only one freeze-Lhaw. Addition of catalytic amounts of GSH grea-
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t1y increased the sulfur-oxidizing activity. This GSH-stimulated

activity in the crude extracts was about 2O% of sulfur-oxidizing

activity seen in the j-ntact cel1s before breakage.

The extracts also showed a good sulfite-oxidizing activity; about

70% of sulfite-oxidizing activity seen in the intact ce11s before

breakage r\¡as recovered in the crude extracts" Interestinglyo the

extracts had no ability luhatsoever to oxidize thiosulfate. Even when

the assay was done under acidic conditions, thiosulfate \^/as not oxidi-

zed "

Visible spectrum of cell-free extracts h/ere similar to those of

intact cells; cytochromes b and c, as well as flavin could be seen

(see Figure 4). Spectral changes due to sulfur oxÍdatíon could not be

monitored due to the high turbidity caused by adding colloidal sulfur

to the much less turbid extracts.

Clark Oxvgen Electrode as method of assay

In the past, rnost published studies on sulfur oxidation have been

carried out using manometric measurements with a In/arburg apparatus. In

these studies, the Clark oxygen electrode in an Oxygraph has been used

almost exclusively, to measure the oxygen uptake. The ce1l-free ex-

tracts behaved identically in both" To illustrate this, the sulfur-

oxidizÍng activÍty of extracts v¡ere compared by runnJ-ng duplicate expe-

riments, using both methods. Assay reaction mixtures were standardized

so that conditions in both would be identical. The two activities were

different by only 3%, even though the typical Oxygraph assay lasted

less than ten minutes while the ldarburg experirnent lasted about two

hours.
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FIGURE 4. Dífference spectrurn of ce1l-free extract in 0.1 M

potassium phosphate buffer (pH 7.5).

The sample was reduced with a few grains of sodium dithionite
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Effect of buffers

Extracts were normally prepared by breaking the cel1s in buffer

at a pH of.7.5, be that Trís-Cl or potassíum phosphate. fn order to

see which buf f er was better, two batches of extract \.,rere prepared: one

in 0.1 M Tris-Cl and one in 0.1 M potassium phosphate, both at pH 7.5.

Both initially gave good sulfur-oxídlzing activity, the one prepared

in Tris buffer being slightly more active. In order to compare theÍr

stability, they were both tested for GSH-stimulated sulfur-oxidizing

activity in their respective buffers in a ldarburg apparatus. The

results are illustrated in Figure 5. The extract prepared in phosphate

buffer proved to be more stable than the one prepared in Tris buffer.

The extract prepared in Tris buffer began to 1eve1 off after about 30

minutes while the one in phosphate buffer remained almost linear for

two hours. The phosphate buffer was selected for all subsequent expe-

riments.

Ultracentrifugation of crude extracts

The brown-colored cell-free extract could be fractionated into a

soluble (cytoplasmic) and a particulate (membrane) component by ultra-

centrifugation. Centrifugatíon aL I2O,000 x g for two hours gave a

clear yellow Spinco supernatant, leaving behind a dark brown cell en-

velope pe11et. The major part of sulfur-oxidízing activity was locali-

zedintheSpincoSupernatant'whi1ea11ofthesu1fite-oxidizing

actÍvity was localized in the cell envelope (see Table 1). Apparently,

the total sulfur=oxidizing activity, whether it be GSH dependent or

or independent, increased on fractionation; the activitíes of the

Spinco supernatant and the ce1l envelopes added together exceed the
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FIGURE 5. Oxidation of colloidal sulfur by crude extracts prepared
in 0.1 M potassium phosphate buffer (pH 7.5) or 0.1 M

Tris-Cl buffer (pH 7"5).

Ox¡rgen uptake was. measured manometrically in a ldarburg apparatus as
described in Materials and Methods.

The reaction mixtures contained 29 mg of protein in the form of crude
extract.
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TABLE 1" Fractionation of crude extract by ultracentrifugatÍon

Sarnple Total Total Total sulfur Total Activity
volume protein oxidizing sulfite Distribution

activity oxidizing
actívity

(mL) (re) (nmol 0r. (nmol 0r. (7")
per man/ per m]-n)

Ilo
GSH GSH Sulfur Sulfite

cFE 72.5 264 " 4,250 400 " 10, 700 100 1oo "

Spinco
supernatant f0 "7 96. 3,470 24O" 360" BZ. 3"

Ce11
envelope i .B 151 " 1 ,060 200 " 7 ,78O 25 " 73

Activity was determined under the standard conditions described in the
Materials and Methods. Glutathione i{as present at 1 umol per 1 .2 nL
reaction rnixture. Potassium phosphate was used as the assay buffer.
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activity found ín the crude extract" The sulfur-oxidizing activity of

the cell envelopes appeared to be stimulated by GSH to a lesser extent

than that of the Spinco supernatant. In the Spinco supernatant, GSH

increased activity by 74 times compared to only five tirnes in the ce11

envelopes.

Most of the protein found in the cell-free extract ruas precipita-

ted r,¡ith the cell envelopes" This ultracentrifugation step appeared to

be very satisfactory for separating the sulfur from sulfite oxidizing

activities. If the cel1 envelopes were homogenized and centrifuged for

a second time, the resulting supernatant was also active for sulfur,

but not sulfite, oxídation. If the two supernatants were pooled, the

recovery of sulfur-oxidizing actívities was greatly improved, as sho\,/n

on Table 3.

Ammonium sulfate fractionation

The Spinco supernatant, which contained the major part of sulfur-

oxidizing activity was fractionated using ammonium sulfate. A prelimi-

nary experiment showed that most of the protein precipitated at an

ammonium sulfate concentration of 50% saturation, leaving most of the

sulfur-oxidizing activity in the supernatant. The activity could be

precipitated by increasing the ammonium sulfate concentraLion Lo 75%

saturation. In order to deduce the optimum fractionation procedure, a

fractionation profile of the Spínco supernatant rvas carried out. A

serial ammonium sulfate precipitation from 252 Lo B5Z saturation, in-

creasing in steps of IO7., l^/as done. Each precipitate was resuspended

in 50 mM Tris-Cl to the original volume and assayed for sulfur-oxidi-

zing acLivity using the same buffer. Visible spectra of each fraction
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Í/as also taken" The results are sunmarízed in Table 2. Most of the ac-

tivity was found in fractions precipÍtated between 457. and 752 ammonium

sulfate saturation. It is interesting to note that the flavin content

of the Spínco supernatant was precipitated early in the fractionation.

At the same time, cytochrome c r{as present in varying amounts

throughout the fractionation profile.

By doing a serial fractionation of 252,5O7.,757", and 1002 ammo-

niurn sulfate saturation, it was possible to derive four distinct frac-

tions z a 257. fraction with little actívity or color; a 507" fraction

containing the flavin and some sulfur-oxidizing activity; a 75% frac-

tion containing most of the sulfur-oxídizing actl-vity and some cyto-

chrome c; and a I00Z fraction \4rith little actívity, containing cyto-

chrome c. The difference spectra of these four fractions can be seen

on Figure 6. Isolation profile of the two fractions with actÍvity is

shown on Täble 3. Similar profiles r,¡ere obtained j-n six separate runs.

Effect of trypsin treatment

In the past, ce11-free extracts of T" thiooxidans have been pre-

pared by treating intact ce11s with trypsin prior to breakage by

sonication (2). The effect of a trypsin treatment prior to breakage by

French pressure ce1l was examined. A suspension of intact cel1s was

partía1ly digested with trypsin for 15 minutes prior to cel1 breakage

by the usual procedure. Sulfur-, sulfite-, and thiosulfate-oxÍdizing

activities lvere monitored for the cells, cel1s after trypsin treatment,

and the resulting crude extract" The results are sunmarized in Table 4.

Upon trypsin treatment, the cells immediately lost 7L7. of sulfur , 432

of sulfite, and 687" of thiosulfaLe-oxidizing activities. The treated
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TABLE 2. Arnmonium sulfate fractionation profile of the pinco
supernatant.

Sample Total Activity up."""rr." tpru""rr..
activity distribution of flavin of cyt. c
(nmo1 0, per min) (7.)

CFE

Spinco
supernatant

257"
precipitate

precipitate

457"
precipitate

ss%
precipitate

6sz
precipitate

75%
precipitate

857"
precipitate

3,670

r,9go

100.

54.

aJ.

aJ.

aJ.

6"

1L

o

2.

+

115 "

r77 "

103

205.

521 "

319.

60"

+

+

uPr"".n." of flavin or cytochrome c determined by taking the differen-
ce spectrum of each preparation.
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FIGURE 6 " Difference spectra of the ammonium sulfate fractÍons in
50 nM Tris-Cl buffer (pH 7.5)"

The samples were reduced with a felv grains of sodium dithionite.
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TABLE 3" Isolation profile of the sulfur-oxidizing enzyme

Sample Total Total
volume activity
(mL) (nmo1 0,

per miñ)

Total
protein
('e )

Specific
activity
(nmo1 0,
per m]-n
per mg

protein )

Activity Purif.
distribution fold

(7.)

CFE

Spinco
supernatant

507.
fraction

fraction

38, 100

44,20O

8, 570

75,200

77.O

99.0

o"J

1É

2,52O

874

2\1

15. 1

s0. 6

72.

100.

116 .

ta
LJ.

40.

1.0

J.4

4.8
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cells themselves became less turbid and took on the apearence of

having undergone 1ysis. The extracts derived from these treated ce11s

were bright ye11ow, as opposed to light brown for normal extracts.

These extracts retained almost 40Z" of the initial untreated intact

cel1 sulfur-oxidizing activity, almost double that of extracts derived

from untreated cel1s. Similarly, almost all of the sulfite-oxidizing

activity r{as recovered in the extracts, as compared to about 707" in

extracts prepared in the usual manner. Most strikingly, when assayed

at acidic pH, some thiosulfate-oxÍdizing activity was recovered (about

one quarter that of intact ce11s). Usua11y, no thiosulfate-oxidizing

activity \,/as seen in crude extracts.

The resulting extracts \^/ere used for a crude isolation of the

sulfur-oxidizing enzyme, including single step ultracentrifugation and

ammonium sulfate fractionation. The results are summarized in Table 5.

Upon centrifugation, more than 907" of the activity was distributed to

the Spinco supernatant. This value r{as only slightly above the B0%

mark for the extracts deríved from untreated cells that underwent a

single step ultracentrifugation. Upon ammonium sulfate fractíonation,

however, most of the sulfur-oxidizing activity was localized in the

50%, flavin containing fraction. About one third of the original crude

extract activity was localized in this fraction, while onJ.y 727" of the

crude extract activity was found in the 75% fraction. The amount: of

activity contained in the trypsin-treated 507" lract on then, was

similar and not higher than that of the 757" fraction of the usual

extracts.
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TABLE 4. Effect of rrypsin treatment pri-or to cel1 breakage.

Sample tsrrlf,rr- aThiosulfate- asurfite- Activity distribution
oxidizing oxidizing oxidizing (7.)
activity activity activity

Sulfur Thio. Sulfite

Intact
cel1s

Trypsin-
treated
ce11s

Ce11-
free
extract

146. 732 184" 100. 100. 100"

L) /,t 104. 29 " 32" 57 "

54" 32" 180" 37, 24" 98

aActivity expressed as nmol o, consumed per minute per mL of sample.
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TABLB 5" fsolation of sulfur-oxidizing enzyme from trypsin-treated
CFE.

Sample Total su]fur-
oxidizing activity
(nmo1 0, per min)

Activity distributíon

(7")

Trypsin-
treated
CFE

Spinco
supernatant

s0%
fraction

/ )/"
f racti-on

5 ,040

4,660

1 ,510

600

100

92

30

72
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Effect of Dithioervrhritol on enzyme isolation

There is a strong likelihood that the sulfur-oxidizing enzyme may

involve sulfhydryl groups which during the isolation and purification

procedure may be oxidized to form disulfides. An experirnent was carried

out in order to see Íf the sulfur-oxidlzíng enzyme could be stabilized

by being kept in the reduced state with a thiol-protecting cornpound

throughout the ísolation procedure. Two batches of cell-free extracts

were prepared: one was used as control, while to the other one v/as

added 1 mg dithioerythritol (DTE) per mL of exrracr (6). They were

then both ultracentrifuged once to obtain Spinco supernatants for

ammonium sulfate fractj-onation. The various preparations were assayed

for sulfur-oxídizing activity and protein content. From the results

summarized in Table 6, there does not appear to be any improvement on

the recovery of activity, nor on the degree of purification, upon

isolatÍon of the enzyme. Enzyme purification actually appears to be

better in the control samples. The DTE-containing 75% fraction had a

vivid pink color, much more so than its non-DTE containing counterpart,

indicating the higher degree of reducing conditions in the preparation.

Ion exchange chromatographv

ron exchange chromatography was carried out for both the 50% and

the 75% fractions. Prior to the experiment, both fractions were dia-

ryzed for trvo hours against 50 nM Tris-C1 buffer i-n order to remove

the residual ammonium sulfate and provide the proper counter-ion for

an anionic exchange column. In both fractions, the enzyme was found to

stick i"el1 to DEAE-Sephadex beads equilibrated \,/ith 50 mM Tris-Cl, pH

7.5 buffer. In the case of the 752 fraction, a brownish band remained
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TABLE 6" rsolation profile of enzyme from crude extract with and
without dithioerythritol (DTE) 

"

Sample Total
sulfur-
oxídizing
actívity

(nmol 0,
. ¿\per mln.)

Total
protein

Specific Activity
activity distribution

Purific
fold

('e) (7")

(nmo1 0,
per mfn
per mg
protein )

\^/ith DTE

extract

Spinco
supernatant

507.
fraction

/ )/"
fraction

wíthoùt, DTE

Crude
extract

Spinco
supernatant

s07
fractíon

-ÊqI J/o

fraction

5,310

3,930

1,130

7,42O

5, 100

4,010

1 ,010

1 ,390

656.

223 "

53"

)a

52s "

IBl "

52.

19.

8"1

17.6

2I.3

48. B

Q]

2r "4

19 "4

-71 2

100 
"

74.

2r"

1/ ^

100 "

79.

)n

27_

1.0

2.6

6.0

1.0

)1

)^

7.6
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stuck to the top of the bed r,¡hile a pink-yellow band eluted with the

wash. This ivash contained a c-type cytochrorne. Stepwise elution ivith

increasing ionic strength revealed that some activity started to elute

at 0.2 M NaCl, wíth most of the activity corning down as late as 0.35 M.

As a result, following purification procedures involved thoroughly

washing with the equilibrating buffer before pushing activity out with

0.35 M NaCl in the equilíbrating buffer.

In the case of the 502 fraction, no visible protein eluted with

the buffer wash; only a brownish-yellow band stuck tightly to the top

of the bed" Stepwise elution with increasing ionic strength gave simi-

lar results as with the 757. fraction, therefore the activity rvas also

eluted with 0.35 M NaCl after a thorough wash with equilibrating

buffer.

The results from the ion-exchange chromatography experiments of

the two fractions are outlined on Table 7. Slightly less than one

thÍrd of the activity was lost in this purification step. However, the

purifícation achieved was very slight. The enzyme did not behave as a

single entity during chromatography; instead of eluting in a narrow

range, it was dissociated from the ion-exchange medium over a wide

ionic strength. In the case of the 50% fraction, loss of activity

coupled to low removal of unwanted protein actually decreased the

degree of purification. The active eluates themselves were very díffe-

rent from each other. The eluate derived from the l5% fracLíon contai-

ned c-type cytochrome, while the one derived from the 50% fractíon

contained flavin but no cytochrome. These are likely to be impurities,

given the fact that they are mutually exclusive in the two prepara-
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TABLE 7 " Purification profile of enzyme on the ion-exchange chroma-
tography of arnmonium sulfate fractions.

Sample Total Total Specific Activiry purífic.
activity protein activity distribution fold

(nmol 0,
per m].n

(nmo1 0, per mg
per mifi) (rne) prorein) (7")

a) 75% fraction

-EqI J/o

fraction I,760 46. 38"2 100" 1.0

DEAE
prep. I,2IO 28" 43.4 69" 1.1

b) 507" fraction

)u/"
f raction I .32A 67 " \9 .6 100 "

DEAE
prep. 9s4 " 56. 17 "0 72.

1.0

0.9
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tions" The spectra of these are illustrated in

r,vere quite reproducíble.

igure 7. The results

Ge1 filtration chrornatography

i'urther purification of the active preparations was attempted on

the basis of molecular weight separation using gel filtration chroma-

tography. The enzyme behaved as having a very large molecular weight.

ldhen the ion-exchange preparations ruere passùd through a Sephadex G-100

column, activity started elutÍng within the void volume and was spread

out over more than a quarter of the bed volume. Following experiments

were carried out usíng Sephadex G-150 beads. I,^Jith these columns, acti-

vity no longer eluted in the void volume. However, activity did not

elute as a single protein peak; rather, it spread out over almost the

entire bed. After several trials, using columns ranging in size from

35 to 200 mL bed volume, it became clear that separatj-on on the basis

of molecular weight would not be possible.

Membrane fractionation by sucrose density gradient

An attempt rvas made to separate the inner and outer membranes by

using an isopycnic sucrose density gradient centrifugation step. For

this procedure, the crude cell envelopes (one mL of cell envelope rvas

derived from approxirnatly two rnl of CFE) derived from the ultracentri-

fugation of crude extracts were used. Because these envelopes were

ultirnately derived fron intact cel1s broken by French pressure ce11, a

gentle form of breakage, there was a good possibility that inner and

outer membrane fragments ivere sti11 bound together by peptidoglycan.

As a result, the peptidoglycan had to be digested away in order to

ensure proper separation of the membranes.
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FIGURE 7. Difference spectra of DEAE preparations frorn the ammonium
sulfate fractions that contained sulfur-oxidizing activity
in 50 mM Tris-Cl buffer (pH 7"5).

The sarnples !/ere reduced with a few grains of sodium dithionite.
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In the past, T" thiooxidans ce11s have been reported to be insen-

sitj-ve to digestion by lysozyrne (34) " The enzyrne g-glucuronidase from

snail gut juice has been used on intact cells, giving spheroplasts

ryhich are acid stable and retain sulfur-oxidizing activity (34).

Samples of crude extracts and ce11 envelopes were tested for any

effects ß-glucuronidase may have on them before using this step in the

fractionation procedure. Duplicate samples of crude extract and cell

envelopes were j-ncubated for two hours at 3OoC: one of each of the

samples in the presence of $-glucuronidase. After incubation, each of

the test and control samples were tested for sulfur and sulfite-oxidi-

zing acLivities (see Table B). Comparing the results, it was found

that there was only a very sllght difference between the test and con-

trol samples. Digestion with $-glucuronidase then, had only a rninimal

effect on enzyne activity and could be used ín the fractionati-on pro-

cedure without any problem.

A density gradient centrifugation experiment rvas set up using

both digested and undigested cell envelopes. For the digested sample,

a density gradient of.25, 30, 35, 40,45, and 5O% (w/w) sucrose con-

tent was used. It was beleived that the undigested sample would not

separate into two membrane bands lvith different densíties, but migrate

through the gradient as one large homogeneous band consisting of cel1

envelope vesicles as seen on studies with T. ferrooxidans ce1l envelo-

pes (3). As a result, a denser linear density gradient of 40r 45,50,

55r 60, and 65% (w/w) sucrose content was used for the undigested ce11

envelopes. The envelopes !/ere carefully layered on top of the gradients

aad centrifuged for two hours at I2O,000 x g. AL the end of the run,
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TABLE B" Effect of ß-glucuronidase treatment
oxidizing activities.

on sulfur and sulfite

Sample Sulfur-oxidizing
activity
(nmo1 0, per min)

Sulfite-oxidízíng
activity
(nmo1 0, per mín)

Undigested
crude extract
aDigested

crude extract

Z difference

Undigested
crude membrane

bDigested

crude membrane

% difference

229

195

15

35

4I

15

920

BBO

4

cinstantaneous

cinstantaneous

aDigestion of crude extract involved the addition of 50 UL of snail
gut juice (S-glucuronidase crude solution,94,600 units/ml, Sigma Che-
mical Co.) to one mL of crude extract and incubatíon at 2BuC for 2 h.
(Cf'g = 200 mg \{et wt. ce11s / nL)

bDigestlon of crude membrane
curonidase (607000 units/g,
crude mernbrane (0"16 s wet
and. incubation ât gOoõ tot

involved the addition of 0"25 g of S-glu-
Sigma Chemical Co.) to a 10 mL sample of

weight membrane/ mL , 28 ng protein/ mL)
2h.

clnstantaneous acti-vity: oxygen uptake was too fast to be accurately
recorded by the apparatus being used.
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two distinct bands could be seen on the tubes containing the digested

ce1l envelopes. A heavy band could be seen at the 45-507" interface,

rvhile a lighter band could be seen just below the 40-457" interface.

The tubes containing the undigested cell envelopes appeared to have a

síng1e band" 0n close examination, hor,¿ever, there turned out to be

real1y two bands with a turbid zone in between. The heavy band r'¡as

just below the 45-507" interface while the 1íght band was just below

the 40-45% inLerface (see Figure B).

Each sucrose density gradient tube contained 38 mL of gradient.

One tube each from the digested and undigested envelope gradients were

put through a Beckman Fraction Recovery System, fractionating the gra-

dient into one mL fractions. Each fraction lvas then assayed for

protein content and sulfite-oxidizi-ng activity. As a result, it was then

possible to come up with a gradient profile for both digested and

undigested ce11 envelopes (see Figures 9 and 10). There rdas a remar-

kable similarity between the digested and undigested cell envelope

gradients. In both cases, two rnajor protein peaks appeared, correspon-

ding to the heavy and light bands seen on the gradient. The sulfite-

oxidizing activity also peaked at each of the two protein peaks. Near

the top of the gradients, some protein and sulfite-oxidizing activity

r{as seen. This corresponded to some low density material which did not

enter the gradient and appeared as a small yellowish band at the top

of the tube. No sulfur-oxidizing activity could be detected in any of

the fractions being tested.

Using the information from these prelimÍnary experinents, it rvas

possible to obtain the heavy and light bands in greater quantities



63

FIGURE B" Location of membrane bands on sucrose density gradient
tubes after fractionatlon.

The digested sample consisted of cel1 envelope preparation digested
with $-glucuronidase as described in the Materials and Methods.

The undigested sample consisted of cell envelope preparation as a
control.
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FIGURE 9. Sucrose density gradient profile of untreated cel1
envelope sample.

The sucrose density gradient ultracentrifugation tube was fractionated
ínto 1 mL fractions as described in the Materials and Methods.

The individual fractions were assayed for sulfite-oxidizing activity
and protein content.
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FIGURE 10. Sucrose density gradient profile of ß-glucuronidase-
treated cel1 envelope sample.

The sucrose density gradient centrifugation tube was fractionated into
1 mL fractions as described in the Materials and Methods.

The individual fractions r^/ere assayed for sulfite-oxidizing activity
and proteín content.
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while at the same time simplifying the procedure. Duplicate gradients

for digested and undigested cell envelopes were set up" This time the

gradients were made up of 40,45, and 501. (w/w) sucrose. As before,

the envelopes were carefully layered on top of ¡he gradients and then

centrifuged at 120,000 x g for two hours, however, the envelopes had

not migrated past the the 40% sucrose regi-on. The tubes had to be

centrifuged a further two hours, at which time the two distinct bands

on all samples could be seen. The heavy and light bands for the res-

pective samples were collected using a pasteur pipette. The collected

samples were then diluted with distilled r,/ater in order to decrease

sample density, and pelleted aL r2or000 x g for 16 hours. The resul-

ting pellets were resuspended with membrane storage buffer and used

for further study. fn both digested and undigested samples, there was

very 1itt1e heavy band pe11et compared to light band pellet.

A number of assays were carried out on the different bands in

order to determine whether the fractionation experiment had been suc-

cessful in separating the inner and outer membranes. The bands were

assayed for protei-n content as well as sulfur-, and sulfite-oxidizing

actívities. rn order to identify the inner membrane, a NADH oxidase

assay was used, whereas to identify the outer membrane, a KDO assay

was used. A summary of the findings are illustrated in Table 9. In
both digested and non-dígested samples, over 9o7" of the protein was

distributed to the light band. rt was also i-n the light band where

more than 90% of the sulfite-oxidizing activity was found. No sulfur-

oxidízing activity could be found either in the heavy or light band of

either sample. The NADH oxidase activity indicated that the light bands
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TABLE 9 " Trial purification of sulfite oxidizing system by mernbrane
fractionation.

Sample Total Total
activity protein

(nmo1 0,
per miñ) (rg)

Specific Activity
activity distrÍbution
(nmo1 0,
per man
per mg
protein) (7")

Purification
fold

Crude
extract

Spinco
supernatant

Ce11
envelope

Digested
membrane

Light
band

35,300

4BB 
"

24,000

30, 700

10,400

JJ-t .

727 "

IO2 "

103.

92"

707 "

4.

235 "

298.

113 .

100 "

1"

68"

87"

30.

1.0

)')

1a

1.1
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from both the digested and undigested cel1 envelopes at least contai-

ned the inner membrane. The heavy band could not be positively iden-

tified as the outer membrane because the KDO assay was unsuccessful in

all the trials.

In order to determine if there rea11y had been any separation of

the inner and outer mernbranes in the density gradient centrifugation,

all four membrane samples were run under denaturíng conditions on SDS-

polyacrylamide ge1 electrophoresis. 0n examination of the polypeptide

band patterns (see Figure 11), there was very little difference

between the light and heavy bands of both the digested and undigested

sarnples. In both cases, a few polypeptides were missing from the heavy

band; but there were no unique polypeptides in the heavy membrane band

which could distinguish them as representíng the outer membrane.

Based on the findings from the membrane fractionation experiments,

a partial purification of the sulfite-oxidizing system rdas attempted.

An eíght mL sample of cell envelopes digested with ß-glucuronidase was

fractionated by sucrose density gradient centrifugation. The light

bands frorn the various tubes were collected, pelleted, and resuspen-

ded in membrane storage buffer before protein and activity assays were

carried out. The overall results for this purification procedure are

outlined in Table 10. Although almost one third of total original

sulflte-oxidizing activity does end up in the light membrane fraction,

purification is not improved by this mernbrane fractionation procedure.

Membrane fractionation by mild-detergent solubilization

The use of surfactants for the selective solubilization of lipid

bilayers and cell membranes has been widespread recently (I4). Thus,
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FIGURE 11.

Lane 1

2
3
4
5

SDS-polyacrylamide ge1 electrophoresis of sucrose
density gradient fractions.

Heavy band from untreated sample (I2.6 ¡rg protein)
Light band fro¡n untreated sample (11.6 ¡rg protein)
Crude membrane/cell envelope (16.8 irg protein)
Heavy band frorn digested sample (I2.6 pg protein)
Light band from digested sample (14.8 pg prorein)
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TABLE 10. Character izaLíon
density gradient

of light and heavy bands from sucrose
centrifugation.

Ce11 envelope
digested with
ß-glucuronidase

Undigested
ce11 envelopes

Light
band

Heavy
band

Light
band

Heavy
band

Location
in gradient

a
Density (e/cn'¡

Total protein (mg)

Sulfite oxídation
total activity

Sulfite oxidation
specific activity

NADH oxidase
specific activity

KDO content

Protein distribution
(7")

Sulfíte oxidation
activity distríbution
(7.)

40-457.

r "27
-7A /,I A.+

8, 680

r70.7

2.73

93

4s-50%

r.24

6.3

285,

45 "2

0

40-4s%

1, "2r

61.6

6,440

104. s

a -7')
L¡ I J

9r"

45-507.

r.24

6.3

177

28"7

0

o

973,97

Sulfite oxj-dation specific activity expressed as nrnol 0, consumed per
minute per mg protein"

NADH oxidase specific
minute per mg protein.

activily expressed as nmol NADH oxidized per
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it has become possible to selectively solubilize the inner membrane of

Gram-negative bacteria (14, 27) with the use of non-ionic detergents.

The approach used here v¡as to selectively sofubilize the inner mem-

brane of T" thiooxidans using Triton X-100 (14)" A weighr by weighr

ratio of 1-3 detergent to 1 of lipid is usually required for solubí-

lizatj-on. rn this case, a 2:7 (r/r) detergent to crude membrane (dry

weight) in a 5% weight per volume detergent content vnas used.

The dry weight content of a crude menbrane preparation was deter-

mined by drying 2 mL of a cell envelope preparation in a porcelaj,n

crucible.Once the dry weight content was established, the sample was

diluted Lo 25 ng/nL and detergent added to a concentration of 50 rng/ml.

The mixture r4/as stirred for one hour at 4oC to ensure interaction

between detergent and mernbrane. This treated membrane sample was then

fractionated by ultracentrifugation.for trvo hours aL I2O,000 x g so as

to separate the solubilized from the sti11 particulate matter. A clear

ye11ow-green supernatant was obtained and decanted. The light brown

pe11et was resuspended in the membrane storage buffer. The different

preparations l¡/ere compared by assaying for protein content and sulfite-

oxidizing activity (see Table 11).

Upon treatment with Triton X-100, all sulflte-oxidizing activity

rvas lost:; A litt1e more than 8.57" of the original, pre-treatment acti-

vity could be recovered Íf the assay mj-xture was supplemented with

cytochrome c (oxidized, h. heart) to a concentration of 0.83 uM. tr{hen

this treated membrane was fractionated, almost one half of the acti-

vity was recovered in the soluble fraction; no actívity was found in

the particulate fraction"
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TABLE 11" CharacterizaLíon of soluble and particulate fractions
from surfactant-mediated membrane fractionation"

Sample Total tTotul Proteín Actívity
protein sulfite- distribution distribution
content oxidizing

activity
(nmo1 0,

(re) per mifi) (%) (Z)

Triton-
treated
membrane

Supernatant
fraction

Precipitate
fraction

704" 968,

238, 425

507, 0 "

100 "

JZ..

68,

100.

44.

0"

tsrlfit" oxidation required the addition of horse heart cytochrome c
to a concentration of 0.83 UM.
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Since the overall oxidation of sulfite lnvolves the two erÌzymes

sulfite oxidase and cytochrome oxidase, loss of oxygen uptake activi-

ty does not necessarily mean that both enzymes are absent. The various

fractions were tested for these activities. Sulfite oxidase was

assayed using either ferricyanide or oxidized cytochrome c as elec-

tron acceptor. Cytochrorne oxidase r^/as assayed using reduced mammalian

cytochrome c. The results are summarized in Table 12" Activity for

sulfite oxidase could be easily detected using the ferri-cyanide assay.

I'lo activity could be detected, however, íf cytochrome c was used.as

the electron acceptor; neither mammalian nor Saccharonyces cerevisiae

cytochrome c r,/as reduced with sulfite. Addition of AMP did not stimu-

late the activity, either with ferricyanide or cytochrome c as elec-

tron acceptor. No activity whatsoever could be detected for cytochrome

oxidase in any of the fractions, not even in crude extract.

Activíty values for sulfite oxidase were obtained from cruder

preparations so as to conpare with the detergent-treated ones. The

results are sunmarized in Table 13. Activity increased dramatically

(about five fold) upon treatment with Triton x-100, most of the acti-

vity being solubilízed. The soluble fraction was by far the purest

preparation.

In order to determíne the extent to i.¡hich ce1l envelopes of,T.

thiooxidans had been fractionated using this mild detergent treatment,

the three samples (treated membrane, soluble and particulate frac-

tions) were run under denaturing conditions on SDS-polyacrylamide ge1

electrophoresis. 0n examination of the polypeptide band patterns (see

Figure 12), it appeared that some fractionation had taicen place. The
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TABLE 12. Fractionation of enzyme activities involved in sulfite
oxidation.

Treated Soluble Particulate
membrane fraction fraction

Total activity of
sulfite oxidase
with:

a) ferricyaníde 50.3 35.7 4.6

b) mammalian
cytochrome c 0.0

c) S. cerevisiae
cytochrone c 0"0

0.0

0.0

0.0

0.0

0.0
Total activity of
cytochrome oxidase

Specific activity
of sulfite oxidase
(using ferricyanide)

Activity distributíon
of sulfite oxidase
(using ferricyaníde)

0.0 0.0

0.07 0.15 0.01

100. 7r.

Activities are expressed as absorbance change per minute under the
conditions described in the Materials and Methods.
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TABLE i3. Partial purification of sulfite oxidase.

Sample Total Total Total Specific Acrivity Purif"
volume activity protein activity distribution fold

(nmo1 0,
per man
per mg

(mL) (re ) prorein) (7")

Crude
extract 33. 2O"5 999 " 0"O2I 100. 1.0

Spinco
supernatant 46 2.4 384 " 0.006 12 " 0"3

Ce11
envelope 16, 10"4 685, 0"015 51" 0.7

Treated
membrane BB. 50.3 704. 0.071 245 " 3.5

Soluble
fraction 84" 35.7 238" 0.150 I74. 7.3

Particulate
fraction 10" 4.6 507. 0.009 23. 0.4

Activity expressed as decrease in absorbance units (A) per minute at
42O nn using the ferricyanide assay.
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FIGURE 12.

Lane

SDS-polyacrylamide gel electrophoresis of membrane
solubilization experiment preparations.

Crude membrane/cell envelope (38.5 Ug protein)
Detergent-treated membrane (24.O Ug protein)
Soluble fraction (23.0 Ug protein)
Particulate fraction (39.0 Ug protein)

1

2
J
4
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majority of the polypeptide bands of the'membrane rernaíned in the par-

ticulate fraction upon ultracentrífugation, but some polypeptide bands

were nore concentrated in the soluble fraction. This Triton X-i00

treatment, therefore, rvas able to selectively solubilize the enzyme

sulfite oxidase as well as a few other proteins from the crude cel1

envelope preparation.

Effect of sucrose on sulfur-oxidj-zing enzvme

Sulfur-oxidizíng activity was lost upon membrane fractionation by

sucrose density centrifugation. Tt is possible that the sucrose had an

effect on the enzyme. ü/hen a srnall sample of Spinco supernatant r^/as

made to 407. (w/w) sucrose and assayed for sulfur oxidation, activity

had decreased by about 20%. rt is therefore unlikely that the enzyme

was,inactivated by the presence of sucrose in the density gradient . On the

other hand, it is possible that the enzyme was easily soluble in

sucrose and was distributed throughout the gradient instead of migra-

ting with the membranes. A small sample of the Spì-nco supernatant was

made to I0% (w/w) sucrose before being precipitated with 752 arnmonium

sulfate saturation. NormalIy, aIL of the sulfur oxidizing actívity is

precipitated at this ammonium sulfate concentration. However, ín this

case more than 507, of the residual activity rernained in the superna-

tant, rvith only slightly more than 4O7. goir.g to the precipitate.

The effect of sucrose solubilization was further tested on the

usual ammonium sulfate fractionation procedure. A sample of the Spinco

supernatant r,¡as fractionated in the usual manner to yield the two

active precípitates (50% and 75% ammoni-um sulfate fractions) which

were resuspended in 50 mM Tris buffer and allowed to interact for 15



minutes before being precipitated again wíth their respective satura-

tions of ammonium sulfate" The supernatants and precipitates were then

assayed for protein content and sulfur-oxidizing activity" The results

are summarized in Table 14"

In both cases, over 907" of the protein came dor'¡n with addition

of ammonium sulfate, indicating thaL solubilization by sucrose \{as

very selective" The 50% fraction lost more than BO% of the activity

through this sucrose treatment, although the ammonium sulfate could

have contributed to this, since activity normally decreased with high

ammonium sulfate content.0f that resídual activity, most of it was

solubilized. The 75% fraction lost 60% of the actívity through thís

treatment. However, all of the residual activity was solubilized by

sucrose raising the specific activity over 10 fold.

Ion exchange chromatographv using sucrose

fon exchange chromatography was carried out on the two active

ammonium sulfate fractions (5O7" and 757"), this time in the presence of

sucrose to see if the procedure could be improved" The two fractions

r{ere resuspended in S-buffer (see Materials and Methods) and dialyzed

against the same. The two fractions were loaded on DEAE-sephadex co-

lumns equilibrated with S-buffer. This time, no activity could be

detected at an ionic strength of 0.2 M NaCl; asLa result, the columns

rvere washed extensively rvith 0.2 M NaCl in S-buffer before being e1u-

ted with 0.35 M. The activitÍes recovered were I37" and IO% for the 50%

fractíon and 757. fraction, respectively. These values made the purifi-

catíon step extremely wasteful Ín terms of activity, and was not again

used in the purification procedure.
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TABLE 14. Solubilization of sulfur-oxidizing enzyme by sucrose

Sample Total Total Specific Activity Proteín
activity protein activity distribution distibution

(nmo1 0,
per mr-n

(nmo1 0, per mg
per miñ) (rg) prorein) (7.) (7.)

a) 507" fraction

507" fracrion 464, 35.4 13.1 100.0 1OO.O

Sucrose
supernatant 44" I"6 27 "5 9"5 4.5

Sucrose
precipitate 22, 33.8 o .7 4.7 96.5

b) 757. fraction

75% f.raction 277 " 7.8 35"5 100.0 100.0

Sucrose
supernatant I72. 0.3 373.3 40.4 3.9

Sucrose
precipitate 0" 7.5 0. 96.r

Fractions were rnade to IO7. sucrose, then made to their respective
ammonium sulfate saturations to precipitate protein. The supernatants
and precipitates r,¡ere then uss.yãd foi activity.
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1st Sephadex G-150 column

A purification procedure based on niolecular r+eight separatíon v¡as

carried out on the 75% fractÍon. The 757. ammonium sulfate precipitate

I{as resuspended with a rninimal ammount of S-buffer (see Materials and

Methods) and díalyzed against the same. The very concentrated prepara-

tion was then passed through a Sephadex G-150 column equilibrated with

either S- or CS- buffer" Activity was eluted as .a broad peak at roughly

one-half the bed volume. The Kav value for the activity peak was about

0.34 r,¡ith S-buffer and about 0.46 with CS-buffer, corresponding to

molecular weights of roughly six and four x 104 daltons, respectively

(see Table 15). The active fractj-ons were pooled and assayed for sulfur

oxidizing activity and protein content. The resulting preparation

retained 83% of. original activity and about 467. of original protein

loaded; as a result, the purification achieved was only about a factor

of tlo. These figures are illustrated in Table 16. Visible spectrum of

the active eluate revealed the presence of c-type cytochrome plus po-

ssibly some non-herne iron.

Removal of nucleic acid from the 1st G-150 preparatíon

Ultraviolet spectra of the 1st G-150 preparation revealed that

the nucleic acid content i^/as extremely high: more than 20% by the

A2BO**/A26Onrn rutio (25). This nucleic acid had to be removed before

further puriflcation could take place. Short digestion of the prepa-

ration with ribonuclease or deoxyribonuclease i"ith subsequent passage

through DEAE-cellulose proved unsuccessful. idhen the nuclease diges-

tion l'¡as ai-ded by the presence of trypsin, the nucleic acid content

stÍ11 did not decrease.
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TABLE 15. Sulfur-oxidizing elution characteristics from Sephadex
G-150 with sucrose.

Column Void Eluting
volume volume

Vo
(mL)

Ve
(mL)

Total
bed
volume

VT
(mL)

Kav
value

Ve-Vo
Vt-Vo

Tentative
molecular weight

( daltons )

1st G-l50

1st G-150

2nd G-150

1st G-150

lst G-150

1st G-150

2nd G-l50

2nd G-l50

(ca)

(ca)

(ca)

(AI"IP)

(AMP)

51

51

60

60

63

51

4B

51

99

r02

99

r1,7

r32

t17

93

93

196

796

191

19I

184

I87

I87

L87

0.33

0. 35

0.30

o.44

o.57

0.48

0.32

0. 31

6x104

6x104

7x104

4x104

3X104

4x10+

7X104

7x104

Tentative molecular weights according to Pharmacia Fine Chemicals
product guide on the Gel Filtration theory and practice booklet (9)"
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TABLE 16. column chromatography of the 757. fraction for sulfur-
oxidizing enzyme"

sample Total Total Total specific Activity purif.
volune activity protein activíty distribution fold

(nmo1 0,
per mfn

(nmo1 0, per mg
(rL) per miñ) (re) prorein) (7")

7 57"

fraction 90.0 7760 150 5I "7 100 1 . 1

lst 0.1 M

eluate 8.5 6470 69 93.8 83 1.8

The column used \.ras a Pharmacia column (45.0 x 2.5 cm) packed rvith
Sephadex G-150 and equilibrated with S-buffer. Similar results were
obtained with CS-buffer"
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Calcium is widely used in transformatlon experiments and is

rhought to interact with DNA (8, 11, 55)" If the preparation in s-

buffer was applied to a DEAE-cellulose column and eluted with increa-

sing concentrations of calcium chloride, activíty could be eluted

before the nucleic acid. In another experiment, the G-150 preparation

in s-buffer was made to 0"1 M calciurn chloride and incubated at 4oC

for one hour. Subsequent passage of this preparation through a DEAE-

equilibrated rvith CS-buffer resulted in the activity

washing through while the nucleic acid remained bound to DEAE.

If calcíum chloride at a concentration of 0.1 M tvas present from

the very beginning during the Sephadex G-150 step, the nucleic acid

removal step could be simplified to passing the active G-150 eluate

through DEAE equilibrated with CS-bufferimmediately after elution. As

a result' CS-buffer r{as íntroduced to the procedure; the 757" f.raction

was dialyzed against CS-buffer prior to passage through the 1st G-150

column, also equilíbrated with CS-buffer. The effect of calcium treat-

ment is illustrated in Figure 13.

The DEAE-cellulose itself had a poor binding capacity for nucleic

acid; in order to be able to decrease the nucleic acid content frorn

more than 20% to about 37., it lvas necessary to use one mL bed volume

per mg protein of the 1st G-150 preparation.

Some observed calcium effects

irlhen calcium was introduced to the 757" fraction during dialysis,

some precipitate r'¡as f ormed. This precipitate \,/as quite 1ike1y to

include calcium and possibly some nucleic acid. Tf the precipitate rvas

removed by centrifugation, activity remained in the supernatant. The
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precipitate formed s1ow1y with time; however, it could be accelerated

by freeze-tharving of the sample.

In gel filtration chromatography using S-buffer, the sulfur-

oxidízÍng enzyme díd not truly behave as a single entity" However, the

observed activity peak did correspond to a molecular weÍght in the

neighborhood of 60,000. Yet if calcium v/as present in the form of CS-

buffer, the activíty peak observed behaved as if the nolecular weight

was only 40,000 (see Table 15)"

2nd Sephadex G-150 column

With nucleic acid no longer bound to the enzyme, there was a

likelihood that the molecular weight would be different. As a result,

another separation on the basis of molecular weight \,/as carried out.

At this point, the enzyme was very dilute, requiring concentration

before passing through a second Sephadex G-i59 column. The nucleic

acid-free enzyme was dialyzed against S-buffer in order to remove

calcium. The dialyzed preparation was then loaded on a DEAE-cellulose

column equilibrated with S-buffer. A tight yellow band could be seen

sticking Lo the top of the bed while a colored fraction containing

cytochrome passed through wÍth the wash. After washi-ng with more S-

buffer, the ye11ow band was eluted rvith CS-buffer. This concentrated

eluate was then passed through a second Sephadex G-150.

Activity r^¡as efuted as a broad peak, again at about one-half the

bed volurne. However, the activity peak corresponded to a molecular

rveíght value of about 70,000 (see Table 15). The enzyme probably beca-

rne heavier due to association with other proteins resulting from

nucleic acid removal.
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2nd Sephadex G-150 column using AMP

In the absence of nucleic acid, the enzyne appeared to bind other

proteins, giving a heterogeneous mixture lvhich was dÍffícult to purify

As a result, the enzyme \.das allowed to bind to something resembling

nucleic acid, but simple enough so that purificatj-on of the complex

could stil1 take place. Adenosíne-5'-monophosphate (AMP) was the agent

of choice and was íntroduced to the procedure in the form of AS-buffer

(see Materials and Methods).

The concentrated DEAE eluate was

order to remove calcium and introduce

second G-150 column, also equílibrated

illustrated on Tables 15 and 77 -

díalyzed against AS-buffer in

AMP before passage through the

i{ith As-buffer. The results are

Frorn the values given on Table 17, the recovery of activity was

quite poor. In the concentration step alone, more than 607. of activity

was lost. Most of the protein, however, \^/as also removed; the lst 0.1

M eluate retained less than one fifth of protein eluted from the first

G-l50 column. The 2nd.G=l50(Al'fP) column step itself was characterized

by a 507. loss j-n activity. The observed activity peak elutes at a

position correspondíng to a molecular weÍght of about 70,000 (see

Table 15).

The active eluate u/as extremely dilute and had to be concentrated

in order to be able to assay for protein content. As a result, the

entire preparation !/as concentrated by an ion-exchange chromatography

step, consisting of loading the sample on aDEAE*cellulose mini-column

and eluting with CS-buffer. This concentration step however, resulted

in a further 407" loss of activity. Even though this 2nd 0.1 M eluate
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FIGURE 13. Ultra-violet spectra of sulfur-oxidizing enzyme before
and after nucleic-acíd removal by calcium.

The "beforeff sample consists of the 1st G-150 preparation in CS-buffer
diluLed ten times.

The "after" sample consists of the 1st 0.1 M eluate in CS-buffer dilu-
ted ten times.
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TABLB 17. Further purification profile of sulfur-oxidizíng enzyme.

Sample Total Total Total Specific Activíty Purific "volume activity protein activity distributíon fold
(nmo1 0,
p.r ri3

(nmo1 0, per mg
.L\(mL) per miñ) (rg) protein) (7.)

1st G-150
preparation 85.0 8,810 81.3 108.4 100.0 1.1

1st 0.1 M

eluate 7.5 3,000 16.1 186.5 34.I I,7

2nd G-150
preparation 45.0 I,52O 77.3

2nd 0.1 M 6.5 9II 5.9 154.4 10"3 7.4

The 0.1 M eluate refers to a concentration step where a sarnple \,/as
loaded on a DEAE-cellulose column equilibrated with S-buffer and eluted
with CS-buffer.
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preparation only contained slightly more than 7% of the oríginal acti-

ve protein that eluted from the first Sephadex G-l50 column, the

accumulated loss of activity was so great that the degree of purifi-

cation was less than that of the lst 0.1 M eluate.

Characterizalion of the 2nd 0.1 M eluate

The 2nd 0.1 M eluate retained only 0"32 of the protein found in

the crude extract, but only slightly more than 3% of the activity.

The preparation \,/as run on both denaturing and non-denaturíng poly-

acrylamide ge1 electrophoresis ln order to deterrnine its purity. The

results are illustrated in Figures 14, 15, 16. The presence of a

number of bands on both the denaturing and non-denaturing ge1s, indi-

cate that the preparation was not pure. The two most prominent bands

on the denatured gels correspond to molecular weights of 41,000 and

36,000. However it is inipossible to determine whether one or any of

these corresponded to the sulfur-oxidizing enzyme.

Further purÍfication attempts of the 2nd 0.1 M eluate using ion-

exchange chromatography on a smal1 scale were unsuccessful; it was

not possible to reduce the number of bands seen on the non-denaturing

gel. The preparation itself was yellolv in color, its visíble spectrum

revealing the presence of what may be non-heme iron (see Figure 17).

Due to the presence of impurities however, it is impossible to deter-

rnine if the features seen corresponded to the enzyme or not.
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FIGURE 14. SDS polyacrylarnide ge1 electrophoresis purification
profile of sulfur-oxidizing enzyme.

Lane 1

2
3
4

Crude extract (136 Ug protein)
Spinco supernatant (42 pg protein)
757" fraction (90 Ug protein)
2nd 0.1 M eluaLe (7 pg protein)
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FIGURE 15. A different SDS-polyacrylamide gel electrophoresis
purification profíle of sulfur-oxidizing enzyme.

Lane 1

2
3
4
5

Spinco supernatant (28 Ug protein)
757. fraction (70 Ug protein)
1st G-l50 preparation (20 Ug protein)
1st 0.1 M eluate (30 pg protein)
2nd 0.1 M eluate (10 Ug protein)
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FIGURE 16. Non-denaturing polyacrylamide gel electrophoresis purifi-
cation profile of sulfur-oxidizing enzyme.

Lane 1

2
3
+
J

6

Spinco supernatant (35 Ug protein)
757" fraction (87 Ug protein)
lst G-150 preparation (50 Ug protein)
1st 0.1 M eluate (75 Ug proteín)
Znd O.1 M eluate (25 ug protein)
a different 2nd 0.1 M eluate (25 Ug protein)
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FIGURE 17. Oxidized and reduced spectra of the 2nd 0.1 M eluate in
CS-buffer, undiluted.

The sample contained a protein content of O.4 ng/nL
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DISCUSSION
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DISCUSSION

Sulfur metabolism, íncluding intact cells and ce11-free extracts

of T" thiooxidans \.\ras investigated, paying particular attention to

the enzymes involved in the oxidation of sulfite and elemental sulfur.

In the past, most studies carried out with ce11-free systems have used

sonic disruption as the method of breakage (2,28,48,49). The work

presented here differentiates itself along with that of Adair (1) in

that the ce11s were broken by French pressure cell. Thís much gentler

method of breakage !/as bound to have an effect in the isolation, cha-

racLerization, and resolution of the enzymatic systems involved in

sulfur metabolism. As it turned out, substantial differences \.dere

encountered in the subsequent behaviour of cell components, as conpa-

red to previous studies, thís being especially true for the sulfur-

oxidizing enzyne (2).

fntact cel1s \,/ere capable of oxidizing elemental sulfur

to sulfate both at pH 2.0 and 7.5,Oxidation observed at neutral pH

is not constant, however; if the ce1ls are left at neutral pH for trvo

to three hours, they lose activity (48). Sulfite is oxidized optima-

11y at pH 5.5 (28). It can also be oxidized ar pH 7.5, but nor aL 2.0.

Sulfite also happened to inhibit sulfur oxidation at pH 2.0 but not at

7 .5. By using the acid dissociation constants of the various forms of

sulfite, it is possible to determíne those l¡hich are most abundant at

each pH. The abundance of these different forms of sulfite can be
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visualÍzed on Table 18. From that table, it can be seen that at op-

timurn sulfite-oxidízing pl{, by far the most abundant form of sulfite

is the bisulfite anion (HSOã). It stands to reason then, that the true

substrate in sulfite oxidation is possibly bisulfite. At

neutral pH, where oxidation still takes p1ace, bisulfite is still the

predominant species by a factor of three. At pH 2.0, bisulfite sti1l

predorninates by 1] times over sulfurous acid (HrSOr), yet no oxidation

takes place. This suggests that sulfurous acid is not oxidized by

cells and is inhibÍting sulfur oxidation and bisulfite oxidation. At

pH 5.5 and 7.5, where sulfur oxidation is notinhibited by sulfite,

sulfurous acid content is almost nonexistant.

Intact cells were able to oxidize thiosulfate completely to sul-

furic acid at pH 2.0 but not at 7.5. Interestíngly, this acidic pH was

required on the part of the ce11s; ce11s at neutral pH were not able

to oxidize acidified thiosulfate. Thls indicates that a lcnown chemical

decomposition of thiosulfate to elemental sulfur and sulfite in acid

is not the only factor contributing to the observed activity. A fur-

ther study of this observation would also clarify the existing ambigu-

ity as to whether it is rea11y thiosulfate or the products of its

decomposition whi-ch are oxidized by T" thiooxidans under natural

(acidic) conditions (12).0h and Suzuki (36) observed that the thio-

sulfate cleaving complex in 7" noveffus lvas localized in the cel1 rnem-

brane. It may follow then, that thiosulfate binds to ce11s and is

broken at the ce11 surface, where an acidic environment could play a

substantial role. This arrangement ís supported by the oxidation of

thiosulfate being biphasic. The first stage in thiosulfale oxidatíon
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TABLE 18. Abundance of sulfite species at different pH's

pH H^SO^ HSO:
LJJ

')_
SO;

-')
Comments

2.0

aÉ

0.6

2xI0-4 1

2x10-6 1

1O- s not oxidized,
inhibits sulfur-
oxidation

3 x 1O-2 optimum oxidation,
not inhibitory

oxidized,
not inhibitory

0.3

Values given according to dissociation constants for sulfurous acid
according to values given by Lyons and Nickless (29).
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appears to involve the cleavage of thiosulfate into its sulfur and

sulfite cornponents. If the sulfur oxidation part is inhibited by ex-

tracellularsulfite, thiosulfate oxidation terminates at the first

stage and only the first sulfite is oxídized"

Spectrophotometric studÍes revealed that the oxidation of sulfur

by intact cells was characterized by the appearence of a peak at 360

nm. It was not clear whether this peak was due to sulfur oxidation or

sulfur binding; this peak however, was observed upon ce11s coming ini

contact r,¡ith sulfur. Addition of sulfite to cel1s at pH 2.0 (i-nhibi-

tory conditions) also gave the appearence of a peak at 360 nn which

was much stronger than that peak given by sulfur. This is probably

due to the fact that during sulfur oxidation, the sulfur-oxidizing

systern is at dynamic equí1ibrium, unlike during sulfite inhibitíon

where the system has been stopped. There is a posslbility that the

360 nm peak represents an intermediate sulfur complex, only seen du-

ring sulfur oxídation.. Spectra of various sulfur compounds such as

dithionite, tetrathionate, thiosulfate, sulfur, sulfite, and combina-

tíons of these failed to give a spectrum with the 360 nm peak (unpu-

blished data). If this possibility is true, horvever, it is also quite

possible that under inhibitory conditions, sulfite is able to form an

irreversible version of this complex. It would be fairly simple to

postulate that sulfurous acid, due to its electroneutral nature, is

able to bind and inhibit the sulfur-oxidizing system. The fact that

sulfite inhibition can be reversed by raising the extracellular pH

suggests that inhibition is probably localized aL a site that is

close to, or at the cel1 membrane.
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The freeze-tharved cells formed the 360 nm peak with sulfur, but

dÍd not oxidize it. It is possible that freeze-tharr¡ing results in the

alteration of some component so that sulfur oxidation is inhibited in

a manner similar to that of sulfite ínhibítion.

Cell breakage by passage through French pressure ce11 gave

extracts which retained 20% of sulfur-oxidízing activity and 107" of

the sulfite-oxidizing activity of intact cells. The extracts proved to

be fairly stable, showing a constant rate of sulfur oxidation during

periods extending over tvro hours. This stable activity, however, was

not seen in the presence of Tris-buffer; as a result, potassium phos-

phate ryas established as the buffer of choice. As with earlier fin-

dings (1), these extracts exhibited sorne sulfur-oxidizing activity

which was independent of GSH. However, this activity ldas very smal1

and very susceptible to storage. It is quite possíble that protein-

associated thiol groups (1) are responsible for breaking the sulfur

ring during GSlI-independent oxídation. It appears though, that what-

ever is responsible for this is partially destroyed upon breakage. It

is quite possible that this GSH-independent sulfur oxidation depends

on a structural, rather than an enzymatic intactness of a cellular

component.

The crude extracts could be fractionated by ulCracentrifugation

into a soluble and a particulate fraction, containing mostly membra-

nous material. This fractionation rvas able to separate sulfur- and

sulfite- oxidizing activities in a very efficient manner. All of

sulfite-oxidízing activity was localized in the ce1l envelope, corre-

lating r'rith previous studies which localized the sulfite oxidation as
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taking place in the cel1 nembrane. Although some sulfur-oxidizing

activity rvas also found Ín the ce1l envelope, most of the activity

remained in the Spinco supernatant" InterestinSlY, sulfur-oxídtzing

activity increased upon fractionation" This could be due to the

renoval of some inhibitory component in the cel1 envelope. Also inte-

resting is the fact that sulfur oxidation in the cell envelopes was

less dependant on GSH. This indicates that most of those native sulf-

hydryl groups are localized in the cell envelope, probably membrane-

bound.

The Spinco supernatant can be separated into four fractions using

ammonium sulfate fractionatíon: a 25% fraction that n'ad 1ittle sulfur-

oxidizing activity; a 507" fraction that contained flavin and some

activity; a 757. fraction that contained some cytochrome c plus most of

the sulfur-oxidizing activity; and a lOO% fraction with 1itt1e actl-

vity that contained cytochrome c. Previous worh on the sulfur-oxidi-

zing enzyme using sonication found it to be strongly associated with

flavin (2); in that study, it was suggested that flavin formed part

of the active site, flavin being involved in other oxygenases (13).

l^/ith the French pressure ce11 derived preparatíons described here,

flavin ís successfully separated from most of the activity at a fair-

1y early stage in the purification.

Isolation of the sulfur-oxidizing enzyme was not improved by the

use of a thiol-protecting compound, namely DTE.

If the intact cel1s \4rere partially digested wíth trypsin prior to

breakage, the resulting extracts at first displayed similar proper-

ties to those of untreated extracts. The main difference between the
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two was that the trypsin-treated extracts were able to oxidize thio-

sulfate, as opposed to non-treated extracts which did not display

thiosulfate-oxidizing activity" It is possible that a partial diges-

tion ruith trypsin liberates a thiosulfate-oxídizíng component, possi-

b1y rhodanese, from other cel1ular components, enabling it to survive

ce11 breakage and possible entrapping rvithin membranes. The possibi-

1ity, hov¡ever, will have to be proven by other experiments. Sulfur-

oxidì-zing activity recovered upon ce11 breakage is alrnost tr,¡ice that

of extracts from untreated cel1s. Most of this activity, however, ends

up in the 50% fraction, along with the flavin, simllar to the results

obtained with extracts derived by sonication (2). Since flavin can

induce some non-enzymatic activity (I. Suzukirpersonal communication),

making the results harder to interpret, the trypsin treatment l^/as not

regularly used in this study.

The results obtained from ion-exchange and ge1 filtration chro-

matography experiments on the 502 and 757. ammonium sulfate fractions

indicated that the sulfur-oxidizing enzyme did not behave as a single

entity. During íon-exchange chromatography, the activitlr from both

fractions did not elute at a critical ionic strength, but over a wide

range from 0"2 Lo 0"35 M NaCl in equilibrating buffer. The resulting

active eluates from each ammonium sulfate fraction did not resemble

one another. The eluate derived from the 507" fractíon sti11 contained

flavin whereas the eluate derived from the 757" Lraction stíl1 conta-

ined cytochrome. The fact that flavin and cytochrome rvere mutually

exclusive frorn each preparation suggests that they are not involved

in actívity. l'/hen these two eluates were passed through a Sephadex
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G-150 coluün, no protein or activity peak could be seen. Instead,

activity was spread out over almost the entire bed volume.

The use of sucrose during ion-exchange chrornatography of the 502

and 75% fractions did improve chromatography in the sense that acti-

vity was eluted over a narrorver range of salt concentration. However,

the amount of activity lost was stil1 very high, making the step too

wasteful for use as a standard method. 0n the other hand, sucrose was

remarkable at irnproving the behaviour of enzyme during ge1 filtration

chromatography of the 757. fraclion. The majority of activity initially

loaded on the column could be recovered in the eluate, lvhich conta-

ined about one-half of the original protein. Activity stil1 eluted

as a broad peak; but even then this was much more desirable than the

results obtained without sucrose.

The active eluate from the fírst Sephadex G-150 column (contaí-

ning sucrose) was found to have a very high content of nucleic acid.

This high nucleic acid content was most likely also present in earlier

preparatÍons of the sulfur-oxidizing enzyme. This nucleíc acid was

very difficult to separate from activity, success being finally achie-

ved by the use of calcium in the purification procedure" This strgng

associatíon with a mostly heterogeneous population of nucleíc acid

was probably responsible for the enzyme not behaving as a single entity

in previous experiments.

It appears that the sulfur-oxidizing enzyme tightly bound ítself

to nucleic acid upon cel1 breakage by French pressure cell" It is

possible that the enzyme exists in close assocíation lvith a cellular

component, possibly menbrane. Upon cel1 beakage, this association is
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disrupted and the enzyme binds nucleic acid instead. The likelihood

exists that the previously observed assocj-ation of the enzyme with

flavin (2) nay be similar to its association with nuclelc acid obser-

ved here. This could mean that upon ce11 breakage, the enzyme will

bind either nucleic acid or flavin, depending on the rnethod of

breakage: French pressure cel1 in the former, sonicatíon in the

latter.

Tt remains unknown horv sucrose can influence the behaviour of

the sulfur-oxidizing enzyme so as to make it resemble a single

protein species. Sucrose by ítself is able to solubilize the enzyme

as seen in sucrose density gradients and ammonium sulfate precipita-

tion in the presence of sucrose (see Results). It is possible that a

high sucrose content may have partially simulated an envj-ronment the

enzyme normally experiences in the intact ce11.

Calcium also seems to have a significant effect on the behaviour

of the sulfur-oxidizing enzyme. First of all, as seen in the nucleic

acid removal step, it was able to neutralize the enzymers affinity

for nucleíc acid. Second, the presence of calcium in ge1 filtrati-on

chronatography experiments resulted in the enzyme behavíng as having

a molecular weight of 4 x 1ga; in the absence of calcium, the enzyme

behaved as havíng a molecular iveight of 6 x 104 daltons. Calcíum then,

seemed to mediate the dissocíation of nucleic acid from the enzyme.

lühether calcium interacted with nucleic acid or the enzyme itself, is

not clear. It is also not clear ivhether this effect is a property of

calcium alone, or whether the same would be observed lvith another

divalent cation such as magnesium. In any case, the enzyme did behave
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as having a smaller molecular rreight rvhen calcium was present" This

observation suggests that the enzyme does have a molecular weight in

the neighborhood of 4 x 104 daltons. Thj-s figure agrees with previous

studies (2). In the absence of calcium,-when the enzyme \,r'as free to

associate rvith nucleic acid, its molecular weight necessarily increa-

sed.

Purification of the sulfur-oxídizing enzyme beyond the first

Sephadex G-150 column proved unsuccessful. The enzyme could be con-

centrated by binding it to DEAE-celulose and eluting it rvith 0.i M

calcium. fn terms of activity, however, this proved to be very expen-

sive. Passage through a second Sephadex G-150 column again resulted in

a high loss of activity. By the time the active eluate from the

second Sephadex G-150 column r^/as concentrated by another DEAE-cellu-

lose column step, activity had decreased to roughly 3% of original

crude extract activity. At this stage, the enzyme was still not pure,

as confirned by denaturing and non-denaturing polyacrylarnlde gel

electrophoresis .

Faílure to purify the sulfur-oxidizing enzyme probably lies on

enzymets need to associate with other components so as to sÍrilutate

natural environment in the intact cell. Once nucleic acid was re-

moved, the enzyme appeared to be stable so long as calcium r^/as present.

l{hen calcÍum was removed and the erLzyme r{as passed through a second

Sephadex G-150 column, its apparent molecular weight increased from

4 x 104 Lo 7 x 104 daltons. This could be explained by a possible for-

mation of a ilimeil , but a mor:e ácôurate det.ermínaEíon of rnolecular

weights is required before any explanation can be given. It is also

the

its
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possible that in the absence of calcium, the enzyme bound other pro-

teins, increasing the apparent molecular iveight. The introduction of

AMP into the purification procedure did not help this situation. It is

not clear, however, rvhether AMP could not be made to replace nucleic

acid; it is possible that the amount of A-lufP used u¡as not enough.

For the isolation and partial purification of the sulfite-oxidi-

zing enzymes, two approaches were taken. Evídence pointed to the ce1l

membrane as the site l¡here sulfite oxidatj-on took p1ace. Since in

typícal Gram-negative organisms most membrane-bound enzymes are found

in the inner membrane, a membrane fractionation experiment was carried

out using sucrose density gradient centrifugation in order to separa-

te the inner and outer membranes. At the same time, previous work

done with surface-active agents indícated that whole, or portions of,

inner membranes could be selectively solubilized by increased deter-

gent content (14). Selective solubilization of the cel1 envelopes

rvas carried out with Triton X-100.

In order to optimize membrane fractionation during sucrose

density gradient, the remaining murein cell wal1 in the cell envelope

was digested wíth ß-glucuronidase (34), whích did not affect sulfíte-

oxidizing activíty. Cel1 envelopes not treated with ß-glucuronidase

rvere run as control. Upon fractionation, two distinct bands could be

seen ín both the control and digested saniples" A light band with a

density of 1.27 g/cn', containing more than 90Z" of the original pro-

tein and almost all of the sulfite-oxidizing activity, was positively

identified as the inner membrane by the presence of NADH oxidase acti-

vity. A heavier band with a density of 1.24 g/cm', containing less
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Lhan !O% of the original protein and very 1itt1e activity probably

corresponded to the outer membrane.

There seemed to be virtually no difference between the digested

and undigested samples. In the gradient tubes, the only difference to

be seen was a turbid zone between the two bands in the undigested

sample" SDS-polyacrylamide ge1 electrophoresis confirmed this by

shoruing identical polypeptide band patterns for the respective díges-

ted and undigested membrane samples" In both cases, all of the poly-

peptides seen in the heavy band could also be seen in the light band,

but some polypeptides seen in the light band were absent in the heavy

band. Thus the light band contained heavy band components.

The rnembrane fractÍonation by sucrose density gradient centrifu-

gation was therefore j-ncomplete. Digestion with ß-glucuronidase has

been used mainly in the preparation of spheroplasts, taking the place

of lysozyme (34). These procedures involve the permeablTizaLíon of

the outer membrane with EDTA so that lysozyme or ß-glucuronidase can

digest the cell wa11" fn this case, the cel1s were already broken. The

ce11 envelopes may have taken the form of vesicles, making it diffi-

cult for ß-glucuronidase to act. Even if EDTA had been used, the mi-

xed orientation of the vesicles might have had an adverse effect on

the digestion by the enzyme. Nevertheless, the fact that two distinct

bands were seen on the gradient supports the theory that 7. thiooxi-

dans has an inner and an outer membrane.

As far as sulfite-oxidizing activity is concerned, the fractio-

natÍon does not look promising. Although most of the activíty does

end up in the light band, the degree of purificatíon does not improve
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after fractionation.

Selective solubilization using Triton X-100 ínvolved treating

the cell envelopes with the surfactant, followed by separation of the

solubilized and non-solubilÍzed components by ultracentrifugation.

Treatment of the cell envelopes with Triton X-100 resulted in the loss

of all sulfite-oxidizing activity. Addition of oxidized mammalian

cytochrome c, however, allorved the recovery of almost 10% of the

activity. Upon fractionation, almost one-half of this cytochrome c

dependent activity could be recovered in the soluble fraction. Since

the activity measured i¡as so small, it ís difficult to state that it

was truly due to the enzymatic activity and not due to chemical inter-

action of components present.

Upon assaying for the individual enzymes involved in sulfite oxi-

dation, it was found-Lhat sulfite oxidase activity increased by fÍve

fold and became soluble upon treatment \,/ith detergent; more activity

could be found in the treated membrane than in the crude extract. It

is apparent that this mÍ1d detergent treatment releases the enzyme from

a cornplex, enabling it to interact more readily under artificial assay

conditions. 0n the overa11, this fractionation procedure ivas very

efficient in the purification of this enzyme. This was confirmed by

SDS-polyacrylamide ge1 electrophoresis, where it can be seen that some

fractionation did take place.

No activity whatsoever could be detected for the enzyme cytochrome

oxidase. It is possible that the reduced mammalian cytochrome c in the

assay \,/as not suitable for reaction with 7. thiooxidans cytochrome

oxidase. Similarly, neither mammalian, nor S. cerevisiae oxidized cyto-
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chrome c was able to interact with sulfite oxidase. 0n1y ferricyanide

was reduced by sulflte. Both cytochrome oxidase ancl sulfite oxidase

of T" thiooxidans may require a native cytochrome c for activity"

Ferricyanj-de can apparently substitute for the cytochrome in the sul-

fite oxidase reaction. Purification of a native cytochrome and its

dernonstration in the cytochrome oxidase and sulfite oxidase reaction

as electron donor and electron acceptor, respectively, will be essen-

tial to establish the roles of these enzymes in sulfite oxidation by

T" thiooxidans.
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CONCLUSION

The enzymes involved ín sulfur and sulfite oxidation: sulfur-

oxidizíng enzyme, sulfite oxidase, and cytochrome oxidase, all seemed

to be membrane associated to some degree. Sulfite oxidase and cyto*. -

chrome oxidase are probably mernbrane-bound, since they remain

associated with the ce11 envelopes upon ce1l rupture" The sulfur-

oxidizing enzyme r,¿as liberated as a soluble component upon ce11

breakage. However, because of its strong association to nucleic acid

and sometimes to flavin, there is a strong possibility that the

sulfur-oxidizíng enzyme resides in the cel1 membrane . This and

other evidence from sulfur, sulfite, and thiosulfate oxidation in

intact cel1s, suggests that oxidation of i-norganic sulfur compounds

by T. thiooxidans occurs at the cel1 surface.
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