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It is of great importance to find ways to protect concrete from
corrosion, to maintain the concrete structure for a long time. A
sulfur-oxidizing bacterium, Thiobacillus thiooxidans, has been
known to play a crucial role in concrete corrosion and the concrete
supplemented with nickel was resistant to corrosion. To obtain
biological bases of this Ni protection, the effects of Ni on sulfur
dioxygenase and sulfite oxidase of 7. thiooxidans NB1-3 isolated
from corroded concrete were studied. Nickel sulfate strongly
inhibited a sulfur dioxygenase that catalyzes the oxidation of
elemental sulfur to shlfite and a sulfite oxidase that catalyzes
oxidation of sulfite to sulfate. Nickel sulfate, antimycin A, 2-
n-heptyl-4-hydroxyquinoline-/V-oxide, and myxothiazol inhibited
both sulfite oxidase and ubiquinol oxidase. Reduced mammalian
cytochrome ¢ was not oxidized by a cell extract of strain NB1-3.
The b and a-type cytochromes in the plasma membrane was reduced
by sulfite and ubiquinol-2 and these reductions were inhibited by
NiSO,. The amounts of Ni in the plasma membrane with or without
0.1 mMm nickel treatment were 32.6 and 2.8 nmol/mg protein,
respectively. These results indicate that nickel binds to the plasma
membrane and inhibits sulfur dioxygenase and sulfite oxidase, and
as a result, inhibits cell growth.
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Concrete is considered to be one of the most durable con-
struction materials. However, serious corrosion was noted in
some concrete structures constructed for sewage treatment. In the
process of concrete corrosion, hydrogen sulfide produced in the
sewage pipe by the action of sulfate-reducing bacteria is oxidized
by sulfur-oxidizing bacteria to give sulfuric acid.! ~® The concrete
structure just after construction contains calcium hydroxide and
thus has a pH of 12-13. Carbon dioxide in the atmosphere has a
role in neutralizing concrete structure and prompts concrete
corrosion. The sulfuric acid produced by sulfur-oxidizing bacteria
accelerates the neutralization of concrete, binds with calcium in
the concrete, and give calcium sulfate, and as a result, decomposes
the concrete.

Sulfur-oxidizing bacteria, Thiobacillus thiooxidans, Thiobacillus
neapolitanus, T. intermedius and T. novellus, were isolated from
the corroded concrete and sewer systems.!**3% To protect
concrete from the corrosion, endurance tests have been done on
the concrete supplemented with or without additives.'®-'"
Recently, we have prepared portland cement bars (4 x 4 x 16 cm)
containing various kinds of inorganic and organic compounds and
these bars were hung from the lid of the a sludge tank manhole
and exposed to 5-10 ppm hydrogen sulfide atmosphere.' After
2 years of exposure, it was found that the surface of the portland
cement containing nickel was especially smooth, while that without
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nickel was brittle and rough.!? We isolated T thiooxidans NB1-3
from the corroded concrete to study the biological bases of this
protection of portland cement corrosion by nickel, and showed
that cell growth on elemental sulfur medium is completely inhibited
by 0.1% metal nickel or 5mM NiSO, and the nickel completely
inhibits elemental sulfur oxidation of this bacterium at 10 mm.*?
However, the precise inhibition site(s) of nickel in the sulfur
oxidizing system of this bacterium remains unsolved. In 7.
thiooxidans, elemental sulfur is oxidized to sulfite by sulfur
dioxygenase and sulfite thus formed is oxidized to sulfate by sulfite
oxidase.'*~!7 Thus, we studied the effects of nickel on sulfur
dioxygenase and sulfite oxidase activities. In this report, by using
T. thiooxidans isolated from corroded concrete we first show that
nickel binds to the plasma membrane and strongly inhibits sulfur
dioxygenase and sulfite oxidase.

T. thiooxidans NB1-3 isolated from corroded concrete in
Fukuyama City, Japan, was used throughout this study.!® The
bacterium was grown on a sulfur-salt medium under aerobic
conditions at 30°C for 170 h.!® The oxidative activity on sulfite
was measured by the oxygen uptake caused by the oxidation of
sulfite in a Warburg manometer.'* Ubiquinone-2 (Q,) was kindly
supplied by Eizai (Tokyo) and the reduced form (Q,H,) was
prepared as described by Rieske.!® Ubiquinol oxidase activity was
measured spectrophotometrically at 25°C by following the increase
in absorbance at 27/5nm as described by Matsushita.!” Oxidase
activity for N.N,N'.N'-tetramethyl-p-phenylenediamine (TMPD)
was measured spectrophotometrically at 25°C by following the
increase in absorbance at 608 nm. Nickel bound to the plasma
membrane was measured as follows. The plasma membrane of
strain NB1-3 cells (3 mg protein) was incubated in 5ml of 0.1 m
3-(N-morpholino)propanesulfonic acid buffer (MOPS buffer), pH
7.0 supplemented with 0.1 mm NiSO, for 1h at 30°C. The mem-
brane treated with NiSO, was washed three times with MOPS
buffer (pH 7.0), and ashed in a crucible at about 800°C for 2 h.
The ashes were dissolved in 1 N HCIL. The amount of nickel was
measured by atomic absorption spectroscopy with a Shimadzu
AA-625-01 spectrophotometer using an air-acetylene flame. The
spectral line chosen was 2320 A. The standard solution of nickel
lon was prepared by dilution of the 1000 ug/ml standard nickel
solution for atomic absorption spectroscopy (Ishizu Pharmaceu-
tical Co., Ltd.) with | n HCL

The etfects of nickel sulfate (NiSO,) on sulfur dioxygenase and
sulfite oxidase were studied. Suzuki showed that sulfur dioxyvgenase
in 7. thiooxidans cells stoichiometrically oxidizes elemental sulfur
to sulfite with oxygen consumption in the presence of 2-i-heptyl-
4-hydroxyquinoline-V-oxide (HQNO) at pH 7.0.' ™ T thiooxidans
NBI1-3 produced sulfite from elemental sulfur with oxvgen
consumption in the presence of 2 um HQNO (Fig. 1). The sulfur
dioxygenase activity of strain NB1-3 was inhibited 91 % and 100%%
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Fig. 1. Effects of Nickel Sulfate on the Activity of Sulfur Dioxygenase

Activity of Intact Cell of T. thiooxidans.

Sulfur dioxygenase activities of washed intact cells (@) and boiled cells (O) of strain
NBI-3 were measured by the sulfite produced by the oxidation of elemental sulfur
in the presence of 2-n-heptyl-4-hydroxyquinoline-N-oxide (HQNO) at pH 7.5. The

‘on mixture with NiSO, (5 ml) contains cells of strain NB1-3 (0.2 mg of protein),
. . Tris=HCI buffer (pH 7.5) (4.0ml), elemental sulfur (0.2 g), HQNO (2 um) and
NiSO,
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Effects of Nickel Sulfate on Sulfite Oxidase Activity.

Sulfite oxidase activity was measured by the oxygen uptake caused by the oxidation
of sodium bisulfite in a Warburg manometer. The reaction mixture with NiSO,
(3.0ml) contains the plasma membrane of strain NB1-3 (1 mg of protein), 0.1 m
MOPS buffer (pH 7.0) (2.0 ml), sodium bisulfite (20 um), and NiSO,. Symbols: the
following concentrations of NiSO, were added to the reaction mixture; A, 0.01 ma;
A, 0.Imm; [0, 1.OmM; [4, 3.0mm; O, 10 mM. Sulfite oxidase activity was measured
with the reaction mixture without NiSO, (@).

by 3.0 and 10mm NiSO,, respectively.

Sulfite oxidizing activity was located on the plasma membrane
of T. thiooxidans.?°~*? Therefore, the effects of NiSO, on the
activity of sulfite oxidase was studied with the plasma membrane
of NBI1-3. The enzyme activity was inhibited 74% and 94% by
1.0 and 10mM NiSO,, respectively (Fig. 2). Sulfate ion that is a
reaction product of sulfite oxidation did not affect the sulfite
oxidase activity at 10mm (data not shown). Sodium cyanide
(I mMm), sodium azide (1 mMm), antimycin A (10 um), HONO (1 um),
and myxothiazol (20 um) strongly inhibited sulfite oxidase activity
(Table). The plasma membrane of NB1-3 did not have cytochrome
¢ oxidase activity. However, it had ubiquinol oxidase activity
(1.13 pumol/mg/min) and TMPD oxidase activity (13.6 nmol/mg/
min), suggesting that ubiquinol oxidase. but not cytochrome ¢
oxidase functions as a terminal oxidase in 7. thiooxidans NB1-3.

Y. NoGawmt et al.

Table Effects of Inhibitors on Electron Transport Chain on Sulfite

Oxidase Activity

Relative sulfite

Inhibitor Concentration oxidase (%)
None 100
NaCN 0.1 mm 32

1.0mm 0

NaN; 1.0 mm 0

Antimycin A 10.0 um 9

2-Heptyl-4-hydroxyquinoline 20.0 um 6
N-oxide

Mixothiazol 20.0 um 15

T T A ——
500 600
Wavelength (rm)

400

Fig. 3. Absorption Spectra of the Cytochromes from Thiobacillus
thiooxidans NB1-3.

Lines: 1.0ml of the plasma membrane of strain NB1-3 (10mg of protein) reduced
with sodium hydrosulfite ( ) or oxidized with potassium permanganate (—-—).

Ubiquinol oxidase activity was inhibited 46.4%, 64.4%,and 41.3%
by 20 um Antimycin A, 20 um HQNO, and 10 pum myxothiazol,
respectively.

The spectra of cytochromes of strain NB1-3 are shown in Fig.
3. The absorption maximum at 557 nm is representative of the
a-peak of reduced cytochrome b and the absorption maximum at
608 nm is probably x-peak of a-type cytochrome. Effects of NiSO,
on the reduction of these cytochromes by sulfite ion was monitored
by the increment of absorbance at 557nm. The reduction was
completely inhibited by 10 mm NiSO, (Fig. 4). Ubiquinol-2 (Q,H,)
also reduced b and a-type cytochromes, supporting the idea that
ubiquinol oxidase plays a role as a terminal oxidase in T.
thiooxidans NB1-3. Ubiquinol oxidase activity of strain NBI1-3
was completely inhibited by 500 um NiSO, (Fig. 5). To investigate
whether nickel binds to the plasma membrane of strain NB1-3 or
not, the amount of nickel in the membrane after nickel treatment
was measured by the methods shown in Materials and Methods.
The plasma membrane without nickel treatment contained 2.8
nmol nickel per mg protein. In contrast, the cells treated with
0.1mm NiSO, contained 32.6 nmol nickel per mg protein.

The sulfur oxidation system of 7. thiooxidans is composed of
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Fig. 4. Effects of Nickel Sulfate on the Reduction of Cytocrome b in the
Plasma Membrane of Strain NB1-3 by Sulfite.

The reduction of cytochrome & in the plasma membrane of strain NB1-3 by sodium
bisulfite was monitored by the increment of absorbance at 557 nm due to the x-peak
of cytochrome 4. The reaction mixture with NiSO, (1.0ml) contains the plasma
membrane (10mg of protein); 0.1 ¥ MOPS buffier (pH 7.0) (500 ul), and sodium
bisulfite (1.0 gumol)
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Fig. 5. Effects of Nickel Sulfate on Ubiquinol Oxidase Activity.

Ubiquinol oxidase activity was measured by the oxidation of ubiquinol-2 (Q,H,)
The reaction mixture with NiSO, (1.0 ml) contains the plasma membrane (20 ug of
protein), 0.1 v MOPS buffier(pH 7.0) (500 ul), Q,H, (30 um), Tween 20 (0.02%), and
NiSO,. Symbols: the following concentrations of NiSO, were added to the reaction
mixtl_lre: AL 1.0 v AL 2.0 um; [0, 10.0 v W, 100 v O. 500 . Ubiquinol oxidase
activity was measured with the reaction mixture without NiSO, (@)

sulfur dioxygenase and sulfite oxidase.'>!'” Sulfur-oxidizing
bacteria, such as Thiobacillus denitrifican®® and Thiobacillus
thioparus,** are known to oxidize sulfite to sulfate via adenosine
5’-phosphosulfate (APS-dependent pathway). However, T thioox-
idansprobably does not use an APS-dependent pathway to oxidize
sulfite because Nakamura recently showed that 7. thiooxidans
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JCM 7814 has only an APS-independent pathway.'®2%2% In this
report, it was found that (i) nickel binds to the plasma membrane
and inhibits both sulfur dioxygenase and sulfite oxidase activities
of T. thiooxidans NB1-3 isolated from corroded concrete, (ii) a
ubiquinol oxidase functions as a terminal oxidase in this bacterium
and the activity is inhibited by nickel ion, and (iii) the reduction
of cytochrome 4 by sulfite is inhibited by nickel. The informations
on the membrane bound sulfite oxidase are still limited and there
have been no reports on ubiquinol oxidase in the case of 7.
thiooxidans. The reasons why reduction of a-type cytochrome by
sulfite was faster than that of cytochrome 4 and the levels of
inhibition by NiSO, and HQNO were different between sulfite
oxidase and ubiquinol oxidase remain unsolved. However, the
results obtained in this report suggest the possibility that the site
of inhibition by NiSO, and HQNO is not identical, or that NiSO,,
inhibits more than one site on the sulfite oxidation system of this
bacterium. To clarify the inhibition mechanism of sulfur oxidation
by Ni more precisely, purifications of ubiquinol oxidase from the
plasma membrane of strain NB1-3 are now under way.
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R, E-EMEEIR oxidase & ubiquinol  oxidase
DEIT NSO + & HQNO IZ L ZBHED U RIVDIE S
DIEREPIZDNTIHRITH B, L L. KREAR
TRLNEGERD> S R T, £49 NiSO « & HQNO @
BHEDHBEDE U TN, NiSOEZ OME D
BIRBRERLY X7 L0EHDBETCEALTVBZ D
THADe NIWIKZHEEA DL ZBIZHREIC
T27=%. BT NBI-3#%D 5 DHED S D ubiq
uinol oxidase DIFH Z{T> TV 3,

<FEE>
T—Ho =4 (EHE) £ D ubiquinol-2(Q 2 )
PAFCE I L 2RHT 2,
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1 T.thicoxidans DTIEMEMIED sulfur dioxygenase DIER I RIX THREE = v TV DR
FEE L= TESEME (B ) 2R A )V LM (O) @ sulfur dioxygenase YEM % 2— 1 heptyl— 4— hydroxyquinolin

e~ N- BLY (HQNO) ¥ 3£z pH75 ToEMBOEB(L Lz BB TRE Lz, NiSO s Gml) LA b¥=iRaikik
NB1-3 4k (0.2mg OEH ) OMlf2. 0.IM Trs—HCI V' v77- (pH7.5)4.0mD) . 7TE#Z 0.2g). HQND@ 1 M) & N

S0+ 23T

2 HREE(L oxidase WX RITTHEE = v T IV OFHR

sulfite oxidase DIEFA % T-I7" W™ OIEEFFTOD 2 FBIRES MIADBALIC X 2EBEORIUZ L > THIE L 7=o
NiSO 1 3.0ml) & b ¥ =RIGES{ERIEL NB1I-3 M OMIZE (Img DEHE ). 0.IM MOPS )" vJ7- (pH7.0)(2.0ml)
2 EIRERF ML (20 0 M), NiSO s & =3¢,

3 T.thiooxidans NB1—3 ¥k D cytochromes DIZULIA 7

(=48) MM IFEFRES MWUATEIT L= 1.0ml D NB1-3 k. #A2ME (10mg DEH )
(5548) B VBRI CERE L 7= MAaiE

F* HRBREUEATOEFBET = — VI RIETHERN DR

BEZEH RE Bt E (%)

None 100
NaCN ' 0.lmM 32

1.0mM 0
NaN3 1.0mM 0
Antimycin A 10.0mM 9
2— Heptyl— 4— hydroxyquinoline 200 u M 6

N-aoxide

Mixothiazol 200 4 M 15

4 NB1-3#¥k Mg o BHREEIC K % cytochrome b DEITIC &IZ T HEE = v T IVEIR

NB1-3 #k DAIIEES D cytochrome 5 D 2 BfREEY-7" 12 & 218 % cytochrome b D a B—2712 K% 557mm &
BT ARWOBERIZ L > TEPI L. NiSO « 1.0ml) & &b RSESWITMEE 10mg D&EH )0.IM MOPD

N y77- (pH7.0)500 ¢ D). 2 EEREET MYL (1.0 & mol) ZET¢,

5 Ubiquinol oxidase DEA D RIE T = v 7 )V DOFE

Ubiquinol oxidase DM % ubiquinol—2(Q » H » ) DE{LIZ L D E Li=o NiSO + (1.0ml) & &b¥E =RINESEK
AR 20 £t g B H ). 0.1M MOPS N w77- (pH7.0)(500ml). Q: H : (30 & M), toi-Y20(0.02% ). NiSO «+%&

0o





