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Fundamental studies on the use of the iron-oxidizing bacterium Thiobacillus ferrooxidans
———Monograph Tsuvosui Sucto (Division of Biological Function and Genetic Resou-
rces Science, Faculty of Agriculture, Okayama University, 1-1-1 Tsushimanaka, Okayama
700) Hakkokogaku 67: 173-193. 1989.

The iron-oxidizing bacterium Thiobacillus ferrooxidans inhabits drainages in acid
mines and plays a crucial role in the bacterial leaching of sulfide ores. The value of
T ferrooxidans in bacterial leaching may be due to the ability of this bacterium to oxidize
both ferrous ions and reduced sulfur compounds. To obtain more valuable strains for
bacterial leaching, it is important to study the mechanism of iron- and sulfur-oxidation
in T. ferrooxidans. The following findings are discussed in this paper.

(1) A proteinous factor having a stimulating effect on iron-oxidizing activity was
purified from T. ferrooxidans grown on iron-salts medium.

(2) Novel sulfur- and sulfite-oxidizing enzymes, namely, sulfur : ferric ion oxido-
reductase (SFORase) and sulfite : ferric ion oxidoreductase, were found in 7.
ferrooxidans, and the actual substrate during a solid sulfur oxidation by SFORase was
identified.

(3) A new route for sulfur oxidation other than that previously reported was proposed
in T. ferrooxidans, in which elemental sulfur is oxidized by the cooperation of three
enzymes, namely, SFORase, sulfite : ferric ion oxidoreductase, and iron oxidase,
and Fe3+ and Fe2+ act as mediators of electrons among these enzymes.

(4) Evidence that this new sulfur oxidation route is actually involved in aerobic sulfur
oxidation by this bacterium is presented.

(5) The mechanisms for the inhibition by Cu?* and Co2* of the sulfur metabolism of
T. ferrooxidans, and the mechanisms for Mn4*+ and Mo$* reduction with elemental
sulfur by T. ferrooxidans were clarified.
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Fig. 1. Absorpﬁon spectra of stimulating factor from 7. ferrooxidans.

—, oxidized form; ---, moderately reduced form; ---, reduced form
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Fig. 2. Effects of ferrous ion on the spectrum of

stimulating factor
buffer, pH 3.5.
Absorption spectra of stimulating factor after
addition of ferrous sulfate was traced under
anaerobic conditions. Absorption spectrum of
stimulating factor after 60 min aeration is shown
with a broken line.

in 0.1M B-alanine-SO4?~
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Fig.3. Effects of stimulating factor on iron-oxidizing
activity of plasma membrane.

Symbols: O, plasma membrane (4.2 mg of

protein) which has a low level of iron-oxidizing
activity; @, purified stimulating factor (0. 41 mg
of protein) was added to plasma membrane (4.2
mg of protein); M, purified stimulating factor
(0.4 mg of protein).

75 &, plasma membrane {3 S ICHED { BEEEE 11,
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factor) ME AL LB LNTLE - /72D TH 3.
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Fig. 4. Iron-cytochrome ¢ reductase activity of pu-
rified stimulating factor.
The composition of the reaction mixture was as
follows: acetate buffer, 150 umol; purified
stimulating factor, 0.76 mg of protein; mam-
malian cytochrome ¢ (Sigma type ), 1075 M;
ferrous sulfate, 10 umol.
3.0 ml. Symbols: O, chemical reaction at
pH 5.5; @, purified stimulating factor, at pH
5.5; A, chemical reaction at pH 5.0; A, stim-
ulating factor at 5.0.

The total volume was

stimulating factor |38 E{LE % % -7/ plasma
membrane OEEELERLEMALT 2ERZR >TWV
7z (Fig. 3). %7z, pH 5.5 ¢ Fe?* |t X % mammalian
cytochrome ¢ @iﬁiﬁ%@ki}i‘é‘é%&, g 7HH iron-
cytochrome ¢ reductase 7EMHEZER LU7-A5, pHS5.0 Pl
TTRZOFEHIZRD LN o7 (Fig-4).
Fe2+-fi gt ic 1mM @ Cu?* 2L iz

TABTSNIRREBBLI N h o7 (Fig 2). T5<&, RERMROSKBLEERIL s L.

Table 1. Summary of the purification procedure for stimulating factor from
9K medium grown cells.

Total Total Specific

Fraction protein activity activity Asg1/ Azso \(Zio/gl)d
(mg) (units)  (units/mg)

El-P-S-P-S 442 1860 4.2 0.051 100

Heat treatment 273 2047 7.5 0. 052 61.8

Precipitation at pH 4.5 50 1200 24.0 0.125 13.3

DEAE cellulose 36 1674 0.132 8.1

46.5

negative adsorption
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Table 2. Summary of the purification procedure for stimulating factor from
9K-CuSO,4 (1073 M) medium grown cells.

Total Total Specific

Fraction protein activity activity Assr/ Azso X(’io/zl)d
(mg) (units) (units/mg)

El-P-S-P-S 371 3930 10.6 0. 047 100

Heat treatment 259 3910 15.1 0.053 69. 8

Precipitation at pH 4.5 89.5 2005 22.4 0. 063 24.1

DEAE cellulose 74.2 2700 36. 4 0.130 20.0

negative adsorption
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TF, Fe** OEiIc X - T plasma membrane 2 {
WAL cF b7 oo WBTLIN, T oICFEEE
TFTTF b oatForF—¥ick - TERELENG &
WOMBX D, BRELEERRETRE Fig.5 IORT
XOIREZATVS. LTRAVEBINZINT S, TER, SBEO
Cobely & bEBLHEDID, FATF4¥T=vE A4 YOBRECHIET 32 =— 7 BEALETREENT.
Bontmg UIcis v o/ BEBEEL, Fe** OBF  ferrooxidans MiCHEET BT TH 2 E NS EHEDD,
B, FRAF4VYT=V, cBFVrI/aLn, Frion T. ferrooxidans AP19-3 ¥k DX B (LEEEZR DR A
XV —¥, PTFRERCIACEES NI SBAE 70, BERMO thiobacilli THEINT XD EI
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Fig.5. Proposed mechanism of iron oxidation of 7. ferrooxidans.
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Fig. 6. Proposed mechanism of sulfur oxidation of 7. ferrooxidans AP19-3,

LB o), TEED Fe* 2BISR/KICTIH
IR EL{LEESE (sulfur: ferric ion oxidoreductase ¥

X U sulfite: ferric ion oxidoreductase) & iron oxidase

EDEEA F VTHBEINY A7) v 7ICEEETEIEHL

BET, TRERLEBLUTERE (SO2) ZART
35T & &R L7 sulfur dioxygenase 43, 7.
thioparus®® T. novellus?® T. ferrooxidans® [ H T
TETBEEDHEND, 7. ferrooxidans ITBNTH 7.

WIREBLRBROFEEIRE L (Fig.6). 112

T. ferrooxidans AP19-3 #khHh S @D sulfur:
ferric ion oxidoreductase (MDfFHIL M2
BREE TIiE  OFFRED, ExBERTEILEYE
A NE—-FIZTLUTOD 7. ferrooxidans DEFILDN
TH ) EEB LRI OVT, 17 2 UTHERAL
ICBEET AEED? DO THE LTE/. Suzuki
13 7. thicoxidans >3 sulfur dioxygenase ZER¥KE
MU, ChPBAEEDERTR IS V2 54 (GSH) O

thiooxidans L [EREDIREE(LZER (Fig-7) WEEL

Sutfur dioxygenase

2~ Sulfite oxidase 2
S— Polysulfide 503 SO,

o 0; AMP ADP,
APS reductase ~"\* 2€” Pi/‘ADF sutfurylase

APS

Fig. 7. Postulated scheme for sulfur oxidation of
T hiobacillus thiooxidans.?5%6:29:30)

(A) (C)
7
6
5 50 pmot

Fe?' produced ( pmol /ml )
Fez' produced ( pmol/ml)
£ produced ( pmol/ml)

o,
01 2 3 4 5 01 2 0 2 4

Time (hours)

3 4 5
Time (hours)

6 8
Time ( hours)

10

Fig. 8. Effects of the concentrations of cells, elemental sulfur, and ferric ion on the activity of
the ferric ion-reducing system. The reaction was done under aerobic conditions in the presence
of 5 mM cyanide. (A) Effects of cell concentration of the activity of Fe®* reduction. (B)
Effects of elemental sulfur concentration on the activity of Fe3* reduction. (C) Effects of
Fe®* concentration on the activity of Fe®* reduction.
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BLUTF/ YD) vBEANT ) 7 —EDHET S
REETH 3.2

STHEBMBIE Z DL DR T LB #IIIL Fett
BALEEEAE LTV B eDic, TOEBSTHERK (89
PEFHEEKICUT Fedt %2 Fe?* WEBRLTIBHESE
F->TW3 ZLREVEKSHPNENTE . HHRE
BOEHHIC IR L7z Fedr A3 Fe?t (0BT INIBR
13, Swlfolobus acidocaldarius3® T. Mz’ooxz'a’ans,“’a"”
Z LT T. ferrooxidans®V3? Z BN EBERBRTHE
INTcH, TD Fe¥* DBITMBBRMICTHONG DD
BEPICODWTOBEBIARRELNTH ok,

HRFRCTHE—a o =—& UTHEE L7z
FHWE 7. ferrooxidans AP19-3 §k33-30 (DykiaHnpa
TWK[EEHT, pPH3 T S° BXU Fet 2E8URIE
T incubate 3 & Fedt ZEEFEMICETTL Fe?t
DHERT ST &, Fe* OERBREKEE, EFits
hTHB S RE, BFZEKRTH 3 Fe*r BEIC
ENENHA LTHRTLTEELH{IhIT LW
(Fig. 8). FREHTTiREL Fe** OERREEIN
B -7, FREHFTTOHRBLERETLICASE
5 5mM OVYTUEFEIEL L, BERHTT
BEINCEFEEED Fe?* AR IS LT (Fig. 9).
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Fig. 9. Effects of cyanide on the activity of Fes*
reduction by washed intact cells of 7. ferroo-
xidans AP19-3 under aerobic conditions.

As a control, the reduction of Fe3* under
anaerobic conditions was done with a complete
reaction mixture lacking cyanide (x).

TNO DRI, S° OEELITHE » THEL L7z Fe?* s
BRI > THLICERILINB T EERLT
AV

WEMIEEZRANT, MEARHT S° itks Fet &
TDRA M F4 A MY —2REL, FTRORICHE-
THRBALRUS DS s &g L7 (Fig. 10).10 g3
4mol @ Fe** 5 1mol @ S° KXk -TERTXN,
4mol @ Fe** & 1mol @ SO~ 4T 2 (1R).

Ferric ion reducing system

S

4FeCly + 3H,0 —L— H,S05 + 4FeCly +4HCL

—(1)

Chemical reaction

H,S03 + 2FeCly

Mm@
S

Iron oxidase

+ H0 —— H,S0, + 2FeCl, + 2HC

6FeCly + 4H,0 —— H,S0, + 6FeCl, + 6HCI

(2)

(3)

6FeCl, + 6HCl + 3% 0, —— 6FeCly + 3HO - W

(3) « (4)
e+« %o -+

HO —— H,S0, (5)

Fig. 10. Stoichiometry of anaerobic and aerobic sulfur oxidations by 7. ferrooxidans AP19-3.
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ing system & {RICFEAEDS, HICELIKEIRIC B—78
TS UCTHEEL, sulfur: ferric ion oxidoreductase
(SFORase) & L7, IROVT 1 THERLTK B
hRAED SO:2~ 43 2mol D Felt Tk -~ TIEEHEMIC
B ¥, 2mol D Fe** & 1mol DFEEAM A (SO.4)
TERT . CORISHERINCOITONS T Lath
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Fig.11. Production of ferrous, sulfate, and sulfite

ions in anaerobic oxidation of elemental sulfur
with ferric ion by washed intact cells of 7.
ferrooxidans AP19-3,
Symbols: @, Fe?* production in a complete
reaction mixture; A, SO~ production in a
complete reaction mixture; O, SO4*” production
in a complete reaction mixture lacking cells; ®,
SO42~ production in a complete reaction mixture
lacking elemental sulfur; @, SO4®~ production
in a complete reaction mixture lacking Fed*; W,
SOs? production in a complete reaction mixture;
(3, SOs*~ production in a complete reaction
mixture except that active cells were replaced
by cells boiled for 10 min.

Lz, EiESHETIcBT 5 S icks Fe¥t BLO
2R 3RENLS. T8 B, Imod O S F

6mol @ Fe¥* (& > TEILII 1mol @ SOL &
6mol O Fe?r ZHARET . HfRT S SO & Fe?*
® mol HIIFER D HEHR 0.95~1.15%3 6.0 TH -7
(Fig. 11). SR T THERT 2 6mol @ Fe?* 43,

FEEETHEERICX -~ TEDICEILENE &T
NIFAROKHIKILE. $E-T, FREHTICBT S
T. ferrooxidans AP19-3 kD S° E{tD 4K 5 &
78%. AP19-3 BROMEFEEALICKE LT 5 RMBHKY LD
T EMERICHEID SN/IcHS (Fig 12), 57z 7.

0, consumed ( umol)

% T 2

SO;” produced (umol)

Fig.12. Relation between oxygen consumption and
sulfate production in an aerobic sulfur oxidation
by 7. ferrooxidans AP19-3.

Table 3. Summary of purification procedure for sulfur : ferric ion oxidoreductase
from iron-grown 7. ferrooxidans AP19-3.

Total Total :
Step p(rrc;ltgi)n ac(t%i)ty (stlj“’/"rlr‘;tg‘)’ \((%I)d
Cell extract 744.3 7,443 10.0 100.0
105, 000X & supernatant 364.5 7,946 21.8 106.8
(NH4)2S04 (0 to 40%) 111.8 7,222 64.6 97.0
Sephadex G-100 15.5 5,595 361.0 75.2
FPLC (Mono Q)? 1.1 1,121 1,019.8 15.0
PAGE-gel cut¢ 0.1 154.3 1,543.2 2.0

e The activity of sulfur: ferric ion oxidoreductase was determined by measuring sulfite
produced in the reaction mixture under aerobic conditions at pH 6.5.
b Purification with an anion-exchange resin or Mono Q column (0.5 by 5 cm) of a

Pharmacia FPLC system.

¢ After PAGE, the enzyme fraction on the gel was cut off and extracted with 0.1 M

sodium phosphate buffer (pH 6.5).

NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

180 MR

thicoxidans 75 S ZELTIROKXNEF[LTHD,
B I BIC AR E T 2 75073 S REBIDBD IS
(AN

1% s % BEsE, 9780 b gExmRE (FIR
system) OEHERAL, BLREBMICE—-IBEER
%187 (Table 3).'? C DREBIEESRESIZ pH 6.5,
ST, Fe* OF 1L — FETH S o-phenanthroline
DELETT, 1mol @ S° ZE(LT 282, 1mol @
SO~ DHERRICHLTH 4mol @ Fe** AR LK
(Fig- 13), DR, S, 1M 3 5 SRk
KBTI LHERL, Co Fet 2BTRARK
ICT B5iEEEAS sulfur: ferric ion oxidoreductase
(SFORase) &z L7z,

SFORase D4 F&E1346,000, HEHI34.6TH - 7.

SDS-PAGE T4F&23, 000D EICE—/NY FEIR
4 &5, SFORase BE—2FEO-Z 20472
=y bEDWBEEEZTNSE. SFORase DFHE pH
i26.51cH b (Fig. 14), pH4.5 DITE i3 pHS.S
PIETERZIHEE I N Ho7. SFORase XK
cofactor & LT GSH ODFEAE% HEXTIC HELEL T 508
(Fig. 15), COERICOWTIRBTLHNS.
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Fig. 13. Production of ferrous ion and sulfite by
anaerobic oxidation of elemental sulfur by sulfur:
ferric ion oxidoreductase. SFORase purified at
the stage of Mono Q column chromatography
(30 pg of protein) was used in the reaction.
Symbols: @, production of Fe?*; O, production
of sulfite.

il i T Fe75
100¢
2>
=
+ 50F
o]
QO
2
=
©
=% & 7 8
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Fig.14. Effects of pH on the activity of sulfur:
ferric ion oxidoreductase.
The activity was measured by the sulfite produced
under aerobic conditions. The buffer used in
the pH curve was 0.1 M sodium phosphate
buffer. Enzyme purified at the stage of Mono
Q column chromatography (30 pug of protein)
was used in the reactions.

pH 6.5 IFRKEETICBWT, KBSl SFORase itk
T SO MELEIND KR SO DERMRBRD 5N B D
(Fig.16), Fe?* 3@ pH THEbLIKBEEE/ILINS
PHERIBBRTELE A 7. UL, RISEPIC o-
phenanthroline Z2FAEXHTBITIE Fe?* ODERERE
BTE5 (Fig.17). &/, pHE.5 HFREHTICBL
T, RIGHEHIC Fe**t ZFmMLA < TH SO DR
BROND M, THIIEERDIC cofactor & UTHEET
BEEZLND Fedt 8 Fe?* i BRINicE, HF
KBETEE{LXN SFORase RSO /D EEZ
T3, RISOETICE->TEREINS SO B
JSEPICKRRIGTE > T3 S* S{EFMICRIS L F
AHiBEZ AR T 5,27 SFORase {3 7 A Bz BEILT
VDT, RISISHHEBELD & 7 A HiEBEOKIGH
ICEE LT 5.

P WA osmotic shock JLPEE4 % &, SFORase
{3 periplasmic space D7 —H —BFETH 3 B X
7 7 & —¥&—HEIC shock ARPICEHLTLSD
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Fig.15. Effects of GSH on the activity of sulfur:

ferric ion oxidoreductase.

The activity was measured by sulfite aerobically.
Enzyme purified at the stage of Mono Q column
chromatography (30 g of protein) was used in
the reactions.
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Fig.16. Ferrous ion, sulfite, and thiosulfate forma-

tion by the aerobic oxidation of elemental sulfur
by sulfur: ferric ion oxidoreductase.
Enzyme purified at the stage of Mono Q column
chromatography (30 ug of protein) was added
to the reaction mixture. Symbols: A, production
of Fe?* by native enzyme; @, production of
sulfite by native enzyme; O, production of sulfite
by enzyme boiled for 15 min; W, production of
thiosulfate by native enzyme; [J, production of
thiosulfate by enzyme boiled for 15 min.
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NQJE
w cl

o
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Sultur: ferric-ion oxidoreductase
(ug prot./ ml)

Fig.17. Aerobic production of ferrous ion by sulfur:
ferric ion oxidoreductase.
The reaction mixture contained 4.0 ml of 0.1 M
sodium phosphate buffer (pH 6.5), 20 ug of
enzyme purified at the stage of Mono Q column
chromatography, 20 pg of GSH (adjusted to
pH 6.5 with diluted NaOH), 100 mg of S¢,
0.2 mg of bovine serum albumin, 0.5 umol of
Fe3*, and 1 umol of o-phenanthroline. Total

volume was 5.0 ml. Symbols: @, complete

reaction mixture; A, without Fe®*; M, without
o-phenanthroline.
T periplasmic space ZFELTWVBEEEZ TS

(Fig.18).'2 &7, ¥EEMlRE o7 7T —€¥RELT
b SFORase FEHR £ BL LB o7, LI,
PR MIREE 0.5% 7 =/ — NV TREMRIRE T 5 &,
SFORase [EMIITEAICKIET B 10N SekE(bEHR
BELTZHIEhoTe. o DFERIE, SFORase 23
AEOHEREIC, TREIDARRICEELLENT
EERBLTNS.

PIEE LN HEE X 0, SFORase 3 T ferrooxidans
AP19-3 #® periplasmic space ICREL, $hEE(LEE
FEFRA U TAEOMERIICEST 55 LOHRER
(LR OFEETRE LI (Fig.6).'? T. thicoxidans
DO¥EEMbE Ry, AP19-3 BERUKHTT S° i
X% Fe¥t B HEEWREL, 7. thicoxidans T
Fes* BB IREAE FELBVC L (Fig 19),
AP19-3 KOG EEIGIEITOEBED Feo* M
BICHRALTHEKRT IO LT 7. thicoxidans T
ZOBEEBEALNIENWT & (Fig. 20), 7. thivoxidans
@ sulfur dioxygenase & SFORase DWEDIEHEIC
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Fig. 18. Activities of sulfur: ferricion oxidoreductase Time (h)
i B) in osmotic shock
gt),dand acid phosphatase (B) in osmotic shoc Fig.19. Activities of ferric-ion reducing system of
< . . . T. ferrooxidans AP19-3 and 7. thicoxidans
Osmotic shock fluid was prepared by treating ON106. 4»

intact cells with 50 mM Tris-10mM sodium

: 7. ' -3; .
EDTA (pH 7.5) with (®) or without (m) 209 Symbols: @, T. ferrooxidans AP19-3; A, T

e . Do, thiooxidans ON106.
sucrose. The activities of sulfur: ferric ion

oxidoreductase and acid phosphatase were me-
sured. The protein concentration in the assay SR {LEE DR mImw BHEICBWNT, 7. ferro-
was 0.094 mg/ml. oxidans AP19-3 ik 0 BiERL \C SkER(LRESE b B
THIEEHEEL. UT, XEORERILICHKEL
AB-TOLEDR0» 0, MEOHER(LEHBREAE BROEBCBETZCEERTBRERT.
FICRIE > TV 2 LHEZEZ TV, RED AP19-3 ¥tEMlaz AT, S° & Fet
T. ferrooxidans AP19-3 ¥DWMERILICHITD  DEETIHESRUET, HEXTRISZH 50 UDFD

8 8
10 x10 .
) I.ferrooxidans AP19-3 TJ. thicoxidans ONi106
20} 20¢
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Fig. 20. Effects of ferric ion on the growth of 7. ferrooxidans AP19-3 and
7. thiooxidans ON1064” on sulfur-salts medium.
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w7z, Fe?* OHERK U7 &% o-phenanthroline #HT
Fe?* BT AT LIk ~THR LE, B0
T TR LEREROC. TORKIC, HohLHEE
BERICHE X ¥/ Fett 240 EMIc/DED AP19-3
HRERBEE LTMAGSSEHT TR L (Fig. 21).
AP19-3 BB THEE Uic Fe?t 2L L THMT

& B DPHATE].3 —0F, BEKHT S 28F
5k, Fe¥* ZETEZAMKICUTOHEME (Fe¥* iFk
IC& D) RBEINL P71 (Fig. 22).3 RFHl
SFORase DX RYJ bW F b7 abbBIT c D
v EBSEEINITNT &, SFORase FEEHs HOQNO
KX > THEINBNT EED, S itk3 Fe* 0F
TRF P77 ob s ZBEELRWEHERLE. CORE
13, AREADS Fe¥t MR K > CHET X - 2TEH
=R HATS.

FLREMHT, SBLBEEOHENTHS v 7 vDIE
FETICBVTS S KFEHD Fe** DERIHERI
niud AP19-3 BROIER B LiCE B LEER bBE 5T 5
T &3 ;R E NS, o-phenanthroline &F L — b
IR LTz Fe?* R#BLERORE TSRV &

8
10

x

160

S
o

Concentration of Fel* (mM)

Cell growth (cetts/ml medium)
~
o

Time (days)

Fig.21. Use of Fe?* produced beforehand by a
ferric-ion reducing system and elemental sulfur
for growth of 7. ferrooxidans AP19-3.
Symbols: cell growth (@) and Fe?* consump-
tion (O) in Fe?* -salt medium in which Fe?*
was produced beforehand by the FIR system
and elemental sulfur; cell growth (A) and Fe?*
consumption (A) in Fe?*-salt medium in which
FeSO47H,0 (guaranteed reagent) was added
to 100 ml of fresh salt solution at 30.5mM.

ZRALT, FK5H#, o-phenanthroline FAET,
AP19-3 DS SO {RTEMED Fe?t OARZEZITHO T &%
- L7z (Fig. 23).37 AP19-3 BrOWFEKERTO
EBEB JUEERIC L 2 MEBLEEE, SmM B
LT 50mM @ o-phenanthroline TZNZFNFTLIT
fHEXNT.

AP19-3 MR IEMEEM TAETTLED
SFORase ($ETTESE) B LU BB LEEROLERD
EBNCDOWTHRE L. AP19-3 Bk D B IC - T
SFORase O HEH L2, SHEWKT 2 1EH D TEL,
HFEALEER DR 8 A L (Fig. 24).%° CORRIR
WEEE OB, SFORase 1340 T B LERD

x10
- 6
£
20 2
hel
z 4
E
~ PR
b =
€ 3
. 10t £
~o 3
u 2 NaHCO3
o 2 sl
z l
()
ot 0
0 5 10

Time (days)

Fig.22. Attempted anaerobic growth of 7. ferro-

oxidans AP19-3 with a ferric ion as the terminal
electron acceptor.
7. ferrooxidans AP19-3 was grown on Fe?*
(18 mM)-salts medium at 30°C. At the point
indicated by the arrow, at which Fe?* in the
medium was completely oxidized to Fe3*, ele-
mental sulfur (1 g) and NaHCO; (0.2 g) were
added. The headspace of one of the cultures
was purged with nitrogen gas and incubated
anaerobically with Fe®t as the terminal electron
acceptor at 30°C; the other was incubated
aerobically at 30°C. The amount of Fe?* pro-
duced in the medium and the growth rate were
determined. Symbols: O, number of cells in
the medium incubated under aerobic conditions;
[J, number of cells in the medium incubated
under anaerobic conditions; @, Fe?* content in
the medium incubated under aerobic conditions;
M, Fe?* content in the medium incubated under
anaerobic conditions.
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Fig. 23. Sulfur-dependent leakage of ferrous ions from intact cells of 7. ferrooxidans
AP19-3 under aerobic conditions.
(A): Leakage of Fe?* from iron-grown cells washed three times with dilute sulfuric acid,
pH 3.0. (B): Leakage of Fe?* from iron-grown cells that were passed twice through
cation-exchange resin. (C): Leakage of Fe?* from sulfur-grown cells that were cultured
22 times in sulfur-salt medium. Elemental sulfur (200 mg), 2 ml of 0. 195 o-phenanthro-
line, hydroxylamine (1.5 mmol), or sodium cyanide (0. 05 mmol) was added to a reaction
mixture of 7ml of 0.1 M B-alanine-SO2~ buffer, pH 3.0 and intact cells (4mg of
protein) in a total volume of 10 m]. Reaction was under aerobic conditions at 30°C. A
sample of the reaction mixture was withdrawn after some time and centrifuged at
10,000 X g for 5min to obtain supernatant; the intensity of the orange arising from o-
phenanthroline-Fe?* complexes in supernatant was measured. Symbols: M, no addition;
{J, o-phenanthroline; 4, sulfur and o-phenanthroline; A, sulfur, o-phenanthroline, and
NaCN; @, hydroxylamine and o-phenanthroline.

%108 o RBLTVS.
PRE AR S I 22k B % D AP19-3 BREEE
MRRI, Fe* 2Me—D A NF—JHE U THEBLCE

0.08 {8

3 008 6 DRI62% DBEEALTERZFEH LTHB Y, Fe?t ki
2 HIICHEZ BT HIZ &AL lag phase 75 LITHEREDSA 5
: oo z]* N, LEORERS, APLO-3 BRDSEREMEBIERHT

EETARICOBOERBILEREREZREF LS
ROBOBBICIE > TOBET EERELTVAS.
T. ferrooxidans AP19-3 BR(C K BEERFHEDE
R LM ORI O BT DS & ORI T
Fig. 24. Synthesis of iron-oxidizing and ferric-ion- @?téﬂ%@blg( DHRREDERZR Tl 7.
reducing systems during growth of 7. ferrooxi-  {hiooxidans PEERETBLT I8, TTENE
dans AP19-3 on sulfur-salts medium. AR EICRETAHLENDY, TOBRBBRTANF—
Symbols: A, cell growth; O, pH of the medium; REMTHE L ENBREOICL > THEINTNE®,
@, specific activity of the iron-oxidizing system; L. .
W, specific activity of the ferric ion-reducing S“fukl DERE U7 BAREE(L O BEic >0 TiE
system (sulfur: ferric ion oxidoreductase). ich~<7c %3, SFORase & sulfur dioxygenase & {3
GSH %R E T 28N THBHRALIEN. £CT
[T de novo ARRINB T &%, TROLEEEILE  HBE SFORase ZHWVTEAREBLOBELRETL
FOMBEW TOLEBREESREEF TVHT L 1.

Cells growlh{celis/mi medium)

£é* produced ( umotimg protein/h )

Fel oxidized (pumoll mg proteinth)

(=]
I
o
o
o
L
o

NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

19894 HE3E

SREE LB D FI I BE T 2 LB HIRT

185

RAEL TR LCPRYD T SFORase DEBEICTE »7c
ELEYI, S, FeS & UTRIEE DI LKFE(H:S)

D3 DDAT, MOBMEAGIETIIZ S M1k,

GSH pistd SH {44, s-methylglutathione, s-
hexylglutathione 3 GSH Db hicii 615 h -
7o, EABIARRLOMBEE S it B cdic GSH
DFEENCDOVTHRET L, SFORase RSDEMEMT
TEE Y, GSH, S° % incubate 32 &, H,S A3{p2%
RISTHR TS &, $7 SFORase %R ISHEICHEY]
DOFEEIEBEE SO OERIZR SN S D HaS (3
S ERLEVWE &, BISOEFTICHN >T GSH HEE
ILEINT GSSG BAERKTECEEZ AL, UL
(Fig. 25). 40 DI ED#ER L U, SFORase (T & % E{AHT
BEBAOEOEHE I HeS THA LEER L.
SFORase fEMIZEEED H,S (0.5 mM) ick -
FTAICHEINS Y, COEER Fer* 2RIGKICH
g5 ETHRREMICERE N (Fig 26). —34,
Fe3+‘ Sn2+, Ni2+, Cr3+’ M6+ %@ %E/r z— .‘/‘C ﬁﬂ%
BREZIRIRIE s . CNOOFERERLD, Fe?* (3 HaeS

(A) lo1s

010

4010

1005

2~
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—_—
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o
o
w

GSSG produced (umol/ml)

0
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Time(min)

010

005

ERET BT &L -T FeS L7351 SFORase DSpH
EEZFFIEOERICET HoS BELETI A8
X > THEORBETS D LiEE Lic. Fet RIS
DL BICIHERBEIENSL D - BB LU FeS LIS
DHfift4 B SFORase OFREITIE S -7 EHI,
Fe " [IcEB T 2 LTS DERBA A A3 SFORase %
HMOPET AT EICH D EHEL. O D EDORERK
Y, 7. ferrooxidans AP19-3 kkD BEATH EEE{L DO FIEE
2Ty 72 Fig. 27T DX S ICEZL T A.4” SFORase
DEOHEHEN HeS TH B T LML NI 572D T,
SFORase D £Fi713{r LA hydrogen sulfide: ferric ion
oxidoreductase & L7c AN TIZISWDEEZL T
3.

XT, HzS %3 SFORase DEDOEETH 275513,
SFORase [ZEMATIEEEM LIS TSD S® 2L
SO #ERT BRI THBEH, TOHEEBRFTE
DICENTF = — 7 ICEATIER & GSH OEF % BEK
EHIANTHER LIS DOEFAK, d5—FHIRE
I EABRE & BER D AEBITF 2 — T ICANTER

1004

1003

1002

1001

H,S produced (umol/ml)

60 120
Time(min)

Fig. 25. Production of hydrogen sulfide, sulfite, and GSSG in elemental sulfur oxidation by
sulfur : ferric ion oxidoreductase purified from 7. ferrooxidans AP19-3,
Enzyme purified at the stage of Mono Q column chromatography (3.5 pg of protein)
was added to the reaction mixture. Symbols: (A) A purified SFORase was added to
the standard assay mixture for SFORase at the start of reaction, and the concentration
of sulfide (M) and sulfite ((J) were determined. (B) Two flasks containing both GSH
and elemental sulfur were incubated for 1 h. One of the flasks was further incubated
without the addition of SFORase and concentration of sulfide (®) and sulfite (O) in the
reaction mixture were measured. SFORase (3.5 ug) was added to another flask at the
point of arrow, and the concentration of sulfide (M) and sulfite ((J) were measured. A
chemical production of GSSG in the standard reaction mixture without SFORase was
also plotted (A).
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Fig.26. Effects of metal ions on the oxidation of
sodium sulfide by sulfur: ferric ion oxidoreductase
purified from 7. ferrooxidans AP19-3,
Enzyme purified at the stage of Mono Q column
chromatography (12.5 ug of protein) was added

Sulfide instead of

elemental sulfur was added to the standard assay

mixture for SFORase as a substrate. Symbols:

Metal ions described below were added at the

following concentrations. [, Fe?* (1 mM); m,

Fe?* (4mM); @, Fet (1 mM); A, Sn?* (1 mM);

™, Ni** (1mM); &, Cr3* (4mM); 0, MoO.2-

(4mM). No metal ion was added (x). Sulfite

production with the standard assay mixture, in

which both metal ions and sulfide were absent
©).

to the reaction mixture.

3+ 2+

2GSH  GSSG 6Fe 6F¢

N NS,

Chemical reaction Hydrogen suffide : ferric-ion oxidoreductase
(Sulfur :terric-ion oxidoreductase )
2¢

Fez‘\ Fe

FeS
Fig.27. Initial steps of elemental sulfur oxidation
by hydrogen sulfide: ferric ion oxidoreductase

(sulfur: ferric ion oxidoreductase) purified from
7. ferrooxidans AP19-3,

L bDDERAKD 2 0% FE L. BB
SFORase Z{EF E ¥ 2 &, BAREOHEBNTT B C
X > THRONIBEBEFTAM T3 SO D AR 234
RN odchs, S & GSH kgL bD%

Fig.28. Oxidation of elemental sulfur without con-

tacting sulfur: ferric ion oxidoreductase with
solid elemental sulfur.
Elemental sulfur (200 mg) suspended with 2 ml
of 0.1 M sodium phosphate buffer (pH 6.5)
supplemented with or without GSH (40 umol)
was put into dialyzing bag, and incubated for
8 h at 30°C. The dialyzates obtained by 8 h of
incubation were tested for the production of
sulfite by incubating them with SFORase in the
absence of elemental sulfur. Symbols: A, the
dialyzate obtained by incubating both elemental
sulfur and GSH in the dialyzing bag was used
as a substrate for SFORase; M, the dialyzate
obtained by incubating elemental sulfur with
buffer solution lacking GSH was used as a
substrate for SFORase; @, sulfite production
with the standard assay mixture. Enzyme
purified at the stage of Mono Q column chro-
matography (12.5 pg of protein) was added to
the reaction mixture.

BT L7 T3 SO~ O AR A E, btz (Fig.28).40
BE, NI/FVTY)—F v SOBHEE LT, B
BE & MM D 2 DMEZL SN TS 05,4174
LEEDRERIZ, GSH #EZE L THiE SFORase |3
EARREEEEER L THINERILTE 28
HETRRTZHDT, §%NIF )TV —F /OB
BRRIICRII DD EEZ TS,

4. HEWESEL{LE*FE (sulfite: ferric ion

oxidoreductase)!®

TTHERRHE DS SFORase Ik > TRIL I3 KR SOs2-
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MEI UTHAERI NG W2 20 SO ZEbd
BEEEDBEELILOLE S % T ferrooxidans AP19
-3 TRE L.

AP19-3 BRD pe# A AT SO Btickdd 3
pH g% &, pH2 BXU pH7 i 2 DD7EH
E— 7 %R U7 (Fig-29). CTHI3AES 2 BHORER
ST HEET SO ZBLTE2CEERLTVA.
PH2 ickB1J 3 SO DMLz v 7 v T AES N
SIE(LBESRIC T 5 pH ghiRE—B LT Eh b,
BtEEDOEET 2 SO Ok L ZZ /. 373b b,
SO |3 Fe* It X » TILEANCEE LI 1 Fe?* R AR
L, TD Fe** HEELEERICK ~TH{LIh Fei*
TERTIHFETHS. 3T, i T pHT It
B pH %RT SO BLEERICBELTRINET
T. ferrooxidans THEDILp 7. T D SO il
B%3213 AP19-3 £k periplasmic space | NREIC
Behh < R LCRRE LTI © &S . S
BEReROTOAERDERE pH 136.0, 57°C, 1553/
@ incubate MERII 7 w77 —¥REICEL D 5ELIC
LE UK. P83k 7. thicoxidans HTHEINTNS
F + 7 o AR50 sulfite oxidase & [ZEILD, 243044
P BFRAERELT Fer ZEENICAVIFR
SO~ BLBERTH A LW TIROERLLRBRIN
sulfite: ferric ion oxidoreductase &#p4% L7z.4® 472
DY, WVBRSEHEHT, Ft O EETTHEFEEHET
EIZITEBE O BE T SO ZEL L7 (Fig. 30),
(i Fe* 2 BFEREKIC LD, Frrorceb X

—4 1 ] 1 T I T i I 1

- x10
8 I 4

( mol/mg protein/min)

Sulfite oxidized

1 2 3

Fig.29. Effects of pH on the oxidation of sulfite
by washed intact cells of 7". ferrooxidans AP19-3.
Symbols: @, 0.1 M B-alanine-SO4*~ buffer; A,
0.1M sodium phosphate buffer.
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Fig. 30. Effects of ferric ions on the activity of
sulfite oxidase.
Sulfite consumed in the reaction mixture was
measured in the absence (A) or in the presence
(B) of ferric ions (0.2 pmol/ml) under aerobic
and anaerobic conditions. Symbols: @, consu-
sulfite measured under aerobic
conditions; A, consumption of sulfite measured
under anaerobic conditions; [J, consumption of
sulfite due to chemical oxidation measured with
the enzyme boiled for 10 min under aerobic
conditions.

mption of

U720 YTFAVFERHATEZTLEBTEE o
7o (Fig. 31),
acid disodium salts (Tiron), a, a’-dipyridyl ® X 573
Fes* it d 2+ L — PRI THSEEINCETH 3.

(i) 4. 5-dihydroxy--benzene-disulfonic

20, l0.20
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£ S
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Fig.31. Electron acceptor for sulfite oxidase.
The reduction on ferric ions (@), horse heart
cytochrome ¢ (A), or ferricyanide (W) by sulfite
was measured.
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REFMZOTIHUEREZED TV 3.

Sulfite: ferric ion oxidoreductase DAEHERII,
FEicRT & S5 1c SFORase it k3 S° B {LOKIc &
5 LTHERLTL 2HERDOED SO Z4HET 5
EEBIL BRMIMEO = A VF—FTH B Fe* 2 b

HERTHCEICHB EREEZI TS T13H5,

AP19-3 BB S LEZEDHEHIIS pHE
TS & incubate T3 &, SO~ MEEEHLTL 2
S, BEELEEREMEHS pH3 T incubate L7cé
K3 SO2” DARIZIREAERD SNIEDH -7 (Fig
32), €5 ULT#% pH OFEEHRTTHEEKLE S° % 2 B
incubate L7z #hEbE MR O SBILEES KU #ET
(SFORase) {EEAHIET 3 &, pH 3 T incubate L7z
SO TRERDOETIRED SN o708, SO 43
RKEICHRKT % pH 6 Tincubate L7z b D TI3MEEE
TEMEDSEALTR R D10%41C % TIET LT 7 (Fig. 33). 9
CORICKRER, b USBIERNSEAEZEINS &,

B4 THRR L7z SOs?™ 1t X - T damage 25217 3.

pH 6 T AR %E S° & incubate L7-i4, 28
fiz8 &2 &L RIS IC £/ Lkt T SOP 134k
RITEADLUEED B, 2Bk IC, sulfite: ferric ion
oxidoreductase DJEEF|TH 2 Tiron ZH{HNT 3 &
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Fig. 32. Production of sulfite during aerobic sulfur
oxidation by 7. ferrooxidans AP19-3.
Washed iron-grown cells of 7. ferrooxidans
AP19-3 (5 mg of protein) were incubated under
aerobic conditions with 295 elemental sulfur in
10 ml of 0.5 M B-alanine-SO4*~ buffer, pH 3.0
(A), pPH 4.0 (O), pH 5.0 (m), pH 6.0 (A) and
pH 6.5 (@). Sulfite in the incubation mixtures
was measured spectrophotometrically by the
pararosaniline method.
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Fig. 33. Activities of the ferric-ion reducing and
iron-oxidizing systems in 7. ferrooxidans AP19-3
after incubation of the cells with elemental sulfur
under aerobic conditions.

Washed iron-grown cells of 7. ferrooxidans
AP19-3 (5 mg protein) were incubated under
aerobic conditions with 2% elemental sulfur in
10 ml of 0.5 M B-alanine-SO4*~ buffer, pH 3.0,
4.0, 5.0, 6.0 and 6.5. for 2 hr. The treated
cells were harvested and then washed three
times with 0.1 M B-alanine-SO,?~ buffer, pH 3. 0.
Symbols: @, the activity of the ferric-ion re-
ducing system; [J, the activity of iron oxidase;
X, sulfite in the incubation mixture after 2 hr.

SO~ [3EAE TN Uit 72 (Fig. 34). . C OHER
1T AP19-3 ¥k S® 2E(bd 2K, SFORase itk 3
SOs2~ DL &, sulfite: ferric ion oxidoreductase T
&3 SO OMENEBFICE TR EERBL
TW3. b L, sulfite: ferric ion oxidoreductase ASA
HRCHFELEZOETIE, BASOOERTHE/L
BFRBEEINEEIC, BERDOHRY SO~ HSEEK
RICEDEREL, S 5iCdamage BRELLIBBTEH
FRINE. T AP19-3 kD SO L% Fig.
BDEHICEZTVAS.

5. T. ferrooxidans AP19-3 gkic kD
ERBAF VDB

RERBKER LA IC BN TIE, SKERLEESR, BREE L
BER & - 7o B LEER ORI Z PONCERR DD S
TEIH, SEELHVEREA A v Z2BLTEIEPD T
184, BRI IHNZOEDER>TVBETLZH5
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Suttur: ierr‘c 'on o"doreduc(asn
—~ 0.03
E DIAMIDE ——»9{ < SFe
° i
e l s e --soJ @bo ‘\mzo
3 0.02 Mn 2Fé l.\
—~ Mn? 6Fe JIZOZ . 6K
8 /; Mn
'f)) sl
’8 001 Sultite:terric ion oxidoreduclase 3an' Bre
a Fig.36. Proposed mechanism of Mn‘t reduction
& with elemental sulfur of 7. ferrooxidans AP19-3.
8 0 Symbols: =», enzymatic reaction; —, chemical
0 60 120 180 240 300 reaction.
Time (min)
Fig.34. Effects of 4, 5-dihydroxy-m-benzene- Mn®* (TR5TT 5 &5 B ERE L (Fig. 36). %2

disulfonic acid disodium salts (Tiron) on the
production and decomposition of sulfite during
aerobic oxidation of elemental sulfur.

After 2h of incubation of washed intact cells of
T. ferrooxidans AP19-3 with elemental sulfur
under aerobic conditions, 10 mM Tiron was
added at the point indicated by the arrow (@®);
cells with no Tiron added were also tested (O).

Sulfur ferric ion
oxidoreduclase

T ] : l 4Fe” ' =
. 2+ | 'Sulh(e ferrnc-ion
D - 4Fe’ oxidoreductase
RS soF ¢
502~ . B 2 D
Fa— 50 L

17207+ 2H*

H,0

Periplasmic  space

Outer Peptidoglycan Inner
Membrane Membrane

Fig. 35. Proposed mechanism of sulfite oxidation of
T. ferrooxidans AP19-3.

DI LD TLDEITDNTRNS.

7. thivoxidans, T'. ferrooxidans % F T DAL
2 YA (MnOp) DY —F v S BEBEBRTHEI N
TN 5.5 T thiooxidans 55 S° ZEe{ld 2 ERicH:
RT3 SO % S |tk » T IEREHEMIC Mntt 23
Mn®* NETLINSBBSREEINTOED, WM
fReFWTO Mn** B0 BaEic B LTt i s78
o7z, AP19-3 BREtEHREAE AV, S° itk 2 MnO;
BILOKKEZBRET L, S° 43 SFORase i€ & » TEEFMY
KEALINTER U SO sjEE#AIC MnO; %

it Mn*t BITEEEHBTIEBBRELT,
(i)g:Z ke (SFORase) DR EMBERTH 3
diamide {C X »T Mn** OBTLHSHEINS, (DFR
TTEERICE B Fe?* 8L SO~ DAERH MnO: iT
X oTHEEIND, WMHBTHREOBTIARKT
b5 Fe* |3 Mn** ORBTEEZHAIEE. gkt
BEOMEXTH 2 v 7 i3 Mot OFETEEHKX

3, (VISO:Z™ 8L Fe?* |tk - T Mn*t |2IEEEFR
P T B BREINIERZDT L EHBTES. S°0D
BT 2EE Mn** NDET ABREHOF E2 REE
MR TRE L SR TE b 5 72,

AP19-3 BROLEEMMS Y v BA A v OBEET, S°
ZEFHEHIC LT Mo ZEEFEIICET L molyb-
denum blue 2453 2 T A5 i Lic. 5 Most
BUEOEE pH 33.0, BTEIZ S° BLXUHKEE
WHA UTHER L. teEMlRTEEI N/ Mo O
SEITHSEHTE MoS BRERICLZDHhE » % BEt
L, SFORase 23 S°® ZETFf#E&IC LT Feit (3D
DTIEL, Mo 2 $BITLTHILEHLIIIUL,
$&8l SFORase 2 FUVT, lumol D SO2~ DHEFRIT
x5t LT 4.6~5.4 umol D molybdenum blue B3HgEL
ENBTE, Mo igxdd 3 Km {3 7.6 mM, Ve
12 22.2 umol/mg/min TH2ET L, Mot DEITIT
LT Fedt & Cu?t BESHAICHEEL Ki BSsehE
. 0.084mM BLrr 0.015mM ThH3 T EEEHES
Dic Ui (Fig. 37).59 Fe** A3 Mo®* DETEBREFH
ICHHET B NS FERIZ, SFORase DSmE&EA £ v
PBEFZERCTEENIELEIHTS. Cu*
SFORase IT X > TEILI N5 AJEMEATREE S N ic 3,
COEIEUTREARNPTHS.
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Fig.37. Effects of Fe3*, Cu?*, and Co?* on the
velocity of molybdenum blue formation by
SFORase purified from 7. ferrooxidans AP19-3.
Symbols: Fe¥* at 0.1 mM (@) or 0.2 mM (@),
0.05 mM Cu?* (m), 0.1 mM Co?* (A), or no
metal (QO) was added to the reaction mixture.

Z Ok, SFORase |3 Fed¥t [T T Mos+,
Mn** &% BT 505, EENKEELEFZER
REBHBEOEERETIKERICHEET S Fer &
EZoN5B. TI8bD, API9-3 ¥ROBEGEHRE S v ¢
7472, S* it kB Fe*, Mob*, Mn** ;BILD LLiEY:
Rezh€h, 3.3umol Fe?*/mg, 0.13 umol molyb-
denum blue/mg, 0.10 umol Mn?*/mg T, Fe?* o

H X E 2 molybdenum blue, Mn2* A g} B D#256E 5
Mo,

6. EREBAF UVICKOMEEMIELM
TOEBRE RS

LA DPOBEH UT 3BAXD&RBA 4 vicsd L
TXOHERFHEBEAMERL, 77 )TV —F i
MUTOEOBERAREREELOND. S LI,
Fe?t % x x V¥ —JHIC UTHERET 3 BRiCiE, KB4 4+
Y, BAFVERIBEESREA 4 vicd LTHER
WHTH B, SOEME—DT ¥ —JHiC LTHRET
BZEAII, CNLDESEA A Vit LT D BSE
HITIE B EBMOENTNE., BT, N2FYTY
—F IR T A EREREBET 30, ES
EHEOMBBLBRL R ORERET I ENEE
EEZONDEY, ARDELEMUESLIUESLEHEE

BEC OO TOFMEHERL IN TR D AEIR
TH5.

T. ferrooxidans AP19-3 BEDHFRIEKIEIHTOD
#5E1E, 100mM @ Cu®*, F72i3 1mM @ Co** i
K-> THRLICHEINDT, TNLEEBAA VIC
S BEEBBERT L., #0BE, Cu RBARHOD
WEEILicBi 59 % SFORase %, SFORase A3kD
BFXAERKTDHS Feit LEMPOLERESTIHAT
PRET 2 T EEZBHLLIC LI BT EV S
&, 8EITHZSE (SFORase) ® Fedt jc3d4 2 Km |3
1.4mM, Cu?* lzx4d 23 Ki i3 1.2mM <& - 7.
100 mMCu?* 1t X 2 EFEEL, Hhic Fe3t Zini
A ETEREIN, 18mM @ Fe?* I{KiNT Cu?t {E
BMoa v bo— v EEBOEBERZR L (Fig. 38).
—7, 1mM® Co** it & 2 £FHEIC Fe¥* DIRM%h
EBEEINTN &S, MEEA 4 Vick 3E
BEREZIZ DOEEELK.

MW TO Co* [ X BZABHEER, PITICRYT

8
x10

growth (celis/ mi medium)

Cell

0 5 10 15
Time (days)

Fig.38. Effects of ferric ions on the growth of
7. ferrooxidans AP19-3 on sulfur-salts medium
supplemented with 100 mM cupric sulfate.
Symbols: Sulfur-salt medium without 100 mM
cupric sulfate (O); sulfur-salt medium supple-
mented with 100 mM cupric sulfate ([J): Ferric
ions were added to sulfur-salt medium supple-
mented with 100 mM cupric sulfate at 7.2 (D),
11 (@), 14 (@), and 18 mM (A).
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X it Co?* 3 SFORase RS cofactor TH D
GSH % GSSG it EB{L MR LT LE SR,
SFORase %% S° ZELTEILIE>TLE S OHE
HD—2DICIE > TWNB L EEBPFLMIC L. T8
B, AP19-3 % 1mM o Co*t Z&LrHifiirkis
B THERT 5 &, $GRILEEHE (SFORase) FH:HR
D ETRELL, Chittk-> TEHOBIEDMELL
7o (Fig. 39). RS#kic GSH % ¥hnd 2 & &g miEik
BRONBEDIEBZZ END, SFORase DUiE L
WA KDET LA, HlEK GSH SEBES Lickcw
R FSBETTEESBEL LcbD EEZ /2. EK
etk D SFORase EMAEAIEY 2 &, Co?*
EIHRMDO 3> ba—1D749% D SFORase 5 i A8
Co™* mIMLABAKDEELTOR. BEHRO
GSH g% F8&T 5L, 2 bo—AET 0. 16umol

_ 006 | £
;
g 10.2 _
a €
g S—
Z 004 f S
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= £
'8 10.1 5
S o002t 3
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0 : 0
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Fig. 39. Effects of Co* on the growth rate of 7.

ferrooxidans AP19-3 on sulfur-salts medium
and on the ferric-ion reducing system activity
of the cells.
Washed intact cells of iron-grown T'.ferrooxidans
AP19-3 were added to 200 ml sulfur-salts
medium with or without 1 mM-Co?*. O, Growth
without Co?*; A, growth with Co?* (added at
the start of incubation); [J, growth with Co?*
(added after 3 d incubation); @, FIR system
activity after growth without Co?*; a4, FIR
system activity after growth with Co?* (added
at the start of incubation); M, FIR system
activity after growth with Co?* (added after 3 d
incubation).

/mg prot, Co** IHFIIET 0.10 pmol/mg prot &7&
b, ¥ Co* DSIEFET 5 LEHARN GSH 28K T 9
BODBTEDD 572,59 X 5T, Co?t »3 GSH ZAf
FRCE{L LT GSSG 9 54,5 ¥S-GSH %—7c
ABEERAID AT TE O BGERKIC Cot %
ML T incubate 3% &, Mob*, Cu?t, Pb2+ 2 o
T DEB/A & &MU T incubate LAEAITH,
BLT, LOBEEMA $¥S-GSH mEkd 20 &%
ZHSiC Ui (Fig. 40). 57

GSH Bz A Vv F—KEETEEANNRD AT NS,
SO XY Fe** Zxx AF—iRIC LTOREY ALEE
D DFI20853H D - 7o, SREELEEFZDEERDH 2 i
EHEARRNT, S 2 v F —Ric LTO GSH DEL
DAHEZNZENHEE S 7 I3EM(L LI (Fig 41).57
—7%, GSH 2Bt d2Y7<4 F Co? (3,
WEEZ T3 VF—JEIC LTOD GSH DRV ALEEE
L7cls, $kZxxvF—RiCc UTORDAZIZMEEL
Bhotc. TNSDORERIZ, AP19-3 gkTRELTH

1.00
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e
© 080}
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Fig.40. Disappearance of GSH from 3S-GSH-
incorporated cells of 7. ferrooxidans AP19-3 in
the presence of heavy metal or diamide.
Symbols: GSH-incorporated cells were incubated
with a 9K-basal salts solution supplemented
with 10 mM Co?* (@), Mo+ (a), Cu?* (O),
or Pb** (A), or 5 mM diamide (M), or without
either a heavy metal or diamide (O).
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192 PR B BEIYE A
none (A) 7. B b DI
Diamide
ot : T. ferrooxidans AP19-3 #hic, Fed* R EIFZHMAK
o - T B 2TEHD A = — 7 BHEBILICE 5T 3R,
TR TR ;/LZO TR TREYEY: IR B EEE LEEEE sulfur: ferric ion oxidoreduc-
tase B & U HHIELEE{LEEFE sulfite: ferricion oxidore-
none %_m (8) ductase WEAT A EZBHLMCL, b5 ZD0
S?m FEE & SRR LR E & Sk A A v CHEEI NS4 27 ) v
M°j: 7 \CEEEY B LOME R R EIRE Uic. 45ICH]
« - % SFORase 3 7. ferrooxidans AP19-3 #OWE
T et e oy BEOPOENTEREEL LN, 7Y T )~
Fig.41. GSH wuptake into intact cells of 7. fer- YD T CNHBHREBET 510 0ICARR

rooxidans AP19-3 in the presence of heavy
metals or diamide.

GSH uptake into intact cells of 7" ferrooxidans
AP19-3 was measured with 35S-GSH in the
presence or absence of heavy metals (10 mM).
The composition of the reaction mixture was as
follows: 3.5ml of 0.1 M B-alanine-SO42~ buffer
(pH 3.5); washed cells of iron-grown 7. fer-
rooxidans AP19-3) S5mg of cell protein; Fe?+
(50 umol), or elemental sulfur (100 mg); carrier
GSH, 9 nmol; and 3S-GSH (new England
Nuclear), 0. 2uCi. The total volume was 5. 0 m].
The reaction was carried out for 30 min at
30°C. The reaction mixture (0. 25 ml) was passed
through a 0.2-um membrane filter. The filter
loaded with cells was washed and then the
radioactivity was measured with an Aloka LSC-
635 liquid scintillation system. GSH uptake
activity was measured using Fe?* (A) or elemental
sulfur (B) as an energy source.

5 HBBROBET 25 LV BISREBLERERNT
FREECHATE .

—7cAMBRRICE D AT i S-GSH i3, BE#k%E
FEERT incubate § 3 LEBAANBHINTLB L
EM5,® MENTARI N/ GSH JSPEL R -
T periplasmic space ILE D, T S° B{LIiCFE
INIBEBERAEA TS, GSH RB&E/LHED
B4 4 TEIC SBEE LTS, $Hbb, &L
EOSRIHERHE & U T RMKEN TARS i GSH
DSHERBPIIRZ B4 - T periplasmic space ICEi% & 1,
TLT Ag" PHIRABEICRET 28 BILERSOSR
BNKEAT 2 OEIMHT 2 B CHEL BB T 2 g
ERBELTINES.®

DI/a—=v /S Z2BERRTTHS.

FUSEEL TV AHEBLRE 2 A0b &, AP
19-3 BEDSHREMIER I TAT T2 B H Feit 28
KT BHOHEE, Cu?t BIU Co* [tk EEHE
DS, S° ZE/ETFMEMAIC LTD Mot I35 LU Mn#+
DB, X 5ICAED Fe¥ ORZBICEETAE
BETTERICHLILA (—RIC Fe & S 281) »8
1L LB T & B AR ASE L D T (TS 5.

T. ferrooxidans |3 S® Z®{bd 3 7-»i1c SFORase
DBFZEEELTD Fei* 2 4UEETE. T18bb,
Fer* DBEMSBENE S° 2B TELRVLLABLTE
72N, —J%, SFORase itk »T S° %2®(b3 3 Uz,
PRHALE LTES LTHEERDOR SO R L
T 3. b LBERICKED Fe3t BELALTHEL
»720, BALPDORRTHELEEEIHE SN Fedt
PEETERVE, BEDICERLTL 3 S0 itk
T SFORase (I T  $kEE{LEEF S damage %
ZOTLED. TORREOHIERA v 75, B
BEic Fe** B RICEELTORIE, 20 Feit %
RAOTILERIC SO 2T ECEHTESL,
Fet+ £ B|BIFZRIKIC T 2 sulfite: ferric ion oxi-
doreductase % fEF X BEFEL I SO % T 3
TEHTXB.

T ORRIC, SBCHERHEEET TERIC HBHE
THDICIE, BEDIC Feit OBET BT EDBUA
T, SELMBEICE s Tz r ¥ — B E LT HRER
Fe** DADBEEIOTIRIEL, HEREBNESRVRE
ENBETH o7 Fe¥* It U TCHEERZRELT
DIEF T SIENEEZ TS,

RIS, SRBIEETEDA o hoMIERTFTEWVE LIE

RS IR A H RS, MILAY ISR B HE % B L4

DEDEHMARUET. T, KRR TICEDERTCHE,
CTHAZVIE S E UBILAPRP TR RAhRE kL, ME
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BERcER O LS. S5, BRCHYE, CHREEORIE
T Ul Mz (b3 7 v — 7 O A F L K D R O
TERLET. NUAZO, SCEIMCEESTEWE L FER
RFMEFLAENER, SEHER, TRIBOHEEFCE S
ABLES T, BRI BREFREE LTCRAVIEETLE
L RERETRECENRZEO, 2 KN, FRRT
TEY, GRIVE WESF, LERE, R, TOEF #
B&RE, RmRE, BRE dmBRE, Fl#f—0mRKICE < v
2LET.
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