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Table 1 The information of genomes and arsenic resistance genes from Acidithiobacillus genus
ERRBTAT B SRS FERIZHR/NM bp) SRR BRI IR %L B SIS B DR 4
A. caldus SM1 NC_015850 3.24 3240 2 8
A. caldus ATCC 51756 — 2.95 2878 2 6
A. ferrivorans SS3 NC_015942 3.21 3335 4 9
A. ferrooxidans ATCC 23270 NC_011761 2.98 3303 3 5
A. ferrooxidans ATCC 53993 NC_011206 2.89 2959 2 8

PR G, BT SE I R L e & |
PRAC PR . Rk . R g A A N A T I PR R
WE TR BRAT FRHL A 55 [ 22 R P R AR o
1w E
1.1 FERTATE U E R

AT [ [ ST AR ) HOR AR B M ( National
Center for Biotechnology Information, NCBI )
(http://www.ncbi.nlm.nih.gov/genomes/lIproks.cgi) U
EVETRBNAT H A, caldus ATCC 51756, A. caldus
SM-1. A. ferrivorans SS3. A. ferrooxidans ATCC
23270, A. ferrooxidans ATCC 53993354 itk FE A
HER (SR Z N fin, faa, ptth3F2ERISC
), RIS R “ars” %) ptSCHHE T 2 T R
PURIAH OCIE R, X faa SCHFEA TG B AR R o 2
M IERRT A
1.2 EEREEMHFL I

F] H OrthoMCL %k 4l & B % (http://www.
orthomcl.org) X} FE PR AR AT P HL A AH JC I PR iR T SR 26
B FIFIMEGA 4. Ve 3L Rt AT 2 5%
FHXE, JfFIHINeighbor-joiningik A4 EE AL
1.3 mHEELEYERESWN

XoF LA R R AT A W AE R A b, AR A
HI ProtParam 7E£k T HATAHUAEL A ) H L PE R,
MEFEREH . A . IR H . T
XL IREFE BT R RS | gl
A Hnn Secondary Prediction Method #& & il il
(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page
=/NPSA/npsa_hnn.html) '; F[Jf] TMpredict #1745
H ity 51 B I X 4> BT (http://www.cbs.dtu.
dk/servicess TMHMM/)!'"; FIJH] SignalP v4.0 #1715
5 OBk W W (http://www.cbs.dtu.dk/services/
SignalP/)""''; F] ] PSORT(http://psort.hge jp/form.
html) BEAT A0 5E £ 2B
1.4 HMHINEEER SMES AT

K Uih  FE R 7 5114 58 2 NCBI 1% 3l PDB %4/
JEHETT PSI-BLAST Hext, LPA3KAH )M PDB-ID,
F SWISS-MODEL {26k 55 f WM iH D AE £
73 AT s e Sy 10 43 ALY R ) 2R 44
Jypdb S, EAEFE Q-SiteFinder 7F £k T. H

(http://www.modelling.leeds.ac.uk/qsitefinder/) il il
fipti A,
2 HRE5HH
21 ERTmTEREHERZE

M NCBI W34S A. caldus SM1. A. caldus
ATCC 51756, A. ferrivorans SS3. A. ferrooxidans
ATCC 23270 F1 A. ferrooxidans ATCC 53993 3t 5 £k
FERRBAT LR MF S, FI I DGR “ars™F ptt 3C
PEATRTAR R, 23980 49 DMhueiiER,
F& 13 DPURPDIREIL RN 36 NHUAG SRR LA
(arsR) (K 1 FIFK 2), NPUEEHREE T KE,
A. ferrivorans SS3 W RBTAN T RESE I N ARG 50
BERERNBE RS, WG ZRIES RS BA R
I RIS WV BT

F2 REERWATE 13 MimEREINEEER
Table 2 Functional annotation of 13 arsenic resistance genes

in Acidithiobacillus genus

EaL ) S TIRETE R

Lferr 2478  fiHi 4 8 1 (arsenical resistance protein ArsH)

Lferr 2479 53K 1 (arsenical pump membrane protein ArsB)
AFE 2857 i3 H (arsenical resistance protein ArsH)

AFE 2858  ZEMi i [ (arsenical pump membrane protein ArsB)
AFE 2860 iR Ehif J5ifi} (arsenate reductase ArsC)

ACA 2815  tHRER L JF i (arsenate reductase ArsC)

ACA 2817  flZE Hi & F (arsenic efflux pump protein ArsB)

Atc 0975  FHREL A IR (arsenate reductase ArsC)
Atc 0977 P H 2 H (arsenic efflux pump protein ArsB)

Acife 0028  filifiR£hi4 5 i (arsenate reductase ArsC)
Acife 1530  WAHRER-1IE ATP ff(arsenite-activated ATPase ArsA)
P M B YA 7 30 6l K F (Arsenical resistance operon

trans-acting repressor ArsD)

Acife 1531

Acife 2213 FHHiIEHE [ (arsenical pump membrane protein ArsB)

TR 2 BRI D REFRE T LIRS, RERRELAT
W13 AP R T RE R 1 3 B A R L - T
ATP fifi(ArsA), M 1 (ArsB) . MR EL A Jri il
(ArsC) . BB T H K+ (ArsD) FIAfHL: 2R
F(ArsH), X Lehum o) GE 3L N 5 Hum it s s 5L
(arsR)FL[FIFIBL—> ars #9\F, BUAFETRGLAT IR B
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Table 3 Ortholog analysis of 49 arsenic resistance genes in Acidithiobacillus genus

Groups A. caldus ATCC 51756 A. caldus SM1 A. ferrivorans SS3 A. ferrooxidans ATCC 23270 A. ferrooxidans ATCC 53993
1 — — Acife 1530 — —
2 ACA 2817 Atc 0977 Acife 2213 AFE 2858 Lferr 2479
3 ACA 2815 Atc 0975 — AFE 2860 —
4 — — Acife 0028 — —
5 — — — AFE 2857 Lferr 2478
6 — — Acife 1531 — —
7 — Atc 1809 Acife 0390 AFE 2796 Lferr 2420
Acife 2214
8 ACA 2816 Atc 0976 . AFE 2859 Lferr 2480
Acife 1533
ACA 2532 Atc 1751 Acife 2421 AFE 2369 Lferr 2002
Acife 1344
ACA 2791 Atc 0951 . AFE 2026 Lferr 1691
Acife 1367
Atc 0550
ACA 0638 Acife 1334 AFE 2641 Lferr 2267
9% Atc 1903
Atc 0558
— Acife 0826 — Lferr 0187
Atc 1895
Lferr 0208
ACA 0632 — — —
Lferr 0191
10 — — Acife 1478 — —
11 ACA 0465 — —
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FI A 55 11 4 ACA 0465 4 A. caldus ATCC 51756
FREITIAE o
2.3 MWMERBLOH

FIMEGA 4.1 544055 49 M pia L R T 4k
B CULE 1), MR 1 el LUE a3 R kA ¢
ZIREit , o, Acife 1530, Acife 1531, Acife 0028 .

9| AFE 2641
1] Tiferr 2267
100 Acife 1344
Group 9
ACA 0638
© 700 || Atc 0550
751 Atc 1903
C }
ci
rr

100! Atc 0976

Acife 1478 — Group 10

100 Lferr 0187
Acife 0826 } .
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Fig.1 Neighbour-joining phylogenetic tree based on 49 arsenic resistance

genes in Acidithiobacillus genus. The brackets clustering groups of arsenic
resistance genes were labeled in the right side of the brackets. Bar, 0.1

substitutions per amino acid position
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M, KAy A 2ARER, HrhZEChih
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S Ao
25 MMEREBRZREHMSH

XF 49 ANREBRERAT PR HE DR B 1 i
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ALY B B R TR > o SR> TR
HA 39 AP IR & H I H 4 FL A o-18E> o
M >3 st .
2.6 PEHERE QR X TN FE 40 B RE AL 43 i

X} 49 ASHUAREDR i 5 09 2 (78 3 T 40 i
ENLHT (CBARZS A B ), BT 45
FH . WERRGUAT PRI B2 2 Al uah D ae 3 5 r 4
5 () S N SR 1 I AF RS X, Hor Lferr 2479
Atc 0977 Fil Acife 2213 174 10 PMEEX , ACA 2817
F1 AFE 2858 f77F 11 MESHEIX ; ILAk, Acife 0826
Fl Acife 0826 54 1 MEERREIX, HA 42 LA
Uit (R B A AN AE RS X

V20 M A AT 45 R B . Lferr 2479, Atc
0977. Acife 2213, ACA 2817 il AFE 2858 i/
FE DR Gt i 1) 2 A BB 7 T A A P B, Lferr
0187 F1 Atc 1809 1 ] HEFE 2 B PR B ; & AP
VFR T 25 SR 02 2 AP st E N7 Lferr
2420 Fl AFE 2796 4 B J& ot 2 [a) sl 240 1R S L
X2 A s R DR ] 22 S X ars BT
IR hRE, B— M EAS B Rl )
Hax 40 DA LR E A0 A Fa b Bt
G, AE SO HrEE R, rA P R A
TofE 5 k.
2.7 MIIREERERSMES AT

TR, P RERL & FIAEAE 1~3 /> Cys
FRELIYER LS As(ID) B #4551 ARG R g R
AT ars BT L FIRH ArsA. ArsB. ArsC.
ArsD fil ArsH 5 MU DI REE A AT T P 45 A0 5
T, it PSI-BLAST b Xt 43 #r 45 45 [] Y8 14
PDB-ID, #— 003k 15 5 DT RE R HFEH S
hZE AN, Wk 4, SEhes & 0LS R TSl
W 2, AArEiNa R B, 5 MY A4S A
fii s (Cys 583 ) AFAYIE, Acife 1530 (ArsA) 2
MHFERR (MET ) B33 As(I) B85 G, M
AFE 2858 ( ArsB) AHETIN HBLAIZE SR ) "] REAFLE
HewUas S A0S s S AN BIsREE %, A

®4 BEEREBAERMIIGERNESSMHESLABN
Table 4 Binding sites of ArsA-As, ArsC-As, ArsD-As and ArsH-As in Acidithiobacillus genus

N5

PDB-ID SRS LA EIERR. (BT NIZ AR S T8 P L)

Acife 1530(ArsA) 1F48_A

ASP459. ARG466. HIS478. TYR479. THR480, THR481., PRO482, MET483* . MET484. GLN485
CYS10. THR11, GLY12, ASNI3, SER14, CYS15, ARG16, SER17, ILE18, ASP106, PRO107, ALA108
CYS12. CYS13, SERI14, THRI15, GLY16., VAL17, CYS18. GLY19. PRO20., THR21, ILE22, ASP23

GLY38, SER39, ASN40, ARG41, CYS43, SER44, TYR45, SER46, PRO103, GLU104, ARG105, THR110,
GLY111, VAL112, VAL140, CYS141. GLY142, ALA174, PRO75. ASP76. ASP118

AFE 2860(ArsC) 1JL3_A
Acife 1531(ArsD)  3MWH_A
AFE 2857(ArsH) 2Q62_A

*: T RIGARE ST S J 345 4109 MET 2% CYS
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AFE 2857 (ArsH) L& La

Acife 1531 (ArsD) S &AL
E2 REERmEEINGEEQ WS R FEE
Fig.2 The structure of binding sites of ArsA-As, ArsC-As, ArsD-As
and ArsH-As in Acidithiobacillus genus
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caldus)RAERE arsB LR G SEOLHTAPERE K
RAER 200 U 2R DR A A AR R Lo 7 i
JEH BRI ArsB B—MEEIE As(IDZE H 4
FIRINBHES T2 , ArsC S48 As(IV)E4hy As(TIT)
IR B, APERER A ArsC b s I AR
HIEA ALY ArsB A AN ABFSERERR
WA PRSI T LB, 5 2 AP arsB
RVETRBRAT T T A, R DA G bt 2R et A B 1
(ArsB), HEMHZELR N R GAT B BTAh P RE Fr L 75
B, B S S i R I ( Leptospirillum
ferriphilum ) HTHAELEIXEEDIREIE arsA | arsB.,
arsC AT EERH arsR Fl arsD, LI N — R %
REMRIHTRIELRFED, 1ehh, 16 S IR B EAT
W (A caldus ) Wik kIR FEALT ( TndtcArs)
(RIHEHE —ZH BT IL A 1Y ars PR, MR A ik
— BB i I N AT RE R AR SRR R, KBTI
( Escherichia coli ) TRIFRIA] A TR A& 3B HUAHPE ) 30
SR, AFTE S I b B 5 AR
T A TR U A 2 PR A A B B — Ak S i /Ny
ki, TERISTH - — AN A2, X e g
S NS S R 7/ G [T B~ S S B 2 2

ArsR JE— T, il ad 454 2)E s XISk

T ars BRO\TIHFRIBAKF- . ArsR FEAZR R H—
AL ) R G ERAE (al -02-a3-04-B1-2-a5), If
{155 DNA 454 IFDIRIZHE R 15 (03-turn-a4)),
ARSCHNE ArsR —HEERI I o-1805E . ToRN A
ANy REskahth 3 FIE AL, 2 2 ERE
WE TR AL W BB AT 18 (A. ferrooxidans)Wi . As(IIT)IY
IR 5 R RS (Cys) HEEAMR, 3 4>
Cys 535 As(I)Z5 6, "R sh i Bram s
TR FGARCY ) WABF SRS BT, 2R
AR SCHL SRS T ArsR 2 AFRER), BIRERE
PR Tt AT 1 PO AT 356 PR 3% 38 W) 428 A2 SN A BR85 4 A Hp i
FIAE T MFSEUESE, YR AAF RSN ap iR L
As(IIDECEITREL As(V)IF, FERR A ERARAT 2 (4.
ferrooxidans)HUEIHLEI B T 5 3h #5510, ArsD &
— MR EE AL AR RS IO EE 2 IR R4 ars
BT, B G2 2 ArsAB SMIESE R inxt A
FRAERS

W TR BRAT R PUAR D) e 1 SRS A R B AL
M2 CEERN—L, R LI, R ATE
( Bacillus subtilis ) THFRELIAJREG ArsC 545411
TEVENL S AFAE Cys10, Cys82. Cys89 AN Arglé
o Asplos A FEMEED, K
( Escherichia coli ) TIRERIAJRE ArsC SRigE 41
TR S AELE Cys12 DL S Arg60. Arg94 Fl Argl07
PUANEREE, TESHAH EAEHIED, Cys BRIEMSIIES
GRS - = W (A A R T il R
ferrooxidans)% s TER F ArsR 5 As(IIN & A 72
LA 34> Cys R3S 5T AR X E R BAT B
ars BT I FKIKH) ArsC ., ArsD Fll ArsH $LiH I iE
S A OSSR PRI Cys FRIEM
fPAE. BLAh, BATELIL Acife 1530 (ArsA) 1) 2
MW ZERR (MET ) 5REEATHE S As(ID) LSS5,
W74 AR 2R (MET ) 3B PEfE 5 Cys 3 5LT)
REARRIAYERE, ML ATHED Cys 583EEK MET F& 3t
() 3 BE 0T 48 A P AR PR D RE B 1 S5 R 45 & 1)
T AL RN AT
4 #ig

1) W24 B B B RR BAT T BT B R i A7 2R 2k
AR AT, B — e HT iR JE R R SRR AT I T A
MBI I A R S PR B AT B LA P RE BT
TN A — SR SE R S — S AR T,
N PURSE I B Z e, A B X SE TR BRI i A5
BN AETT

2) XTI R AR R B R . g
WAL E AL . AT IS S X A3 H, R g
PR B TR B A 5 DR LA ZRE R AE, WO TR
FREAT TR HTAPHL I A9 52 2=k .
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3) XA R R S S G S i R
B, Cys FRILTN Met 58K 1Y 50 I X T4 15 08 R
B AT B8 e i T 8 2 1 5 00 45 A 10 08 TR A 2
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Diversity analysis of arsenic resistance genes in Acidithiobacillus genus

ZHAO Yonghong, ZHANG Jing, ZHOU Dan, PENG Yanping, YU Shuijing

School of Resources and Environment, Jiangxi University of Science and Technology, Jiangxi Key Laboratory of Environmental Pollution Control of Mining

and Metallurgy, Ganzhou, Jiangxi 341000, China

Abstract: To explore the diversity of arsenic resistance genes in Acidithiobacillus genus, 49 arsenic resistance genes were mined by
bioinformatics method from species of A. ferrooxidans, A. caldus, and A. ferrivorans. These 49 genes are ars-related includingarsA,
arsB, arsC, arsD, arsH and arsR, which form the arsenic-resistance operon. The characteristic of arsenic resistance genes were
analyzed on basis of their clustering and evolution, physicochemical properties, secondary structure, transmembrane regions,
subcellular localization, and arsenic binding sites. Results showed that all 49 arsenic resistance genes were clustered into 11 groups,
of which the arsB gene belonging to the second group was common with Acidithiobacillus genus. The arsB gene, coding for the
arsenical pump membrane protein (ArsB) may be essential to the arsenic resistance of Acidithiobacillus strains. The clustering and
evolution analyses showed that five arsenic resistance genes may originate from the horizontal gene transformation. Aliphatic index
analysis showed that 25 arsenic resistance proteins were hydrophilic and the other 24 were hydrophobic. The instability indices
revealed that most of ArsRs were unstable. The secondary structures of corresponding 49 arsenic resistance proteins were comprised
of a-helix, random coil, and extended chain. Subcellular localization analysis implied that arsenic resistance proteins might exist in
inner and outer membrane, periplasmic space, and cytoplasm. ArsB proteins contained 10-11 transmembrane regions, and no signal
peptide was found in all arsenic resistance proteins. Based on the arsenic binding site prediction and modeling results, we found that
the Cys residues occurred in all active sites of ArsC, ArsD and ArsH proteins. Compared with other arsenic resistance proteins, the
active sites of protein Acifel1530 (i.e. ArsA) possessed two Met residues binding As (III), implying that the thiol probably existed in
Met and played a same role in binding As (III) directly as that in Cys residue. Therefore, the thiol in Cys or Met residue is vital for
the arsenic binding site of arsenic resistant proteins in Acidithiobacillus microorganisms.
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