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Bioinformatics analysis of reductive dehalogenases
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Abstract: [Background] The reductive dehalogenation process mediated by organohalide-
respiring bacteria is crucial for halogen cycling and the remediation of organohalide-
contaminated sites. Reductive dehalogenases (RDases), as terminal electron acceptor reductases
in organohalide respiration, play a critical role in dehalogenation. [Objective] To systematically
understand the sequence and structural characteristics of RDase proteins and lay a foundation
for elucidating the mechanisms and biological functions of RDases and organohalide-respiring
bacteria. [Methods] Multiple bioinformatics tools were wused to predict the basic
physicochemical properties, transmembrane structures, signal peptides, phosphorylation sites,
phylogenetic relationship, homology matrix of multiple sequence alignments, conserved motifs,
conserved domains, secondary structures, tertiary structures, and disordered regions of 44 RDase
proteins. [Results] The physicochemical properties varied among different RDase proteins, but
they were conserved to some extent. The phosphorylation sites, distribution of conserved
domains, distribution of conserved motifs, and secondary structures were highly conserved
among different RDases proteins. The RDases with similar or identical substrate categories
tended to have greater similarity in their protein sequences and tertiary structures. The
phylogenetic relationships were relatively close among most RDase proteins. RDase proteins
were primarily secretory proteins, non-membrane proteins, and intrinsically disordered proteins.
[Conclusion] Different RDase proteins are conserved to some extent and thus have similar
biological functions. The findings provide a valuable reference for further studies on RDases,
particularly offering scientific evidence and theoretical support for the application of
organohalide-respiring bacteria based on RDases in site remediation.

Keywords: reductive dehalogenase; bioinformatics; organohalide-respiring bacteria

A HLI< {1k ¥ (halogenated organic compound,  Hi, HTHALRAIACEE, AHLKLYHE
HOC) RS A M . S M R IRk A AT LRI FERZSE, SR, BT H
PUEG DM Jsis BRI, AL k] ANEERAE T A YRR, Iz A Pk e
WA AEYIRBIINAE . SR AWE R LA ERE R KRR 2R K
WA . KR S R A #GE S, 2R AV E RSN A RO TP X s S Y R
A W M ER AL 2E A PR AT B Y — R B B EORE ) XSG Pl b b S AT
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BV M EE R R A ORYE R, R NS fid
FREAE A R G T BE ™ A A [ A5 B B4 8 A XU Al
ﬁ%:[lo-lﬂo

A HL b B B 40 TR (organohalide-respiring
bacteria, OHRB) 5 it J5i £ i (xi [ (reductive
dehalogenases, RDases) & A ML xi 1L ¥y 4= W& 2
o8k T HIPl OHRB BELAE LKL 1E N
T2, DEREHR. CRE/Nr AR
VEN LA, T AL o B 2% A Pl
A i - BT G L B L TE L
HIE R, A HL I A 2 T mT e i Ak
TCrE IR EE MW, B AR W R i o v 1Y)
Hh ] =P T RDases A b AL I B4 A it
HL 2 IR SR, R FR AR L1200

RDases H i1k WV J& (RAhA) Fl BE 4 % 25 1
(RAhB) PR3 4. Hirfr, RdhA ZAELIE
I, HAE MR T 2 4> Fe-S #1), 1%E
F AT o R RE IV L RdhB % 8 B 41 it ezt
OHRB 1K ZH A 1EVF 2 4 h RDases Y5k
, HIJRE 545 Z AL A W] OHRB 2
HREIAR MR #2811, K24k RDases
SEDR T R B T I RR Y A . 124 A 1k, RDases 4k
AAIEFEATS R L 2k 5 AT 5 T A PR T 52 FHL
TGRS HL AR B A A S o ST S A
RRIESE AR AR B Z /b 3 AR IS b il 2
T OHRB 7EA ML 15 Y I A A2 52 P 19 52 B
I A A B R 1) %

ARG E LT EWE B2 T A 44 A
RDases & [ REATALYET . BEIRELEH . (75
K. BERRALALAS . REEKT . 2175 Y [F]
PEPEFE R | ORAFIERS . DRAPAS I . bl |
SRS 5 T0 e DA T SN S A, DA
P Z 51 RDases H-WF9¢ H )R8 25 2 SL A,
NFETF RDases ) OHRB i F F52hriz it &2
PR AR S 2%

1 #HRE5r=E

1.1 RS aEEFSIa s

AW LL 44 4~ RDases K [ 2 JE MR 4 5 7
SWER T REEA AR EE RS WL 1), H
Hr, 39 > RDases & 124 FEMR 2 i1 17 51 R T
i Ji PR B B il £ 3 JZE (hitp://RDaseDB.biozone.
utoronto.ca)®, 5 4~ RDases 25 [ % 3 fR 4 15 ¥
51 [PceA-Lab . DcaA-Lab . TcaA-Lab .
DcpA(1)-Lab 5 DepA(2)-Lab]ok H AR LK =
1.2 EMEEESH

44 4~ RDases £ [12 2R 965 )7 51 K H 45
Fh A= WA E 27 o A T HL HL Ty 91 5 45 R A
Frorprei, BARAEYE R0 THEILER 2.

2 ERS594

21 FHRWEXREEMR

i 1A iz, AR RDases 2 1073 TR AT
1E—E25. H, NpRdhA EH TR,
A 76 503.1 Da; 1fif CrdA Fll DebeprA 25 )43 F &
B, 43914 35 456.4 Da 136 088.7 Da, Hi4
RDases 5 17+ 5 Y2 1E 49-65 kDa Z 0], H
& 1B A%, A[A] RDases &5 [ HIFH 1645 B St
A Fr A6, Hp, DebeprA | 3-CBA RDase , DcaA
5 CprA-5 T A PG S5 S 8w, 400l o 9.15
8.42. 8.28 5 8.02. H. 4y RDases & 11 it %
BRI TE 5.5-8.0 ZIH] . 451> RDases & H i i
Ui 1 48 Bt A BT 22 57 (1 1C). HiH, DebeprA
AN RIS , S~ 93.24, H4Y RDases
T NG G TR B AE 5678 Z 18], BB 3
KPR e R R e ME A T RE i S Atk . R 1D
AIHN, A RDases &5 A B34 SR K48 $07E
—0.509—0.044 Z[u], P yxoktEEH. B 1E
A, B& TcaA-Lab, CtrA. TmrA 5 CfrA X 4 >
fil £ 14, HiZr RDases #5 FHANER E R A/
T 40, B TREEA.
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Table 1 Basic information of reductive dehalogenases

Pl 475 P P P

No. Name Accession number No. Name Accession number
1 3-CBA RDase AFM24124 23 PceA-4 AA060101

2 3-C-4-H-P RDase WP 015942994 24 PceA-5 WP 011460641
3 BvcA AAT64888 25 PceA-6 AAW40342

4 CbrA CAI82345 26 PceA-7 AHF10727

5 CerA PMP99143 27 PceA-8 ABV38373

6 CfrA AFV05253 28 PceA-9 AHJ12791

7 CprA-1 BAE45337 29 PceA-DCE AGW23613

8 CprA-2 AAG49544 30 PceA-TCE AGW23615

9 CprA-3 AAG46187 31 PdrA BAE45338

10 CprA-4 AAQ54585 32 TcbA WP_068882928
11 CprA-5 AAL84925 33 TceA-1 AIZ97109

12 CrdA AAK95329 34 TceA-2 AAW39060

13 CtrA AGO27983 35 TdrA AKG53095

14 DcaA CAJ75430 36 TmrA WP 034377773
15 DcpA WP 013218938 37 VcrA-1 AQY73737

16 DcrA AFV02209 38 VerA-2 AOV99943

17 DebceprA AGC09147 39 VcrA-3 WP_012882535
18 MbrA ADF96893 40 PceA-Lab WP 278545147
19 NpRdhA EKF18105 41 DcaA-Lab MDV2988852
20 PceA-1 AAC60788 42 TcaA-Lab MDJ0306437
21 PceA-2 AAG49543 43 DcpA(1)-Lab WZD84542

22 PceA-3 CAD28792 44 DcpA(2)-Lab WZD84543

3-C-4-H-P RDase: 3-chloro-4-hydroxy-phenylacetate reductive dehalogenase.

& 1F rJ 1, AJA] RDases &5 (Y 2 3L i

WA A B, BE TcaA-Lab fH4N, HA 43 4>

B WAFAE—E 255 7F 44 /) RDases A,
NpRdhA HH MR RZ, S 698 4
QIR . M CrdA 5 DebeprA & A B R FEREL
A, Ay RIEAT 327 AN 336 MESLR . H
4% RDases & [ ZFERECEIAE 445-576 2
B, 4N 2 Fron, 44 /> RDases £ & LR 4
W HA —E AR . ZEA[R] RDases 25 [ H,
AR (Ala) . HZEBR(Gly) SHi 2R (Lys) ¥4 &%
b R R B R .
22 EBHESEN. ESREEERILALS TN
i 1 X 44 4~ RDases 25 [ %) 5 I 25 #4) 1254 7 1

RDases & [ JCES EZ5 M . X BG4 R 25K
RDases & 1AL BEE ML B 1, 7EA LB I 41
PR A i e R T ORI e R HE I IR L P REAE T
(WEF 153 . 1) i i A2 38 15 55)

44 A~ RDases £ |1 I {55 BRI 43 B 235 2R
Un#% 3 i NpRdhA . DcaA-Lab 5 TcaA-Lab
B U A3 JC AR SRR, AR LR 45
M. HAR RDases & FIXFTE(E Sk, N
M. Hrr, [ CrdA f77E Sec #ia 1% ia It
B A5 ARBELDIE Bt A 5 IK(Sec/SPI),
HANENG ST 24-25 (MR a]; R
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x2 HEVERESHIA

Table 2 Bioinformatics analysis tools

T HAFR o 1k Thie

Tool name Website Function

ProtParam https://web.expasy.org/protparam/ EAMS TR, BHESEHE A D . ZIEmRA N . NaEai.
VR R KSR BRI i a5 Z ot
Prediction of protein’s molecular weight, theoretical
isoelectric point (pI), amino acid composition, instability
index, grand average of hydropathicity, and aliphatic index

ProtScale https://web.expasy.org/protscale/ FE E P SEACHE S B K T

DeepTMHMM 1.0 https://services.healthtech.dtu.dk/services/

DeepTMHMM-1.0/
SignalP 6.0
SignalP-6.0/
NetPhosBac 1.0
NetPhosBac-1.0/

MEME https://meme-suite.org/meme/
Pfam http://pfam-legacy.xfam.org/
SOPMA https://npsa.lyon.inserm.fr/cgi-bin/npsa_

automat.pl?page=/NPSA/npsa_sopma.html

AlphaFold 3 https://alphafoldserver.com/
PyMOL -
DISOPRED3 http://bioinf.cs.ucl.ac.uk/psipred/

DNAMAN; -
MEGA 11

TBtools -

RStudio -

Adobe Illustrator

https://services.healthtech.dtu.dk/services/

https://services.healthtech.dtu.dk/services/

Prediction of protein hydrophilicity and hydrophobicity
L RS A T

Prediction of protein transmembrane structure
4SRN

Prediction of protein signal peptide
HAMZER ., BER . BEEIR 3 Fhoki e A B
Prediction of phosphorylation sites on protein serine,
threonine, and tyrosine

PRSP B

Prediction of protein conserved motif

L ORAT 4 R S T

Prediction of protein conserved domain

[ A R T

Prediction of protein secondary structure
Rt &y R

Prediction of protein tertiary structure

EH S RE T AL

Visualization of protein tertiary structure
G DX

Prediction of protein disordered region

HAZ P x5 SR

Protein multiple sequence alignments and phylogenetic tree
construction

HE ORI 5 R A5 A s AT AL Ak

Visualization of protein conserved motif and domain
TR AT R T A

Visualization of partial analysis results

KR B2 e 554k

Assembly and enhancement of figures

- AL TH

—: Non-online tools.

RDases & 15 HAF7EHH Tat %1z 8 (5% 12 398
55 KA1 R Tat {555 BK(Tat/SPI), HA4)H|
I K ZHRAE 4050 7 FEBR 2 1A]

B AL X T A AR L Ak P T A

AN N AT 5 2 5 2 Pl A 5 AR R 2 B A
A, EHEH RN 2 E AR B
Tfii(post-translational modification, PTM)zZ —*24_

44 /> RDases £ [ RYBERRILAL R UM ZE RNk 4
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Figure 1

The basic physicochemical properties of 44 reductive dehalogenases. A: The molecular weights of

44 reductive dehalogenases. B: Theoretical isoelectric points (pl) of 44 reductive dehalogenases. C: The
aliphatic indices of 44 reductive dehalogenases. D: The grand average of hydropathicity for 44 reductive
dehalogenases. E: The instability index of 44 reductive dehalogenases. F: The number of amino acids in 44
reductive dehalogenases.
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Amino acid composition of proteins (%)

B2 44N TRMEREEHREEREAR Ala: NAK; Cys: FHEAMR; His: HEAMR; Met: FHA
M2; Thr: 7h%AMR; Arg: K& MR; Gln: BB ; Tle: FR%MR; Phe: KNEMR; Trp: (W R; Asn:
KAWL ; Glu: 72K ; Leu: SSZMR; Pro: FHZER; Tyr: BEZEMR; Asp: RAEMR; Gly: HHEMRK;
Lys: Fi%lfR; Ser: 2% IR; Val: WK

Figure 2 Amino acid compositions of 44 reductive dehalogenases. Ala: Alanine; Cys: Cysteine; His:

Histidine; Met: Methionine; Thr: Threonine; Arg: Arginine; Gln: Glutamine; Ile: Isoleucine; Phe:
Phenylalanine; Trp: Tryptophan; Asn: Asparagine; Glu: Glutamic acid; Leu: Leucine; Pro: Proline; Tyr:

Tyrosine; Asp: Aspartic acid; Gly: Glycine; Lys: Lysine; Ser: Serine; Val: Valine.

Jis o 85 REW], WL IAL L TE RDases & )7
Gt AEAE, H 32 DL 22 2 1R (serine) h £,
1M 75 2 R (threonine ) 5 /0 . B FR AL A7 15, FA) A5 ik A7
TEFR W] RDases & [RATAE 24 H B8R 1L
SRAH TG HIL b W WA S ) A= ) 2 i R
23 RBLEAMEZFIILLNREIREME
i)

15341 44 1~ RDases £ [ EZ KR, At
AT AP T (neighbor-joining, NJ)EAHEHT 44 4~

RDases T RG L BW, Kl )ik KK
5577 1 (bootstrap method), KzJa kK EL 1 000 YK,

H & 3A AJ 51, Z%4 RDases £ H 0] ) HEfL K R
B, CrdA B S B0 3¢, X a2
THEATFISE B2 R BRI, 41
RDases £ [112 3 81 Lb T (%) W] 0514 6 B4 235 2R 4n
Kl 3B IR . G5 REHT, HA MR S0 R
RDases £ 17 41 2 A B & (0 ARUPE , i HoAth
RDases £ [11)7 41 2Z [8] A A ARLPE U AR X HA1G . ot
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R3 MNEFEMREaERE SRR
Table 3 The predicted signal peptide results for 44 reductive dehalogenases

EHAAK fr o IR PIHIAL A EHAR R IR A ZEIDASY
Protein name Signal peptide type Cleavage site Protein name Signal peptide type Cleavage site
3-CBA RDase Tat/SPI 39-40 PceA-4 Tat/SPI 39-40
3-C-4-H-P RDase  Tat/SPI 42-43 PceA-5 Tat/SPI 39-40
BvcA Tat/SPI 43-44 PceA-6 Tat/SPI 42-43
CbrA Tat/SPI 35-36 PceA-7 Tat/SPI 39-40
CerA Tat/SPI 31-32 PceA-8 Tat/SPI 47-48
CfrA Tat/SPI 53-54 PceA-9 Tat/SPI 37-38
CprA-1 Tat/SPI 42-43 PceA-DCE Tat/SPI 37-38
CprA-2 Tat/SPI 42-43 PceA-TCE Tat/SPI 37-38
CprA-3 Tat/SPI 42-43 PdrA Tat/SPI 49-50
CprA-4 Tat/SPI 27-28 TcbA Tat/SPI 39-40
CprA-5 Tat/SPI 51-52 TceA-1 Tat/SPI 40-41
CrdA Sec/SPI 24-25 TceA-2 Tat/SPI 34-35
CtrA Tat/SPI 53-54 TdrA Tat/SPI 55-56
DcaA Tat/SPI 39-40 TmrA Tat/SPI 53-54
DcpA Tat/SPI 45-46 VerA-1 Tat/SPI 35-36.
DcrA Tat/SPI 53-54 VcrA-2 Tat/SPI 29-30
DebceprA Tat/SPI 39-40 VcrA-3 Tat/SPI 35-36
MbrA Tat/SPI 28-29 PceA-Lab Tat/SPI 34-35
NpRdhA - - DcaA-Lab - -
PceA-1 Tat/SPI 37-38 TcaA-Lab - -
PceA-2 Tat/SPI 42-43 DcpA(1)-Lab Tat/SPI 40-41
PceA-3 Tat/SPI 39-40 DcpA(2)-Lab Tat/SPI 45-46

B EREIEMOI 5 — AEETIK

Numbers represent amino acid sites; —: No signal peptide.

F4 44N TRERMR BB LA R FUNE R

Table 4 Prediction results of phosphorylation sites for 44 reductive dehalogenases

SR 2ZHR HER G SR 2HR AR G SR 2HR AR
Protein name Serine Threonine | Protein name Serine Threonine | Protein name Serine Threonine
3-CBA RDase 11 0 DcrA 6 0 PdrA 10 1
3-C-4-H-P RDase 8 1 DebcprA 5 1 TcbA 5 0
BvcA 9 0 MbrA 7 0 TceA-1 12 2

CbrA 13 2 NpRdhA 7 1 TceA-2 10 1

CerA 10 1 PceA-1 5 2 TdrA 13 2

CfrA 6 0 PceA-2 4 1 TmrA 0
CprA-1 4 1 PceA-3 5 0 VcrA-1 6 2
CprA-2 4 0 PceA-4 7 0 VcerA-2 6 2
CprA-3 4 1 PceA-5 5 0 VcrA-3 6 2
CprA-4 10 1 PceA-6 7 2 PceA-Lab 13 1
CprA-5 8 0 PceA-7 5 0 DcaA-Lab 12 2

CrdA 1 PceA-8 8 0 TcaA-Lab 8 0

CtrA 6 0 PceA-9 5 2 DcpA(1)-Lab 12 2
DcaA 7 0 PceA-DCE 6 1 DcpA(2)-Lab 13 3
DcpA 11 2 PceA-TCE 7 1

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn
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Figure 3 Phylogenetic analysis (A) and homology matrix (B) of 44 reductive dehalogenases.
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G, ZIFHN T RIE BoR, 44 /)~ RDases &
1 B ) PR 2 LR BT o7 19 Le oA sy, IF H o
AR TP B A .
24 RTFEFESERTFEEEIH

I FHAEZE T H MEME X} 44 4~ RDases %% [
HY PRSP 64T T S0 A Hr, 2E3R45 T 10 SR
SFILE, AR 4 Motif 1-Motif 10 (573
JFRIFIME B ILER 5). HIE 4A IR, 7E 44 1
RDases 5 [1 PRSP IEFH, Motif 1-Motif 7 1)
A3 Ai A 5 R s FE AR ELAR SR

W FATEZE T B Pfam X} 44 /)~ RDases & [ [
TR G5 A T3 S B, G5 RAn1E 4B B .
Bk CrdA #HE[15h, H4& RDases HEA¥MWH
dehalogenase super family £5 438, LysM %% #4315,
FREFET CrdA A, mlge s HAE g
D B i 2 fig B AR AR O A 06
2.5 EARNZREMS=RETUN

44 /)~ RDases i [ 1Y) 2% 25+ Tl 25 5 4n
Bl S iR . 459K, AN[F RDases & 11 — 4
ZE R EAA B B AR . 7E S RDases K
W, JCRIE: i (random coil) () EL 512 i B8 T 48 %)
P, Hak o o B8iE (a-helix) o 171 4E{4145% (extended)
5 B-%% A (B-turn) Y 7 LL A/ UL AT UL, RDases

£S5 MUANTEMBREEHERTEFFT

HE 1 ARG B AR E R T AR U 91 B AR AL
PE o SR, A R B IRST, 84 RDases
EEEYIEE 2SR B2 . X RY], Kt
G R (U L2 7 5 P 3 T 1 7 o, b AR R )
[ 22 57 T BB S D DI RE AR 1 SR 3R

I AlphaFold 3 Fl PyMOL Xf 44 4
RDases & I T Al &L, 455K 6 Frs.
AT, RDases £ 11 = ZL 4544 5 HG I A9 i
KRNI A E BV R . IR PR
=Y RDases & FIfE =~ &5H) FRIHBE ST
PRSP, X ATRE SO T B AR R FfiE AL
BLEI B ARAE o SR, JS4EER 4 RDases 5 [
TEFEAR I = a4 b R B A i AR S, Hod
FA R 5 RGBS AR — E 22 57 o IX SRR
E DGR 25 4 22 5 Pl B D FLIRWITE [l L i
R AL R 2 T BB R
2.6 T|RIZFXEN

KW LLURIE B T “Fr 91 - 4544 - D 5 i i 5%
W, BV A s SR P 8 ke H = A g4
T E HoAE W2 T RE 20 1Bl A F 9 I TR
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Table 5 Conserved motif sequences of 44 reductive dehalogenases

PRAFHEFF 24 IR P

Conserved motif name Amino acid sequence

Motif 1 TDLPLAPDKPIDFGVREFCKTCKKCADAC
Motif 2 GSSCGNCVAVCPFNK

Motif 3 EENSQMVKKAARFFGADLVGI

Motif 4 VPFAVQAGLGEASRTG

Motif 5 HSTISRRBFLKVLGLAGAGAA

Motif 6 VSTTPVFNSFFKKMDDAFGYG

Motif 7 SYSQMGEVAYKLAQFJRGLGYNAVPS
Motif 8 KPKSVIVMMIEQDYETMKTSPSYLGSAAA
Motif 9 EFPYKVDAKYQRFNSLKNFFEKAFDPEPNKTPJKFHFDDVS
Motif 10 NSGTLRWYVDSNKCLEFWATN
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Figure 4 Conserved motifs (A) and conserved domains (B) analysis of 44 reductive dehalogenases.
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Figure 5 The predicted secondary structure results of 44 reductive dehalogenases.
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Figure 6 The predicted tertiary structure results of 44 reductive dehalogenases.
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AR ; Asn: RAMEM; Asp: KRAZAMR; Cys: AR Gln: HAWi; Glu: HEMK; Gly: HE
f7; His: HHAMR; lle: FRLAMR; Leu: £ &AIR; Lys: BEIR; Met: HIRZEIR; Phe: KINAMR; Pro:
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Figure 7 Characteristics of disordered regions of 44 reductive dehalogenases. A: Composition of disordered
regions of 44 reductive dehalogenases. B: Amino acid composition of disordered regions (disordered). C:
Amino acid composition of disordered regions (Disordered, protein binding). Ala: Alanine; Arg: Arginine;
Asn: Asparagine; Asp: Aspartic acid; Cys: Cysteine; Gln: Glutamine; Glu: Glutamic acid; Gly: Glycine; His:
Histidine; Ile: Isoleucine; Leu: Leucine; Lys: Lysine; Met: Methionine; Phe: Phenylalanine; Pro: Proline; Ser:
Serine; Thr: Threonine; Tyr: Tyrosine; Val: Valine.
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