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Functional characterization of multiple catechol dioxygenases in
triclocarban degrader Sphingomonas sp. YL-JM2C

LI Shuo XU Ying® ZHOU Ning-Yi

(State Key Laboratory of Microbial Metabolism and School of Life Sciences & Biotechnology,
Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: [Objective] We are aiming to study the growth characteristics of Sphingomonas sp.
YL-JM2C when triclocarban acts as carbon source; to mine putative genes encoding catechol
1,2-dioxygenase and catechol 2,3-dioxygenase from strain YL-JM2C; and to express, purify and
functionally identify the putative catechol dioxygenase, then revealing the characters of catechol
dioxygenases in this strain. [Methods] The growth of S. sp. YL-JM2C was measured at different pH
values with different triclocarban concentrations on the optimized R2A medium containing extremely
low amount of single carbon source. The putative catechol dioxygenase genes were cloned and
heterologous expressed in E. coli BL21(DE3), and purified through AKTA purifier system. The purified
proteins were functionally identified based on their abilities to catalyze the ring cleavage of catechol as
well as its derivatives 3-chlorocatechol and 4-chlorocatechol. Their enzymatic characters were also
determined through enzyme Kkinetics parameters. [Results] The optimal pH value was 7.0—7.5 for the
growth of strain YL-JM2C, and this strain was able to utilize triclocarban as the carbon source and the
optimum concentration for its growth was in the range of 4—8 mg/L. With adding 4 mg/L triclocarban,
the biomass of strain YL-JM2C increased over time when this strain grew in the optimized R2A
medium containing 0.01% of yeast extract and mineral salts. Six putative catechol dioxygenase genes
(stcAl, stcA2, stcA3, stcEl, stcE2 and stcE3) were found through bioinformatics analysis. All exhibited
catechol dioxygenase activities through assay using crude enzymes expressed in E. coli, except StcE3.
Further, after purification, the substrate range analyses revealed that StcAl, StcA2 and StcA3 belonged
to type II catechol 1,2-dioxygenase while StcE1 and StcE2 were identified as the novel type catechol
2,3-dioxygenase, which were all able to catalyze the ring cleavage of catechol and chlorocatechol. The
kinetics parameters obtained from purified enzymes revealed that the enzymes exhibited highest
affinity and catalytic efficiency to catechol, followed by 4-chlorocatechol. [Conclusion] In this
research, five active catechol dioxygenase genes are functional identified from a single strain, which all
have the ability to catalyze the ring cleavage of catechol and chlorocatechol. Among them, StcAl,
StcA2, and StcA3 belong to type II catechol 1,2-dioxygenase, and StcEl and StcE2 are new type
catechol 2,3-diocygenase. This study will be greatly helpful to explore the diverse capability for the
microbial aromatic degradation of microbes using catechol and chlorocatechol as ring-cleavage
substrates.

Keywords: Sphingomonas sp. YL-JM2C, Triclocarban, Catechol, 3-chlorocatechol, 4-chlorocatechol,
Catechol 1,2-dioxygenase, Catechol 2,3-dioxygenase
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Figure 1 The putative pathway of triclocarban catabolism by S. sp. YL-JM2C!"!
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Table 1 Strains and plasmids used in this study
/

Strains/Plasmids Characteristics Source
S. sp. YL-IM2C [7]
E. coli BL21(DE3) F ompT hsdS (rg mg ) gal dem lacYI (DE3) Novagen
pET28a K} Promega

Note: Kn": Kanamycin-resistant.

1.2 F% 31.4 kD) 3 2,3-
1.2.1 EHRERFERREMLKL: 30 °C StcE1 (WP_029992749.1
4 mg/L R2A 33.1kD) StcE2 (WP_029995332.1
S. sp. YL-JM2C R2A 33.1kD) StcE3 (WP_029993321.1
30 °C 160 r/min ODqoo 33.5 kD) YL-JM2C
0.5 5500 r/min 10 min 6
100 mmol/L pH 7.4
R2A 3 (1) 2
() 123 SERZEINEEBRILE L
(3) R2A BL21(DE3)[pET28a-stcA1] BL21(DE3)[pET28a-

stcA2]  BL21(DE3)[pET28a-stc43]  BL21(DE3)
[PET28a-stcE1] BL21(DE3)[pET28a-stcE?2]

LB ODy0o 0.5
R2A 0.1 pumol/L  IPTG 4 h
BL21(DE3)[pET28a-stcAl] BL21(DE3)
0.01% 0.01% 0.01%  [pET28a-stcA2] BL21(DE3)[pET28a-stcA3]
0.01% 0.01% 20 mL 50 mmol/L pH 7.4 10%
4.0 mg/L BL21(DE3)[pET28a-stcE]]
YL-IM2C BL21(DE3)[pET28a-stcE2] 20 mL
122 BEZMWMEBEEETERENL: S sp. 100 mmol/L pH 8.0 10%
YL-JIM2C (GenBank Ni-DA
ASTMO00000000) Resin FF Prepacked AKTA
1,2-
(CAMS6609.1 CDF83097.1 NP _251197.1)
2,3- (NP_049202.1
AADO02148.1 EJU14558.1 EZP74038.1)  BLASTp  1.2.4 4BE_EAXinEEEEEFE N E Perkin
3 1,2- Elmer 3-
StcAl (WP_029994301.1 4-
28.3 kD) StcA2 (WP_029995212.1
34.6 kD)  StcA3 (WP 029995453.1 (10l
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Table 2 Primers used in the study

Primers Primers sequence (5'—3) Restriction sites
stcAlf GGAATTCCATATGATGTCGGATGCTGAACG Nde 1
stcAlr CGGAATTCCGTAAATCCTCCACCTCAGG EcoR 1
stcA2f ATTCCATATGGCATCCGAACTGGTGCA EcoR 1
StcA2r CCCAAGCTTCGGAGGCGATTGCTTCGTTCT Hind 11
stcA3f GGAATTCCATATGATCATCGACCACCAGGCC Nde 1
SstcA3r CCGGAATTCTCATGGGATCGGCGCCTT EcoR 1
stcE1f GGAATTCCATATGTCCGGAACCCCAGC Nde 1
stcElr CGGAATTCTCAGGTCCACTCGTGATACCAG EcoR 1
stcE2f CGGAATTCTATCTCGCCTATCCGCTTTG EcoR 1
stcE2r CCCAAGCTTCCGAATCTTTTCCGCCAT Hind 11
stcE3f CGGAATTCAGCGGATATGCCCATCCAGG EcoR 1
stcE3r CCCAAGCTTAGGAAGACATCGTCGCTCCTG Hind 11

Note: Underline marked restriction enzyme sites.

1,2- 3- 4-

16 800 17 100 12 400 mol/(L-cm)""!

Primers
23- + gstcAlf
36 000 mol/(L-cm) o
42 000 mol/(L-cm)!'!! -
125 EBE=ZE PCR: S. sp. YL-IM2C .
100 mL R2A 30°C 160 r/min QStcA3f
ODgo 0.3 e
4 mg/L gstcE1f
ODgo 0.5 gstcElr
50 mmol/L pH 7.4 qstcE2f
50 mL 4 mg/L qstcE2r
4 mg/L qYL16sf
6 h qYL16sr
YL-JM2C  16S rRNA stcAl
stcA2  stcA3  stcEl  stcE2 2 SGERES4HH
PCR ( 3 TaKaRa PrimeScript™ RT
Reagent Kit with gDNA Eraser RNA R2A
cDNA TaKaRa SYBR"“Premix
ExTaq™ PCR YL-JM2C

*3 SEBfES PCRSEBAFETASIH

Table 3 Primers used in the study of Real-time PCR

Primers sequence (5'—3')

TCGGATGCTGAACGACTGG
CGAGAAATTGCACGCCCTC
CAACACCAAGGGCGGCTATTC
ACGACGCTGCGGAAGACATAG
AGCAGGACCGCCTCGAAAC
CCGCCTCAAGCACGAAGTC
TCGAACTCGACACGCAGGAC
CGCGGACGTAGATGAACAGC
GACCGTCTTCATGCCAGCAC
CCAACCGAACTCCGTCTGC
AAGAACACCAGTGGCGAAGGC
ATCATCGTTTACGGCGTGGACTAC

2.1 S.sp. YL-IM2C 4 K45 MR

30 °C 160 r/min

pH
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YL-IM2C
pH 7.0-7.5
YL-JIM2C 0-2% 1.5%
4-8 mg/L
R2A YL-JM2C
YL-IM2C
R2A 4 mg/L
R2A
YL-IM2C 2
Logistic [12]
R2A 0.01%
30 °C YL-JM2C
4 mg/L 2

22 SECHVWMNEEEREMEEFESH
S. sp. YL-IM2C

3 1,2- stcAl stcA2
stcA3 2,3-
stcEl  stcE2 StcAl StcA2  StcA3
18 A Yeast extract 0.01%+Tcc
: o Yeast extract 0.01%
1.5
~ 1.2 ° ©
z s >
% 0.9 ° 5
0.6
0.3
0.0

10 20 30 40 50 60 70
£ (h)

2 EFR YL-IM2C FIR =& FEERYAE K 2
Figure 2 Growth curve of strain YL-JM2C on triclocarban

( 3) StcAl

27%-30% StcEl  StcE2
14.6%
StcA2  StcA3
1,2- 1,2-
StcEl  StcE2 2,3-

50%

StcAl StcA2  StcA3
1,2- « 4
StcAl Pseudomonas sp.
GT241-1 1,2-
61.9% StcA2  P. knackmussii B13
1,2- 51.4%
StcA3  Variovorax sp. WDL1 1,2-
63.1% StcE1  StcE2
2,3-
StcEl

Delftia acidovorans

( 5) Geobacillus

genomos sp. 3 2,3-
27.4%  StcE2

strain Bl 2,3-

24.1%

Beijerinckia sp.

S. sp. YL-IM2C
3 1,2-
StcAl StcA2 StcA3
2,3- StcEl  StcE2
2,3-

StcE1 StcE2

2,3-

2.3 SPEEY 1,2-WINSEEEEEFEF MR
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1,2- ( 5A) StcAl StcA2  StcA3
3- ( 5B) 4- ,
5C) , - 5
1,2- StcAl StcA2  StcA3
1,2- 5

91) Pseudomonas sp. MG61 chlorocatechol 2,3-dioxygenase (AAP51201)
821 pseudomonas veronii chlorocatechol 2,3-dioxygenase (AAP51197)

9 Pseudomonas fluorescens chlorocatechol 2,3-dioxygenase (AAP51203)

Pseudomonas putida catechol 2,3-dioxygenase (AAD05250)
31 99 Pseudomonas sp. Y-2 catechol 2,3-dioxygenase (BAB18933)

Pseudomonas sp. M1 catechol 2,3 dioxygenase (ETM68898)
Geobacillus genomo sp. 3 catechol 2,3-dioxygenase (BAD08308)
99 Sphingomonas sp. TFD44 TfdC (AAT99364)
Pseudomonas sp. GT241-1 chlorocatechol 1,2-dioxygenase (AAR88247)
87 Paraburkholderia fungorum F1dC (GM34768)
Pseudomonas chlororaphis chlorocatechol 1,2-dioxygenase (CAB52140)
9 Pseudomonas nitroreducens chlorocatechol 1,2-dioxygenase (ABL07613)
Delftia acidovorans chlorocatechol 1,2-dioxygenase (AAM76776)
99| Sphingomonas sp. YL-JM2C StcA2 (WP_029995212)
99 Sphingomonas wittichii putative catechol 1,2-dioxygenase (WP_011951822)
48] ———————— Acinetobacter radioresistens catechol 1,2-dioxygenase (AAG16896)
Acinetobacter sp. ADP1 catechol 1,2-dioxygenase (AAC46426)
99 Pseudomonas knackmussii B13 catechol 1,2-dioxygenase (CDF83097)
99 Pseudomonas knackmussii B13 catechol 1,2-dioxygenase (CDF83454)

43 Sphingopyxis sp. MC1 MocpA (ENY82829)
Skermanella stibiiresistens catechol 1,2-dioxygenase (WP_051512789)
15 Streptomyces sp. MnatMP-M27 catechol 2,3-dioxygenase (SCF69811)

47 Variovorax sp. WDL1 catechol 1,2-dioxygenase (KWT64073)

42 Sphingomonas sp. YL-JM2C StcE1 (WP_029992749)
99,Sphingomonas sp. YL-IM2C StcA3 (WP_029995453)

|_| Sphingomonas MULTISPECIES: catechol 1,2-dioxygenase (WP _011952622)
?ﬁ Phenylobacterium sp. Root700 catechol 1,2-dioxygenase (WP_056732956)

—|:Sphingomonas sp. YL-JM2C StcAl (WP_029994301)

99 Sphingomonas sp. TFD44 TdC2 (AAT99373)
61 Acinetobacter radioresistens catechol 1,2-dioxygenase (AAKS55425)
_‘ Acinetobacter radioresistens catechol 1,2-dioxygenase (2XSR_A)
Sphingomonas sp. YL-IM2C StcE2 (WP_029995332)
991Sphingomonas sp. DC-6 putative glyoxalase (WP_030091412)
5 Sulfolobus solfataricus 98/2 catechol 2,3-dioxygenase (ABP35943)
Bordetella sp. SCN 67-23 catechol 2,3-dioxygenase (ODS70257)
a1 99 I: Sphingobium sp. PNB XylE (AGZ63466)
Beijerinckia sp. Blcatechol 2,3-dioxygenase (B57264)

ok Acinetobacter sp. YAA catechol 2,3-dioxygenase (BAA23555)
Or Pseudomonas putida Mt-2 catechol 2,3-dioxygenase (IMPY_A)

Pseudomonas sp. ZJF08 catechol 2,3-dioxygenase (ABF55259)

Pseudomonas sp. PD7 catechol 2,3-dioxygenase (ABR10836)
Planococcus sp. S5 catechol 2,3-dioxygenase (ADV39941)
991 Pseudomonas sp. PD10 catechol 2,3-dioxygenase (ABR10837)

2| 38

99

99

0.2

B3 BE_BMIUMEERFELXEN
Figure 3 The phylogenetic tree of catechol dioxygenases
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Table 4 Identity of catechol 1,2-dioxygenases (%)

Enzymes
Functional identified catechol dioxygenases

StcAl StcA2 StcA3
TfdC2 [S. sp. TFD44][AAT99373] 58.9 31.7 30.5
Catechol 1,2-dioxygenase [P. knackmussii B13][CDF83097] 22.3 51.4 28.8
TfdC [S. sp. TFD44][AAT99364] 60.2 32.0 32.7
Catechol 1,2-dioxygenase [Acinetobacter radioresistens][AAG16896] 38.1 48.7 27.2
Catechol 1,2-dioxygenase [Achromobacter xylosoxidans A8][CAD56206] 61.1 30.1 34.8
Catechol 1,2-dioxygenase [4. sp. ADP1][AAC46426] 34.6 50.7 24.7
Catechol 1,2-dioxygenase [V. sp. WDL1][KWT64073] 45.8 31.5 63.1
Catechol 1,2-dioxygenase [4. Radioresistens][AAKS55425] 36.5 47.9 27.0
Chlorocatechol 1,2-dioxygenase [P. chlororaphis][CAB52140] 61.5 29.7 34.8
Chlorocatechol 1,2-dioxygenase [D. acidovorans][AAC35836] 61.9 30.3 35.1
Chlorocatechol 1,2-dioxygenase [P. nitroreducens][ABL07613] 61.8 30.0 34.8
Chlorocatechol 1,2-dioxygenase [P. sp. GT241-1][AAR88247] 61.9 30.0 28.7
Catechol 1,2-dioxygenase [4. radioresistens][2XSR_A] 34.6 51.3 24.7

£S5 LPE_EN 2,3-WINE B EFI—BUE

Table S Identity of catechol 2,3-dioxygenases (%)

Enzymes
Functional identified catechol dioxygenases

StcEl StcE2
XylE [Sphingobium sp. PNB][AGZ63466] 23.5 23.0
Catechol 2,3-dioxygenase [Bordetella sp. SCN 67-23][ODS70257] 27.2 22.3
Catechol 2,3-dioxygenase [G. genomo sp. 3][BAD08308] 27.4 19.6
Catechol 2,3-dioxygenase [P. putida][AAD05250] 22.7 21.0
Catechol 2,3-dioxygenase [Planococcus sp. S5][ADV39941] 25.3 20.5
Chlorocatechol 2,3-dioxygenase [P. veronii][AAP51197] 22.7 21.4
Catechol 2,3-dioxygenase [Burkholderia sp. JIS667][AC092651] 24.7 20.6
Catechol 2,3-dioxygenase [B. strain B1][B57264] 23.9 24.1
Catechol 2,3-dioxygenase [P. sp. PD7][ABR10836] 25.6 20.2
Catechol 2,3-dioxygenase [P. sp. PD10][ABR10837] 25.6 20.5
Chlorocatechol 2,3-dioxygenase [P. fluorescens][AAP51203] 22.7 21.7
Chlorocatechol 2,3-dioxygenase [P. sp. MG61][AAP51201] 22.7 21.4
Catechol 2,3-dioxygenase [P. sp. KI28][AAP92388] 22.8 19.7
Catechol 2,3-dioxygenase [P. sp. M1][ETM68898] 23.7 19.0
Catechol 2,3-dioxygenase [P. putida Mt-2][IMPY_A] 23.2 22.7
Catechol 2,3-dioxygenase [4. sp. YAA][BAA23555] 24.9 19.9
Catechol 2,3-dioxygenase [P. sp. Y-2][BAB18933] 24.4 21.8
Catechol 2,3-dioxygenase [P. sp. ZJFO8][ABF55259] 24.9 223
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StcA3 Marker kD

StcA2

StcAl  Marker  StcEl StcE2 kD

B4 i EaRRREERREE Bk
Figure 4 SDS-PAGE of purified proteins
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Figure 5 Catechol 1,2-dioxygenase StcAl catalyzed the ring cleavages of catechol (A), 3-chlorocatechol (B)
and 4-chlorocatechol (C)
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Table 6 Enzymatic kinetics of the catechol dioxygenases

e o Substrates
nzymes em
d Catechol 3-Cholorcatechol 4-Cholorcatechol
StcAl Ky (mmol/L) 0.035+0.042 0.092+0.059 0.082+0.025
kear(s™) 1.42240.642 0.185+0.042 0.404+0.058
Kea/Kon (L/(mmol-s)) 40.207 2,011 4.927
StcA2 K, (mmol/L) 0.022+0.006 0.090+0.097 0.073+0.043
ket (57) 4.081£0.299 1.322:£0.800 0.1210.028
Kead Kin (L/(mmol-s)) 185.455 14.667 1.658
StcA3 K (mmol/L) 0.039+0.035 0.143+0.067 0.126+0.054
ke (s 0.375+0.087 0.080+0.022 1.073+0.023
Kead Ko (L/(mmol-s)) 9.615 0.559 8.492
StcE2 Ky (mmol/L) 0.404+0.229 = 0.042+0.028
Kear (s 6.16041.647 — 0.33240.077
fcat/ Kin (L/(mmol-s)) 15.248 - 7.905
A StcE2
327
, - Amax=375 nm
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