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Abstract A nicotinate dehydrogenase (NaDH) gene

cluster was cloned from Comamonas testosteroni JA1.

The enzyme, termed NaDHJA1, is composed of 21, 82,

and 46 kDa subunits, respectivley containing [2Fe2S],

Mo(V) and cytochrome c domains. The recombinant

NaDHJA1 can catalyze the hydroxylation of nicotinate

and 3-cyanopyridine. NaDHJA1 protein exhibits 52.8%

identity to the amino acid sequence of NaDHKT2440

from P. putida KT2440. Sequence alignment analysis

showed that the [2Fe2S] domain in NaDHJA1 had a type

II [2Fe-2S] motif and a type I [2Fe-2S] motif, while

the same domain in NaDHKT2440 had only a type II

[2Fe-2S] motif. NaDHKT2440 had an additional hypo-

xanthine dehydrogenase motif that NaDHJA1 does not

have. When the small unit of NaDHJA1 was replaced by

the small subunit from NaDHKT2440, the hybrid protein

was able to catalyze the hydroxylation of nicotinate,

but lost the ability to catalyze hydroxylation of

3-cyanopyridine. In contrast, after replacement of

the small subunit of NaDHKT2440 with the small

subunit from NaDHJA1, the resulting hybrid protein

NaDHJAS?KTL acquired the ability to hydroxylate

3-cyanopyridine. The subunits swap results indicate

the [2Fe2S] motif determines the 3-cyanopyridine

hydroxylation ability, which is evidently different

from the previous belief that the Mo motif determines

substrate specificity.
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Introduction

Nicotinate (also known as nicotinic acid, vitamin B3)

is an important component of nicotinamide adenine

dinucleotide phosphate {NAD(p)} that plays an

essential role in animals, plants and microbes (Alha-

pel et al. 2006). It has been reported that the pathway

of nicotinate metabolism varies among different

species of microbes (including aerobic and anaero-

bic). However, the first step of nicotinate metabolism

is invariably the production of 6-hydroxynicotinic

acid by hydroxylation of C6 on the pyridine ring

(Ensign and Rittenberg 1964; Harary 1957; Hughes

1955; Hunt et al. 1958). Nicotinate dehydrogenase

(NaDH) is the enzyme that catalyze this first step in

bacteria (Andreesen and Fetzner 2002).

Since the 1980s research on the conversion of

aromatic rings or heterocyclic rings by microbes

has increased significantly in order to aid in the
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production of drugs, pesticides and intermediate

chemicals (Berry et al. 1987; Yanisch-Perron et al.

1985). Because 6-hydroxynicotinate and 3-cyano-6-

hydroxypyridine can be used in the production of

chloronicotiny pesticides as an intermediate (Hurh

et al. 1994a, b; Yasuda et al. 1995), studies on the

production using microbes gradually immerged

(Fig. 1). In 1985, a Swiss company acquired a strain

of Pseudomonas putida (NCIB 10521) and two

strains of Achromobacter xylosoxidans (DSM2402

and DSM 2783) that can convert nicotinate to 6-

hydroxynicotinate (Andreesen and Fetzner 2002).

Thereafter, several new bacterial strains, including

Achromobacter xylosoxidans LK1 (Nagel and An-

dreesen 1989), P. fluorescens TN5 (Hurh et al. 1994a,

b), and Serratia marcescens IFO12648 (Hurh et al.

1994a) were also reported to be able to hydroxylate

nicotinate. Comamonas testosteroni MCI2848

(Yasuda et al. 1995) was reported to be able to

hydroxylate 3-cyanopyridine to 3-cyano-6-hydroxy-

pyridine. Recently, we have reported that resting cells

of P. putida NA-1 (Lu et al. 2005) and C. testosteroni

JA1 (Yuan et al. 2005) can efficiently convert

nicotinate yielding large quantity of 6-hydroxynico-

tinate, and C. testosterone JA1 can also hydroxylate

3-cyanopyridine to 3-cyano-6-hydroxypyridine.

Isolation and purification of NaDH began in

1950s. However, reports about the size and cofactor

components of NaDH did not agree with each other.

Behrman and Stanier (1957) described the isolation

and purification of an NaDH from P. putida N-9,

where the enzyme existed in the insoluble membrane

fraction, interacting with cytochrome to exert its

function (Andreesen and Fetzner 2002). In 1958,

Hunt reported the initial purification of an NaDH

from P. fluorescens KB1 and showed that the enzyme

also existed in membrane as an insoluble component.

Ultraviolet spectrometry study demonstrated that

flavin and cytochrome were the cofactors of this

NaDH (Hunt 1959). Later on in 1973, Jones demon-

strated by ultraviolet spectrometry that the NaDH

isolated from P. ovalis might contain heme instead of

flavin as the cofactor (Jones 1973; Jones and Hughes

1972).

In 1994, Hurth and Nagasawa purified an NaDH

from P. fluorescens TN5 and demonstrated that the

NaDH was a membrane protein of 80 kDa. SDS–

PAGE analysis indicated that the NaDH from P.

fluorescens TN5 was composed of a single chain

(Hurh et al. 1994b). In1989, Nagel reported that an

NaDH from Bacillus niacini was 300 kDa. SDS–

PAGE analysis showed that the enzyme had three

bands, i. e., 85, 34 and 20 kDa, presumably three

subunits. Ultraviolet spectrophotometry analysis

suggested that the enzyme had a flavoprotein and

iron-sulfur center (Nagel and Andreesen 1989). In

2006, Ashraf et al. reported for the first time the

NaDH-encoding genes in Eubacterium barkeri

(Alhapel et al. 2006) and showed that the enzyme

was encoded by a cluster of four transcriptional-

coupled genes, ndhF, ndhS, ndhL and ndhM respec-

tively for the 33, 23, 50 and 37 kDa subunits. These

four functional subunits were respectively a flavo-

protein, a iron-sulfur cluster and two Mo(V) chains.

In 2008, we have reported the ndhSL gene cluster in

P. putida KT2440 encoding an NaDH of 140 kDa,

composed of 16- and 128-kDa subunits. The enzyme

has a [2Fe2S] domain, two Mo(V) domains and a

cytochrome c domain. These findings were consistent

with reports that NaDH has a cytochrome cofactor in

P. putida N-9 and P. fluorescens KB1 (Andreesen

and Fetzner 2002; Hunt 1959), but inconsistent with

the reports that NaDH has heme as the cofactor

(Jones 1973; Jones and Hughes 1972). The P. putida

NaDH was also different from the one in P.

fluorescens TN5 where the enzyme has a 80 kDa

chain. Therefore, to determine the structural charac-

teristics of NaDH, it is necessary to determine the

NaDH from more bacterial sources.

The NaDH isolated from P. fluorescens TN5 by

Hurth and Nagasawa was also capable of hydroxyl-

ating 3-cyanpyridine (Hurh et al. 1994b). However

the recombinant NaDH we have expressed from

P. putida KT2440 can only hydroxylate nicotinate,

but not 3-cyanopyridine. Therefore, we speculate thatFig. 1 The hydroxylation of nicotinate and 3-cyanopyridine

594 Biodegradation (2010) 21:593–602

123



there might be 3-cyanopyridine hydroxylase. We

have previously reported that C. testosteroni JA1 is

capable of hydroxylating nicotinate and 3-cyanopyr-

idine (Yang et al. 2009). Therefore, this strain is a

good model of study (Yuan et al. 2005). Here, we

report the cloning and functional expression of an

NaDH from C. testosteroni JA1, hoping to determine

whether 3-cyanopyridine hydroxylation is also cata-

lyzed by NaDH, whether this NaDH has special

structure, or if there could be an additional enzyme

that catalyze 3-cyanopyridine hydroxylation.

Materials and methods

Bacterial strains and plasmids

The bacterial strains and plasmids were shown in

Table 1. C. testosteroni JA1 and P. entomophila L48

were shaken in LB media containing 50 mM nicotin-

ate at 30�C overnight. E. coli was shaken in LB at 37�C

overnight. Antibiotics ampicillin (100 lg ml-1), kana-

mycin 30 lg ml-1, and tetracycline (12.5 lg ml-1)

were used. Solid culture was done with the above

media plus 2% (w/v) agar.

DNA manipulation

Genomic DNA of C. testosteroni JA1 was extracted as

described in Molecular Cloning (Davis et al. 1980).

Recombinant plasmids were extracted with alkline

lysis method as described by Sambrook et al. (1989).

Gel electrophoresis, DNA restriction digestion, alkline

phosphatase treatment and ligation were performed

with conventional method (Sambrook et al.1989).

Recovery of DNA from gel was done as described by

Tautz and Renz (1983). Primers (Table 2) were

synthesized by Shanghai Biotech (Shanghai, China).

Conventional PCR was performed according to

Sambrook et al. (1989). Annealing temperature was

60�C. The PCR product was inserted to pMD18-T

(TaKaRa biotech, Dalian, China). Sequencing was

done by Shanghai Biotech. Competent cells (E. coli and

Pseudomonas sp.) were prepared according to Dower

et al. (1988) and Iwasaki et al. (1994), respectively.

Induced expression of recombinants

The expression vector [pJB866H:: ndhSLM] was

extracted from recombinant bacterium DH10B

[pJB866H:: ndhSLM], then introduced by electroporation

Table 1 Strains and plasmids used in this work

Strain or plasmid Genotype or relevant characteristicsa References

P. entomophila

L48 Wild-type strain Vodovar et al. (2006),

Yang et al. (2009)

P. putida

KT2440 Wild type strain Nelson et al. (2002)

C. testosteroni

JA1 Wild-type strain Yuan et al. (2005)

E.coli

DH10B Cloning host. F- mcrAD(mrr-hsdRMS-mcrBC) U80lacZDM15

DlacX74 deoR recA1 endA1 araD139D(ara leu)7697 galU
galK k-rpsL nupGk- tonA

Novagen

Plasmid

pMD18-T TA cloning plasmid for sequence. Apr.2.7 kb TaKaRa

pJB866H Derivative of pJB866 in which a his6 ? TGA linker was inserted

to HindIII/EcoRI site. Tcr. 8.3 kb

Blatny et al. (1997a, b),

Yang et al. (2009)

pNKTS An insertion [ndhS from P. putida KT2440 ? ndhLM
from C. testosteroni JA1] into plasmid pJB866H,Tcr, 12.4 kb

This work

pNJAS An insertion [ndhS from C. testosteroni JA1 ? ndhLM
from P. putida KT2440] into plasmid pJB866H,Tcr, 12.8 kb

This work

Antibiotic resistances are indicated as follows: Apr, ampicillin; Tcr, tetracycline
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to P. entomophila L48. The resulting recombinant

P. entomophila L48 [pJB866H:: ndhSLM] was cul-

tured at 30�C for 2 h (OD 600 nm = 0.1), then

induced with m-toluic acid (2 mg/ml) for 12 h with

shaking. The cells were harvested by centrifugation,

resuspended in 20 mM PBS (pH 7.0). After addition

of PMSF (final concentration 10 lM), the cells were

disrupted by sonication (400 W 5–10 min) until the

sample became clear. Debris was removed by high

speed centrifugation. The supernatant was saved for

further analysis (Yang et al. 2009).

SDS–PAGE

SDS–PAGE was performed according to Laemmli

(1970). The concentrations of the separation gel and

focusing gel were 12.5% and 5% (w/v). Protein

staining solution was Coomassie blue R-250 [0.1%

(w/v) in 10% (w/v) acetic acid and 40% (w/v)

ethanol. The washing solution was made up of water,

ethanol and acetic acid (50:40:10).

Western blotting

Protein samples were separated with SDS–PAGE,

blotted (for 90 min) onto PVDF membrane (MILLI-

PORE Immobilon-P) with blotting buffer (25 mM

Tris, 190 mM glycine in 20% (v/v) aqueous metha-

nol). The electric filed was 0.9 mA cm-2. The

antibody was His�Tag Monoclonal Antibody

(NOVAGEN).

Table 2 PCR primers used in this study

Primer Sequence (50–30) Restriction site

JA-1 50-CTGYGGSCTSGGCGAATGYGG-30

JA-2 50-CCRTARCARCCGGCDGCYTC-30

JA-3 50-GGGCAGGTCTGGACCGGCTCGCAGAAC-30

JA-4 50-GGGCTTCAGCGGCACGGAGCAGGAG-30

JA-5 50-GGGGATGGTGTTGCTGGCAATGGTGG-30

JA-6 50-GGGGACGAGCTGTATGTGGACTTTGC-30

JA-7 50-GGGGACAAGAGCGGCGTCACCTCCGTG-30

JA-8 50-GGGCACGTTGCCGTGCACCTGATGAC-30

JA-9 50-GGGCTGGACCAAGCAGGATCTGGTC-30

JA-10 50-CCCGAGGCCGTCTTGTCCGTCAGAG-30

JA-SLM-S 50-GGGATGAAATTCACTCTGAACGGCCAG-30

JA-SLM-F 50-CCCATGCGCCTGGGTCTGCTTGCGC-30

JA-SLM1-S 50-GGGCTCGAGGGTCTCGCATGAAATTCACTCTGAACGGCCAG-30 XhoI, BsaI

JA-SLM1-F 50-GGGCCTTGCACACGTCGTGAGGGTTC-30 AflIII

JA-SLM2-S 50-GGGCTCACGACGTGTGCAAGGATATTG-30 AflIII

JA-SLM2-F 50-CCCGCGGCCGCAAGCTTATGCGCCTGGGTCTGCTTGCGC-30 NotI, HindIII

KT-S–S 50-GGGGAGCTCCCATGGCTATGCAAACAACCATCTCCCTGC-30 SacI, NcoI

KT-S–F 50-CCCAAGCTTTCTAGATCATGGCTTTCTCCGGGTCTCG-30 HindIII, XbaI

JA-LM-S 50-GGGGAGCTCTCTAGAATGTCTAGAATGAAATTCTTCACCAAAGAC-30 SacI, XbaI

JA-LM-F 50-CCCAAGCTTATGCGCCTGGGTCTGCTTGCG-30 HindIII

JA-S-S 50-GGGGAGCTCGGTCTCGCATGAAATTCACTCTGAACGGCCAG-30 SacI, BsaI

JA-S-F 50-CCCAAGCTTTCTAGATCAGGCAGCCTTTGCGGTTGTGG-30 HindIII, XbaI

KT-La-S 50-GGGGAGCTCTCTAGAATGTCTAGAATGAACCACTCACAACAGGTGC-30 SacI, XbaI

KT-La-F 50-CCCAAGCTTGTGGCAAGCATGCCCAATGCG-30 HindIII, SphI

KT-Lb-S 50-GGGGAGCTCGGCATGCTTGCCACCGCCTTGC-30 SacI, SphI

KT-Lb-F 50-CCCAAGCTTGTGGCTGCCAGGGTTGGCGC-30 HindIII

All primers were purchased form Sangon Bio Co., Ltd (Shanghai, China). Restriction sites are in bold
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NaDH activity assay

The hydroxylation of nicotinate or 3-cyanopyridine

was performed in 1.5 ml centrifuge tubes. Each

reaction (0.5 ml) contained 20 mM phosphate buffer

(pH 7.0), 5 mM nicotinate or 5 mM 3-cyanopyridine,

cell extract. The reaction mix was shaken (200 rpm)

at 30�C for 2 h. When cell extract was used, 50 lM

PMS was added as the electron acceptor (32). At the

conclusion of the reaction, enzyme was inactivated

by heating (100�C for 5 min), centrifuged to remove

precipitate and supernatant was saved for analysis.

Product was analyzed with high efficient liquid

chromatography (Agilent 1100, USA). The detector

was Agilent G1314A UV. The column was ZORBAX

ODS (4.6 mm i.d. 9 250 mm, 5 lm). For detection

of 6-hydroxy-nicotinamide, the mobile phase was

methanol and water (50:50, pH 3.0) at a velocity

1 ml/min. The detection wave length was 260 nm.

For the detection of 6-hydroxy-3-cyanopyridine, the

mobile phase was methanol and water at 30:70 (V:V,

pH 3.0), the speed was 1 ml/min and the wave length

was 230 nm. The products were diluted appropriately

and quantified with external reference method (Yuan

et al. 2005).

Under the above condition, the amount of enzyme

that produces 1 lmol of hydroxylated product in

1 min is 1 Unit (U). The specific enzyme activity was

defined as the amount of enzyme activities contained

in 1 mg dry cell or protein.

Results

The cloning of ndh

Based on the conserved amino acid sequences of the

known NaDH from P. putida KT2440 and three other

strains, degenerated primers JA-1 and JA-2 were

designed (Fig. 2). Using the genomic DNA from

C. testosteroni JA1 as template, a 1.5-kb segment of

of NaDHJA1 was amplified (not shown). The multiple

reverse PCR was employed to amplify the flanking

regions: (1) Genomic DNA from C. testosteroni JA1

was digested with Nco I. The recovered fragment was

used as the template to amplify the upstream 0.3 kb

and downstream 0.9 kb with primers JA-3, JA-5, JA-

4 and JA-6. Alignment analysis indicated the initia-

tion sequence was included in upstream fragment.

(2) Sal I digested genomic DNA was used to amplify

further downstream sequence 1.4 kb with primers

JA-7 and JA-8. (3) C. testosteroni JA1 genomic DNA

was digested with Pst I and recovered fragment was

used to amplify a 1.5 kb fragment with primers JA-9

and JA-10. Alignment analysis showed the sequence

contained the stop codon. Finally, the entire sequence

encoding NaDHJA1 was amplified with primers

JA-SLM-S and JA-SLM-F, cloned with TA cloning

vector pMD18-TndhSLM, and sequenced (Miyamoto

et al. 2002).

The entire sequence encoding NaDHJA1 was

termed ndh cluster, which was 4.5 kb in size

(GenBank accession: EU418449). The operon con-

tained three genes termed ndhS, ndhL and ndhM,

respectively encoding the NaDHS, NaDHL and

NaDHM chains. The coding sequence of ndhS had

a start codon at nucleotide (nt) 203 and a stop codon

TGA at nt 902, encodes a peptide of 203 amino acid

residues, 20,981 Da. The coding sequence of ndhL

was 2295 bp, starting at nt 904 and ending at nt 3198,

encoding a peptide chain of 765 amino acid residues,

82,389 Da. There were 2 bp between the initiation

codon of ndhL and the termination codon of ndhS.

The coding sequence of ndhM started at nt 3222 and

ending at nt 4517, encoding a peptide chain of 432

amino acid residues, 46,042 Da. There were 24 bp

between the initiation codon of ndhM and the

termination codon of ndhL.

The similarity of NaDH amino acid sequences

from different sources were analyzed with Mega 3.1.

NaDHJA1 amino acid sequence shows 52.8–54.6%

identities with those containing cytochrome c in

bacteria (e.g., B. japonicum USDA110, R. palustris

HaA2, Polaromonas sp.JS666 and P. putida

KT2440), while it exhibits 8.9–10.3% identities with

USDA110    -------134NLCRCG140-------842GESASVP849-------

HaA2       ------- 158NLCRCG164-------896GESASVP903------- 

JS666       ------- 134NLCRCG140-------880GESASVP887------- 

KT2440     ------- 133NLCRCG139-------862GESASVP869------- 

Fig. 2 Alignment of conserved NaDH amino acid sequences

from four sources (ClustalV programs). Abbreviation:

USDA110—NaDH from Bradyrhizobium japonicum,

USDA110; HaA2—NaDH from Rhodopseudomonas palustris
HaA2; JS666—NaDH from Polaromonas sp.JS666; KT2440—

NaDH from P. putida KT2440
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NaDHs containing FAD (e. g., E. barkeri, S. pome-

royi DSS-3, M. magneticum AMB-1and M. loti

MAFF303099).

Expression of recombinant ndhSLM

The ndh cluster was amplified in two fragments

(primers JA-SLM1-S and JA-SLM1-F for the first

fragment and primers JA-SLM2-S and JA-SLM2-F

for the second fragment). After purification, the two

fragments were digested with restricting pairs BsaI/

AflIII and AflIII/HindIII, and then linked to pJB866H

that was digested with AflIII, HindIII, obtained

pJB866HndhSLM which possesses a His�tag in the

downstrean of ndhSLM. The plasmid was then

introduced to P. entomophila L48, resulting in

P. entomophila L48[pJB866H::ndhSLM]. Using ant-

His�tag antibody, western blot analysis explored that

a new expression band appeared at the expected size

(around 46 kDa) of NaDHM in P. entomophila

L48[pJB866H::ndhSLM] compared to P. entomophila

L48 (Fig. 3), indicating that ndhSLM could sucesfully

express in P. entomophila L48[pJB866H::ndhSLM].

The recombinant expression NaDHJA1 from P.

entomophila L48[pJB866H::ndhSLM] was able to

convert nicotinate into 6-hydroxynicotinic acid, while

the control cell extract was unable to convert

nicotinate, suggesting that NaDHJA1 has NaDH

activity (Table 3). In addition, in the conversion

solution containing 3-cyanopyridine instead of nico-

tinate, 6-hydroxy-3-cyanopyridine could be detected

(Table 3), indicating NaDHJA1 was also able to

hydroxylate 3-cyanopyridine.

Analysis of functional domain of NaDHJA1

compared to NaDHKT2440

Similarity analysis explored that NaDHJA1 protein

showed 52.8% identity to the amino acid sequence of

the NaDHKT2440. The functional domain composition

and arrangement are identical in the two enzymes.

The amino acid sequence similarities between the

two enzymes were 95/176 (53% identity), 406/755

(53% identity) and 193/427 (45% identity) for the

[2Fe2S] domain, Mo domain, and cytochrome c

domain respectively. The three functional domains

of NaDHJA1 were independently located in the

three subunits NaDHS, NaDHL, NaDHM, while in

NaDHKT2440, [2Fe2S] domain was in NaDHS

subunit, and the NaDHL is a single chain composed

of Mo domain and cytochrome c domain.

We further analyzed differences in functional

domains of NaDHJA1 and NaDHKT2440 (Fig. 4). The

compositions of cytochrome c domain were the same

in NaDHKT2440 and NaDHJA1. However, there were

differences in the [2Fe-2S] center. In NaDHKT2440,

the [2Fe-2S] cluster consisted of type II motif

(Doolittle 1995; Grether-Beck et al.1994). In

Fig. 3 Western blot analysis of of ndhM expression in P.
entomophila L48. M—Protein Marker; 1—extract of nonein-

duced P.entomophila L48[pJB866H::ndhSLM]; 2—total pro-

tein of induced P.entomophila L48[pJB866H::ndhSLM]; 3—

cell extract from induced P.entomophila L48[pJB866H::

ndhSLM]

Table 3 NaDH activity in extract of cells expressing recom-

binant ndhSLM (n = 9)

Substrate Crude extract Sp activity (U/mg of protein)

Nicotinate 3-Cyanopyridine

Plasmid control \0.01 \0.01

None induced \0.01 \0.01

Induced 2.07 ± 0.02 1.72 ± 0.03
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contrast, the NaDHJA1 contained both type II (resi-

dues 102–177) and type I [2Fe-2S] (residues 3–81)

motifs (Doolittle 1995; Grether-Beck et al.1994). In

addition, there were also differences in the molybde-

num domain. NaDHKT2440 had an aldehyde oxidase

and xanthine dehydrogenase a/b hammerhead domain

(residues 361–447) that NaDHJA1 did not (Doolittle

1995; Grether-Beck et al.1994).

Hybrid recombination of NaDHKT2440

and NaDHJA1

In order to interrogate whether the substrate speci-

ficity was determined by the [2Fe-2S] domain or by

the Mo domain, we performed a hybrid recombina-

tion experiment where the ndhS was swapped

between NaDHKT2440 and NaDHJA1.

Using DNA from P. putida KT2440 as the

template, ndhSKT2440 was amplified with primers

KT-S–S and KT-S–F. Similarly, using DNA from

C. testosteroni JA1 as the template, ndhLMJA1 was

amplified with primers JA-LM-S and JA-LM-F. The

two fragments were digested with two pairs of

restriction enzymes (NcoI/XbaI and XbaI/HindIII)

and inserted into pJB866H vector double digested

with AflIII and HindIII, resulting in plasmid

pNKKTS. Reversely, ndhSJA1 was amplified with

primer pair JA-S–S/JA-S–F, ndhLKT2440a and

ndhLKT2440b were amplified with primer pairs

KT-La-S/KT-La-F and KT-Lb-S/KT-Lb-F. The three

fragments were double digested with BsaI/XbaI,

XbaI/SphI, SphI/HindIII respectively and inserted to

vector pJB866H. The hybrid recombinant plasmid

pNJAS was constructed as such. Using pNKTS and

pNJAS to transform P.entomophila L48, recombinant

cells P. entomophila L48[pNJAS] and P. entomo-

phila L48[pNKTS] were obtained. The expressed

recombinant proteins were respectively termed

NaDHJAS?KTL and NaDHKTS?JALM. The recombi-

nant cell extracts were used to catalyze hydroxylation

of nicotinate and 3-cyanopyridine. Results were

shown in Table 4. The domain-swapped recombinant

proteins were both able to catalyze hydroxylation of

nicotinate, suggesting the domain-swapped recombi-

nant proteins were folded correctly and were func-

tional. This result also suggested that the differences

in NaDHS subunits from P. putida KT2440 and

C. testosteroni JA1 did not affect the hydroxylation

function. However, proteins containing the NaDHS

subunit from P. putida KT2440 (NaDHKT2440 and

NaDHKTS?JALM) were unable to catalyze hydroxyl-

ation of 3-cyanopyridine. In contrast, proteins

containing the NaDHS subunit from testosteroni

JA1 (NaDHJA1 and NaDHJAS?KTL) were. These

results suggest that the NaDHS subunit determines

3-canopyridine hydroxylation activity. Fig. 5 showed

that HPLC profiles of the domain swap experiment.

NaDHKT2440

NaDHS NaDHL

NaDHJA1

NaDHS NaDHL NaDHM

Fig. 4 Alignment of amino acid sequences from NaDHJA1 and

NaDHKT2440. Two frames shows two functional domain

differences between the NaDHJA1 and NaDHKT2440:

(1) NaDHJA1 contained type I [2Fe-2S] (residues 3–81);

(2) NaDHKT2440 had an aldehyde oxidase and xanthine

dehydrogenase a/b hammerhead domain (residues 361–447)

Table 4 Conversion of nicotinate and 3-cyanopyridine by

NaDHKTS?JALM and NaDHJAS?KTL (n = 9)

Nicotinate 3-Cyanopyridine

NaDHKT2440 1.89 ± 0.02 \0.01

NaDHJA1 2.07 ± 0.03 1.72 ± 0.02

NaDHKTS?JALM 1.92 ± 0.04 \0.01

NaDHJAS?KTL 2.02 ± 0.02 1.56 ± 0.03
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Discussion

We have cloned and expressed recombinant ndhSLM

cluster from C. testosteroni JA1. The recombinant

protein (NaDHJA1) was able to catalyze hydroxyl-

ation of nicotinate, indicating the cloned sequence

encodes NaDH. The recombinant NaDHJA1 was also

able to catalyze the conversion of 3-cyanopyridine to

6-hydroxy-3-cyanopyridine, indicating NaDHJA1 was

also able to catalyze the hydroxylation of 3-cyano-

pyridine. Therefore, NaDH JA1 of C. testosteroni JA1

was apparently different from that of P. putida

KT2440 where the NaDH was only capable of

converting nicotinate (Yang et al. 2009). Thus, we

demonstrated that the hydroxylation of nicotinate and

3-cyanopyridine was catalyzed by the same enzyme

in C. testosteroni JA1 and there is no additional

3-cyanopyridine hydroxylase.

NaDHJA1 encoded by ndhSLM gene cluster in

C. testosteroni JA1 was 149 kDa, composed of 21, 82

and 46 kDa subunits, respectively containing [2Fe-2S],

Mo(V) and cytochrome c domains. Similar to

NaDHKT2440, NaDH JA1 was distinguished apparently

from those NaDHs containing FAD such as NaDHbarkeri

(Alhapel et al. 2006), by having a cytochrome c

domain. The Mo(V) domains in NaDHbarkeri was found

to exist in both NaDHL and NaDHM subunit(Alhapel

et al. 2006), while the Mo(V) domain and cytochrome

c domain in NaDHKT2440 was found to co-exist in a

subunit NaDHL (Jiménez et al. 2008; Yang et al.

2009). In contrast, here we found that the Mo(V) and

cytochrome c domains in NaDHJA1 were respectively

in two separate subunits NaDHL and NaDHM. Thus,

NaDHs may have 2, 3 or 4 subunits and different

functional domains may exist separately or together in

different subunits, varying with different species,

which is believed to be the results of evolutionary

(Doolittle 1995).

In 1994, Hurth and Nagasawa et al. purified one

NaDH from P. fluorescens TN5, demonstrated that

the NaDH also catalyzes hydroxylation of 3-cyano-

pyridine (Hurh et al. 1994b). In 2008, Jiménez et al.

Fig. 5 HPLC profiles of

ndhS swapped recombinant

proteins. a Before swap,

NaDHKT2440 could catalyze

the hydroxylation of

nicotinate, but not 3-

cyanopyridine. b Before

swap, NaDHJA1 could

catalyze the hydroxylation

of both nicotinate and

3-cyanoridine. c After

swap, NaDHKTS?JALM

could catalyze the

hydroxylation of nicotinate,

but not 3-cyanopyridine.

d After swap,

NaDHJAS?KTL could

catalyze the hydroxylation

of both nicotinate and

3-cyanoridine
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reported the cloning of NaDHKT2440 from P. putida

KT2440 and the recombinant expression of

NaDHKT2440 in P. fluorescens R2f. They showed

their recombinant cell extract was able to catalyze

nicotinate hydroxylation. The extract was also able to

catalyze weakly 3-cyanopyridine hydroxylation,

accounting for 4% of the hydroxylation activities

(Jiménez et al. 2008). However, P. fluorescens was

even reported to be able to catalyze 3-cyanopyridine

hydroxylation (Hurh et al. 1994b), so the interference

of endogenous enzyme from the host cell could not

be excluded. We have also cloned NaDHKT2440 from

P. putida KT2440 but expressed it in P. entomophila

L48 that has no endogenous 3-cyanopyridine hydrox-

ylation activity. Our recombinant NaDHKT2440

showed nicotinate hydroxylation activity but no

3-canoppridinde hydroxylation activity (Yang et al.

2009), which is consistent with the result that

P. putida KT2440 could only hydroxylate nicotinate

in our previous study (Yang et al. 2009). Therefore in

the current study, we chose to analyze C. testosteroni

JA1 which is capable of hydroxylating both nicotin-

ate and 3-cyanopyridine to explore whether NaDH

can catalyze the hydroxylation of both nicotinate and

3-cyanopyridine, or whether there is an independent

enzyme for 3-cyanopridine hydroxylation. Results

demonstrated the recombinant NaDHJA1 can hydrox-

ylate both substrates. Analysis of sequence similarity

showed that NaDHKT2440 shares 63–69.1% identities

with those NaDH containing cytochrome c domains,

but only exhibits 52.8–54.6% identities with

NaDHJA1. It is therefore possible that the NaDHs of

less similar sequences lead to wider substrate spec-

ificity of NaDHJA1. The current study showed that the

major sequence differences between NaDHJA1 and

NaDHKT2440 lay in the [2Fe-2S] and Mo(V) domains.

NaDHKT2440 has only one type II [2Fe-2S] motif,

while NaDHJA1 has one type II [2Fe-2S] and a type I

[2Fe-2S] motifs. The Mo(V) domain in NaDHKT2440

also includes a hypoxanthine dehydrogenase motif

which NaDHJA1 does not have. If the small subunit of

NaDHJA1 is replaced by the small subunit from

NaDHKT2440, the hybrid protein NaDHKTS?JALM was

able to catalyze nicotinate hydroxylation, but lost the

ability to catalyze 3-cyanopyridine hydroxylation.

Conversely, if the small subunit of NaDHKT2440 was

replaced by the one from NaDHJA1, the hybrid

NaDHJAS?KTL acquired the ability to catalyze

3-cyanopyidine hydroxlation. These results indicate

that the [2Fe2S] domain determines the 3-cyanopyr-

idine hydroxylation ability. Studies of XO family of

molybdenum proteins have shown that molybdenum

domain is the activity center of quinoline 2-oxidore-

ductase. There is a substrate canal in the center interact

with the substrate, while [2Fe2S] motif is implicated in

electron transduction (Bonin et al. 2004). There is also

report that the Mo domain in the activity center of

aldehyde oxidoreductase is involved in substrate

binding, while the [2Fe2S] domain is responsible for

the formation of a stable clamp structure together with

Mo domain, which did not prove whether [2Fe2S]

domain participates in substrate specificity determi-

nation (Kisker et al. 1997). In the future, further study

is required to determine what key residues in [2Fe2S]

domain of NaDHJA1 are responsible for specific

binding of 3-cyanopyridine.
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