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ABSTRACT The 1.4-kb downstream region from a ni-
trilase gene (niL4) ofan actinomycete Rhodococcus rhodochrous
Jl, which is industrially in use, was found to be required for
the isovaleronitrile-dependent induction of nitrilase synthesis
in experiments using a Rhodococcus-Escherichia coli shuttle
vector pK4 in a Rhodococcus strain. Sequence analysis of the
1.4-kb region revealed the existence of an open reading frame
(nitR) of 957 bp, which would encode a protein with a
molecular mass of 35,100. Deletion of the central and 3'-
terminal portion of nitR resulted in the complete loss of
nitrilase activity, demonstrating that nitR codes for a tran-
scriptional positive regulator in nitA expression. The deduced
amino acid sequence of nitR showed similarity to a positive
regulator family including XylS from Pseudomonas putida and
AraC from E. coli. By Northern blot analysis, the 1.4-kb
transcripts for nitA were detected in R. rhodochrous Ji cells
cultured in the presence of isovaleronitrile, but not those
cultured in the absence ofisovaleronitrile. The transcriptional
start site for nitA was mapped to a C residue located 26 bp
upstream of its translational start site. Deletion analysis to
define the nitA promoter region suggested the possible par-
ticipation of an inverted repeat sequence, centered on base
pair -52, in induction of nitA transcription.

Nitriles, which are generally highly toxic due to their cyano
functional group, can be used by some microorganisms as
carbon and/or nitrogen sources. Nitrilase catalyzes the direct
cleavage of nitriles to the corresponding acids and ammonia
(1), whereas nitrile hydratase (NHase) catalyzes the hydration
of nitriles to amides (2, 3). Both enzymes are involved in
biosynthesis of the plant hormone indole-3-acetic acid (IAA)
in plants (4-6) and plant-associated microorganisms (7, 8).
Recently, four cDNAs encoding nitrilases that convert indole-
3-acetonitrile to IAA have been cloned and characterized from
Arabidopsis thaliana (4-6). Nitrilase and NHase are also
expected to be useful biocatalysts in organic chemical process-
ing (3), because the environmentally friendly bioconversion
may provide clean and mild syntheses with high selectivity and
yield, which are not easily attained by chemical methods.

Nitriles (e.g., acetonitrile, adiponitrile, and acrylonitrile) are
widely manufactured and extensively used by the chemical
industry, and nitrile herbicides are also widely applied in
agriculture. The release of these artificial nitriles into our
environment as industrial waste water and excess agricultural
chemicals has threatened the environment; nitrile is an im-
portant target in terms of environmental preservation. Stalker
et al. (9) have cloned the bacterial Klebsiella ozaenae gene
encoding nitrilase, which degrades a herbicide bromoxynil
(3,5-dibromo-4-hydroxybenzonitrile).
Using protein and genetic studies, we have characterized

three microbial nitrilases from Rhodococcus rhodochrous Jl

(10, 11), R rhodochrous K22 (12, 13), and Alcaligenes faecalis
JM3 (14, 15), which act on aromatic nitriles, aliphatic nitriles,
and arylacetonitriles, respectively. These three nitrilases are all
strongly induced by the addition of isovaleronitrile to the
medium (10, 12, 14); particularly, the induced nitrilase in R.
rhodochrous Jl corresponds to 35% of all soluble protein,
suggesting the existence of a strong promoter (1). This strain
also exhibits diverse nitrile metabolism, and it is a "practical
fascinating microorganism." R. rhodochrous Jl selectively pro-
duces not only nitrilase but also two kinds of NHases (H- and
L-NHases) depending on each inducer; industrial production
of acrylamide from acrylonitrile has been performed using
H-NHase (3), and manufacture of a vitamin nicotinamide from
3-cyanopyridine using L-NHase is due to start in next year.
Whereas nitrilase has versatile functions and has received

increasingly broad interest in fundamental and applied fields
(i.e., IAA biosynthesis, biotransformation, and bioremedia-
tion), the mechanisms that regulate nitrilase expression have
never been reported in both prokaryotes and eukaryotes. We
describe here characterization of the promoter and regulation
of the nitrilase gene (nitA) in R. rhodochrous Jl, which exhibits
interesting physiological responses in nitrile metabolism.

MATERIALS AND METHODS

Strains, Plasmids, and Media. R. rhodochrous Jl was pre-
viously isolated from soil (16). E. coli JM109 (17) was the host
forpUC plasmids. R. rhodochrous ATCC12674 was the host for
a Rhodococcus-E. coli shuttle vector plasmid pK4 (18) and its
derivatives, and was used for the expression of the nitrilase
gene (nitA). R. rhodochrous ATCC12674 and the plasmid pK4
were kindly provided by T. Beppu's group (University of
Tokyo). The plasmid pNJ10 (11) carrying nitA in a 5.4-kb PstI
fragment on pUC19 was used for subcloning and sequencing
of genes. E. coli transformants were grown in Luria-Bertani
medium (17). R. rhodochrous ATCC12674 transformants were
grown in MYP medium (18).-

Transformation of R. rhodochrous ATCC12674 by Electro-
poration. DNA manipulation was performed essentially as
described by Sambrook et al. (17). A mid-exponential culture
ofR. rhodochrous ATCC12674 was centrifuged at 6500 x g for
10 min at 4°C and washed three times with demineralized cold
water. Cells were then concentrated 20-fold in demineralized
cold water and kept on ice. Ice-cold cells (100 ,ul) were mixed
with 1 ,tg of DNA in 1 ,ul of TE buffer (10 mM Tris/1 mM
EDTA, pH 8.0) in a 1-mm gapped electrocuvette (Bio-Rad),
and subjected to a 2.0-kV electric pulse from a Gene Pulser
(Bio-Rad) connected to a pulse controller (25 ,tF capacitor;

Abbreviations: NHase, nitrile hydratase; nitA, nitrilase gene; nitR,
nitrilase regulator gene; ORF, open reading frame.
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external resistance, 400 fl). Pulsed cells were diluted imme-
diately with 1 ml of MYP medium (18) and incubated for 2 h
at 26°C. They were then spread on MYP medium containing
75 ,ug of kanamycin/ml.

Preparation of Cell Extracts and Enzyme Assay. R. rhodo-
chrous ATCC12674 transformants were cultured at 28°C for
24 h in MYP medium in the presence or absence of isovaleroni-
trile (0.1%, vol/vol), harvested by centrifugation at 4000 x g
at 4°C, and washed with 10 mM potassium phosphate buffer
(pH 7.5). The washed cells were suspended in 0.1 M potassium
phosphate buffer (pH 7.5) containing 1 mM dithiothreitol and
20% (vol/vol) glycerol, disrupted by sonication for 20 min (19
kHz, Insonator model 201M; Kubota, Tokyo), and centrifuged
at 12,000 x g for 10 min at 4°C. The resulting supernatant was
assayed for nitrilase by use of benzonitrile as a substrate as
described (11). One unit of nitrilase catalyzes the formation of
1 ,umol of benzoic acid per min under the above conditions.
The protein was determined according to Bradford (19). The
specific activity is expressed as units/mg of protein.
RNA Preparation. R. rhodochrous Jl collected from an agar

slant was inoculated into a test tube containing 5 ml of a
medium consisting of 5 g Polypepton (Daigo, Osaka), 5 g meat
extract (Mikuni, Tokyo), 0.5 g yeast extract (Oriental Yeast,
Tokyo), and 2 g NaCl/liter of tap water (pH 7.0), and
incubated at 28°C for 24 h with reciprocal shaking. From this,
1.6 ml was inoculated into a 500-ml shaking flask containing
100 ml of a medium (10 g glycerol/5 g Polypepton/3 g malt
extract/3 g yeast extract/liter of tap water, pH 7.2) with or
without isovaleronitrile (0.1%, wt/vol), and incubated at 28°C
for 48 h with aeration. Cells were collected from 60 ml of such
cultures by centrifugation, and total RNA was extracted by the
AGPC (acid-guanidium-phenol-chloroform) method (20).

Northern (RNA) Blot Hybridization. For Northern blot
hybridization, each RNA sample (30 ,tg) extracted from R.
rhodochrous Jl cells as described above was subjected to
electrophoresis on a 1% agarose-formaldehyde gel, and trans-
ferred to a nitrocellulose membrane filter (Schleicher &
Schuell) in 20x SSC (lx SSC = 0.15 M NaCl/15 mM sodium
citrate, pH 7.0). Prehybridization and hybridization were car-
ried out at 42°C in a solution consisting of 40% (vol/vol)
formamide, 5x SSC, 0.1% (wt/vol) SDS, and 100 ,tg/ml of
sonicated salmon sperm DNA. The DNA fragments used as
probes were radiolabeled with a multiprime DNA labeling
system (Amersham). Filters were washed twice at room tem-
perature in 40% formamide, 5x SSC, 0.1% SDS, and then
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washed three times at room temperature in 2x SSC solution
with 0.1% SDS.

Primer Extension Analysis. The primer 5'-GAATGTGTT-
TGTGTATTCGACCATG-3', complementary to positions
620-644 (see Fig. 3), was synthesized and then labeled with
[32p] at the 5' end by polynucleotide kinase. Reverse tran-
scriptase-mediated primer extension was performed by the
method of Sambrook et al. (17).

RESULTS
Expression of nitA in R. rhodochrous ATCC12674. To iden-

tify the sequence element required for the expression of R.
rhodochrous Jl nitA, we constructed a set of plasmids contain-
ing sub-fragments of a 5.4-kb PstI fragment from pNJ10 (11)
inserted at the PstI site of the Rhodococcus-E. coli shuttle
vector pK4 (Fig. 1). These plasmids were used to transform R.
rhodochrous ATCC12674 and the resulting transformants were
cultured in MYP medium (18) with or without isovaleronitrile
(0.1%, vol/vol). Enzyme assays using benzonitrile as a sub-
strate for each cell suspension (Fig. 1) or cell-free extract
(Table 1) revealed that, in addition to nitA itself, at least a
0.6-kb upstream region (from the NheI site to the 5'-end
terminus of nitA) and a 1.4-kb downstream region (from the
3'-end terminus of nitA to the EcoT22I site) are required for
the appearance of nitrilase activity, as in pYHJ40. As we had
previously found in R. rhodochrous Jl (10, 21), the presence of
isovaleronitrile in the culture medium showed salient enhance-
ment of nitrilase activity in the Rhodococcus-E. coli host-
vector system used in this experiment. The transformant
harboring pYHJ20 exhibited the highest activity [0.537
,umol.min-'.(mg protein)-'].

Nitrilase formation in the transformants was examined by
SDS/PAGE (Fig. 2). The transformants carrying pYHJ10,
pYHJ20, or pYHJ40 expressed larger amounts of a protein of
41.5 kDa, in the presence of isovaleronitrile, than the trans-
formants carrying pK4, pYHJ30, or pYHJ50. The protein,
which corresponded to about 4% of all soluble protein in the
supernatant of cell-free extracts of the pYHJ20-carrying trans-
formant cultured in the presence of isovaleronitrile, were
found to be the nitrilase encoded by nitA by its N-terminal
amino acid sequence on a gas-phase amino acid sequencer
(Applied Biosystems 470A) (Fig. 3). When the pK4-derivative
plasmids used in this experiment were introduced into E. coli
JM109, nitrilase activity could not be detected, even after
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FIG. 1. Construction of a set of plasmids (Left) and nitrilase activity of each R. rhodochrous ATCC12674 transformant (Right). (Left) For clarity,
only restriction sites discussed in the text are shown. Various deletion plasmids are diagrammed below the restriction map. Plasmids (pYHJ10-50)
were constructed by inserting each restriction fragment from pNJ10 into the PstI site or a PstI site that had been filled-in with T4 DNA polymerase
of pK4. In the case of pYHJ40 and pYHJ50, the NheI sites of their inserted fragments were also filled-in with T4 DNA polymerase during the
construction. The region sequenced this time is indicated by shaded boxes. The probes used in the Northern blot analysis are shown by open boxes.
(Right) nitrilase activity of whole cells was detected as described using benzonitrile as a substrate. + + +, much; +, trace; -, not detected.
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Table 1. Nitrilase activity in cell-free extracts of R. rhodochrous
ATTCC12674 transformants containing various plasmids

Plasmid Isovaleronitrile

pK4

pYHJ10

pYHJ20

pYHJ30

pYHJ40

pYHJ50

+

+

Specific activity,
units/mg

ND
ND
0.003
0.193
0.019
0.537
ND
ND
0.002
0.297
ND
ND

ND, not detected.

culture in the presence of isovaleronitrile (data not shown),
suggesting that an E. coli RNA polymerase could not recognize
the promoter of nitA from R. rhodochrous Jl.
Primary Structure of the Flanking Region of nitA. The

BsmI-PvuI 1.29-kb fragment containing nitA was sequenced
previously (11). We further sequenced the NheI-BsmI up-

stream region and the PvuI-EcoT22I downstream region
required for nitrilase production (Fig. 3).
An open reading frame (ORF) (start and stop codons at

nucleotides 1970 ATG and 2927 TAG, respectively) down-
stream of nitA was 957 nucleotides long, and encoded a protein
of 319 amino acids (35.1 kDa). The ORF was designated nitR.
The nitR gene product (NitR) is significantly similar in amino
acid sequence to the positive regulator XylS of a xylene-
metabolism in Pseudomonas putida (22) and to AraC, the
positive regulator of arabinose-metabolism in E. coli (23):
20.3% identity of amino acids in 310 overlapping residues
between NitR and XylS; 17.1% identity in 282 residues be-
tween NitR and AraC (Fig. 4). The similarities were confined
to the carboxyl termini of the proteins, where a DNA binding
motif (helix-turn-helix) is present in the XylS/AraC family
(24). The algorithm of Garnier et al. (25) for the corresponding
region of NitR revealed that it would be organized as a

helix-turn-helix motif (data not shown). The similarity of
NitR to XylS and AraC, and the importance of nitR for
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M - + + _ M M - - + - l

kD ... . .
'=..... ..r. .: .. ;. *. ....... ..... g.......

B_ ".gll..".='.i....'-''''''' g ="E~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~......
.. '-. ............

20.1- :: :: : ' .............................................

tion in R. rhodochrous ATCC12674 transformants. Lanes M were

loaded with the following molecular mass standards: phosphorylase

(94 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa),
carbonic anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa),
and ax-lactalbumin (14.4 kDa). Lanes: +, 100 ,ug of cell-free extracts

from R. rhodochrous ATCC12674 transformants cultured in the me-
dium supplemented with (0.1%o vol/vol) isovaleronitrile;- 100 ,ug of

cell-free extracts from R. rhodochrous ATCC12674 transformants

cultured in the absence of isovaleronitrile. Open arrows indicate the

band corresponding to the nitrilase.

nitrilase production, provided strong evidence that NitR
would be a positive regulator of nitA expression.

Northern Blot Hybridization. The DNA fragments shown in
Fig. 1 were used as probes against total RNA from R.
rhodochrous Ji cultured in the medium in the presence or
absence of isovaleronitrile, to determine whether transcription
of nitA and nitR was altered by the culture conditions. North-
ern blots were probed with labeled fragments (Fig. 1) specific
for nitA (probe 1), nitR (probe 2), or nitA plus nitR (probe 3).
Probes 1 and 3 both hybridized to a 1.4-kb band corresponding
to nitA and less intensely to bands that lie between 2 and 2.5
kb. Probe 2 hybridized to a band at about 2 kb. These findings
were obtained only in induced cultures, indicating that nitrilase
formation would be regulated at the transcriptional level (Fig.
5). Considering the presence of a putative rho-independent
transcriptional terminator (AG = -44.6 kcal/mol) in the
noncoding region between nitA and nitR (see Fig. 3) together
with the above findings, it is possible that nitR is transcribed by
low-level transcriptional read-through from the nitA promoter.
The divergent transcription of the regulatory and cognate
structural genes observed for most members of the xylS/araC
family (24) was not found for nitR.
Mapping of nitA Transcript. Because nitrilase is produced

at high levels in R. rhodochrous Jl (10) and in the appropriate
R. rhodochrous ATCC12674 transformants after induction
(Fig. 2), a strong promoter containing a binding site specific for
NitR was expected to be present close to nitA. To map the
initiation site of nitA transcription, we used primer extension
analysis with total RNA from R. rhodochrous Jl grown in the
medium in the presence or absence of isovaleronitrile. A single
site of initiation of transcription was identified at nucleotide
position 595, only in RNA from the induced culture (Fig. 6).
This nucleotide is 26 bp upstream from the ATG initiation
codon of nitA (Fig. 3). Around 35 bp upstream of the tran-
scriptional start site, possible -35 (TTCATG) and -10
(TACTGT) sequences have been found, which were similar to
those of casA, a cellulase gene from Streptomyces sp.
[(TTCACC) for -35 and (TACCGT) for -10] (26).
We tried to do the primer extension analysis using oligonu-

cleotide primers complementary to the 5'-terminal region of
nitR or its neighboring regions. However, we could not detect
the extension products irrespective of the presence of
isovaleronitrile (data not shown). This suggests that nitR would
be transcribed from nitA promoter and not from its own
promoter, consistent with the findings shown by the Northern
blot analysis.

Truncation of the Upstream Sequence of nitA. To define
more precisely the region of the promoter essential for the
isovaleronitrile-inducible expression of nitA, deletions were
introduced in the upstream region of nitA. The NheI-EcoT22I
fragment (equal to the inserted fragment of pYHJ40) from
pNJ10 was inserted into the EcoRV-PstI sites of pBluescript
SK(+) (Toyobo, Osaka) after the NheI end was filled-in with
T4 DNA polymerase. The resulting plasmid pNITUP was used
to generate deletions from the NheI/EcoRV site. The area
deleted from the insert was determined by restriction endo-
nuclease mapping and subsequent DNA sequence analysis of
the deletion mutants, as shown in Fig. 3. Each shortened
fragment was ligated into pK4, and the resulting plasmids
(pYHJ101-pYHJ107) were used to transform R. rhodochrous
ATCC12674. The transformants were assayed for the ability to
produce nitrilase with or without isovaleronitrile using MYP
medium. In R. rhodochrous ATCC12674, the smallest insert
conferring nitrilase activity was pYHJ105 containing an 89-bp
sequence upstream from the transcriptional start site. Trans-
formants harboring pYHJ106 containing a 47-bp upstream
sequence of the transcriptional start site or pYHJ107 contain-
ing a 22-bp upstream sequence of the translational start codon,
showed no nitrilase activity (Table 2). An inverted repeat
sequence centered at -52 was entirely contained in pYHJ105,
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pYHI40
TheI ,pYHJIOI
'GCTAGCTGTCCAGATCCCATCGGCCGAGAACGCCAGAGCCGAAGGCTTATCCACACCCTCGGA'CACGCCGGAGCAGCGGAACCTGAACTTCCACCCCGAATCGAACTATTACTTTTGCAA 120

HincII SphI
AGCACCTACATCGCCTACAGTTGACCACATGACCTGATTGTCTCGGAAGTTGCTGTCCAACAAGTAATGTGGTGCATCGACAGCATGCTACCACCGACTTCGCGGAGTGCAATCACGCCC 240

YED102
TTACTCTCACAGAGAGCACGCAATTGGCGGCGTGGACACAGCCCTGTCGAACGACTAsCCAGAAACCCATCGATCCCCCGCAGCTCGACGATCGAACCATTTCCAGAAACTGGGACGCCCA 360

AccI lpYFJ103 1pYF104
GCCGACGTAGACCTCGACCTATCAACCGTTCCACAGAAGGACACCGACAACCATCGGTTCAACATCCCCTCAACGTGCCCAGCCAGTCCTTTGACGAATCGAAAGGGCGAA?AGCCGCCT 480

IYHJ105 BsmI YUlI06 -35 -10 +1 $pYHJ107
CGGACTCCCCCGACCGAACCGCTAG?GCGAACTCCCTTATGCGGGTGGCGCAGAATGCCAGCzACC,CTTeTCATTCCACGTCAATTCATGCGCCTTTTCACCTCGTACTGTCCTGCDAACA 600

SD nitA
CAAGCAACGGAGGTACGGACATGGTCGAATACACAAACACATTCAAAGTTGCTGCGGTGCAG.

M IVE Y T N T F K V A A V Q NarI
.GCGACAGCCTCCATCTGACTCGGGCGCACCCGTGGCACCTCSIAGGCGCCACGGGTGCGTTAGGGGTGAGACAGGGCAATCGGGGGATCAACGGGTA 1800

A T A S I *

PVUI NruI
CAACGCATCGTCGATCGCAGCGAGGCTGCCCGCCGGTAACCCCGATAGGTCCACACCACGTATCCGGCCGGTTACACCTTCTCGACAGGGGCAATCGAGACCGAGCCCGGCATCGCGATT

SD nitR NarI PvuI
ACGGCTACCCTGAAAAGAGCAATGAACGGGGTGAGCACCAGGTAGGTCGATGAACACTTTCTTCTCCTCAGACCAGGTCTCGGCGCCCGATCGCGTCGCGCTCTGGCACGATGTCATCTG

M N T F F S S D Q V S A P D R V A L W H D V I C
NruI

CCGTAGCTATGTCCCGCTCAACATCACCCTCACGAGCGAGCAACCCTTCATCGGTACGGTCTCGACGGGCAACTTGGGCACGGTACGTATCGCGACGTCCTCGTCACTGCCCCAACAGAT
R S Y V P L N I T L T S E Q P F I G T V S T G N L G T V R I A T S S S L P Q Q I

NaeI
CACCCGCACTCGTCGCTTGATCAGGCAGGACGAG,CGTGAGTACCTCATGGTTGGGGTGCAGTCCGCCGGCCATGCACTCGTGCAGCAGCACGGCAGAACTGCACGAGTCGGTCGCGGTGG
T R T R R L I R Q D E R E Y L M V G V Q S A G H A L V Q Q H G R T A R V G R G G

ACTGGTCTTCTGGGACACCCGCCATCCCTACGACATCCTCTTCCCGACAGACTGGAGGATGAGCGTATTCCAGTTCCCGCGATACTCTTTCGGCTTCACCGAAGACTTCATCGGCAGGAT
L V F W D T R H P Y D I L F P T D W R M S V F Q F P R Y S F G F T E D F I G R M

PVUI
GACCGCGGTGAACGTCGGGGGCGATCGCGGTATCGGCCGAGTGGTTTCATCCTTCATGACAAGCATCAACGATGCGACCGACGCAGGAGACTTGGCGGAGGTAGCTTCACTCCACAACAG
T A V N V G G D R G I G R V V S S F M T S I N D A T D A G D L A E V A S L H N S

XhoI
TGCTGTCGATCTTCTGTCAGCGGCGATACGGACCGAGCTTGCCGATCAAGCCGCCGCCTCCGACGGCCTACTCGAGTGTGTGCTCGCGTATATCCGACAGAACCTGGCCGACCCGAACCT
A V D L L S A A I R T E L A D Q A A A S D G L L E C V L A Y I R Q N L A D P N L

XhoI
GTGTGCCTCACAGATCGCGGCGGAACACAACGTCTCTGTGCGGACCCTCCACCGACTGTTCTCGGCCACGGGACAGGGCGTGGCCGAACACATCCGTAACCTCCGACTCGAGCGCATCAA
C A S Q I A A E H N V S V R T L H R L F S A T G Q G V A E H I R N L R L E R I K

NaeI
GACTGAGCTGGCAGACCCAACGAGCCGGCGATATACGATCAGCGCTTTGGCGAGAAAATGGGGGTTCCTCGATCCCTCAACGTTCTCACGCGCGTTCAAAGACGCCTACGGCATCACTGC
T E L A D P T S R R Y T I S A L A R K W G F L D P S T F S R A F K D A Y G I T A

CCGAGAGTGGGCGGCTTCTGCATCAGCATCACCGACGGAGGTTTCGTAGGAAGAGCCCGGTCTCCGGCCTGCCCTTGTTCGCTTGCGCACCGTTCGGTCCGTCGCTTCCGATGAAGCCGG
R E W A A S A S A S P T EVS *
NaeI PVUI PVUI EcoT2

1920

2040

2160

2280

2400

2520

2640

2760

2880

3000

?2I
AGCCGGCAGGTTGGCTTCCTCCCGCGATCCGATCGCTCGGGGATTGTCCGGGGCACCGCTGGTGACCTCCAGTGCTGCTCCGGCCTGGTGTCCGCGATCGGTGTGCCCCTGCCCCGATGCAT 3122

FIG. 3. Nucleotide sequence of the flanking region of nitA from R. rhodochrous Jl. The deduced amino acid sequences using standard one-letter
amino acid abbreviations are shown below their respective nucleotide sequences. Boxed amino acid residues indicate the N-terminal sequence of
nitrilase determined by Edman degradation. Shine-Dalgarno sequences are underlined. The stop codons are indicated by asterisks. The cytidine
residue in a box is the transcriptional start site of nitA determined by primer extension analysis. The nitA sequence (denoted with gaps) was published
earlier (ref. 11, GenBank accession no. D11425). Endpoints of deletions introduced from upstream are marked by vertical arrows. Inverted repeats
are shown by converging arrows.

but all of the left-hand half of the repeat and 3 bp of the
right-hand half were missing in pYHJ106, suggesting that the
inverted repeat could possibly serve as a binding site for NitR.

NitR MNITSSD DRWVIPCRSMPLNI 50
XylS MDWcLIMlNQIFE PYA--SDIQYV 47
AraC 19

NitR TV?iTSSSIT-RB QDEREYTGV|SEQDERERTAR 99
XylS -HFGCLjCRISYGGSVgSPGLE G3QEHY 96
AraC VAGLTPIE GYLDFFID GYII4rRcGV GREPCRPG 69

NitR VUV I IEpLFPlW3MBFPRhSFG}RI4V 147
Xyls uI/YSECEXFIELP D SDN EHK4EG 146
AraC DILPPGEIHHYG11PEAREWYHQWRUWPR FAjGF 19

NitR NVGDIGIGRVV SIW-- S---VD1MES 191
XyIS IEMSKI2 196
AraC ERPDEAQPHFSDLWGQ---IE5GQEIYI LL- --QILRR 163

NitR AIRTELADQAAASDGL ¶ _ H 241
XylS LGNFRISK PSF EEl S-I E. 245
AraC IHAINEALHPPDNR - HVC 212

NitR A - - 'PB 290
xyls EIH R A f E DY295
AraC ISILS- DQ - -bP A iQL 259

NitR ITARASASPTRIS 319
XylS S@ ELPSNTL&QCKEVA 321
AraC EASPS@FR.GCENDiVKIIS 292

FIG. 4. Comparison of amino acid sequences of NitR from R.
rhodochrous Jl and homologous proteins. Amino acid sequences of
NitR from R. rhodochrous J1, XylS from P.putida (22), and AraC from
E. coli (23) were aligned by introducing gaps (hyphens) to achieve
maximum homology. Residues in black boxes indicate identical se-
quences. The helix-turn-helix motif (amino acids 226-245 of NitR) is
enclosed by boxes.

DISCUSSION
The genus Rhodococcus has recently received much attention
in terms of its high ability on biodegradation and biotransfor-
mation (27); but its genetic information has been extremely
limited, whereas Rhodococcus is registered as a member of
actinomycetes (28). Here, a Rhodococcus host-vector system
was used to examine the mechanism involved in the control of
R. rhodochrous J1 nitA expression, using as host R. rhodochrous
ATCC12674, which exhibited no detectable nitrilase activity
(Fig. 1, Table 1). We demonstrated that the transcription of
nitA is regulated in response to isovaleronitrile added to the
culture medium both in the original nit4-containing R. rhodo-
chrous Jl and in the appropriate transformants of R. rhodo-
chrous ATCC12674. Evidence is also presented for the exis-
tence of the regulatory gene, nitR, the product ofwhich (NitR)
is required for the isovaleronitrile-dependent induction of
nitA. NitR is related to bacterial transcriptional regulators
belonging to the XylS/AraC family, although sequence simi-
larity is not so high. This family, members of which are positive
regulators involved in metabolism of carbon sources and in
pathogenesis, is characterized by the sequence similarity within
the carboxyl terminus, which is the region containing a helix-
turn-helix DNA binding motif (24, 29). Within this family, for
regulators recognizing chemical signals (inducers), the non-
conserved N-terminal region is presumed to be responsible for
binding the activator molecule. Deletion of the central and
3'-terminal region of nitR resulted in the complete loss of
nitA-encoded nitrilase activity. We have previously reported
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Probe I Probe 2 Probe 3
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FIG. 5. Northern blot analysis of R. rhodochrous Jl. An RNA ladder
(Bethesda Research Laboratories) was used as a size marker. The probes
used in the experiment are shown in Fig. 1. Lanes: +, 30 jug of RNA
extracted from R. rhodochrous Jl cultured in the medium supplemented
with (0.1%, vol/vol) isovaleronitrile; -, 30 ,ug ofRNA extracted fromR.
rhodochrous Jl cultured in the absence of isovaleronitrile.

that nitA modified in the sequence upstream of the ATG start
codon is expressed under the control of the lac promoter to
-50% of the total soluble protein in E. coli JM105, even when
nitR is absent in the downstream region of nitA (11). These
findings indicate that nitR functions as a transcriptional acti-
vator for the formation of NitA. This positive regulatory
system by the XylS/AraC family is the first, to our knowledge,
reported for an actinomycete.
We describe here the mapping of a transcript in Rhodococ-

cus species for the first time to the best of our knowledge.

ACGT - + ACGT~~~~~~~~.S, C
G

FIG .6M of the 5'ndofth.n.A.ra. Prime
.F$;? $?.............G

*I., GtB;}$=<t ??'i?C ,>?

cultured in th preene(ae2)e orasne(ae 1)viv'' of isovaerontriT

e~~~~~~~~~~~U w:,:. ....
..5W.

.................j

~~~~~~~~~~~~~~~~~~~~~~.. ..............

~~..

FIG. 6. Mapping of the 5' end of the nitA transcript. Primer
extension analysis using total RNA isolated from R. rhodochrous Jl
ciultuired in the. nres,ence (lane 2) nrahbsence (lane 1) nf isovale-rnnitriIe
was carried out. Primer extended products were electrophoresed in
parallel with sequence ladders generated with the same primer. The
position of the transcription start site is marked by an arrow.

Table 2. Nitrilase activity in cell-free extracts of R. rhodochrous
ATCC12674 transformants containing plasmids in which the
upstream sequence of nitA was deleted

Plasmid Isovaleronitrile

pYHJ40

pYHJ101

pYHJ102

pYHJ103

pYHJ104

pYHJ105

pYHJ106

pYHJ107

+

+

+

+

+

+

+

Specific activity,
units/mg
0.002
0.297
0.008
0.425
0.009
0.433
0.004
0.514
0.009
0.530
0.005
0.476
ND
ND
ND
ND

ND, not detected.

Because the amount of nitrilase produced byR. rhodochrous J1
after induction can reach 35% of all soluble protein, nitA is
expected to have a strong promoter. The -35 and -10 regions
for the transcriptional start site of nitA were selected by their
sequence similarity to the actinomycete, mainly the strepto-
mycete consensus promoter sequence, TTGAC(A/G)-17 bp-
TAg(A/G)(A/G)T (30). However, the relatively short (15 bp)
distance between these hexamers in R. rhodochrous Jl may
imply that the putative -35 region does not play an important
role, a situation not uncommon among promoters dependent
on additional transcriptional activator including those depen-
dent on XylS or AraC. On the other hand, the similarity of the
nitA promoter sequence to the E. coli consensus is relatively
low, consistent with the failure of the pK4-derivative plasmids
used in this experiment to direct detectable nitrilase produc-
tion in E. coli JM109. Deletion analysis suggested the possible
participation of an inverted repeat sequence, centered on bp
-52, in induction of nitA transcription.
A new family of carbon-nitrogen hydrolases has recently

been proposed (31, 32) by several conserved motifs, one of
which contains an invariant cysteine as shown in our nitrilases
(11, 13, 15). Nitrilases are significantly similar to aliphatic
amidases, cyanide hydratases, and f3-alanine synthase, al-
though nitrilase catalyzes the cleavage reaction of a CN triple
bond (from a nitrile to form an acid) different from aliphatic
amidases cleaving a CN double bond (from an amide to form
an acid) and cyanide hydratases cleaving a CN triple bond
(from cyanide to form the amide). Further studies on nitrilases
and the other members of the carbon-nitrogen hydrolase
family at both protein and gene levels could provide informa-
tion about their evolutionary implication.
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coli host-vector system. We thank Prof. K. F. Chater (John Innes
Centre) for his helpful suggestions and critical reading of this manu-
script. This work was supported in part by a grant from Kato Memorial
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