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a b s t r a c t

NahR, a transcriptional regulator for naphthalene degradation in response to salicylate, is a central ele-
ment in the microbial biosensor for detection of naphthalene and salicylate. To maximize the sensitivity
of the biosensor, we have chosen a rational design of highly-sensitive microbial biosensors by intro-
ducing site directed mutagenesis to nahR gene. Eight single mutants (N169A, N169C, N169K, N169S,
eywords:
ahR
utagenesis
ighly-sensitive biosensors
ioluminescence

R248H, R248M, R248Q, and R248Y) were made at residues 169 and 248 known as the central inducer-
recognition and the C-terminal multimerization domain. The effects of these mutations were examined
by monitoring expression of a firefly luciferase (luc) reporter gene under the control of NahR. We found
that all mutants at residues 248 and N169C show increased sensitivity (maximum ∼50-fold) compared to
wild type, respectively. R248M shows response even at toxic concentration, 5 mM. The results show the
feasibility and potential versatility of mutational approach for the development of the highly-sensitive

microbial biosensors.

. Introduction

NahR activates transcription of the nah and sal operons for naph-
halene degradation in response to the inducer salicylate (Henikoff
t al., 1988; You et al., 1988; Schell and Sukordhaman, 1989),
hich makes NahR as a central element of the microbial biosen-

or for detection of naphthalene and salicylate. NahR belongs to
he LysR-type transcriptional regulator (LTTR) family that is found
n diverse prokaryotes. They are very similar to each other in
ize (300 ± 20 residues) and in the organization of their struc-
ure/function domains (Storz et al., 1990; Schell, 1993; Cebolla
t al., 1997). Several LTTR X-ray structures reveal that these pro-
eins consist of two major domains; an N-terminal helix-turn-helix
NA binding region (residues 1–58) and a much larger C-terminal

egulatory domain (2 sub-domains, residues 88–294) involved in
nducer binding (Mclver et al., 1989; Muraoka et al., 2003; Zaim
nd Kierzek, 2003; Smirnova et al., 2004). The X-ray structures also
uggest that the family members could assemble as homodimers
r homotetramers.

In the absence of salicylate, NahR binds a dyadic sequence

TTCAnnnnnnTGAT) around −65 of the Psal promoter. Salicy-
ate binding is accompanied by a conformational change in the
ahR protein, which induces further interaction with the pro-
oter near the −35 region (the RNA polymerase binding site)

∗ Tel.: +82 51 320 1791; fax: +82 51 320 1781.
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(Schell and Poser, 1989). Evidence has suggested that direct con-
tact between NahR and the RNA polymerase � subunit may
be important for transcriptional activation (Schell et al., 1990;
S.M. Park et al., 2003; W. Park et al., 2003). However, the
molecular structure of NahR has not been determined, and the
precise mechanism underlying the activation process initiated
by inducer binding remains largely unknown (Huang and Schell,
1991).

Previous mutational studies (Schell et al., 1990; Cebolla et al.,
1997) show two classes of residues in NahR: one defective in both
activation and specific binding to the Psal promoter and one defec-
tive in activation but not DNA binding. Mutant forms of NahR with
altered effector specificity were made by a random mutagenesis
method (Cebolla et al., 1997): mutants N169D (Asn at 169 → Asp)
and R248C (Arg at 248 → Cys) were particularly interesting in that
they were responsive to the normal inducer, salicylate, but also
to benzoate, which does not induce wild-type NahR. These results
suggested that residues 169 and 248 might be involved in inducer
binding.

A biosensor is a rapid, simple and low-cost analytical device that
combines a biological sensing element with a transducer (Lei et al.,
2006). Biological sensing elements include bio-molecules such as
enzymes, antibodies, receptor and microorganisms as well as ani-
mal and plant cells or tissues. Among these, microorganisms can

be an ideal alternative since microorganisms offer advantages of
ability to detect wide range of chemicals, amenability to genetic
modification, and adaptation to broad reaction condition. In fact,
recombinant DNA technologies have inaugurated boundless possi-

dx.doi.org/10.1016/j.jbiotec.2010.09.936
http://www.sciencedirect.com/science/journal/01681656
http://www.elsevier.com/locate/jbiotec
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Table 1
Primers used for mutagenizing the NahR gene in pNRSAL.

Mutation Primera Sequencesb

N169A F CGC CGG CTG CTC CAG GCN CAC TAC GTG TGC CTA
R TAG GCA CAC GTA GTG NGC CTG GAG CAG CCG GCG

N169C F CGC CGG CTG CTC CAG TGY CAC TAC GTG TGC CTA
R TAG GCA CAC GTA GTG RCA CTG GAG CAG CCG GCG

N169K F CGC CGG CTG CTC CAG AAR CAC TAC GTG TGC CTA
R TAG GCA CAC GTA GTG YTT CTG GAG CAG CCG GCG

N169S F CGC CGG CTG CTC CAG TCN CAC TAC GTG TGC CTA
R TAG GCA CAC GTA GTG NGA CTG GAG CAG CCG GCG

R248H F GCC ACT GTG CCG ATA CAY TTA GCCAGC TGC TGC
R GCA GCA GTC GGC TAA RTG TAT CGG CAC AGT GGC

R248M F GCC ACT GTG CCG ATA ATG TTA GCCAGC TGC TGC
R GCA GCA GTC GGC TAA CAT TAT CGG CAC AGT GGC

R248Q F GCC ACT GTG CCG ATA CAR TTA GCCAGC TGC TGC
R GCA GCA GTC GGC TAA YTG TAT CGG CAC AGT GGC

R248Y F GCC ACT GTG CCG ATA ATA TTA GCCAGC TGC TGC
H.J. Shin / Journal of Biote

ilities of tailing the microorganisms for such purpose. However,
icroorganisms, with physical barriers of cell membrane and cell
all, have the drawback of long response time, poor selectivity,

nd low sensitivity in comparison with other sensing elements like
nzymes or antibodies (Lei et al., 2006). In addition, microoganisms
eveal cytotoxicity at high concentrations of detecting chemicals
Shin et al., 2005).

We constructed a microbial biosensor using NahR regulatory
rotein as a sensing element to detect salicylate. Our previous
tudies reveal that some NahR mutants respond to other inducer
ith altered binding affinity to Psal promoter (Park et al., 2005).

o improve sensitivity of the microbial biosensors, here we further
esigned the NahR by generating additional mutations at residues
69 and 248. We then tested the mutant forms of NahR in terms
f their responses to the inducers in comparison with wild type.
he increased responses of NahR mutants have been challenged
s an astute approach to extend the natural limits for developing
ighly-sensitive microbial biosensors in diverse biotechnological
ses.

. Materials and methods

.1. Bacterial strains and culture conditions

Escherichia coli DH5� (hsdR, recA, thi-1, relA1, gyrA96) was used
or the maintenance of plasmids. Pseudomonas putida KCTC1768
as obtained from the KCTC (Korean Collection for Type Cultures)

nd grown in tryptic soy broth at 25 ◦C. E. coli BL21 (hsdS, gal,
clts857, ind1, sam7, nin5, lacUV5-T7gene1) was used for main-
enance of plasmids and expression of the NahR protein. E. coli
H5� and BL21 harboring plasmids were cultured at 37 ◦C in TYS
edia (1% tryptone, 0.5% yeast extract, and 0.5% NaCl) containing

0 �g ml−1 ampicillin.

.2. Construction of plasmid pNRSAL

Genomic DNA was prepared from P. putida KCTC1768 with a
enomic DNA isolation kit (Q-BIO gene, CA). The nahR gene was
CR amplified according to the Takara Ex Taq (Japan) manual,
sing primers (forward 5′-CGC GAG CTC TCA ATT CTC TCT ATC
TG CGA-3′ and reverse 5′-CCG CTC GAG GCT GTA CTC GTG ATG
CT TTA-3′) designed to introduce SacI and XhoI sites at each end.
he resultant PCR products were gel-isolated and digested with
acI and XhoI (Takara, Japan). The nahR/Pr/Psal fragment was intro-
uced upstream of the firefly luciferase (luc) gene in the pGL3 basic
xpression vector (Promega, WI) to generate pNRSAL (∼6 kb). Plas-
ids were isolated with a Qiagen spin column kit and transformed

nto E. coli DH5� by the CaCl2 method. Cloning, ligation and trans-
ormation were carried out using standard techniques (Sambrook
t al., 2001).

.3. Site-directed mutagenesis and sequence determination

Mutagenesis was performed using the QuikChange Site-
irected Mutagenesis Kit (Stratagene, CA), according to the
anufacturer’s instructions. The primers used for site-directed
utagenesis are listed in Table 1. The nucleotide sequences of

he cloned nahR/Pr/Psal fragment and the mutant nahR constructs

ere determined by the ABI PRISM BigDyeTM terminator cycle

equencing system (Applied Biosystems, CA) and an ABI PRISM 310
equencer, using custom-designed oligonucleotides (CTT TAT GTT
TT GGC GTC TTC CA, CTA GCA AAA TAG GCT GTC CC, and GCC ATA
CC GAC ATT GGC GAG ATC TAC TTC).
R GCA GCA GTC GGC TAA TAT TAT CGG CAC AGT GGC

a F and R refer to forward and reverse primers, respectively.
b Altered codons are underlined.

2.4. Treatment with salicylate and luciferase assay

E. coli DH5� cells harboring the expression plasmid were grown
overnight at 37 ◦C in 4 ml of TYS medium containing 30 �g ml−1

ampicillin. Cells were subcultured and grown to the log phase
(OD600 = 0.3–0.4), and then supplemented with sodium salicylate
or other effectors (Sigma and Aldrich Chemical Co., MO) dissolved
in distilled water at final concentrations ranging from 0.1 �M to
5 mM. After 2 h, 50 �l of cells from each sample were mixed with
5 �l of 1 M KH2PO4 and 20 mM EDTA (pH 7.8) and frozen at −70 ◦C.
The frozen cells were lysed by incubation at room temperature
for 10 min in 150 �l of lysis solution consisting of 1.25 mg ml−1

lysozyme, 2.5 mg ml−1 BSA and 1× CCLR (Promega, WI). Super-
natants were obtained by centrifugation. For measurement of
luciferase activity, 4 �l of supernatant was mixed with 20 �l of fire-
fly luciferin solution (Promega, WI), and the bioluminescence was
measured for 20 s with a LBP40 Mithras luminometer (Berthold,
Germany).

2.5. Crude cell extract preparation

E. coli DH5� cells harboring wild-type or mutant plasmids
were grown overnight at 37 ◦C in TYS media with 30 �g ml−1

ampicillin. Cells were subcultured and grown to the log phase
(OD600 = 0.3–0.4), harvested (6000 rpm for 10 min), and washed
with 10 mM KPO4 (pH 7.8) buffer containing 5 mM EDTA, 0.2 mM
PMSF and 10 mM �-mercaptoethanol. All procedures after cell cul-
ture were performed at 4 ◦C. Cells were sonicated, cell debris was
removed by centrifugation, and supernatants were stored at −70 ◦C
until use. Protein concentrations were determined by the microbi-
uret method (Legget-Bailey, 1968).

3. Results and discussion

3.1. Construction of assay system

Among the most abundant environmental pollutants, the aro-
matic compounds are of major concern because of their persistence
and toxicity. The environmental problems caused by such tena-
cious pollutants have increased the demand for the development
of sensitive pollutant and toxicity detection methods. The fusion

of reporter genes to promoters that are induced when cell
are exposed to chemicals are one promising approach that has
been used to fabricate biosensor for such application (Lei et al.,
2006).
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Fig. 2. Luciferase activity of E. coli cells harboring pNRSAL (wild-type and mutant

ig. 1. Construction of plasmid pNRSAL. The nahR gene, its own expression promoter
r, and the promoter of Psal were cloned from P. putida KCTC1768 as described in
ection 2. These genes were digested with SacI and XhoI, and introduced upstream
f the luc (luciferase gene) in the pGL3 basic expression vector (Promega, WI).

We constructed genetically engineered E. coli cells harboring
plasmid called pNRSAL (Fig. 1). The plasmid pNRSAL was con-

tructed to act as an assay system by placing the nahR gene
pstream of the luc reporter gene, along with the NahR promoter
Pr) and that of Psal promoter as well as NahR responsive sites
uch as a dyadic sequence at −65 and an interaction site at −35.
he Pr and Psal promoters overlap at −35, and lead transcriptions
n the opposite direction using different DNA strands. Transcrip-
ion of nahR from Pr occurs constitutively, while transcription of
enes under the control of Psal is inducible by an inducer (Schell,
993). As a result, the concentration of the inducer salicylate can
e quantitatively analyzed by detecting the bioluminescence inten-
ity.

In this study, we introduced site-directed mutagenesis to the
ahR transcriptional regulatory gene to increase the biological
ensing capacity. Four mutants at residues 169, N169A (Asn → Ala),
169C (Asn → Cys), N169K (Asn → Lys), and N169S (Asn → Ser)
s well as four mutants at residues 248, R248H (Arg → His),
248M (Arg → Met), R248Q (Arg → Gln), and R248Y (Arg → Tyr)
ere generated. Amino acids with different charges or sizes
ere substituted for the residues 169 and 248 known as the

entral inducer recognition and the C-terminal multimerization
omain. Wild-type or mutant nahR genes were inserted upstream
f the luc reporter gene of pNRSAL. E. coli cells harboring pNR-
AL containing the wild-type or mutant NahR were tested for
heir activation in the presence of the inducer salicylate. The
ells showed a dramatic, concentration dependent response to
he normal inducer salicylate indicating the system worked as
ntended.

.2. Responses of wild type and mutant NahR to salicylate

The effects of these mutations were examined by the response
roperties to the inducer salicylate and compared with wild type.
ells harboring wild type or mutant NahR were treated with
00 �M salicylate (preliminary experiments indicated that mutant
ahR responded best to ∼100 �M salicylate) and their luciferase
ctivities were measured (Fig. 2). Bioluminescence was shown
s fold activities with ratios calculated for each response versus
he corresponding response in the absence of any inducer (basal

ctivity). Mutants showed altered responses to the normal inducer
alicylate, with both loss and gain in degree of sensitivity. All the
utants at the residues 248 and N169C among the mutants at

esidue 169 showed increased responses to salicylate compared
ith wild type (Fig. 2). Among them, N169C, R248H, and R248Q
NahR) after treatment with salicylate. E. coli cells harboring pNRSAL (which encoded
wild-type and mutant NahR) were exposed to 100 �M of salicylate for 2 h. Cells were
lysed and luciferase activities were measured. Basal activities represent luciferase
activities in the absence of an inducer.

showed more than 5–6-fold increased responses at 100 �M salicy-
late. Especially R248Q showed the most increased response (about
6-fold). However, N169A, N169K and N169S showed no or little
responses.

Substitution of amino acid with similar size and uncharged polar
side chain (Cys) for Asparagine at the residue 169 showed increased
response to salicylate, whereas amino acid with smaller size and
uncharged polar side chain (Ser) did not. Given that Cystein might
form a possible bond, we presume that structural change by the
bond formation might cause the inducer binding pockets of N169C
mutant be more flexible so that more inducer might fit better
in. However, it is unclear what interaction causes this increased
sensitivity. Substitution of either amino acid with charged polar
side chain (Lys) or nonpolar side chain (Ala) showed decreased
responses to salicylate, indicating that substitutions of amino acids
with different sizes or charges might be detrimental at the residue
169 for the function of NahR. The results argue that amino acid at
the residue 169 might play a pivotal role in NahR protein-inducer
binding during transcriptional activation. Indeed, the X-ray struc-
ture of DntR (an LTTR family member 60% homologous to NahR)
revealed that the carboxyl group of the salicylate forms direct
hydrogen bonds with the side chains of T104, H169 (corresponding
to N169 of NahR), and H206. The resulting inducer binding pocket
is largely hydrophobic, as it is lined by the side chains of residues
I106, Y110, F111, G152, F167, R248, and I273 (Smirnova et al., 2004).
Therefore, it has been postulated that residue N169 of NahR seems
to directly participate in inducer binding, while residue R248 is
involved in stabilization of the inducer-binding cavity (Smirnova
et al., 2004).

All substitutions of amino acids with nonpolar side chain (Met),
uncharged polar side chains (Gln, Tyr), and charged polar side chain
(His) for Arginine at residue 248 showed increased responses to sal-
icylate. Substitutions of amino acids with polar side chain (R248H,
R248Y, and R248Q) show dramatically increased responses. The
results suggest that their mutations did not alter inducer bind-
ing specificity, but instead facilitated the multimerization cycles
required for activation. Thus, we presume that the mutants at the
residue 248 might be involved in the change of NahR regulatory
protein in a way for better binding with other proteins or tran-
scription of downstream reporter gene. Further experiments on

the structural and functional mechanism of NahR regulatory pro-
tein with inducer might be needed for the precise explanation.
In conclusion, the results indicate that N169C, R248H, R248Q and
R248Y could be the candidates for the highly-sensitive microbial
biosensors.
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ig. 3. Luciferase activities of cells expressing wild-type and mutant NahR after tre
utant NahR were treated with various concentrations of salicylate, and their biolu

ioluminescence activities.

.3. Sensitivity of wild type and mutant NahR

Sensitivity is a major concern for a good biosensor system.
o examine the sensitivity of our system, the luciferase activi-
ies of the wild-type and mutant proteins were examined further
t various concentrations of salicylate (Fig. 3). Wild type began
o response to salicylate above 0.1 �M and showed best activ-
ty at 100 �M. Mutants N169C, R248H, R248M, R248Q and R248Y
egan to response above 0.1–10 �M and showed different best
esponses at 10 �M for R248Q, 100 �M for N169C and R248H,
mM for R248Y, and 5 mM for R248M. No increased responses
ere shown with mutants N169A, N169K, and N169S, in com-
arison with wild type. Mutants N169C, R248H, R248M, R248Q
nd R248Y showed about 4–50-fold maximum increased activi-
ies in comparison with wild-type. Especially R248Q showed about
50-fold increase in activity at 10 �M salicylate while about ∼6-

old at 100 �M as shown in Fig. 2. R248Y revealed best response
bout ∼10-fold increase at 1 mM, whereas R248H and R248M
bout 4- and 6-fold at 100 �M and 5 mM, respectively. As the only
utant showing increased sensitivity among the series of residue

69 mutants, N169C showed about 5-fold increased response at
00 �M. Although their sensitivities and best response concentra-
ions vary, they are highly-sensitive microbial biosensors that can
etect salicylate with wide range of concentrations from 1 �M to

bove 5 mM. A chemical standard spectrophotometric method for
alicylate, based on the formation of a complex between Fe(III) and
alicylate, exhibits reliable responses usually between 60 �M and
mM (Loh et al., 2006). An enzyme-mediated colorimetric assay
f salicylate using salicylate monooxygenase showed a detection
nt with various concentrations of salicylate. Cells harboring the wild-type (WT) or
cence responses were measured. Fold activities represent the ratio of non-induced

range of 0–5 mM (Morris et al., 1990). Most analytical methods
for salicylate have their sensitivity in sub �M–mM, even though
there was a report that a coupled enzymatic assay using hydroxy-
lase and tyrosinase could detect it at sub-nanomolar levels (6.5 nM
up to 1.4 �M) (Bouvrette and Luong, 1996). Therefore, our biosen-
sors presented here fall in a sensitivity range comparable to those
analytical methods nowadays used in the detection of salicylate. It
is noteworthy that microbial biosensors could also provide infor-
mation about biological effects such as bioavailability and toxicity
of salicylate in addition to its concentration.

We previously observed that the luciferase activity increased
∼500 �M salicylate, but tended to decrease thereafter, and that
cell turbidity decreased above ∼1 mM salicylate (Park et al., 2005).
Therefore, there was some cytotoxicity at high inducer concentra-
tions, perhaps leading to decreased responses. However, R248M
showed increased or maximum activity at 5 mM without observed
cytotoxicity. This result shows that a chronic cytotoxicity problem
of microbial biosensors could be alleviated by introducing mutation
to the sites where protein binding with inducer and/or interac-
tion with other transcriptional factor(s) might occur. As mentioned
before, transcriptional activation by NahR requires its interaction
with RNA polymerase in addition to Psal promoter DNA binding. It
is believed that this might occur via multimerization by domain
interactions among different proteins (Schell, 1993). Therefore,

mutations in the inducer-binding site might influence the DNA
binding capability by disrupting the interaction with RNA poly-
merase and/or multimerization (Schell, 1993). Overall, the results
suggest that mutational approach could increase the sensitivity of
microbial biosensors.
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Table 2
Responses of wild type and mutants to various inducers.

Types Salicylate Benzoate Phenol Toluene o-Xylene

Wild type +++ − − − −
N169A − − − − −
N169C +++++ + − − −
N169K − − − − −
N169S ++ − − − −
R248H ++++ − − − −
R248M +++ − − − −
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stress-inducible genes: direct activation by oxidation. Science 248, 189–194.
R248Q +++++ + − − −
R248Y ++++ − − − −

, responses detected with the inducers; −, no response detected under the same
onditions used.

.4. Specificity of wild type and mutant NahR

We examined the specificity of wild type and the mutants by
esting their responses to various aromatic compounds including
enzoate, phenol, toluene, and o-xylene (Table 2). Wild type and
utant (except N169C and R248Q) NahR regulatory proteins did

ot show any responses to benzoate, phenol, toluene, and o-xylene,
ndicating that NahR cannot be induced by these compounds. The
esults also prove that NahR regulatory protein is different from the
egulatory proteins induced by phenol, toluene, and o-xylene such
s CapR (S.M. Park et al., 2003; W. Park et al., 2003) or XylR (Kim
t al., 2005). However, N169C and R248Q show weak responses to
enzoate as well, although their responses to salicylate were much
igher than benzoate, implying that salicylate might fit better in the

nducer binding pockets of the NahR mutants. These two mutants
eem to have more flexible binding pocket for expanded inducers
n comparison with wild type or other mutants. This notion is not

ithout precedent, as it has been shown that mutants N169D (Asn
t 169 → Asp) and R248C (Arg at 248 → Cys) were responsive to the
ormal inducer, salicylate, but also to benzoate and other structural
nalogs (Cebolla et al., 1997). However, these mutants, unlike our
ata, do not show such increased responses to the normal induer
alicylate compared with wild type.

Previously, several microbial biosensors have been demon-
trated in field-contaminated samples (Shin et al., 2005). Here we
ropose a model of highly-sensitive microbial biosensors designed
y mutation of NahR regulatory protein for many biotechnological
pplications.

. Conclusions

Microbial biosensor is a simple, rapid, and effective analyt-
cal device that combines a biological sensing element with a
ransducer. As a sensing element, microorganism has not only
dvantages of easy manipulation and adaptation to environment
ut also disadvantages of poor selectivity, low sensitivity and cyto-
oxicity problems. Here we challenged one promising strategy to
ddress the problems by tailoring microorganism through muta-
enesis to the nahR regulatory gene. Eight single mutants were
ade at residues 169 and 248 known as the central inducer-

ecognition and the C-terminal multimerization domain in nahR
egulatory gene. Amino acid replacements resulted in more dra-
atic effects on inducer responses. All mutants at residues 248
nd N169C show increased sensitivity (maximum ∼50-fold) com-
ared to wild type, respectively. R248M shows increased response
ven at 5 mM known to be toxic concentration. Thus, the mutagen-
sis method could open endless possibilities of microorganisms as
xcellent biosensing elements by overcoming the drawback of low
ogy 150 (2010) 246–250

sensitivity and cytotoxicity in the development and application of
microbial biosensors for prospective future advances.
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