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Design of DNA-Binding Peptides Based on the 
Leucine Zipper Motif 

A class of transcriptional regulator proteins bind to  DNA at  dyad-symmetric sites 
through a motif consisting of (i) a ccleucine zipper" sequence that associates into 
noncovalent, parallel, a-helical dimers and (ii) a covalently connected basic region 
necessary for binding DNA. The basic regions are predicted to  be disordered in the 
absence of DNA and to  form a helices when bound to  DNA. These helices bind in the 
major groove forming multiple hydrogen-bonded and van der Waals contacts with the 
nucleotide bases. T o  test this model, two peptides were designed that were identical t o  
natural leucine zipper proteins only at  positions hypothesized to  be critical for 
dimerization and DNA recognition. The peptides form dimers that bind specifically to 
DNA with their basic regions in a-helical conformations. 

T HE LEUCINE ZIPPER CLASS OF 

transcriptional regulators (1) are 
characterized bv a pattern of Leu , L 

residues repeating every seventh amino acid 
(2). This motif mediates protein dimeriza- 
tion (3, 4) through the formation of parallel 
a-helical dimers as in the two-stranded 
coiled coils of fibrous proteins (3). At the 
NH2-terminus of the leucine zipper begins a 
highly basic region 20 to 30 residues in 
length that is required for specific binding to 
DNA (5, 6). To explore how this class of 
proteins bind specifically to DNA we have 
applied a "minimalist" approach to protein 
design (7) ,  which seeks to find the simplest 
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structure consistent with a given function. 
In order to create modelifor this class of 

proteins, we first predicted the secondary 
structure of their basic regions by searching 
for patterns of conserved and variable resi- 
dues in their sequences (Fig. 1A). Side 
chains important for protein folding or lig- 
and binding often lie along one face of a 
secondary structure and are highly con- 
served (8) ,  giving a pattern of conserved 
residues with a repeat characteristic of the 
corresponding secondary structure, approxi- 
mately 2 for 6 sheets or 3 to 4 for a helices. 
In Fig. 1B a plot is shown of the degree of 
variability along the chain for the aligned 
sequences of basic regions that bind to one 
of two similar dyad-symmetric sites, 
TGACIGTCA (TRE) or TGACGTCA 

(CRE). We assume that each of these pro- 
teins contains a similar set of side chains 
responsible for their binding to the con- 
served TGA sequence. A periodic distribu- 
tion is observed with a repeat of 3.6, match- 
ing that of the a helix. 

Among the most conserved residues in 
the sequence were the neutral amino acids, 
Asn-18, Ala-Is, Ala-14, and Cys-" (num- 
bering is relative to the first Leu repeat, 
immediately COOH-terminal to the basic 
region). Each of these residues is absolutely 
conserved with the exception of ~e r - ' I  for 
cys-ll (an O H  for SH substitution), and at 
least one member of this conserved quartet 
differs in other leucine zipper proteins with 
different DNA specificities. The conserved 
quartet is also bounded on all sides by 
positively charged Lys and Arg side chains 
(Fig. 1C). In specific complexes, the con- 
served quartet might directly interact with 
the bases. The short side chains of the 
conserved quartet would provide relatively 
little conformational freedom, possibly im- 
portant for minimizing the unfavorable con- 
formational entropy of binding and decreas- 
ing the likelihood of recognizing other 
DNA sequences. The positively charged res- 
idues flanking the conserved quartet might 
stabilize the complex through electrostatic 
interactions with the phosphodiester back- 
bone. Interestingly, two acidic Glu residues 
often occur on the otherwise variable face of 
the helix and might electrostatically stabilize 
the helical conformation of the cationic ba- 
sic region (9) ,  and, relative to the positively 
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charged Arg and Lys residues, create a di- 
pole with its positive pole pointing toward 
DNA (10). 

A model describing the interaction of the 
basic region with DNA should be consistent 
with the following experimental observa- 
tions: (i) the DNA site is approximately 
twofold symmemc; (ii) ethyla&n interfer- 
ence experiments indicate that approximate- 
ly ten phosphates are contacted per strand 
(6); i d  (&) methylation interference ex- 
periments indicate that binding occurs in 
the major groove (6, 11, 12). We W e r  
assume that the dirner is approximately two- 
fold symmetric and that it binds with its 
twofold axis (defined by the coiled coil of 
the leucine zipper) coincident with that of 
the inverted repeat, positioning the COOH- 
terminus of the basic region near the DNA 
sequence dyad. We also assume that the 
cokrved quartet directly contacts the DNA 
bases. We devised a simple model (Fig. 2) 
that satisfies these constraints in which the 
basic region forms a helices continuous with 
the leucine zipper helices. In this model, the 
leucine zipper sequence forms an a-helical 
coiled coil with an interhelical crossover 
angle of about 20". To avoid diverging, the 
helices in the coiled-coil wrap around one 
another forming a supercoil. If the super- 
coiling stops at the junction of the basic 
region and the leucine zipper, the helices 
diverge producing a fork that can bind with 
the conserved quartet contacting the major 
groove of DNA. 

In this model the basic region helix is not 
stabilized by tertiary interactions with the 
remainder of the protein, in contrast to the 
recognition sequences of other site-specific 
DNA-binding proteins of known structure 

A 
V-FOS 
Fra-1 
FosB 
v-Jun 
JunB 
J U ~ D  
GCN4 
CREB 

-20 -10 
RIRRERNKKMALCRNRRRELTDT 
RVRRERNKLAAAKCRNRRKELTDF 
RVRRERNKLAAAKCRNRRRELTDR 
ERKRHRNRIAASKSRKRKLERIAR 
ERKRLRNRLAATKCRKRKLERIAR 
ERKRLRNRIAASKCRKRKLERISR 
ALKRARNTEAARRSRARKLQRMKQ 
EVRLMKNREAARECRRKKKEWKC 

- .  
-25 -20 - 1 5  -10 -5 

Residue number 

Flg. 2. Computer model of the induced helical 
fork. The DNA is shown in purple, the peptide in 
green, and van der Waals surfaces h@&t the 
conserved quartet for one-half of the dimer. A B- 
form DNA helix (25) was generated with the 
sequence (CCTATGACTCATGA~CATCCA and its com- 
plement). The backbone of the basic region was 
extracted from a curved helix (residues 79 to 102) 
of cytochrome C' (26). The side chains of thc 
basic region from GCN4 were built onto this 
backbone with INSIGHT (Biosym Technologies, 
Inc.) in conformations micallv found in  rotei ins 
(27). The basic region glix was orienteh in the I maior m v e  to form: (i) a bidentate hvdronen 
bo;ld (73) between ~sn-" '  and the adenin; ~ 3 ~ ~ k m e n t a t y  to the first thymine in the half-site, TIG2A3; 
and (ii) a bhca ted  hydrogen bond between the Ser-I' hydroxyl proton and 0 6  and N7 of Gz. This 
orientation places steric restrictions on the side chains at - 14 and - 15 (both are Ala). The coiled-coil 
portion (28) could be readily attached to the basic region with minimal permbation of the helical 
parameters and in the same registry as observed in natural leucine zipper proteins. 

BR-CC A L K R A R U T E A A R R S R A R K L Q R Y K Q L E D K  
c c Fig. 3. Sequences of ideal- 
. B R - C C E A R R A R U R E A A A R S R A R R A E K L K A L E E K  izedpeptidesandthecorre- 
6CU4 A L K R A R U T E A A R R S R A R K L Q R Y K Q L E D K  
Jun-D E R K  R L  R u R I A  A  S K  C R K  R K  L  E R I S R L  z E  K  'pending sequences from 
C-FOS R I R R E R u K Y A A A K c R t i  R R R E L T D T L Q A E GCN4, c-Fos, and Jun-D. 

The w ~ a d e s  were svnthe- 
BR-CC V K E L E E K L K A L E E K L K A L E E K L K A L G  - -  .- - - - - - -~ - -~ -- - - - - - ~ - - - - - -- - . 
C C  V K E L E E K L K A L E E K L K A L E E K L K A L G  
n B P C C  L K A L E E K L K A L E E K L K A L O  
6 C t i 4  V E E L L S K I Y B L E U E V A R L X K L V G E R  
Jnn-D V K T L K S Q U T E L A S T A S L L R E Q V A Q L K  
C-l'OS T D Q L E D E K S A L Q T E I A U L L K E K E K L E  

s i z e d L ~ t h  a ~ i l l i ~ e ;  (Bur- 
lington, Massachusetts) 
9050 automated peptide 
synthesizer by using Fmoc 
amino acids, Frnoc-PAL res- 
in, and standard procedures 

described by Mdhgen. Purification was accomplished by reversed-phax high-performance liquid 
chromatography with a semipreparative Vydac C18 column, flow rate 3 d m i n  with the following 

dients (percentages refer to acetonitrile containing 0.1% aiffuoroacetic acid): CC, 36 to 45% over 
E m i n ;  BR-CC, 32 to 43% over 20 min; and MBR-CC, 36 to 41% over 20 min. The peptides were 
homogeneous by criteria of amino acid analysis and fast atom bombardment mass spectrometry. 

(13). Our model does not consider other 
portions of the protein that lie outside of 
basic regiodeucine zipper motif and might 
form tertiary interactions. However, it is 
likely that such interactions with the remain- 
der of the protein are thermodynamically 
unimportant for binding DNA because: (i) 

Rg. 1. (A) Amino acid 
sequences (24) from the 
basic regions of eight 
proteins that bind to ei- 
ther the TRE or CRE 
site. Sequences are num- 
bered relative to the first 
leucine in the zipper por- 
tion of each protein. The 
bottom row illustrates 
a consensus sequence. 
Amino acids conserved 
in at least one-half the 
proteins are identified, 
whereas more variable 
positions are denoted 
with the letter v. (8) 
Variability at each posi- 

tion in the basic region. The number of different 
amino acids allowed at a given position is plotted 
as a function of position along the chain. The 
intervals shown at the bottom mark the repeat for 
an a helix. (C) Graphical representarion of the 
concensus sequence in an a-helical conformation 
showing the conserved face of the helix. 

footprints, specificities, and afbities for in- 
tact zipper proteins and fragments encom- 
passing the DNA-binding motif are nearly 
identical (14); and (ii) the faces of helices 
involved in tertiary interactions generally 
show a reasonable degree of hydrophobicity 
and sequence conservation (8),  which is not 
the case for the basic region if the conserved 
quartet contacts DNA. Thus, we would 
predict that the basic region would form a 
helix only in the presence of the DNA, and 
refer to our model as the induced helical fork 
because the active conformation (resem- 
bling a tuning fork) is hypothesized to be 
induced in the presence of DNA. 

SuGquent to the completion of our 
model, a "scissors grip" model was indepen- 
dently reported for the complex of the basic 
region-leucine zipper (11). Although the 
reasoning used to create this model was 
different from that described in Fig. 2, the 
overall structural features of the two models 
are fundamentally similar. One major differ- 
ence between the two is that the scissors grip 
does not predict which residues specifically 
interact with DNA. Also, the scissors grip 
model hypothesizes that simulta- 
neously hydrogen bonds to the phospho- 
diester backbone of.DNA and the peptide 
backbone of the basic regon heh,  inducing 
a kink in the u helix. While the speclfic 



interactions formed by Asn-" and other 
members of the conserved quartet can best 
be detennined by NMR spectroscopy or x- 
ray aystallography, we have used the tech- 
niques of protein design and circular dichro- 
ism (CD) spccaoscopy to provide strong 
evidence fbr the global sbvdural htures of 
both thcse models. 

The induced helical fork madel suggests 
that the role of the leucine zipper in DNA 
b i i  is simply to position the basic re- 
gions to interact with DNA, and possibly 
also to initiate helix formation in the basic 
region. Also, the model identifies residues in 
the basic region that should be important 
for helix stability but not DNA recognition. 
These residues might all be replaced with a 
small, neutral, helix-favoring amino acid. 
Therefbre we designed a hybrid containing 
the basic region of GCN4 attached to an 

idealized coiled coil (Fig. 3). Hodges and 
cqworkers have designed coiled coils based 
on the heptapeptide repeat (Leu-Glu-Gly- 
Lys-Leu-Glu-Ala) (15). We designed a simi- 
lar repeat, Leu-Glu-Glu-Lys-Leu-Lys-Ala 
which included Leu ar analogous positions 
to hydrophobically stabilize the dimer, Lys 
and Glu to form s t a b i i  e l m t i c  
interactions, and Ala to stabilize helix for- 
mation. Three repeats of the heptad provid- 
ed the core of the coiled-coil peptide. The 
basic region plus the first heptad repeat of 
the leucine zipper of GCN4 were then add- 
ed to the NH2-tcnninus of the coiled coil 
giving the BR-CC (basic regiomiled coil) 
peptide. We chose the shortest basic region 
consistent with specific binding based on 
our model. As a control, another peptide, 
CC, lacking the basic region was also syn- 
thesized (Fig. 3). 
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A second peptide, MBR-CC (minimal 
BR-CC), was synthesized in which both the 
basic region and the leucine zipper were 
idealized. The conserved auartet was main- 
tained, and 4 was inc~ided at positions 
predicted to be important for electrostatic 
interactions. Three Glu residues were in- 
cluded on the solvent Qtposed face of the 
helix, and all other positions were Ala. Four 
and onehalf repeats of the idealized heptad 
formed the leucine zipper portion of MBR- 
CC. The degree of exact amino acid se- 
quence homology between MBR-CC and 
the comspondmg regions of GCN4, c-Fos, 
and Jun-D (Fig. 3) are 43, 31, and 3196, 
respectively. Of these conserved residues, 
only 11 (21%) are common to all four 
sequences. 

The helical content of the peptides were 
estimated by CD. The spec&& typical of 
helical proteins with minima at 222 and 208 
nm and a maximum at 190 nm. Quantitative 
analyses of the spectra by two methods (16, 
17) indicated that CC and BR-CC were 
approximately 82 and 65% a-helical, respec- 
tively (Table l), consistent with a helical 
zipper region and a largely unordered basic 
region. Analysis of the MBR-CC spectrum 
gave a slightly higher a helix content than 
BR-CC (75%). 

We detennined the confbrmational stabil- 
ity of the helical peptides by examining the 
variation in ellipticity at 222 nm (8222, a 
linear measure of helical content) with re- 
spect to the concentration of the &dine - 

Tabk 1. Estimates of a heliaty of peptidcs with 
M without DNA determined by two CD methods 
(16, 17). Stock solutions of peptide were prrpved 
in 10 mM MOPS bu&r, pH 7.5; peptick wncen- 
tratians were deermined by amino acid analysis. 
DNA concentrations were dewmined spectro- 
photometrically for dK single strands with an 
extinction coefficient at 260 nm (~260) of 40 (@ 
ml)-'. Strands were annealed by heating to 80°C 
for 10 min and then slowly cooling to room 
temperature; TRE, TRE site; nsp, nonspeafic 
DNA. Spectra of the peptxlc dimers (10 to 25 
p M )  with or without a single equivalent of DNA 
dupkx (given in parenthesis) were measured with 
a Jasco J-500 Speampolarimeter in a 0.01-an 
pathlength cell. 

content 
-0222 

P*de (deg an2 dmol) (%) 

CC 28,300 82 82 
BR-CC 22,000 64 66 
MBR-CC 25,700 75 75 
BR-CC (nsp) 25,100 73 73 
BR-CC (TRE) 30,950 90 88 
MBR-CC (TRE) 31,700 92 90 
BR 9,100 26 33 
BR 20,100 58 61 
BR 0-w 33,600 98 95 
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HCI (GuHCI). BR-CC and CC showed 
cooperative transitions with midpoints near 
4 M GuHCI; MBR-CC unfolded at a slight- 
ly higher denaturant concentration (5 M).  
The dissociation constants for dimerization 
of the peptides in the absence of denaturant 
were estimated by the linear extrapolation 
method (18) to be approximately 4 pM for 
CC and 5 pM for BR-CC and MBR-CC. 
Thus the peptides dimerize with high affini- 
ty and should be entirely dimeric under 
conditions used to measure binding to 
DNA. 

BR-CC bound specifically to a 60-bp 3 2 ~ -  

labeled oligonucleotide containing the TRE 
site, as assessed by the electrophoretic mo- 
bility shift assay (Fig. 4A). When CC was 
substituted for BR-CC, no bands indicative 
of complex formation were observed. MBR- 
CC binds to DNA analogously to BR-CC. 
An unlabeled oligonucleotide bearing the 
TRE site effectively competes for binding to 
the labeled DNA-peptide complexes, where- 
as an oligonucleotide containing a mutation 
of the TRE site (nACT&4) was a much 
poorer competitor. 

Binding of BR-CC protects the 60-bp 
oligonucleotide from deoxyribonuclease I 
cleavage at the 7-bp TRE site (Fig. 4B). As 
for other DNA binding proteins (19), the 
protection also extends 4 to 5 bases on 
either end of the recognition sequence. An 
identical footprint was observed for the 
MBR-CC peptide (Fig. 4B). 

The helicity of the basic regions of BR- 
CC and MBR-CC increase in the presence 
of DNA, as assessed by CD. The CD spectra 
(Fig. 5A) of a 26-bp oligonucleotide con- 
taining the TRE site (20 pM) exhibits 
bands at approximately 270 and 240 nrn, 
typical of DNA in the B form (20), both in 
the presence and absence of a single equiva- 
lent of the BR-CC dimer. Thus the peptide 
probably does not induce a major conforma- 
tional change in the DNA. In contrast, the 
ellipticity of the peptide increases signifi- 
cantly upon interaction with DNA (Fig. 
5A), corresponding to an increase to 90% 
helix content for BR-CC and MBR-CC 
(Table 1). This increase in helix content can 
be assigned primarily to the basic region as 
CC is nearly completely a-helical in the 
absence or presence of DNA. The difference 
spectra obtained by subtracting the spec- 
trum of CC from that for BR-CC, either in 
the presence or absence of DNA, are shown 
in Fig. 5B. In the absence of DNA the 
spectrum is consistent with about 25% helix 
formation; the corresponding value in the 
presence of specific DNA is 95 to 100%. In 
the presence of a single equivalent of non- 
specific oligonucleotide the increase in ellip- 
ticity was about one-half that induced by the 
specific oligonucleotide. Adding more non- 

specific DNA failed to increase the ellipticity 
of the peptide as would be expected if the 
lower induction were the result of partial 
binding. Thus the peptide binds to nonspe- 
cific DNA but in a conformation with a 
lower helical content than for the specific 
complex. 

The above experiments are consistent 
with models in which the basic region forms 
a helix, which binds to the majoFgroove of 
DNA. Interestingly, the basic region binds 
nonspecific DNA in a partially helical con- 
formation, possibly allowing the protein to 
efficiently "search" the DNA for its recogni- 
tion sequence. Once the specific sequence is 
recognized the basic region becomes com- 
pletely helical to allow tight binding interac- 
tions. To the best of ourknowledge, mecha- 

u .  

nisms involving such large-scale conforma- 
tional changes in the specificity-determining 
portions of DNA-binding proteins are un- 
precedented, although it has been known 
for many years that highly flexible peptides 
can bind rapidly and with high specificity to 
their receptors (21). For instkc< S-peptide, 
a proteolytic fragment of ribonuclease, 
binds at a nearly diffusion controlled rate to 
its complement~ry fragment, S-protein (22) 
In theabsence of ~ I ~ r o t e i n ,  ~ - ~ e ~ t i d e  is 

-...-., 
- 4 , 0 1 d l . . '  - . ,  -A 
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Fig. 5. (A) Induced CD of BR-CC by a 26-bp 
oligonucleotide containing the TRE site; free 
oligonucleotide (broken line), free peptide (solid 
line), and peptide plus DNA (dot-dash line). 
Spectra were measured using a 0.01-cm path- 
length cell. Condtions: 10 mM MOPS, 0.15 M 
NaCI, pH 7.5, room temperature; peptide dmer 
concentration, 20 pM; and DNA concentration, 
20 pM. Spectra were averaged five times and 
smoothed with the software provided by Jasco, 
Inc. (Easton, Maryland). (6) Difference spectra 
were obtained by subtracting the CC spectrum 
from the BR-CC spectrum at identical concentra- 
tions in the absence or presence of either a specific 
oligonucleotide or a random-sequence oligonu- 
cleotide. Data were collected and smoothed as 
described in (A). 

predominantly nonhelical under physiologi- 
cal conditions. The peptide initially binds in 
a nonhelical conformation. and t h e  helix 
subsequently forms on a slower time scale 
(23). 

Our results also show the potential of the 
minimalistic approach for the analysis of 
protein DNA interactions. We have used 
this technique to show that the leucine 
zipper-basic region motif is composed of 
two structural motifs: a coiled coilthat can 
be replaced with a repetitive sequence; and a 
helical basic region, the proposed solvent- 
exposed face of which can sustain multiple 
sequence changes with minimal affect on the 
DNA specificity. We find our approach to 
be a useful complement to genetic approach- 
es, which generally focus on less global 
changes to the amino acid sequence. The 
major advantage of mutagenesis is that it 
requires no structural knowledge of the pro- 
tein of interest, and hence is useful for 
defining features likely to be critical for 
activity. However, once even limited muta- 
genic data are accumulated, hypotheses can 
be generated and rapidly tested with the 
minimal approach. 

Note added in proof: We recently have 
shown that full-length wild-type GCN4 
protein shows an increase in a-helical con- 
tent when it binds specifically to DNA. The 
increase in 0222 obServed when GCN4 is 
added to DNA is similar to that observed for 
BR-CC. 
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Rapid, Sensitive Bioluminescent Reporter Technology 
for Naphthalene Exposure and Biodegradation 

A bioluminescent reporter plasmid for naphthalene catabolism (pUTK21) was devel- 
oped by transposon (Tn4431) insertion of the lux gene cassette from Vibrio$scheri into 
a naphthalene catabolic plasmid in Pseudomonasj-luorescens. The insertion site of the lux 
transposon was the nahG gene encoding for salicylate hydroxylase. Luciferase- 
mediated light production from P.  j-luorescens strains harboring this plasmid was 
induced on exposure to naphthalene or the regulatory inducer metabolite, salicylate. In 
continuous culture, light induction was rapid (15 minutes) and was highly responsive 
to dynamic changes in naphthalene exposure. Strains harboring pUTK21 were 
responsive to aromatic hydrocarbon contamination in Manufactured Gas Plant soils 
and produced sufficient light to serve as biosensors of naphthalene exposure and 
reporters of naphthalene biodegradative activity. The robust and sensitive nature of the 
bioluminescent reporter technology suggests that new sensing methods can be 
developed for on-line process monitoring and control in complex environmental 
matrices. 

IOLUMINESCENCE IS A NATURAL 

phenomenon associated with several 
species, notably the firefly (Photinur 

pyralis) and the microorganisms Photobacter- 
ium and Vibrio. Expression and regulation of 
the bacterial luciferase (lux) genes has been 
studied in detail (1). The lux structural genes 
have been cloned and introduced into a 
variety of hosts (2). Recently, a light-emit- 
ting transcriptional fusion of the lux genes 

from Vibrio jrcheri and the upper pathway 
promoter from the catabolic plasmid NAH7 
was developed as a direct measure of cata- 
bolic gene induction and expression (3). The 
use of bioluminescent light as a measure of 
catabolic activity offers attractive applica- 
tions in environmental simulations and po- 
tential field analysis for on-line analysis of 
microbial biodegradative activity. In com- 
parison to conventional activity assays, bio- 
luminescent reporter systems are noninva- 
sive, nondestructive, rapid, and population- 
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for Environmental Biotechnology, University of Tennes- We describe here the construction and 
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technology for monitoring in situ biodegra- 
dative activity in environmental simulations 
was also demonstrated. A photomultiplier 
detection system was developed to quantify 
bioluminescence (3, 4). This type of moni- 
toring system has distinct advantages over 
previous methods, such as autoradiography 
and scintillation counting, in that it is rapid 
and sensitive and it permits on-line and in 
situ determinations of bioluminescence. 

The bioluminescent reporter plasmid 
(pUTK2 1) for naphthalene catabolism was 
constructed by transposon mutagenesis of a 
PseudomonasJuorescenr strain 5R with the use 
of the lux transposon Tn4431 carried on the 
suicide vector plasmid pUCD623 (Fig. 1A). 
Strain 5R is an environmental isolate from a 
Manufactured Gas Plant (MGP) soil. The 
naphthalene catabolic genes are encoded on 
a plasmid, pKA1, that shows homology to 
the archetypal naphthalene catabolic plas- 
mid, NAH7 (5 ) .  In NAH7 the catabolic 
genes are organized into two operons, an 
upper pathway operon encoding for the 
conversion of naphthalene to salicylate and a 
lower pathway operon encoding for the 
oxidation of salicylate to acetaldehyde and 
pyruvate. Induction of the two operons is 
controlled at the transcriptional level not by 
naphthalene but by its metabolite, salicylate, 
and by the product of the regulatory gene, 
tzahR (6) .  

We selected the bioluminescent construct 
5RL, containing plasmid pUTK21, on the 
basis of its ability to produce strong induc- 
ible light when exposed to naphthalene va- 
por or when grown in the presence of 
salicylate. Biochemical and genetic mapping 
evidence was used to determine the proba- 
ble insertion site of the lux transposon. 
Strain 5RL did not mineralize naphthalene 
completely and it accumulated salicylate ( 7 ) ,  
indicating that the insertion is in the lower- 
pathway operon. By restriction mapping 
and preliminary DNA blot hybridization 
analysis, we were able to localize the lux 
transposon to a 1.6-kb Pst I fragment adja- 
cent to the nahH gene (8). On the basis of 
the biochemical data, and by assuming an 
NAH7-like organization of the lower path- 
way operon, we propose that t.he lux tran- 
sposon inserted in the nahC (salicylate hy- 
droxylase) gene (Fig. 1B). 

The bioluminescent catabolic repokzer 
plasmid pUTK21 was transferred by conju- 
gation to another environmental P. Juorer- 
cenr strain, strain HK9 (9).  This strain was 
isolated from an MGP soil and was able to 
degrade salicylate but not naphthalene 
(Nah-Sal+ phenotype). The recipient strain 
HK44 containing pUTK21 has a Nah'Sal' 
phenotype and exhibited the same light- 
producing characteristics as strain 5RL. 

We evaluated the dynamic response of the 
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