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Rapid, Sensitive Bioluminescent Reporter Technology
for Naphthalene Exposure and Biodegradation

J. M. H. KiNgG, P. M. DIGRAZIA, B. APPLEGATE, R. BURLAGE,
J. SANSEVERINO, P. DUNBAR, F. LARIMER, G. S. SAYLER*

A bioluminescent reporter plasmid for naphthalene catabolism (pUTK21) was devel-
oped by transposon (Tn4431) insertion of the lux gene cassette from Vibrio fischeri into
a naphthalene catabolic plasmid in Pseudomonas fluorescens. The insertion site of the Iux
transposon was the nahG gene encoding for salicylate hydroxylase. Luciferase-
mediated light production from P. fluorescens 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 (Photinus
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
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from Vibrio fischeri 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-
specific.

We describe here the construction and
characterization of a bioluminescent report-
er plasmid for naphthalene degradation. The
application of this bioluminescent reporter
system in conjunction with remote sensing

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
(pUTK21) for naphthalene catabolism was
constructed by transposon mutagenesis of a
Pseudotnonas fluorescens strain SR 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, pKA1l, 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,
nahR (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 the lux tran-
sposon inserted in the nahG (salicylate hy-
droxylase) gene (Fig. 1B).

The bioluminescent catabolic repoiter
plasmid pUTK21 was transferred by conju-
gation to another environmental P. fluores-
cens 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 SRL.

We evaluated the dynamic response of the
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bioluminescent reporter strain HK44 to pe-
riodic controlled variations in naphthalene
exposure in a continuous culture system.
The experimental system consisted of a 1-
liter chemostat reactor with on-line off-gas
sampling for time series determination of
the naphthalene off-gas concentration (10).
Bioluminescence was measured with the
photomultiplier detection system (4).

We started the chemostat experiments
(11) by establishing steady state with the
nonnaphthalene feed source. Naphthalene
feed to the chemostat was then initiated.
After a 15-min lag period, we observed a
linear increase in light production at a rate
of 0.72 p.A hour ™!, followed by a reduction
in light output to a steady-state level of 1.1
nA (Fig. 2). Although the liquid naphtha-
lene concentration in the reactor, calculated
from Henry’s law (12), increased linearly
and leveled off to a steady-state -concentra-
tion of 200 pg liter ™! after ~2 hours, the
rate of naphthalene degradation remained
constant (Fig. 2).

Square-wave perturbations in naphtha-
lene feed concentration (or naphthalene feed
rate, because the total flow rate is held
constant) were used to determine the dy-
namic light response of strain HK44. In the
4-hour cycle, light production increased lin-
early at a rate of 0.39 p.A hour™' during the
2-hour naphthalene exposure period, fol-
lowed by a near linear reduction in light
output during the 2-hour period with no
naphthalerie feed (Fig. 3). In each cycle, the
liquid naphthalene concentration in the che-
mostat increased to a steady-state concentra-
tion between 0.4 and 0.5 mg liter™!. When
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Fig. 2. Induction of bioluminescence of strain
HK44 (pUTK21) in continuous culture: (@)
bioluminescence and (A) naphthalene degrada-
tion rate. Data represent single time point deter-
minations, and the results are representative of
three independent experiments.

the naphthalene feed was stopped, the reac-
tor naphthalene concentration exponentially
decreased to 0.1 mg liter™'. A reduction in
the rate of increase in light production from
0.39 to 0.26 wA hour™! was observed when
the feed concentration to the system was
reduced from 30 to 18 mg liter ! during the
final cycle (Fig. 3). These data suggest that
bioluminescence may be proportional to the
naphthalene degradation rate.

We performed four additional square-
wave perturbation experiments with cycle
lengths of 0.5, 2, 8, and 16 hours (Fig. 4).
The responses in bioluminescence that we
observed in these experiments were consist-
ent with the observed responses in the
steady-state (Fig. 2) and 4-hour perturba-
tion (Fig. 3) experiments. A 15-min lag in

Upper pathway

PKA1 Lower pathway
101 kb

Fig. 1. Construction of bioluminescent
reporter plasmid pUTK21. (A) Filter mat-
ings were performed with a 1:10 ratio of
mid-log phase cultures of Escherichia coli
HB101 (pUCD623) and a spontaneous
rifampicin-resistant mutant of P. fluorescens
5R (pKAl). After incubating strain
HBI101 and strain 5R for 24 hours at
28°C, bioluminescent constructs were se-
lected on yeast extract, peptone, succinate,
salicylate agar (3) containing rifampicin
(50 mg liter™"), and tetracycline (14 mg
liter™"). (B) Proposed location of the lux
transposon in pUTK21. Tnp denotes
genes required for transposition. Tc" de-
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notes tctracyclinc resistance gene.
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Fig. 3. Dynamic response to 4-hour square-wave
perturbations in naphthalene: (@) biolumines-
cence; (——) naphthalene feed concentration;
and (A) reactor liquid-naphthalene concentra-
tion. The results were obtained from a single
experiment and are characteristic of similar inde-
pendent experiments reported.

bioluminescent response to changes in
naphthalene exposure was observed in all
cases. This lag forced the light response out
of phase with the feed cycle at the short cycle
times (Fig. 4, A and B). Bioluminescence
peaked near an exposure time of 4 hours
(Figs. 2 and 4, C and D) and began to
decline to a steady-state level if naphthalene
exposure continued (Figs. 2 and 4D). When
the naphthalene exposure period was longer
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Fig. 4. Bioluminescence response to square-wave
perturbations in naphthalene feed concentration
(rate): (A) 0.5-hour cycle; (B) 2-hour cycle; (C)
8-hour cycle; and (D) 16-hour cycle. (@) Biolu-
minescence and (——) naphthalene feed concen-
tration. Perturbation cycles were repeated at each
frequency to demonstrate the reproducibility of
the bioluminescent response. The results are rep-
resentative of two independent experiments.
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than 2 hours and bioluminescence was high,
a rapid, transient increase in biolumines-
cence occurred when naphthalene was elimi-
nated from the feed (Figs. 3 and 4, C and
D). In contrast, the naphthalene degrada-
tion rate was constant and nearly equal to
the feed rate during the exposure periods
and was negligible when no naphthalene
was being fed to the system.

These experiments demonstrated that
light production from strain HK44 was
related to naphthalene exposure and degra-
dation rate. The complex light output be-
havior was probably not a gene regulation
effect, since complex changes in naphthalene
degradation rate were not observed, and
both naphthalene degradation and light out-
put of strain HK44 are under the same
regulation. A more likely hypothesis is that
the light response was affected by dynamic
interactions of the components of the light-
producing and naphthalene catabolic path-
ways, that is, O,, adenosine triphosphate
(ATP), aldehyde, luciferase, and so forth.
For example, both pathways compete for O,
from a common pool within the cell. Fur-
ther experimentation is necessary to eluci-
date mechanisms that account for this com-
plex behavior.

The application of the bioluminescent re-
porter technology for in situ analysis was
demonstrated in a series of soil slurry experi-
ments in which contaminated and uncon-
taminated soils were used (Fig. 5). We
prepared slurries by adding a suspension of
uninduced HK44 cells to the soil, and we
monitored bioluminescence by placing the
liquid light pipe detection probe into the
slurry matrix. Bioluminescence, indicative of
naphthalene exposure and degradative activ-
ity, was observed in an MGP soil (13)
naturally contaminated with polycyclic aro-
matic hydrocarbons (PAH), and in the con-
trol soil (13) to which naphthalene was
added (Fig. 5). No bioluminescent activity
was detected in the uncontaminated control
soil. In contrast to the 15-min lag in the
chemostat studies, a 1-hour lag period oc-
curred before bioluminescence was detected
in the soil slurry experiments. This extended
lag period can probably be attributed to
quenching of the light and interference in
the detection system by the soil matrix. A
transient peak in bioluminescence of 0.75
nA occurred in the MGP soil slurry at 6
hours followed by a constant light output of
0.31 nA. In the control soil with added
naphthalene, there was no transient peak
and bioluminescence leveled off after 6
hours at 0.1 nA. Because of differences in
the soil slurry matrices, the results in Fig. 5
give only a qualitative indication of biode-
gradative activity. Additional experiments
would be required to correlate biolumines-
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Fig. 5. Detection of bioluminescence in soil slur-
ries containing strain HK44. The test system
consisted of 10 g of soil and 10 ml of uninduced
HK44 cells (10° cells per milliliter) in phosphate-
buffered saline. The slurry was stirred to provide
aeration, and we monitored the bioluminescence
by placing the liquid light pipe into the slurry.
(A) Control soil; (A) control soil with 10 mg of
naphthalene added; (@) MGP soil. The results are
representative of two independent experiments.

cence levels in situ with actual biodegrada-
tive activity levels. The response observed in
the MGP soil slurry illustrates the use of
bioluminescence as a tool for determining
the bioavailability of contaminants in envi-
ronmental matrices such as soil or ground
water.

Predictions of the environmental fate of
pollutants and of controlled interventions in
bioremediation of contaminated environ-
ments require quantitative knowledge of
specific microbial populations and the corre-
sponding biodegradative activity under in
situ conditions. Recently, a variety of molec-
ular techniques, such as nucleic acid extrac-
tion, hybridization, and analysis (14), have
provided information on the presence and
quantitative abundance of specific popula-
tions, catabolic genotypes, and genes, and
on their maintenance in complex environ-
mental matrices. These techniques help to
define the structure and genetic potential of
biodegradative communities but provide lit-
tle or no information relating to the expres-
sion of specific genes or the activity of the
organisms.

The results of this investigation demon-
strate that lux transcriptional fusions with
catabolic genes offer a useful molecular tool
for direct analysis of biodegradative micro-
bial activity in complex environmental ma-
trices. This bioluminescent reporter technol-
ogy can be used in simulations to optimize
environmental regimes leading to sustained
and predictable microbial biodegradation. It
is anticipated that additional bioluminescent
reporter plasmids or bacterial strains will be
developed for other chemical agents. With

the development of appropriate cell immo-
bilization techniques and fiber optic meth-
ods for remote light sensing it is expected
that practical applications for biolumines-
cent reporters will be forthcoming as part of
an on-line monitoring or process control
technology. These applications will be par-
ticularly valuable in mixed culture biological
processes, such as waste treatment, and in
environmental systems such as ground water
where bioluminescent reporters can act as
specific sensors or sentinels of chemical
agents. Of equal importance is the ability of
this technology to rapidly measure and con-
trol the response of biosynthetic or biode-
gradative metabolic pathways to specific en-
gineering practices or reactor configurations
and operational regimes for mixed- or pure-
culture systems.
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Antibody-Catalyzed Porphyrin Metallation

ANDREA G. COCHRAN AND PETER G. SCHULTZ*

An antibody elicited to a distorted N-methyl porphyrin catalyzed metal ion chelation
by the planar porphyrin. At fixed Zn?>* and Cu’" concentrations, the antibody-
catalyzed reaction showed saturation kinetics with respect to the substrate mesopor-
phyrin IX (2) and was inhibited by the hapten, N-methylmesoporphyrin IX (1). The
turnover number of 80 hour™ for antibody-catalyzed metallation of 2 with Zn**
compares with an estimated value of 800 hour™ for ferrochelatase. The antibody also
catalyzed the insertion of Co?* and Mn?* into 2, but it did not catalyze the metallation
of protoporphyrin IX (3) or deuteroporphyrin IX (4). The antibody has high affinity
for several metalloporphyrins, suggesting an approach to developing antibody-heme
catalysts for redox or electron transfer reactions.

HE IMMUNE SYSTEM PRODUCES A

repertoire of 10" to 10'* antibody

molecules (1) that can recognize and
bind a huge array of naturally occurring and
synthetic molecules. Recently, the tremen-
dous diversity and specificity of the immune
response have been merged with our under-
standing of chemical processes to produce
catalytic antibodies. Since the first reports of
antibody catalysis (2), a wide variety of
transformations have been examined (3). In
addition, several general strategies have been
developed for the rational design of catalytic
antibodies. We report the generation of
antibodies to a hapten that mimics a strained
conformation of substrate. Antibodies spe-
cific for a distorted N-methyl porphyrin
catalyze metal ion chelation by the corre-
sponding planar, non-methylated porphy-
rin. This system expands the catalytic anti-
body repertoire to include ligand substitu-
tion-reactions.

Ferrochelatase, the terminal enzyme in
the heme biosynthetic pathway, catalyzes
the insertion of Fe’" into protoporphyrin
IX (3) (4). N-methyl-protoporphyrin IX is a
potent inhibitor of ferrochelatase with an
inhibition constant (K;) of 7 nM (5). The
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distortion of the porphyrin macrocycle re-
sulting from N-alkylation is thought to ap-
proximate the transition state of the enzy-
matic reaction (4, 6). Such bending would
increase exposure of the pyrrole nitrogen
lone pairs to solvent and thus facilitate metal
ion complexation. Indeed, kinetic studies
have shown that N-alkylporphyrins chelate
metal ions 10% to 10°-fold faster than their
non-alkylated cognates (4). We reasoned
that if N-methylporphyrins are in fact transi-
tion state analogs for porphyrin metallation,
antibodies elicited to such compounds
should catalyze metal ion incorporation by
distortion of the corresponding substrate.

We prepared antibodies specific for N-
methylmesoporphyrin IX (1) (isomer mix-
ture, Porphyrin Products, Inc., Logan,
Utah) (Fig. 1). We chose 2 as substrate
rather than 3 because of the relative photo-
sensitivity of the latter (7) and the greater
tendency of 3 to aggregate in aqueous solu-
tion (8). In addition, several convenient
ferrochelatase assays have been described
that use mesoporphyrin as substrate (9-11).
Three hybridoma lines were identified that
produced antibodies specific for 1 (12). Two
of the three purified antibodies catalyzed
Zn(II) and Cu(Il) mesoporphyrin forma-
tion. The faster of these, 7G12-A10-G1-
A12, was characterized further (13).

The antibody-catalyzed reaction could be

described by the following scheme:

Ig+S = Ig-stamp.p 2

M2+

Ig+P

where $ is porphyrin substrate, P is metallo-
porphyrin product, M?* is metal, Ig is
antibody, Ky, is the Michaelis constant, Kj, is
the product inhibition constant, and kcat,app
is the k, (catalytic constant) observed with
a particular fixed concentration of metal.
Significant product inhibition "by Zn(II)
mesoporphyrin and the relative inaccuracy
of the assay at small percentages of substrate
conversion did not allow the determination
of initial rates for this reaction. The data
were therefore fit to the integrated form of
Eq. 1 (14):

M — Vmax,app[s]
dt  Kn(l + [PVK,) + [S]

@)

Typical plots for different porphyrin concen-
trations at 1 mM Zn?* are shown in Fig. 2
[Km = 49 pM, Kp = 2.9 pM, and Viax,app
(maximum apparent velocity) =24 uM
hour™!]. The pseudo first-order rate con-

stant for uncatalyzed metallation at the same

Zn* concentration is 0.031 hour™'. Chela-
tion of Co?* and Mn?* was also catalyzed,
but because of the much greater product
inhibition and substantially slower reaction
rates, no further kinetic characterization was
attempted. Incorporation of Ni** was not
catalyzed.

Copper(II) mesoporphyrin was not ob-
served to inhibit antibody catalysis up to
concentrations of at least 15 wM, allowing
the determination of initial rates for produc-
tion of this metalloporphyrin. A Line-
weaver-Burk plot for antibody-catalyzed
Cu®* incorporation (1 mM Cu?*) gives a
Ky, for 2 of 50 wM, nearly identical to the
value obtained with Zn**, and a Vipax,app Of
2.6 pM hour™! (Fig. 3). The pseudo first-

M2+

Fig. 1. Hapten and reaction scheme for metallo-
porphyrin formation.
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