
APPLIED AND ENVIRONMENTAL MICROBIOLOGY,
0099-2240/99/$04.0010

Feb. 1999, p. 409–414 Vol. 65, No. 2

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Green Fluorescent Protein as a Noninvasive Stress Probe
in Resting Escherichia coli Cells

HYUNG JOON CHA,1,2 RANJAN SRIVASTAVA,1,2 VIKRAM N. VAKHARIA,1

GOVIND RAO,3 AND WILLIAM E. BENTLEY1,2*

Center for Agricultural Biotechnology, University of Maryland Biotechnology Institute, College Park, Maryland 20742,1

Department of Chemical Engineering, University of Maryland, College Park, Maryland 20742,2 and
Department of Chemical and Biochemical Engineering, University of Maryland,

Baltimore County, Baltimore, Maryland 212503

Received 28 July 1998/Accepted 4 November 1998

We constructed and characterized three stress probe plasmids which utilize a green fluorescent protein as
a noninvasive reporter in order to elucidate Escherichia coli cellular stress responses in quiescent or resting
cells. Cellular stress levels were easily detected by fusing three heat shock stress protein promoter elements,
those of the heat shock transcription factor s32, the protease subunit ClpB, and the chaperone DnaK, to the
reporter gene gfpuv. When perturbed by a chemical or physical stress (such as a heat shock, nutrient [amino
acid] limitation, or addition of IPTG [isopropyl-b-D-thiogalactopyranoside], acetic acid, ethanol, phenol,
antifoam, or salt [osmotic shock]), the E. coli cells produced GFPuv, which was easily detected within the cells
as emitted green fluorescence. Temporal and amplitudinal mapping of the responses was performed, and the
results revealed regions where quantitative delineation of cell stress was afforded.

When cells are exposed to chemical or physical stress, they
undergo many changes, including alterations in the patterns of
gene expression, as well as protein stability. For example, when
bacterial cells are exposed to a high temperature, a set of heat
shock proteins are transcriptionally upregulated by a transcrip-
tion factor, s32 (21, 37, 58). These heat shock proteins are
evolutionarily conserved, and many play an important role in
the folding, assembly, degradation, and translocation of pro-
teins, not only under stress conditions but also during normal
cell growth (16, 17, 25). In addition to heat shock, a number of
other stresses induce the synthesis of heat shock proteins in
many organisms; these stresses include viral infection (42),
oxygen limitation, the presence of abnormal proteins (5, 18,
23), overexpression of heterologous proteins (4, 19, 34, 53),
nutrient limitation (carbon source limitation, amino acid
source limitation, etc.) (20, 33, 45), and exposure to various
chemicals, including ethanol, phenol, hydrogen peroxide, and
heavy metals (6, 28, 50–52, 54).

The proteins that are produced include transcription factors,
chaperones, proteases, and other proteins that confer a sur-
vival advantage on the stressed organism, particularly when the
levels of the stresses are subinhibitory (21, 51). Monitoring the
heat shock response has resulted in detection of toxic com-
pounds and other environmental insults (51), as well as con-
ditions which lead to suboptimal cell growth and suboptimal
yields of recombinant proteins (2, 39). A common method for
determining cellular regulation has been transcriptional and/or
translational fusion of a reporter gene (e.g., lacZ, cat) to en-
dogenous regulatory elements (27, 35, 36). Recently, Van Dyk
et al. showed that bioluminescence could be used to detect the
heat shock response after fusion of the dnaK and grpE heat
shock promoters to the luxCDABE bioluminescence operon
from Vibrio fischeri (51). This method obviated the need for

centrifugation, cell lysis, pH adjustment, and subsequent ki-
netic enzyme activity measurements.

In this study, we utilized a green fluorescent protein (GFP),
GFPuv (13), as a reporter of cellular stress responses in Esch-
erichia coli. When GFPuv is the reporter, ATP or other cofac-
tors are not necessary for fluorescence. Also, the metabolic
requirements for generation of this GFP are minimal as
GFPuv is relatively small (27 kDa). Stress was detected by
transcriptional fusion of three heat shock stress protein pro-
moter elements (promoter elements of the heat shock tran-
scription factor s32 [9, 57], the protease subunit ClpB [30, 44],
and the chaperone DnaK [3, 12, 14]) to the reporter gene gfpuv.
Because the native stress promoters were amplified from
genomic DNA and incorporated into a plasmid so that they
controlled the expression of GFPuv, we were able to quantify
the cellular stress responses of E. coli by simply measuring
GFP fluorescence intensity.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli HB101 [supE44 hsdS20(rB
2mB

2)
recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1] (8) was used to construct a
recombinant plasmid containing the GFPuv gene, gfpuv, and heat shock protein
promoters. E. coli JM105 [supE endA sbcB15 hsdR4 rpsL thiD(lac-proAB) F9
(traD36 proAB1 lacIq lacZDM15)] (56) was the host used to investigate the
cellular stress response under several stress conditions. Plasmid pGFPuv (Clon-
tech Laboratories, Inc., Palo Alto, Calif.) was used for excision of the gfpuv gene.
Plasmid pBR322 was the parent plasmid used for insertion of the gfpuv fusions.

Construction of recombinant plasmids. Three heat shock promoters, specifi-
cally those of the heat shock transcription factor s32, the protease subunit ClpB,
and the chaperone DnaK, were obtained by performing PCR amplification with
a DNA thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.) from genomic
DNA obtained from E. coli K-12. The E. coli K-12 promoter-operator sequences
for rpoH (for s32) (9, 57), clpB (30, 44), and dnaK (3, 12, 14) were obtained from
GenBank (http:/www.ncbi.nlm.nih.gov/web/search). The 235 and 210 (TATA
box) regions, transcription initiation site, ribosome binding site (RBS), and
translation initiation site (codon, ATG) of the native proteins were used for
regulation of GFPuv; that is, since the length between the RBS and the trans-
lation initiation site is an important factor for the translational efficiency of
foreign protein expression (46), we used the translation initiation sites of the
original stress promoters. In the case of rpoH, a sequence spanning 121 bases
prior to the ATG was targeted. This region includes three rpoH promoters (p3,
recognized by the RNA polymerase EsE; and p4 and p5, recognized by the RNA
polymerase Es20 [17]). With clpB and dnaK, the total target sequences were 361
and 181 bases prior to the native ATG, respectively. In the case of dnaK, this
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region contains promoters p1 and p2 (58). To adjust the open reading frame, two
extra bases, GG, were added during design of the PCR primer sequences (rpoH,
59-CCGGAATTCAAGCTTGCATTGAACTTAGTGG-39 and 59-CGCGGAT
CCCCCATTCAAATCCTCTCAATCGATATC-39; clpB, 59-CCGGAATTCCC
GGCAATTGGTCCACGCGCG-39 and 59-CGCGGATCCCCCATAACTCCT
CCCATAACGGATC-39; dnaK, 59-CCGGAATTCCGAAATTTCTGCGCAAA
AGCAC-39 and 59-CGCGGATCCCCCATCTAAACGTCTCCACTATATATT
C-39), which allowed cloning of the 142-, 410-, and 204-bp EcoRI- and BamHI-
digested amplified products into the EcoRI and BamHI sites of pBR322. The
gfpuv gene was excised from the pGFPuv plasmid by BamHI (partial) and EagI
(full) digestion and was inserted into the BamHI and EagI sites of three pBR322
plasmids, each of which contained a heat shock stress protein promoter. The
recombinant plasmids, pGFPuv-Sigma, pGFPuv-ClpB, and pGFPuv-DnaK, con-
tained the heat shock stress protein promoters rpoH, clpB, and dnaK, respec-
tively, and the gfpuv structural gene (Fig. 1).

Culture media, growth conditions, and chemicals. E. coli strains were grown to
the early log phase at 30°C in 100 ml of Luria broth (5 g of yeast extract [Sigma
Chemical Co., St. Louis, Mo.] per liter, 10 g of Bacto Tryptone [Difco Labora-
tories, Detroit, Mich.] per liter, 10 g of NaCl per liter) supplemented with 50 mg
of ampicillin (Sigma) per ml from 30°C overnight cultures grown in the same
medium. After the cells were harvested, they were washed with phosphate-
buffered saline (1.44 g of Na2HPO4 per liter, 0.24 g of KH2PO4 per liter, 0.2 g of
KCl per liter, 8 g of NaCl per liter; pH 7.4). The cells were then resuspended in
20 ml of phosphate-buffered saline and were in a resting (nongrowth) state; these
cells were used immediately for stress induction tests.

Stresses. Heat shock was induced by raising the temperature from 30 to 42°C
by immersion in a water bath. Chemical pollutants (ethanol, methanol, phenol,
heavy metals, etc.) are known to induce cellular stresses in E. coli (41, 51, 54); in
this study the responses of cells to ethanol and phenol were tested by adding 4%
(vol/vol) ethanol and 1 g of phenol per liter, respectively. The response of cells
to high osmolarity (7, 55) was investigated by adding 40 g of NaCl per liter
(osmotic pressure, 17 atm). A stringent response is induced by a lack of amino-
acyl-tRNA at the ribosomes during translation (10, 15), which in turn induces
expression of heat shock proteins (20). The stringent stress was induced in this
study by adding 100 mg of serine hydroxamate per liter, which inhibited the
aminoacylation of seryl-tRNA without inhibiting serine synthesis or guanosine
59-diphosphate 39-diphosphate decay (38). Antifoam agents are widely used to
reduce foaming in highly agitated and sparged fermentors, particularly fermen-
tors containing complex media. Selected antifoam agents have previously been
shown to inhibit cell growth. In this study, 0.2 ml of antifoam agent (food grade;
Dow Corning Corp.) per liter was added. Finally, 10 g of acetic acid per liter and
1, 3, and 5 mM isopropyl b-D-thiogalactopyranoside (IPTG) (Sigma) were added
to resting cells. The presence of acetate has been linked to low productivity in
E. coli cultures overexpressing recombinant proteins (32), and it has been re-
ported that IPTG (which is used to derepress lac-based promoters) stresses cells
independent of overexpression (31).

Analytical methods. Cell growth was monitored by determining optical density
at 600 nm with a spectrophotometer (Spectronic 21D; Milton Roy Company).
The GFP assay was performed by measuring fluorescence intensity with a fluo-
rescence spectrometer (model LS-3B; Perkin-Elmer Ltd., Beaconsfield, Buck-

inghamshire, England) at an excitation wavelength of 395 nm and an emission
wavelength of 509 nm. Duplicate measurements were obtained for each sample;
the average values of the duplicate measurements are reported below. The data
reported below include the specific fluorescence intensity (SFI) (the raw fluo-
rescence intensity divided by the optical density at 600 nm) and the relative
fluorescence intensity (RFI), which was obtained by subtracting the specific
fluorescence value for E. coli JM105 containing unmodified plasmid pBR322
(a stress probe plasmid without the gfpuv gene and stress promoters) from the
fluorescence value for the stressed gfpuv-containing cells: RFI 5 (SFIt 2
SFI

t0
)stress probe 2 (SIFt 2 SFIt0)pBR322 where SFIt and SFIt0 are the SFIs

at time t and time zero, respectively. This allowed us to compare insults, as
cultures had different optical densities at time zero. The results shown below
were recorded at 8 h unless indicated otherwise. Also, by using parent plasmid
pBR322 as a fluorescence control, the baseline transcriptional activity of all
cultures could be determined. This is reported below as the SFI at time zero.

Western blot analysis of DnaK. A total protein assay was performed with a
protein assay kit (Bio-Rad Laboratories, Hercules, Calif.) by using bovine serum
albumin as the standard. Sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) was performed by mixing a sample with sample buffer (0.5
M Tris-HCl [pH 6.8], 10% glycerol, 5% SDS, 5% b-mercaptoethanol, 0.25%
bromophenol blue), incubating the preparation at 100°C for 3 min, centrifuging
it for 1 min, and loading it onto a 15% slab gel. After electrophoresis, the gel was
transferred onto a nitrocellulose membrane (Bio-Rad) by using a Bio-Rad Mini-
Trans Blot Cell in Bjerrum–Schafer-Nielsen transfer buffer (48 mM Tris, 39 mM
glycine, 20% methanol; pH 9.2) for 40 min at 20 V. The nitrocellulose membrane
was probed with a 1:1,000 dilution of polyclonal anti-DnaK antibody (StressGen
Biotechnologies Corp., Victoria, British Columbia, Canada) and detected with a
1:5,000 dilution of goat anti-mouse immunoglobulin G conjugated to alkaline
phosphatase (Kirkegaard and Perry Laboratories, Gaithersburg, Md.) and 5-bro-
mo-4-chloro-3-indolyl phosphate–nitroblue tetrazolium color development re-
agent (Sigma). Also, pure serially diluted (two times each) DnaK (StressGen)
was loaded onto the membrane as a standard; the amounts used ranged from 1.0
to 0.008 mg. The stained membranes were photographed with a digital camera
(Strategene Eagle Eye) and were analyzed with National Institutes of Health
image software (NIH Image, written by Wayne Rasband of the National Insti-
tutes of Health and available on the Internet by anonymous ftp from zippy.nimh
.nih.gov).

RESULTS

Cellular stress response by heat shock. An increase in the
SFI was observed for the s32, ClpB, and DnaK plasmids in
E. coli JM105 cells that were heat shocked by a temperature
shift from 30 to 42°C (Fig. 2). Also, there was significant pre-
stress fluorescence, which revealed the following pattern of
intensity: pGFPuv-Sigma . pGFPuv-ClpB . pGFPuv-DnaK .
pBR322. Since the RBS and promoter elements were included

FIG. 1. Schematic diagram of recombinant plasmids pGFPuv-Sigma, pGFPuv-
ClpB, and pGFPuv-DnaK. pGFPuv-Sigma, pGFPuv-ClpB, and pGFPuv-DnaK
are pBR322-based plasmids containing three heat shock stress protein promoters
from the heat shock transcription factor s32, the protease ClpB, and the chap-
erone DnaK, respectively, and the reporter gene gfpuv.

FIG. 2. GFPuv (cellular stress) response profiles under heat shock condi-
tions. Symbols: F, pGFPuv-Sigma; E, nonstressed pGFPuv-Sigma; ■, pGFPuv-
ClpB; h, nonstressed pGFPuv-ClpB; Œ, pGFPuv-DnaK; ‚, nonstressed
pGFPuv-DnaK; �, pBR322 (control). The heat shock consisted of transferring
initially resting cells from 30 to 42°C. OD, optical density.
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in the regulatory sequences of the fusions, increasing the flu-
orescence intensity (pre- and poststress) demonstrated that
there was increased transcription and/or translation of the s32

transcription factor, the protease subunit ClpB, and the chap-
erone DnaK. In the case of the strain containing the pGFPuv-
Sigma plasmid, the levels of fluorescence increased within the
first 2 h after the temperature shift. For the pGFPuv-ClpB and
pGFPuv-DnaK plasmids, the levels of fluorescence increased
most after 4 h. The level of fluorescence of rpoH::gfpuv was
always at least 50% greater than the levels of fluorescence of
the clpB::gfpuv and dnaK::gfpuv plasmids under heat shock con-
ditions. Also, because the raw fluorescence data were very
similar to the specific fluorescence data, we concluded that
there was virtually no interference due to the intrinsic fluores-
cence of the cells.

Stress probe sensitivity. To evaluate the sensitivity of GFPuv
monitoring, the pGFPuv-DnaK strain was heat shocked. In
addition, serially diluted GFP and DnaK were analyzed by
fluorescence and Western blotting in order to establish detec-
tion limits and regions of linearity. The results of the DnaK
Western blot and GFP fluorescence analyses are shown in Fig.
3. Although less sensitive, the Western blot analyses confirmed
that there was an increase in DnaK synthesis (Fig. 3A). The
normalized specific DnaK levels and the normalized specific
GFPuv SFIs during heat shock are shown in Fig. 3B. The
DnaK profile was almost identical to the GFPuv fluorescence
profile until 4 h, after which the amount of DnaK leveled off
and the GFP SFI increased. The difference was probably due
to DnaK proteolytic sensitivity. A smaller band was typically
found below DnaK on immunoblots, while GFPuv is stable in
E. coli (11). Note that the time lag for GFPuv chromophore
cyclization is known to be constant, 95 min, so the fluorescence
data were also shifted (as shown) to more accurately track the
appearance of the protein (1). An improved correlation was
obtained for the shifted data. Figure 3C shows the linearity of
the fluorescence intensity down to 0.1 6 0.01, which corre-
sponded to 0.01 mg of protein, and outward to 1.0 mg of
protein. The results for an analogous dilution of DnaK,
detected and quantified by Western blotting (Fig. 3A), re-
vealed a limited linear region from 0.03 to 0.15 mg of protein
(Fig. 3C).

Dose-response curve for ethanol shock. Ethanol is an effi-
cient inducer of heat shock proteins (37), and we evaluated the
ethanol dose-response profile for the pGFPuv-DnaK plasmid
(Fig. 4). At early times after ethanol addition, the fluorescence
response was nonlinear for low ethanol concentrations (,4%,
vol/vol). The fluorescence was linear at all times with ethanol
concentrations ranging from 2 to 4% (vol/vol), and at later
times the response was linear for a wider range of ethanol
concentrations (the r2 value was 0.989 at 8 h for 0 to 4%
[vol/vol] ethanol). Since the slopes of fluorescence-versus-eth-
anol concentration plots for concentrations less than 4% (vol/
vol) and of fluorescence-versus-time plots were positive, the
best sensitivity for backward discrimination of ethanol levels
was at 8 h or at the end of the experiment. Interestingly, as the
ethanol concentration was increased to levels greater than
4% (vol/vol), an apparent toxicity threshold was reached, and
DnaK-promoted GFPuv expression started to decrease at high
ethanol concentrations.

Detection of several environmental insults. The levels of
fluorescence of each strain subjected to several stresses were
also plotted (Fig. 5). A positive response was observed for all
probes and for all but one stress. In the outlier case, IPTG was
added at three concentrations to the ClpB strain. E. coli JM105
cells are lacIq, and there was no plasmid-encoded lac-based
promoter; in the absence of mRNA amplification (which might

have led to stress), there was only a slight increase in fluores-
cence. This finding was consistent with the results of a previous
study in which there were small increases in GroEL, DnaK,
and GroES when IPTG was added to a lac2 strain (31). With
the exception of ethanol addition to the rpoH::gfpuv strain, the
response to each insult was greatest for the rpoH::gfpuv strain
and smallest for the dnaK::gfpuv strain. Figure 5 also shows that
the increases observed with the rpoH::gfpuv strain for the serine
hydroxamate, antifoam agent, and ethanol insults were not
appreciably different than the increases observed with the
unstressed control. Figure 5 does not show temporal results
which revealed that s32 always led the chaperone and pro-
tease subunit. Also, addition of acetic acid (10 g liter21)
quenched fluorescence of the s32 and DnaK plasmids (data
not shown).

FIG. 3. (A) Western blot analysis of DnaK expression after heat shock.
Lanes 1 to 9, samples taken 0, 0.25, 0.5, 1, 2, 3, 4, 6, and 8 h, respectively, after
stress; lanes S1 to S8, serial dilutions of standard DnaK (lane S1 contained 1.0
mg, and lane S8 contained 0.007813 mg; the preparation was serially diluted
twofold per lane for quantification of the linear range and detection limits). (B)
Increase in DnaK after heat shock (Western blot) correlated with GFPuv (SFI).
The heat shock consisted of changing the temperature from 30 to 42°C. The
dotted line shows the results for a 95-min shift in the GFPuv fluorescence profile.
OD, optical density. (C) Fluorescence intensity of serially diluted E. coli JM105
containing GFPuv. The linearity of the fluorescence was demonstrated to be
accurate to 0.1 fluorescence unit (r2 [from 0 to 1 mg] 5 0.999). The DnaK data
are from the Western blot shown in panel A; the results were linear for amounts
ranging from 0.03 to 0.15 mg (r2 5 0.92).
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DISCUSSION

Heat shock stress proteins can for the most part be divided
into the following three categories: effector molecules, such as
the heat shock transcription factor s32, which is a signal for
heat shock protein synthesis; proteases, which play a role in
degrading both foreign and endogenous proteins; and chaper-
ones, which catalyze the native protein folding processes but
also may be “unfoldases” that hold other proteins in slightly
altered configurations while proteases attack and digest them
(35, 43, 48). We constructed three noninvasive stress probe
plasmids to examine the regulatory response of one protein
belonging to each of these broad categories. The proteins stud-
ied were three well-studied heat shock proteins, the heat shock
transcription factor s32, the protease subunit ClpB, and the
chaperone DnaK. The endogenous promoter sequences of the
genes encoding these proteins were used to drive expression of
the novel reporter gene gfpuv. Sensitive detection of cellular
stress was accomplished by simply measuring green fluores-
cence.

We investigated the responses to several imposed stresses
(heat shock; addition of serine hydroxamate, which was a strin-
gent stress; several environmental stresses, including IPTG,
acetic acid, antifoam agent, and osmotic pressure; and the
chemical pollutants ethanol and phenol) under resting cell
conditions. We employed the resting cell state in this work for
two reasons. First, it was simple; that is, the resting cell state
can be considered a pseudo-steady state much like the steady
state in a continuous culture, in which a perturbation is easily
detected as a transient response from the steady state. Second,
based on the recent work of Rupani et al. (41), we might have
expected a minimal response or no response in resting cells,
which would have provided a more stringent test of GFPuv
sensitivity. In their work performed with the grpE promoter
used to drive luciferase, Rupani et al. observed no response in
cells entering the stationary phase of a batch culture or in cells
cultivated in a chemostat at dilution rates less than 0.25 h21

(41). They also found that the dnaK-regulated luciferase re-
sponses were typically 1 order of magnitude lower than the
grpE-regulated responses. Our results, therefore, are notewor-
thy in that significant responses for s32, DnaK, and ClpB were

obtained with resting cells. Like grpE, the genes which we
studied normally respond most to stress when the cells are in a
growth phase (21, 26, 58). One possible explanation for the
results is that the GFP system requires expression of only one
protein instead of the five lux genes of the V. fischeri operon. In
addition, luciferase requires ATP for bioluminescence, while
GFP requires only molecular oxygen (24). Thus, at low growth
rates or in resting cells, there may be less available ATP, while
molecular oxygen should be abundant. Also, there was little
confounding increase in fluorescence due to increasing cell
mass, as would be the case in growing cultures.

A negative aspect of the resting cell state was the relatively
long response time. In part, however, the delayed response was
due to the delay in fluorescence following GFP expression (1,
13). The first significant increase in the fluorescence of the s32

strain was roughly 2 h after the heat shock. Interestingly, a
more dramatic increase followed after 4 h (Fig. 2A). This
biphasic profile was similar to the profile obtained by Tomo-
yasu et al. for a mutant strain lacking FtsH (HflB), the mem-
brane-bound protease that degrades s32 (49). These authors
observed an initial increase in the level of s32 within 5 min
after the heat shock, which was followed later (;20 min) by

FIG. 5. Detection of stress after several insults. (A) rpoH::gfpuv. (B) dnaK::
gfpuv. (C) clpB::gfpuv. The controls were not stressed. Other resting cell prepa-
rations were subjected to the following stresses at time zero: heat shock, 100 mg
of serine hydroxamate per liter, 0.2 ml of antifoam agent (Dow Corning) per
liter, 40 g of NaCl per liter, 4% (vol/vol) ethanol, and 1 g of phenol per liter. An
IPTG test was performed by using 1, 3, and 5 mM IPTG and clpB::gfpuv. The
RFIs were determined at 8 h.

FIG. 4. Dose-response curves for dnaK::gfpuv under ethanol-imposed stress
conditions. Samples were taken every 30 min. Symbols: }, samples taken at time
zero; �, Œ, ■, and F, samples taken 2, 4, 6, and 8 h, respectively, after ethanol
was added. OD, optical density.
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another increase and ultimately by a sustained threefold accu-
mulation. In addition to demonstrating that FtsH was involved
in destabilizing s32, Tomoyasu et al. showed that s32 expres-
sion occurred for at least 1 h after the heat shock. Our rpoH::
gfpuv results are qualitatively similar except for the time scale.
Interestingly, by shifting the GFP fluorescence data by ;95
min, we improved the agreement between our results and
those of Tomoyasu et al. (49). Similar results were obtained
previously for GFP (1, 40), and in this study a ;95-min shift
improved the correlation between GFPuv fluorescence and the
DnaK level (Fig. 3B).

It was also interesting that two chemical pollutants, ethanol
and phenol, were efficient inducers of the heat shock proteins
(Fig. 5), suggesting the stress probe strains may be useful as
noninvasive biological sensors for chemical detection and tests
for toxicity of specific pollutants (51). Naturally, the responses
might be dependent on the dose of the imposed stress. In order
for a compound to be useful as a biological sensor, a significant
response should occur at a dose that is less than the dose which
is toxic to E. coli or otherwise inhibits cell growth (e.g., 4%
[vol/vol] ethanol [41]). Conversely, there may be a minimum
threshold level needed to elicit a response (41, 51). For exam-
ple, there was no dnaK::gfp response at ethanol concentrations
less than 1% soon after addition (Fig. 4). However, the re-
sponse was always linear at concentrations ranging from 2 to
4%, and excellent results were obtained at the last sample
times examined (8 h). Indeed, in each case, the fluorescence of
the stressed cells was greater than the fluorescence of the
controls, and the difference increased with time because of
both the relatively long cyclization time of the GFP chro-
mophore and the stability of GFPuv.

Although different stress response profiles were obtained for
the three plasmids after different stresses were imposed, sev-
eral general trends were evident. First, the fluorescence inten-
sity of the s32 heat shock transcription factor was greatest,
followed by the fluorescence intensity of the chaperone DnaK
and the fluorescence intensity of the protease subunit ClpB.
Furthermore, only the ethanol shock resulted in a significant
difference between DnaK fluorescence and ClpB fluorescence.
The order of the relative cellular GFPuv levels under normal
cell growth conditions was similar to the order under stressed
conditions (s32 . ClpB . DnaK [data not shown]). Also, we
found that the fluorescence followed a similar trend in the
prestress samples (s32 . ClpB . DnaK) (Fig. 2). These results
indicated that there was more constitutive or background tran-
scription and/or translation of s32, which perhaps reflected the
numbers of promoter elements within the upstream regulatory
regions of the plasmids used (p3, p4, and p5 of rpoH for rpoH::
gfp versus p1 and p2 of dnaK for dnak::gfp).

We also found that the heat shock transcription factor s32

generally responded fastest to stress, which is consistent with
the role of this factor as the principal regulator of heat shock
protein synthesis (36, 58) and the specific regulator of DnaK
and ClpB (2, 28). Our s32 results were consistent with the
results of Nagai et al. (36) and other workers (22, 47), who
demonstrated that s32 is upregulated upon heat shock and that
rapid accumulation of s32 is not just due to increased stability
(through sequestration of DnaJ, DnaK, and GrpE in protease
pathways) (29). Interestingly, the principal regulatory compo-
nent for upregulation (the translational control region) was not
in our plasmid construct. This s32 result was observed in ex-
periments in which highly affected sources of stress, such as
heat shock, osmotic pressure, ethanol, and phenol, were used.

In summary, one of the three stress probes which we con-
structed, the s32 plasmid, responded more rapidly and to a
larger extent than the others, suggesting that it has greater

utility for discriminating between elicitors of the heat shock
response. Also, although the GFP-based fluorescence method
described here is rather slow, much greater sensitivity was
obtained than could be obtained by Western analysis, which
requires cell disruption, SDS-PAGE, electrotransfer, blotting,
and imaging.
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