
JOURNAL OF BACTERIOLOGY,
0021-9193/01/$04.00�0 DOI: 10.1128/JB.183.23.6752–6762.2001

Dec. 2001, p. 6752–6762 Vol. 183, No. 23

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Predictive and Interpretive Simulation of Green Fluorescent
Protein Expression in Reporter Bacteria

JOHAN H. J. LEVEAU* AND STEVEN E. LINDOW

Department of Plant & Microbial Biology, University of California, Berkeley, California 94720

Received 3 April 2001/Accepted 11 September 2001

We have formulated a numerical model that simulates the accumulation of green fluorescent protein (GFP)
in bacterial cells from a generic promoter-gfp fusion. The model takes into account the activity of the promoter,
the time it takes GFP to mature into its fluorescent form, the susceptibility of GFP to proteolytic degradation,
and the growth rate of the bacteria. From the model, we derived a simple formula with which promoter activity
can be inferred easily and quantitatively from actual measurements of GFP fluorescence in growing bacterial
cultures. To test the usefulness of the formula, we determined the activity of the LacI-repressible promoter
PA1/O4/O3 in response to increasing concentrations of the inducer IPTG (isopropyl-�-D-thiogalactopyranoside)
and were able to predict cooperativity between the LacI repressors on each of the two operator sites within
PA1/O4/O3. Aided by the model, we also quantified the proteolytic degradation of GFP[AAV], GFP[ASV], and
GFP[LVA], which are popular variants of GFP with reduced stability in bacteria. Best described by Michaelis-
Menten kinetics, the rate at which these variants were degraded was a function of the activity of the promoter
that drives their synthesis: a weak promoter yielded proportionally less GFP fluorescence than a strong one.
The degree of disproportionality is species dependent: the effect was more pronounced in Erwinia herbicola than
in Escherichia coli. This phenomenon has important implications for the interpretation of fluorescence from
bacterial reporters based on these GFP variants. The model furthermore predicted a significant effect of growth
rate on the GFP content of individual bacteria, which if not accounted for might lead to misinterpretation of
GFP data. In practice, our model will be helpful for prior testing of different combinations of promoter-gfp
fusions that best fit the application of a particular bacterial reporter strain, and also for the interpretation of
actual GFP fluorescence data that are obtained with that reporter.

Green fluorescent protein (GFP) has become a popular
reporter for gene activity in bacteria. In this capacity, it is
generally being used in one of two ways: either to establish the
conditional expression of a gene in response to a specific sub-
stance, growth condition, or habitat (5, 6, 15, 21, 23, 40, 45, 48)
or to analyze a sample or habitat for a substance or condition
to which a particular gene is known to be responsive (3, 8, 10,
16, 17, 22, 26, 35). In both cases, the assessment of whether or
not a particular gene or its promoter is responsive is based on
the comparison of GFP fluorescence in cells from two popu-
lations: for example, one grown in the presence of a substance
and the other grown in its absence or one grown in vivo com-
pared to the other in vitro.

The experimental set-up usually dictates the method by
which GFP fluorescence is quantified. Cell suspensions or cul-
ture aliquots are commonly analyzed by fluorimetry. Fluores-
cence measured this way is normalized for the number of cells
in the sample to obtain an average fluorescence per cell, which
can then be compared to that of other cell suspensions. Using
fluorescent flow cytometry or image cytometry, which are more
sensitive methods, it is possible to measure GFP fluorescence
emitted from individual bacteria. Such approaches become
necessary when cells have to be analyzed directly in situ, e.g., to
establish habitat-specific gene expression (46), when cells are
so few that their combined fluorescence drops below the de-

tection capacity of a fluorimeter, or when it is anticipated that
the bacterial population under investigation is divided into
subpopulations that are exposed to different conditions (26).
Single-cell GFP contents are often represented in histograms
or normal probability plots, which offer the advantage of in-
stant appreciation for the variation among cells within the
same population and present a convenient way of comparing
GFP content in cells from different populations.

Ideally, the output of a reporter protein should reflect as
closely as possible the activity of the promoter that drives its
expression. GFP fluorescence has been validated as a reporter
output by direct comparison to more traditional reporter pro-
teins such as �-galactosidase (28, 39) and chloramphenicol
acetyltransferase (1). Still, two properties that are unique to
GFP have been recognized as less desirable when trying to
infer promoter activity from fluorescence measurements. First,
newly synthesized GFP must undergo a series of self-modifi-
cations in order to become fluorescent (44). The rate-limiting
step in this maturation process requires oxygen and occurs with
pseudo-first-order kinetics (18), which means for the wild-type
GFP from the jellyfish Aequorea victoria (11) that the appear-
ance of fluorescence lags some 3.5 h behind the actual synthe-
sis of the protein (2). Second, GFP is unusually resistant to
proteolysis (44), with a half-life time reported as �1 day in vivo
(4). This means that once made, GFP will persist in a cell even
after the promoter that drives its expression is shut down. Both
these properties have been addressed by the creation of GFP
variants such as enhanced GFP (EGFP) (34) and GFPmut3
(12), which have significantly reduced maturation times, and
unstable variants GFP[ASV], GFP[AAV], and GFP[LVA] (4),
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which were engineered to become susceptible to degradation
by ClpXP-type proteases (14, 24).

With the need for GFP variants such as those described
above comes the realization that promoter activity is not the
only factor governing a cell’s GFP content. Conversely, a shift
in GFP content is not necessarily indicative of a change in
promoter activity. For example, a decrease in protease activity
may well cause an accumulation of GFP in bacterial reporter
cells, which in turn could easily be misinterpreted as an in-
crease in promoter activity. Another important factor to con-
sider is growth rate: the faster cells divide, the faster GFP is
diluted. Therefore, growth rate should be expected to have a
considerable impact on GFP content. It was mentioned, for
example, that Pseudoalteromonas cells expressing GFP ap-
peared dimmer on rich medium than on minimal medium (42).

We set out to understand how exactly promoter activity,
maturation rate, proteolytic degradation, and cell division rate
in combination determine GFP content. Our approach was
based on the formulation of a structured numerical model that
describes the accumulation of fluorescent GFP from a promo-
ter-gfp fusion in a single bacterial cell. The model proved to be
very useful by providing us with a set of formulas that made it
possible to extract parameter values from actual fluorescence
measurements. These parameters then allowed us to accu-
rately predict and interpret the accumulation of fluorescent
GFP, both in bacterial cultures and in individual bacterial cells.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and promoter-gfp constructs. Escherichia
coli DH5� (38) and Erwinia herbicola 299R (9) were grown aerobically in Luria-
Bertani (LB) broth or M9 minimal medium (38) supplemented with 0.2%
Casamino Acids (Difco Laboratories, Detroit, Mich.) plus 0.4% galactose or
fructose. Where appropriate, kanamycin (Km) and tetracycline (Tc) were added
at final concentrations of 50 and 15 �g/ml, respectively.

Plasmid pJBA28 (4) contains a mini-Tn5-Km cassette (13) that encompasses
a fusion of the LacI-repressible promoter PA1/O4/O3 (Bujard laboratory, unpub-
lished) (also referred to as PA1lacO-1 in reference 29) to an S2R-modified version
of the gfpmut3 gene (12). Plasmids pJBA116, pJBA118, and pJBA120 (4) differ
from pJBA28 in that they carry gfp[AAV], gfp[ASV], and gfp[LVA], respectively,
which code for unstable variants of GFPmut3. The PA1/O4/O3-gfp fusions were
inserted as mini-Tn5 cassettes on the chromosome of E. herbicola 299R by
triparental mating with donor strain E. coli MV1190(�-pir) (19) and helper E.
coli DH5�(pRK2073) (7). Each of the resulting strains of 299R was then trans-
formed with plasmid pCPP39 (D. Bauer, unpublished), which confers resistance
to Tc and harbors the lacIq gene (32) for control of PA1/O4/O3 activity by isopro-
pyl-�-D-thiogalactopyranoside (IPTG). Plasmids pPfruB-gfp[tagless], pPfruB-
gfp[AAV], pPfruB-gfp[ASV], and pPfruB-gfp[LVA] contain the E. coli DH5� fruB
promoter (36) in promoter-probe vectors pPROBE-gfp[tagless], -gfp[AAV],
-gfp[ASV], and -gfp[LVA], respectively (31). Plasmid pPfruB-gfp[AAV] has been
described elsewhere (26) and expresses an unstable variant of EGFP (18) in
response to fructose. Plasmids pPfruB-gfp[tagless], -gfp[ASV], and -gfp[LVA] are
identical to pPfruB-gfp[AAV] except for the stability of the GFP that they express.

Determination of culture growth and GFP fluorescence in bacterial cultures
and in individual cells. Bacterial growth was followed as optical density (OD) at
600 nm using a Perkin-Elmer Lambda 3A UV/VIS spectrophotometer (Perkin-
Elmer, Norwalk, Conn.). GFP fluorescence in bacterial cultures was determined
in a Perkin-Elmer LS50B luminescence spectrometer that was set at an excitation
wavelength of 490 nm and an emission wavelength of 510 nm (with a slit width
of 8 nm in both cases). GFP content of individual cells was determined as
described previously (26) by epifluorescence microscopy on a Zeiss Axiophot
microscope (Zeiss, Oberkochen, Germany) and quantitative image analysis using
IPLab software (Scanalytics, Fairfax, Va.).

Simulations and best-fit procedures. All simulations of the model were per-
formed with Gepasi software version 3.21 (30) or in Microsoft Excel (Microsoft
Corporation, Redmond, Wash.). The response of the PA1/O4/O3 promoter to

different concentrations of IPTG was fitted to the Hill equation using GraphPad
Prism version 3.00 for Windows (GraphPad Software, San Diego, Calif.).

RESULTS

Formulation of a model for GFP accumulation in single
bacterial cells. We formulated a structured model that is sim-
ilar to but differs in important ways from the one described by
Subramanian and Srienc for GFP accumulation in transfected
mammalian cells (43). Consider a bacterial cell that harbors a
gene for GFP fused to promoter P. Its fluorescent GFP content
(fGFP) will depend on the rate at which nonfluorescent GFP
(nGFP) is synthesized from P, on the rate of maturation from
nGFP to fGFP, on the growth rate of the bacterium, and on the
rate with which both nGFP and fGFP are degraded by pro-
teases (Fig. 1). Changes in nGFP and fGFP over time can be
expressed as follows:

�n
�t � P � m � n � � � n � Dn (1)

and

�f
�t � m � n � � � f � Df, (2)

in which n is nGFP content (nGFP per cell), t is time (hours),
P is promoter activity (nGFP per cell per hour), m is the
maturation constant (per hour), � is the growth rate (per
hour), Dn is the degradation rate of nGFP (nGFP per cell per
hour), f is fGFP content (fGFP per cell), and Df is the degra-
dation rate of fGFP (fGFP per cell per hour). Whereas Sub-
ramanian and Srienc dissected the output from promoter P
into single-component parameters such as transcription initia-
tion rate, mRNA stability, and translation efficiency, we com-
bined the kinetics of transcription and translation into the
single value P.

Maturation can be described as a first-order reaction (18),
and constant m can be calculated as ln(2) divided by the time
constant of GFP maturation, which has been determined as
2.0 h for wild-type GFP (wtGFP) and 0.45 h for faster-folding
S65T mutants such as EGFP (18). For an S65G mutant like
GFPmut3, a time constant has not been determined but prob-

FIG. 1. Flow diagram showing how a bacterium’s fluorescent GFP
content (f) is a function of maturation from a pool of nonfluorescent
GFP (n), degradation by proteases, and dilution by cell division. The
pool of n is depleted by maturation, degradation, and dilution and
replenished by transcription and translation from a promoter-gfp fu-
sion.
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ably closely resembles that of S65T mutants (44). We further
assumed that degradation of GFP obeys Michaelis-Menten
kinetics and that the protease responsible for degradation
would not discriminate between nGFP and fGFP:

Dn � Dmax �
n

n � f � KM
(3)

and

Df � Dmax �
f

n � f � KM
(4)

in which Dmax represents the maximal proteolytic activity (GFP
per cell per hour) and KM represents the combined GFP con-
tent per cell (i.e., nGFP � fGFP per cell) at which the sum of
Dn and Df equals 1/2 � Dmax.

Others (4, 43) have expressed the degradation of GFP and
its unstable variants not in terms of Michaelis-Menten kinetics
but instead as a first-order reaction. Under this assumption,
the rate of degradation of n and f, i.e., Dn and Df, equals k � n
and k � f, respectively, in which k is the rate constant, which
amounts to ln(2) divided by the half-life time of the protein.
There is a crucial distinction between the two ways of describ-
ing GFP degradation that has important implications for how
much fluorescent GFP will actually accumulate in a cell. With
first-order kinetics, there is no limit on the rate of degradation:
the higher n or f, the faster they are degraded. With Michaelis-
Menten kinetics, degradation is dependent on the abundance
of n and f as well, but there is a limit to the rate of degradation,
which is set as Dmax. This Dmax may be thought of as the
maximal capacity of the proteases that are present in a bacte-
rial cell. Beyond a certain concentration of GFP, which is
determined by the KM value, their combined proteolytic activ-
ity is not influenced by further increases in GFP content. Later
on (Fig. 4), we will present experimental data that strongly
favor the Michaelis-Menten model for degradation of GFP
variants such as GFP[ASV], GFP[AAV], and GFP[LVA].

In steady state, both �n/�t and �f/�t equal zero, so that from
equations 1 and 2 it follows that:

nss �
P � Dnss

m � �
(5)

and

fss �
m � nss � Dfss

�
(6)

in which nss, fss, Dnss
, and Dfss

represent steady-state values for
n, f, Dn, and Df, respectively. Equations 5 and 6 can be com-
bined with equations 3 and 4 to eliminate �, Dnss

, Dfss
, Dmax,

and KM and produce:

nss � �
fss

2 � fss � � P
m � fss

�
1
4, (7)

and

fss �
nss

P
m � nss

� 1
(8)

which describe nss as a function of fss or vice versa. From these
equations, it is apparent that the ratio of fluorescent to non-
fluorescent GFP in a balanced cell is dependent only on the
rate at which nonfluorescent GFP appears and matures, not on
the rate of degradation or growth. This implies that if f, P, and
m are known, n can be calculated.

Adoption of single-cell model to describe GFP accumulation
in bacterial cultures. With the model we describe above, it is
possible to simulate the dynamics of fluorescent GFP expres-
sion in a single bacterial cell with the help of a spreadsheet
program like Microsoft Excel or a more sophisticated applica-
tion like Gepasi (30). In these simulations, parameters such as
promoter strength, degradation capacity, and growth rate can
be changed freely to assess how they affect, individually or in
combination, the rates and levels of GFP accumulation. In this
and the following sections, we will describe how parameter
values for P, Dmax, and KM can be approximated from fluores-
cence measurements on growing bacterial cultures, and go on
to show how these values can be used to accurately predict
patterns of GFP accumulation in bacterial individuals or pop-
ulations.

In practice, the GFP content of a bacterial culture is mea-
sured as fluorescence (F, in relative light units [RLU]) and the
cell density usually as optical density (OD). If we assume that
F is proportional to the amount of fGFP per unit of volume
and OD to the number of cells per unit of volume (33), then
the quotient F/OD (or cell density-normalized fluorescence,
RLU per OD unit) is proportional to the amount of fGFP per
cell, i.e., f in the single-cell model above. Similarly, n is pro-
portional to the nonfluorescence (N) of a culture normalized
for cell density, i.e., N/OD (relative nonlight units [RNU] per
OD unit). This means that the single-cell model can be
adopted to predict accumulation of GFP in culture simply by
changing units from fGFP or nGFP per cell to RLU or RNU
per OD unit. Changes in F and OD can be described as:

�F
�t � m � N � OD � Df (9)

and

�OD
�t � � � OD. (10)

Combined, these equations result in

�F
�OD �

	m � N � OD � Df
 � �t
	� � OD
 � �t �

m �
N

OD � Df

�

�
m � n � Df

�
(11)

This quotient, �F/�OD, is essentially the slope of the tangent
line through each point of the curve in a plot of F as a function
of OD. Comparison of equations 11 and 6 reveals that �F/�OD
equals fss. Since fss is a constant, we predict that the F,OD plot
should produce a straight line with slope �F/�OD.

Estimation of promoter activities from experimental GFP
fluorescence data using F,OD plots. Equations 5 and 6 can be
combined as:
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P � fss � � � �1 �
�

m� � Dnss � Dfss � �1 �
�

m�. (12)

If GFP is stable and not subject to proteolytic degradation, Dnss

and Dfss
equal zero, so that equation 12 can be simplified to:

P � fss � � � �1 �
�

m�. (13)

Note how a reduction in � would cause an increase in fss given
a constant value for P. In other words, a cell expressing GFP
from a promoter with constant activity will appear brighter if it
is growing more slowly. If not corrected for this growth effect,
the promoter activity in this cell would be overestimated based
on GFP fluorescence alone.

Using formula 13, promoter strength P can be estimated
from experimentally determined values for �F/�OD and �.
This is illustrated in Fig. 2 for cultures of E. herbicola
299R::PA1/O4/O3-gfpmut3(pCPP39). This strain harbors a chro-
mosomal fusion of the LacI-repressible promoter PA1/O4/O3 to
a gene for GFPmut3. In the absence of IPTG, the culture
appeared no more fluorescent (Fig. 2A) than a culture of wt
299R that carried no gfp fusion at all (not shown). This is due
to the LacI repressor protein, which is expressed from plasmid
pCPP39 and binds to two operator sites, O4 and O3, in the
PA1/O4/O3 promoter region (29), thereby preventing transcrip-
tion of the gfpmut3 gene. In the presence of IPTG, LacI loses
its affinity to O4 and O3, which allows transcription to occur.
Indeed, we saw GFP fluorescence accumulate steadily towards
an apparent plateau (Fig. 2A). As predicted, an F,OD plot of
the same data revealed two straight lines (Fig. 2B) with slopes
of 238 � 3 and 12.6 � 0.4 RLU OD�1 in the presence and
absence of IPTG, respectively. Incidentally, these values nicely
predicted the apparent steady-state levels for fluorescent GFP
content (Fig. 2A, broken horizontal lines), as would be ex-
pected since �F/�OD equals fss.

To calculate the activities of PA1/O4/O3 in the presence and
absence of IPTG (P�IPTG and P�IPTG), we first corrected the
�F/�OD values for background fluorescence. This was deter-
mined as the �F/�OD of a wt E. herbicola 299R culture growing
under the same conditions (not shown), and amounted to
11.7 � 0.2 RLU OD�1. Corrected �F/�OD values were then
substituted for fss in equation 13, together with 0.71 � 0.02 h�1

for growth rate � (Fig. 2C) and ln(2)/0.45 
 1.54 h�1 for

maturation constant m. The values of P�IPTG and P�IPTG thus
computed were 235 � 12 and 1 � 1 RNU OD�1 h�1, respec-
tively. Note that the units for promoter activity reflect the
synthesis rate of immature GFP or nonfluorescence, hence the
number of RNU per OD unit per hour. From these values for
P, we conclude that the activity of promoter P was induced by
a factor of 235 in the presence of IPTG.

This experiment illustrates quite well another reason why it
is not always appropriate to interpret GFP content as a quan-
titative measure of promoter activity. Because it takes the
induced cells much longer to achieve steady state than the
uninduced cells (Fig. 2A), the time of sampling becomes crit-
ical: the data at t 
 1.8 h would have suggested an induction
factor that is about twofold lower than at t 
 3.8 h. Only when
steady state is achieved in both cultures would a comparison of
GFP content be justified to compare promoter activities. This
follows from equation 13: since � and m are the same for the
uninduced and induced cultures, fss

�IPTG/fss
�IPTG equals

P�IPTG/P�IPTG. In some experiments, however, a steady state
may never be reached because the culture enters stationary
phase long before that. The great advantage of an F,OD plot is
that steady state can be predicted before it is established.

Application of the model: quantitative description of the
PA1/O4/O3 promoter. We grew cultures of E. herbicola
299R::PA1/O4/O3-gfpmut3(pCPP39) in the presence of increas-
ing amounts of IPTG and determined in each case a corre-
sponding value for P, as described above. The resulting curve
had a sigmoidal shape that is typical of a saturable response
(Fig. 3). The range of IPTG concentrations over which
PA1/O4/O3 activity could be modulated was quite narrow, be-
tween 0.1 and 1 mM. We fitted the observed data points to the
Hill equation (20):

P � Pmax �
�IPTG�h

�IPTG�h � Kh (14)

in which Pmax is the maximal promoter activity (RNU per OD
unit per hour), [IPTG] is the concentration of IPTG in the
culture medium (micromolar), h is the Hill coefficient (unit-
less), and K is the IPTG concentration at which P equals 1/2 �
Pmax. The fit (Fig. 3, bold line) revealed that Pmax equaled
720 � 13 RNU OD�1 h�1 and K 
 323 � 15 �M. We mea-
sured P[IPTG]
0 
 1 � 1 RNU OD�1 h�1, which means that
PA1/O4/O3 activity was adjustable over a �720-fold range.

FIG. 2. Accumulation of GFP fluorescence in cultures of E. herbicola 299R::PA1/O4/O3-gfpmut3(pCPP39) growing on galactose in the presence
(solid squares) or absence (open squares) of IPTG. Fluorescence was normalized for cell density and plotted as a function of time (A). Broken
horizontal lines indicate steady-state levels of fluorescent GFP that were predicted from the slopes in a corresponding F,OD plot (B). Growth was
exponential in both cultures and occurred at the same fast rate (C; open squares largely overlap solid squares).
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In E. coli, the same promoter has been shown to be inducible
350-fold (29). Quite to our surprise, we found a value of 2.0 �
0.1 for the Hill coefficient. This suggests that LacI repressors at
the O4 and O3 binding sites act cooperatively in response to
IPTG. In the absence of such cooperativity, h would be closer
to 1, the dose-response curve would appear flatter (Fig. 3, thin
line), and the window for modulation by IPTG would be much
wider, i.e., from 10 �M to 10 mM. No cooperativity has been
reported for IPTG-induced activation of PA1/O4/O3, so our pre-
diction remains to be verified. This example shows the utility of
our approach to obtain accurate and quantitative information
on the activity of inducible promoter-gfp fusions.

Accumulation of fluorescence in cultures expressing un-
stable variants of GFP. To investigate the effect of GFP
stability on the accumulation of fluorescence, we repeated
the IPTG induction experiments with cells of E. herbicola
299R::PA1/O4/O3-gfp(pCPP39) that had the gene for stable GFP
replaced with that for one of the unstable variants GFP[AAV],
GFP[ASV], or GFP[LVA] (4). From the resulting F,OD plots
(not shown), we obtained estimates for steady-state fluores-
cence fss and calculated corresponding values for P using equa-
tion 13. Under the assumption that degradation of GFP obeys
Michaelis-Menten kinetics, this apparent P, or Papp, is equal to
P � Dnss

� Dfss
� (1 � �/m) and quantifies how much of pro-

moter activity P actually goes into making fluorescent GFP.
The rest, i.e., P � Papp, or Dnss

� Dfss
� (1 � �/m), is wasted on

proteolytic degradation. This “waste” can also be written as
Dnss

� Dfss
� Dfss

� �/m, or Dmax � (nss � fss � � � fss/m)/(nss �
fss � KM). At high values of P, when GFP content is much
larger than the Michaelis-Menten constant (nss � fss �� KM),
this approximates to Dmax � (nss � fss � � � fss/m)/(nss � fss), or
Dmax � (1 � a � �/m), in which a is the fraction fss/(nss � fss). As
a must lie between 0 and 1, P � Papp amounts to anywhere
between Dmax (if a 
 0) and (1 � �/m) � Dmax (if a 
 1), and
because a tends to change relatively little in the range of high
promoter activities, P � Papp is essentially constant. If, on the
other hand, the degradation of GFP is a first-order reaction
with constant k, then Papp would be equal to P � b/c � (b �

m)/(c � m), in which b 
 � and c 
 � � k. The waste in this
case would be equal to P � Papp 
 P � [1 � b/c � (b � m)/(c �
m)], which is not constant but proportional to P.

This difference provides a good test for whether the degra-
dation of unstable GFP in E. herbicola 299R occurs via
Michaelis-Menten or first-order kinetics. In the latter case, we
would expect that a plot of Papp as a function of P would
produce a straight line through the origin and with a slope
equal to b/c � (b � m)/(c � m). In the case of Michaelis-
Menten kinetics, we instead expect a curve that at higher
values of P turns into a line that is more or less parallel to the
one described by Papp 
 P but shifted to the right over a
distance of Dmax � (1 � a � �/m). In Fig. 4, we plotted Papp as
a function of P for each of the E. herbicola 299R::PA1/O4/O3-
gfp(pCPP39) cultures expressing unstable GFP. Based on the
shapes of the curves obtained with GFP[AAV] and GFP
[LVA], we reject the hypothesis that the degradation of these
variants in strain 299R is a first-order reaction. Instead, the
points fall into a pattern that is consistent with the prediction
for Michaelis-Menten kinetics.

Comparison of GFP[AAV] and GFP[LVA] suggests that the
latter is more susceptible to proteolytic activity, as the data
points are shifted to the right over a greater distance. Inter-
estingly, the results we obtained with the GFP[ASV] variant
could actually be explained with first-order kinetics: a best-fit
line through the data points indicates a slope of 0.63, which
corresponds to k 
 0.29 h�1, or a half-life of 2.4 h. This is close
to the half-life value of 110 min estimated for GFP[ASV] in
E. coli (4). However, we must assume that this variant too is
degraded according to Michaelis-Menten kinetics. The flatness
of the curve simply indicates that GFP[ASV] is more resistant
to protease degradation than GFP[AAV] and GFP[LVA] and
that the degradation of this variant is not yet saturated at the
promoter activities that were tested here.

Estimation of parameters that determine the proteolytic
degradation of unstable GFP variants. The F,OD plot of a
culture expressing unstable GFP from a promoter with known
activity P can be used to derive steady-state values for Dn and
Df, which can then be used to estimate Dmax and KM for the
unstable variant, as follows. First, slope �F/�OD supplies the
value for fss, which is used to calculate nss using equation 7.
Next, Dnss

and Dfss
are obtained from equations 5 and 6. By

combination of equations 3 and 4, it follows that during steady
state:

Dnss � Dfss � Dmax

nss � fss

nss � fss � KM
(15)

which is essentially a Michaelis-Menten equation that de-
scribes the sum of Dnss

and Dfss
as a function of the sum of nss

and fss. This equation can be transformed into a Lineweaver-
Burk equation:

1
	Dnss � Dfss


�
KM

Dmax
�

1
	nss � fss


�
1

Dmax
. (16)

A plot of 1/(Dnss
� Dfss

) versus 1/(nss � fss) should yield a line
with a slope of KM/Dmax and a vertical intercept of 1/Dmax.
From the slope and intercept, values for Dmax and KM can be
computed. However, it should be noted that a single value of P
yields only one value of nss, fss, Dnss

, and Dfss
, i.e., only one value

FIG. 3. Modulation of PA1/O4/O3 activity by IPTG. Cultures of E.
herbicola 299R::PA1/O4/O3-gfpmut3(pCPP39) were grown in LB broth
supplemented with different concentrations of IPTG (molar). The
corresponding promoter activities were plotted as a function of
log[IPTG]. The bold line shows the best fit through the data points
using the Hill equation (see text for parameters). The thin line repre-
sents the same function but with a Hill coefficient of 1.
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for 1/(Dnss
� Dfss

) and one for 1/(nss � fss), which together
produce a single point, not a line, on the Lineweaver-Burk
plot. To obtain more points, promoter activity P will have to be
varied to produce for each value P a set of cognate values for
nss, fss, Dnss

, and Dfss
.

We applied this theory to F,OD plots from E. herbicola 299R
cultures that expressed unstable GFP[ASV], GFP[AAV], or

GFP[LVA] from the IPTG-modulated promoter PA1/O4/O3. Fig-
ure 5 shows, as an example, the Lineweaver-Burk plot that was
obtained for 299R::PA1/O4/O3-gfp[AAV](pCPP39). The three
points in the plot represent the three cultures of this strain that
were grown in the presence of 80, 160, or 320 �M IPTG. From
slope KM/Dmax 
 1.50 � 0.05 � 10�1 and intercept 1/Dmax 

4.31 � 0.36 � 10�3 of the straight line through all three points,
we computed Dmax 
 232 RNU (or RLU) OD�1 h�1, and KM


 35 RNU (or RLU) OD�1. Similarly, we found Dmax 
 490
and KM 
 2 for GFP[LVA], and Dmax 
 592 and KM 
 1.50 �
103 for GFP[ASV] (not shown). These values were used to
simulate, using Gepasi software, Papp as a function of P for
each of the unstable GFP variants. These simulations are
drawn in Fig. 4 as solid lines and fit the observed data as
expected.

Instead of plotting simulations of Papp as a function of P, we
can also plot Papp/P as a function of P (Fig. 6A). The quotient
Papp/P expresses the “effective” promoter activity as a fraction
of P, whereas 1 � Papp/P denotes the fraction of P lost to
proteolytic degradation. From the left-to-right upward trend of
all curves in Fig. 6A, it follows that weak promoters in 299R
lose a proportionally larger fraction of their activity to degra-
dation than stronger promoters. This effect of disproportional
reduction is most evident with GFP[AAV] and GFP[LVA] and
has interesting consequences for any promoter fusion that is
inducible. It means that an x-fold induction in promoter activ-
ity results in an increase in GFP fluorescence that would be
greater than x-fold. For example, while a shift in IPTG con-
centration from 80 to 320 �M raised the activity of PA1/O4/O3 in
299R::PA1/O4/O3-gfp[AAV](pCPP39) approximately 8-fold from
50 to 406 RNU OD�1 h�1, steady-state levels of normalized

FIG. 4. Comparison of apparent and true promoter activities (Papp
and P, respectively) as a test for the degradation kinetics of unstable
variants GFP[AAV] (A), GFP[LVA] (B), and GFP[ASV] (C). Cultures
of E. herbicola 299R::PA1/O4/O3-gfp(pCPP39) expressing GFP[AAV],
GFP[LVA], or GFP[ASV] were grown in LB in the presence of 80,
160, 320, 640, or 1,280 �M IPTG. From F,OD plots, we determined
values for �F/�OD and calculated corresponding apparent values for P
from equation 13. These values of Papp were plotted as a function of
the corresponding values for true promoter activity P, which were
determined from a culture of 299R::PA1/O4/O3-gfp(pCPP39) expressing
stable GFP in response to the same concentrations of IPTG. The
dashed line represents the reference line Papp 
 P, whereas the solid
lines represent a Gepasi simulation of Papp as a function of P, assuming
experimentally determined estimates for Dmax and KM for each of the
unstable GFP variants (see Fig. 5 and text).

FIG. 5. Lineweaver-Burk plot to extract values for Dmax and KM
that determine GFP[AAV] degradation in E. herbicola 299R. Cultures
of 299R::PA1/O4/O3-gfp[AAV](pCPP39) were grown in LB in the pres-
ence of 80, 160, or 320 �M IPTG. From F,OD plots, we determined
�F/�OD values of 1.7, 7.71, and 128 RLU OD�1 h�1, respectively.
These were substituted for fss in equation 8, together with the respec-
tive values for P from Fig. 3, to calculate nss. From equations 5 and 6,
we then calculated cognate values for Dnss

and Dfss
, substituting �

with observed values of 0.69, 0.69, and 0.73 h�1, respectively. The
inverse of the sum of nss and fss was plotted as a function of the
inverse of (Dnss

� Dfss
) to produce this graph. From the best fit

through the data points, Dmax was calculated as 232 RNU (or RLU)
OD�1 h�1, and KM as 35 RNU (or RLU) OD�1. The Dmax and KM
parameters for GFP[ASV] and GFP[LVA] were determined the
same way using strains 299R::PA1/O4/O3-gfp[ASV](pCPP39) and
299R::PA1/O4/O3-gfp[LVA](pCPP39), respectively.
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fluorescence increased from 2 to 128 RLU OD�1, i.e., 64-fold.
We observed this effect also with another promoter, PfruB. The
activity of PfruB in 299R is induced approximately 7-fold from
168 � 46 RNU OD�1 h�1 during growth on galactose (from
two independent growth experiments) to 1.16 � 0.22 � 103

RNU OD�1 h�1 on fructose (from two independent growth ex-
periments). Yet cells expressing GFP[AAV] and GFP[ASV] were
more than 7-fold brighter on fructose than on galactose (Fig. 6B).

From corresponding F,OD plots (not shown), we estimated
steady-state fluorescence levels for GFP[AAV] as 10 to 12 times
higher on fructose than on galactose and for GFP[LVA] even
20 to 25 times higher. In contrast, cells expressing GFP[ASV]
were only six to eight times brighter on fructose than on ga-
lactose, comparable to cells expressing stable GFP (Fig. 6B).
This is as expected from the relatively flat line for GFP[ASV]
in Fig. 6A, which indicates that accumulation of this variant is
much less a function of promoter activity, as is the case for
GFP[AAV] and GFP[LVA].

To assess whether the dynamics of GFP degradation are spe-
cies specific, we also prepared a Papp/P versus P plot for strain
E. coli DH5� (Fig. 7A). Comparison to Fig. 6A revealed clear
differences with E. herbicola 299R. The curves for GFP[AAV]
and GFP[ASV] appeared lower in DH5�, suggesting that the
difference between DH5� cells expressing these variants and

stable GFP would be greater than for 299R cells. Also, the
flatness of the curves for variants GFP[AAV] and GFP[ASV]
suggests a less pronounced effect of disproportional reduction
for these variants, especially for GFP[ASV]. In DH5�, the fruB
promoter is expressed at a rate of 867 RNU OD�1 h�1 during
growth on fructose, which is about four times higher than the
233 RNU OD�1 h�1 on galactose (single growth experiments).
Indeed, fructose-grown cells expressing stable GFP accumu-
lated three to four times more fluorescence than those grown
on galactose (Fig. 7B). For cells expressing GFP[ASV], this
ratio was similar, as would be expected from the relatively flat
curve in Fig. 7A. For cells that carried the gene for GFP[AAV]
or GFP[LVA], we estimated from F,OD plots (not shown) that
the steady-state fluorescence levels on fructose were approxi-
mately six or seven times higher, respectively, than on galac-
tose.

GFP accumulation in single cells within a bacterial popu-
lation. Many applications of GFP as a reporter of promoter
activity are concerned with GFP expression at the level of
single cells rather than bacterial cultures. We have previously
examined the GFP content of individual cells from fructose-
induced and uninduced cultures of E. herbicola 299R carrying
a PfruB-gfp[AAV] fusion (26). Single-cell GFP content in cul-
tures exposed to fructose appeared to be almost normally dis-

FIG. 6. Combined effect of promoter strength and GFP stability on the accumulation of fluorescence in E. herbicola 299R. (A) Using Gepasi,
we simulated steady-state levels of fluorescent GFP for a range of promoter strengths and determined the corresponding apparent promoter
activities (see text for details). For the simulations, we assumed experimentally observed values for growth rate � of 0.65 to 0.67 h�1, and for m
we used a value of 1.54 h�1. Shown is a plot of Papp/P as a function of P. (B) Cell density-normalized fluorescence in cultures of 299R carrying
pPfruB-gfp[tagless], -gfp[ASV], -gfp[AAV], or -gfp[LVA] grown on fructose (solid squares) or galactose (open squares). Galactose-grown cells in
mid-exponential phase were transferred to fresh medium with fructose or galactose at t 
 0 h.

FIG. 7. Combined effect of promoter strength and GFP stability on the accumulation of fluorescence in E. coli DH5�. (A) Papp/P versus P plot
for DH5�. Simulations were done as described for Fig. 5. Values for Dmax and KM used were 1,781 RNU (or RLU) OD�1 h�1 and 9,272 RNU
(or RLU) OD�1 for GFP[ASV], 699 and 262 for GFP[AAV], and 1,311 and 390 for GFP[LVA], respectively. These values were obtained as
described for Fig. 5, except that instead of the IPTG-responsive PA1/04/03 promoter, we used the fructose-responsive PfruB promoter to drive
expression of unstable GFPs. For the simulations, we assumed experimentally observed values for growth rate � of 0.35 to 0.46 h�1, and for m we
used a value of 1.54 h�1. (B) Cell density-normalized fluorescence in cultures of DH5� carrying pPfruB-gfp[tagless], -gfp[ASV], -gfp[AAV], or
-gfp[LVA] grown on fructose (solid squares) or galactose (open squares). Overnight LB-grown cells were transferred to fresh M9 medium with
fructose or galactose at t 
 0 h.
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tributed (Fig. 8A). We could easily simulate this distribution
assuming that promoter activity is not exactly the same for each
cell in the population but instead normally distributed around
an average value (Fig. 8B). The source of this variability in
promoter activity may be intrinsic to the promoter itself or may
be attributed to variation in copy number of the plasmid car-
rying the PfruB-gfp[AAV] fusion.

When we assumed that uninduced PfruB activity varies in the
same proportional way as when the promoter was induced with
fructose, we saw a surprising effect in our simulations: the
distribution curve of single-cell GFP content was no longer
symmetrical but appeared skewed to the right, meaning that
the right tail of the curve was longer than the left one (Fig.
8D). This matched quite well our observation of uninduced E.
herbicola 299R cells harboring PfruB-gfp[AAV] (Fig. 8C). We
may explain this effect as a result of disproportional reduction
discussed before: within a group of cells expressing GFP[AAV]
from a weak promoter, those with the highest activity are
proportionally less affected by degradation and are therefore
brighter than cells with the lowest promoter activity. With
strong promoters, e.g., PfruB on fructose, this effect is much less
pronounced because degradation is already at its maximal ca-
pacity and therefore less responsive to variations in GFP con-

tent. So far, we have seen skewed distributions only in popu-
lations of cells that express unstable variants from weak
promoters (not shown). Cells that carry the same promoters
fused to the gene for stable GFP yielded normal distributions
of GFP content (not shown).

Effect of growth rate on accumulation of fluorescent GFP.
We have mentioned several times already that growth rate is
an important determinant of a cell’s GFP content. We per-
formed a series of simulations that demonstrate this. If we
assume that promoter activity is independent of growth rate �
(Fig. 9A, line marked 1), steady-state fluorescent GFP content
becomes inversely proportional to � (Fig. 9B, curve marked 1).
The shape of the curve suggests that when cells are growing
slowly, small changes in � will have a much greater effect on
GFP fluorescence than when cells are growing faster. It is
probably unjustified to assume that P is independent of �: it
has been established that the activity of many promoters is in
fact a function of growth rate (27). But even when we assume
a more realistic dependency of P on �, such as that for the
constitutive promoter Pspc in E. coli (from reference 27) (Fig.
9A, line marked 2), GFP content remains inversely propor-
tional to growth rate (Fig. 9B, curve marked 2). The same

FIG. 8. Actual and simulated distributions of single-cell GFP con-
tent in fructose-induced (A and B) and uninduced (C and D) cells of
E. herbicola 299R carrying plasmid pPfruB-gfp[AAV]. In the normal
probability plots shown here, GFP fluorescence of individual cells is
expressed on the horizontal axis as the fraction of the population’s
average single-cell GFP content. In this representation, normally dis-
tributed GFP content would yield a straight line. Panels A and C
represent the results from actual induction experiments published else-
where (26). The insets in both of these panels show the corresponding
data in histogram format, with GFP content expressed in units of mean
pixel intensity. For the simulation of fructose-induced GFP accumu-
lation (B), we determined by using the model the steady-state GFP
content (fss) for a collection of 300 individual cells, assuming that the
promoter activity varied between cells around an average value of
1,160 RNU OD�1 h�1 with a standard deviation equal to one-third of
the average, i.e, 387 RNU OD�1 h�1 (see inset). For the uninduced
simulation (D), we assumed the same proportional variation (i.e.,
one-third) in promoter activity, i.e., P 
 168 � 56 RNU OD�1 h�1. In
both simulations, we assumed � 
 0.67 h�1, and for GFP[AAV]
Dmax 
 232 RNU (or RLU) OD�1 h�1 and KM 
 35 RNU (or RLU)
OD�1.

FIG. 9. Effect of growth rate on accumulation of GFP fluorescence.
(A) We assumed three different dependencies of promoter activity P
on growth rate �: 1, none; 2, as for constitutive promoter Pspc (27); and
3, as for growth rate-responsive promoter Prrn (27). Data points for 2
and 3 were estimated from reference 27, with the following modifica-
tion: the promoter activity at a given growth rate was expressed as the
fraction of the maximal attainable promoter activity. (B) With the help
of the model, steady-state GFP content fss was simulated as a function
of growth rate �, assuming the interdependencies given in panel A. As
a reference point, we arbitrarily chose a growth rate of � 
 0.78 h�1

and a promoter activity P 
 360 RNU OD�1 h�1, which corresponds
to E. herbicola 299R::PA1/O4/O3-gfpmut3(pCPP39) cells exposed to 323
�M IPTG (Fig. 3). The thin line represents a simulation of fluorescent
GFP accumulation from a Prrn-gfp[AAV] fusion.
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effect has been observed in E. coli using �-galactosidase as a
reporter protein (27).

This observation demonstrates how a change in � can alter
GFP content without a change in promoter activity. Without
consideration for this change in �, such a shift in GFP content
will be explained wrongly as a response of the promoter to
whatever caused the cells to adjust their growth rate. The
observation also suggests that a constitutive promoter might
actually do a good job as an indicator of growth rate, due to the
fact that its fluorescent output in combination with stable GFP
yields an unambiguous (albeit inverse) correlation with growth
rate. When we repeated the simulation using the P, � curve for
the growth rate-dependent promoter Prrn (from reference 27)
(Fig. 9A, curve marked 3), GFP content appeared independent
of growth rate (Fig. 9B, curve marked 3). This confirms its
function as a growth rate-dependent promoter to keep cellular
levels of rRNA more or less constant regardless of growth rate.
Interestingly, when we did the Prrn simulation in combination
with unstable variant GFP[AAV], we observed a clearly posi-
tive yet not linear relationship between GFP content and
growth rate for values of � up to 1.5 h�1 (Fig. 9, thin line). This
prediction shows a response that is very similar to the one
found experimentally with a Prrn-gfp[AAV] fusion in Pseudo-
monas putida (41).

DISCUSSION

We have presented a theoretical model for GFP accumula-
tion in bacterial cells that is in good agreement with experi-
mental observations. The model can be adopted in its present
state to describe, predict, and interpret fluorescence data from
any GFP-based reporter system other than the ones described
in this paper. In fact, with the proper modifications, it can be
put to use right away to model the expression of other reporter
proteins as well.

Our model comes with several unique practical properties.
First, we derived a set of formulas and tools from the model
that allow easy extraction of parameter values from experimen-
tal data. For example, an estimate for promoter activity P can
be readily obtained from a simple F,OD plot in combination
with equation 13. Similarly, values for Dmax and KM of an
unstable GFP variant can be estimated from a limited number
of data points. Such a hands-on approach should be generally
applicable to obtain similar quantitative information for any
other promoter-gfp fusion. And once such information is avail-
able, simulation of GFP expression using a program like
Gepasi is no longer an abstract exercise, but can be related
directly to experimental observations. For those who are inter-
ested, a copy of the Gepasi file that was used for our GFP
simulations will be made available upon request. This practical
orientation of our model circumvents the need for more com-
plicated means of data fitting that are often less accessible to
those who have no or little familiarity with modeling practices.
For example, it would be possible to extract values for P from
the plot of F/OD as a function of time t in Fig. 2A by nonlinear
curve fitting, but this is no trivial task. We should acknowledge,
however, that we were able to implement our approach be-
cause the model is relatively simple, i.e., there are a limited
number of parameters and variables involved.

Unstable GFP variants such as GFP[AAV], GFP[ASV], and

GFP[LVA] have been used with great success as reporters of
transiently expressed genes (3, 26, 35, 41). When they were
originally reported (4), the unstability of these GFPs was de-
scribed in terms of half-life times. This does not justify their
performance in bacterial cells, as we have demonstrated here,
both theoretically and experimentally. Instead of first-order
kinetics, the degradation of these variants appears to follow
Michaelis-Menten kinetics, and GFP fluorescence needs to be
interpreted accordingly. In combination with an inducible pro-
moter, an observed increase in GFP content actually overesti-
mates the real increase in promoter activity, as Fig. 6A and 7A
suggest. Depending on the GFP variant that is being used and
on the bacterial host that harbors the fusion, that overestima-
tion might become large enough to critically misconstrue GFP
fluorescence data. The number of fusions constructed to date
that harbor unstable GFPs as reporters of gene expression is
still limited, so it will be interesting to see if our hypothesis will
hold up as more reports on the use of these variants come out.

There is another good reason for caution with the use of
unstable GFPs in reporter fusions. It was recently shown that
the activity of the proteases that are thought to be responsible
for the degradation of unstable variants like GFP[AAV] is
modulated by an auxiliary protein whose expression appears to
vary with growth rate (25). This suggests that the parameter
Dmax which describes proteolytic activity might be intimately
correlated with growth rate. We believe that the increasing
popularity of these unstable GFP variants in bacterial report-
ers (3, 26, 35, 41) invites a closer look into exactly how varia-
tions in protease activity quantitatively influence the transla-
tion of GFP signal into promoter activity. Certainly, the model
described herein provides a valuable framework to start ex-
ploring and addressing these questions.

An important lesson from the model is that GFP fluores-
cence is a function of more than just promoter activity. One
important determinant is growth rate, as the simulations in Fig.
9A made clear. We pointed out that small changes in low
growth rates have a proportionally large impact on GFP con-
tent. This becomes especially relevant, for example, when bac-
terial bioreporters are employed in complex environments
such as soil, where bacterial growth is generally slow and dif-
ferent from one spot to the next. Microlocalities that permit
slightly faster growth will contain significantly dimmer bacteria.
This effect of growth on GFP content might partially or en-
tirely mask an increase in promoter activity, so that the re-
porter signal will be effectively underestimated. On the other
hand, cells growing slightly slower will have significantly in-
creased GFP levels that might be interpreted falsely as gene
induction.

Unfortunately, an accurate determination of growth rate is
not always possible. For cells growing in a culture flask, growth
rate can be estimated quite easily by monitoring the population
increase over time. Many GFP-based bacterial reporter cells,
however, are used in an environmental setting that does not
allow this approach, e.g., due to substantial heterogeneity in
growth rate within the population. Fluorescent in situ hybrid-
ization offers a means to quantify ribosome content in individ-
ual cells and can provide a reasonable rough estimate of
growth rate (37, 47). Such an approach was successfully em-
ployed to interpret GFP data from bacterial bioreporters of
sugars on plant leaf surfaces (26). Another approach to assess
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the effect of growth rate may be to relate the output of a
bioreporter strain to the inversely proportional fluorescent sig-
nal of a control bioreporter that expresses GFP from a consti-
tutive promoter.

The model and its predictions have already proven very
useful in our present work. One way it has been informative is
in the approximation of plasmid copy number. For example, by
comparison of promoter activity in cells that carry plasmid
pPfruB-gfp with that in cells carrying the same fusion in mono-
copy on the chromosome (not shown), we were able to esti-
mate that the plasmid is present in 10 to 30 copies per cell in
E. herbicola 299R. We routinely turn to Fig. 6 and 7 to decide
which variant of GFP to choose in combination with a partic-
ular promoter. For example, Fig. 6 cautions against the use of
gfp[LVA] in combination with a promoter activity of less than
400 RNU OD�1 h�1 in 299R because the cells would not be
fluorescent. In bacterial strains that do not tolerate very high
levels of GFP, like 299R, we commonly use strong promoters
in combination with GFP[ASV] instead of stable GFP in order
to somewhat reduce GFP content.

We regularly exploit the disproportional degradation of
GFP[AAV] and GFP[LVA] in E. herbicola 299R to maximize
apparent induction levels, as was shown for the PfruB promoter
(Fig. 6). Conceptually, this should work for every promoter
with an already high level of expression when uninduced. By
artificially decreasing this basal level using unstable variants,
the interpretation of GFP fluorescence as an indicator for
increased promoter activity will be facilitated considerably.
However, as Fig. 8 shows, the use of unstable GFP variants
may come at a price at the level of individual cells. At low
promoter activities, GFP content is no longer normally distrib-
uted among cells, so that it becomes harder to translate a single
cell’s GFP content back into a corresponding promoter activ-
ity. Depending on the promoter that is being used, this may or
may not be a problem. With promoters of the on/off type, the
difference between the brightest uninduced cell and the dim-
mest induced cell may be large enough to state unambiguously
whether or not a particular reporter cell is exposed to a stim-
ulus. Other promoters are more graded in their response, and
in that case, nonnormal overlapping frequency distributions
will make it very difficult to assign a promoter activity to the
observed fluorescent state of a single bacterium. Possibly, the
model will be able to serve an interpretive function in the
analysis of such complex GFP data.
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