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The b-galactosidase activity encoded by the lacZ
gene of Escherichia coli is widely used to monitor
successful expression of transfected genes. Fluoro-
genic substrates allow detection of enzyme activity
in viable cells, which, subsequently, can be selected
for further study on the basis of fluorescence emis-
sion. We analyzed three fluorogenic substrates (FDG,
C12FDG, and CMFDG), all of which incorporate fluo-
rescein as their fluorophore, regarding intensity of
fluorescent signal and selectivity toward the trans-
fected b-galactosidase activity vs. lysosomal enzyme
activity. Among these substrates, 5-chloromethylfluo-
resecein di-b-D-galactopyranoside (CMFDG) showed
the strongest selectivity toward the lacZ-encoded

enzyme activity. An attempt to improve this selectiv-
ity by alkalinization of the lysosomal pHwith chloro-
quine, such that the endogenous enzyme would be
exposed to a suboptimal pH, led to significant cell
death. In contrast, inhibition of dye efflux with
verapamil enhanced the selectivity of CMFDG to-
ward the lacZ-encoded enzyme activity by approxi-
mately threefold. Incubation with probenecid, on
the other hand, showed little effect. Cytometry
26:36–41, 1997. r 1997 Wiley-Liss, Inc.
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Identification and selection of those cells that have
taken up and express exogenously added DNA are pivotal
to studies involving gene transfer. In this type of experi-
ment, the gene of interest is embodied within a plasmid
construct that contains a reporter gene. Reporter genes
encode detectable markers, such as a surface antigen
(10,12), an enzyme activity (17), or the green fluorescent
protein (19). Modulation of the pattern of cell surface
antigens may alter the behavior of a cell in a multicellular
environment. Another weakness applying both to the use
of surface antigens and to the green fluorescent protein is
that the sensitivity of reporter detection is determined by
the number of antigens incorporated into the plasma
membrane or the number of green fluorescent protein
molecules synthesized by the cell. In contrast, by using an
enzyme activity as a reporter of gene expression, the signal
can be amplified by the action of the enzyme upon a
suitable substrate. Thus, depending on the intrinsic strength
of the signal generated by the product of enzyme action
and the contribution of endogenous enzyme activity of the
cell, a signal of desired strength can be obtained.
The most widely used reporter enzyme, b-galactosidase,

is encoded by the lacZ gene of Escherichia coli (16). Its
activity leads to the formation of visible precipitates
resulting from enzymatic cleavage of 5-bromo-4-chloro-3-
indolyl b-D-galactopyranoside (X-gal) or to red fluores-

cence emission if it is monitored with resorufin b-D-
galactopyranoside (18). Because these substrates are not
plasma-membrane permeant, the cells under study have to
be fixed or permeabilized before assay (18). This require-
ment and the resultant death of the cells preclude the use
of these substrates in studies in which cells have to be
recultured or injected into blastocysts. Hence, substrates
that permeate into intact cells have been developed.
Synthesis of mono- or digalactopyranosides of fluorescein
leads to dyes with reduced fluorescence. Dye fluorescence
is recovered after the sugar moieties are removed by
enzyme action (17). This characteristic, termed fluorochro-
masia, allows detection of very low levels of substrate
turnover. Because the bis-conjugated fluorescein (fluores-
cein di-b-D-galactopyranoside; FDG) is essentially nonfluo-
rescent and the monoadduct (fluorescein mono-b-D-
galactopyranoside) exhibits a fluorescence level of 8% of
fluorescein (5), FDG will afford the highest sensitivity for
detection of enzymatic turnover.
In intact cells, FDG showed limited sensitivity toward

b-galactosidase action, which has been thought to result
from a low rate of dye uptake. To overcome this problem,
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a hypotonic shock protocol has been developed (11). In
another attempt to enhance the uptake of fluorescein-
based enzyme substrates, FDG was rendered more lipo-
philic by adding an alkyl chain to the fluorescein moiety
(20). Apart from limited substrate uptake, leakage of
products of enzymatic hydrolysis from the cell may occur.
Leakage of the product of enzyme action (fluorescein) has
previously been invoked to explain some problems encoun-
tered with FDG in experiments aiming at b-galactosidase
detection in intact cells (7). The addition of a thiol-reactive
chloromethyl group to fluorescein diacetate was shown to
lead to labeling of intracellular thiols (13). Following this
observation, it was reasoned that modification of the FDG
dye with a chloromethyl group would enhance the reten-
tion of fluorescent product inside a cell. To test this
hypothesis, we used a cell line that stably expresses
lacZ-encoded b-galactosidase activity under the control of
a murine leukemia virus promoter (CB2) and the nontrans-
fected parental cell line (NIH 3T3). Comparison of this pair
of cell lines allows ascertainment of the contribution of
endogenous, lysosomal vs. transfected, lacZ-encoded en-
zyme activity. We analyzed several strategies to improve
the selectivity of FDG, 5-dodecanoylaminofluorescein di-b-
D-galactopyranoside (C12FDG), and 5-chloromethylfluores-
cein di-b-D-galactopyranoside (CMFDG) for the lacZ-
encoded enzyme activity.

MATERIALS AND METHODS
Chemicals

Chloroquine, propidium iodide, and the enzyme sub-
strates FDG, C12FDG, and CMFDG were from Molecular
Probes, Inc. (Eugene, OR). Cell culture media, fetal bovine
serum (FBS), and sterile tissue culture supplies were
obtained from GIBCO-BRL (Gaithersburg, MD). All other
reagents were from Sigma Chemical Co. (St. Louis, MO)
and were of the highest purity available.

Cells and Culture

Mouse NIH 3T3, CRE BAG 2 (CB2) (15) fibroblasts were
obtained from the American Type Culture Collection
(Rockville, MD). Cells were cultured in Dulbecco’s modifi-
cation of Eagle’s minimal essential medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 50 µg gentami-
cin, 300 µg L-glutamine per ml of culture medium, and 10
mM HEPES, pH 7.4, in a humidified atmosphere of 5% CO2

in air. Cells were subcultured every 2-3 days by trypsiniza-
tion using 0.05% trypsin and 0.02% EDTA in phosphate-
buffered saline (PBS). For experimentation, cells were
trypsinized, collected by centrifugation, and resuspended
at a density of 106 cells per ml in prewarmed culture
medium supplemented with 10% FBS. Cell suspensions
were incubated at 37°C in cell culture medium with
fluorogenic substrates at concentrations and time intervals
as indicated for each of the experiments. Cell viability was
determined by adding 5 µM of propidium iodide shortly
before assay by flow cytometry.

Flow Cytometry

After incubation with enzyme substrates, cell suspen-
sions were analyzed by flow cytometry using a FACS-
Vantage instrument (Becton and Dickinson Immunocytom-
etry Systems, San Jose, CA) equipped with an argon laser
(Coherent Enterprise laser, Coherent, Inc., Santa Clara,
CA) set at a light-stabilized output of 100 mW of the 488
nm beam. Fluorescence emission was collected with
interference band-pass filter sets for the spectral region of
530 6 15 nm (‘‘green’’) and 630 6 11 nm (‘‘red’’). The
sheath fluid was made of 0.9% NaCl, and typical sample
flow rates were between 200 and 400 particles per
second. Data were stored as list-mode files onto the hard
disk of a Macintosh Quadra 650 microcomputer and were
analyzed with software supplied by the manufacturer.
Viable cells were selected electronically by excluding
signals from cells staining positive with propidium iodide.

High-Pressure Liquid Chromatography
Analysis of Effluxed Products

Aliquots of 10 3 106 CB2 cells were incubated with 50
µM of CMFDG for 30 min in 1 ml of cell culture medium in
the presence or absence of 200 µM verapamil. Cells were
collected by centrifugation, and the supernatant medium
was analyzed by high-pressure liquid chromatography
(HPLC) using a Rainin HPLC equipped with a Microsorb-
MVTM reverse-phase column (C8; 5 µm; 300 Å; 4.6 3 250
mm). Products were separated with a gradient of 0.1 M
triethylammonium acetate, pH 7.0, 95% to 5%, and acetoni-
trile 5% to 95% during 30 min and at a flow rate of 1
ml/min. Products were detected by reading absorbance at
505 nm. Peaks were identified by performing separate
analyses with authentic samples of 5-chloromethylfluores-
cein and the glutathione adduct of 5-chloromethylfluores-
cein.

RESULTS
Selectivity of the Substrates for
lacZ-Encoded Gene Activity

To investigate the selectivity of FDG, CMFDG, and
C12FDG for lacZ-encoded vs. endogenous lysosomal b-ga-
lactosidase activity, we incubated parallel cultures of NIH
3T3 cells, which express the lysosomal enzyme only, and
CB2 cells, which express both enzyme activities, for 15
min in culture media at 37°Cwith 50 µM of the fluorogenic
enzyme substrates. Immediately after incubation, samples
were transferred to a melting ice bath, propidium iodide
was added, and fluorescence of 10,000 cells was analyzed
by flow cytometry. The results, as displayed in Table 1,
demonstrate that FDG and CMFDG elicited a high level of
fluorescence in CB2 cells, whereas C12FDG gave rise to
much lower fluorescence emission. For an indication of
selectivity for lacZ vs. the lysosomal enzyme activity, the
fluorescence ratio between CB2 and 3T3 cells was calcu-
lated. Both FDG and CMFDG gave a high fluorescence ratio
(23.5 and 30.2, respectively), but fluorescence fromC12FDG
was more biased toward the lysosomal enzyme activity
(fluorescence ratio of 7.9). An attempt to enhance the
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uptake of enzyme substrates by following the hypotonic-
shock procedure, as described by Nolan and coworkers
(11), failed to improve fluorescence generation by any of
the three substrates. It should be noted that this procedure
led to significant cell death in our cells (results not
shown). Thus, whereas C12FDG gave rise to little fluores-
cence and a lower selectivity toward the lacZ-encoded
enzyme activity, both FDG and CMFDG showed a more
favorable outcome in this experiment.

Lysosomal Alkalinization

Incubation with chloroquine leads to alkalinization of
the lysosomes, such that the activity of a-galactosidase in
cultured human skin fibroblasts is inhibited (3). Therefore,
we analyzed the influence of chloroquine upon viability
and fluorescence generation in NIH 3T3 cells exposed for
15 min at 37°C to 50 µM of CMFDG. Figure 1 shows that
the fluorescence from lysosomal enzyme activity was
lowered by chloroquine, depending on its concentration.
Concomitantly, the number of viable cells decreased (Fig.
1). Hence, together with a possible reduction of interfer-
ence from the lysosomal enzyme activity, chloroquine
caused a significant loss of the number of viable cells
available for study. Therefore, the possible use of chloro-
quine to increase the sensitivity of the assay for lacZ-
encoded enzyme activity cannot be recommended.

Inhibition of Dye Efflux

As an alternative strategy to improve selectivity for the
lacZ-encoded b-galactosidase, we investigated the infer-
ence of Jongkind and coworkers that fluorescent product
of enzyme activity may be effluxed from the cells (7). We
used probenecid and verapamil to probe for the influence
of plasma membrane-resident drug efflux systems. In an
explorative experiment, we incubated CB2 and NIH 3T3
cells with 50 µM each of FDG, CMFDG, or C12FDG for 30
min at 37°C in the presence of either 1 mM probenecid or
100 µM verapamil. The ratio in fluorescence intensity
between CB2 and NIH 3T3 cells, as outlined above,
reflects the relative selectivity of the fluorogenic substrates
for the lacZ-encoded vs. the lysosomal b-galactosidase
activity. It is evident from Table 2 that the ratio in

fluorescence intensity between CB2 and NIH 3T3 cells
incubated with FDG and CMFDG is similar, whereas
C12FDG gave rise to less selectivity for the lacZ-encoded
enzyme. Exposure to probenecid slightly improved the
selectivity for the lacZ-encoded enzyme of all three
enzyme substrates. Verapamil, on the other hand, im-
proved selectivity for the lacZ-encoded enzyme of CMFDG
strongly but improved less for FDG (Table 2). Thus, this
preliminary experiment suggests that inhibition of drug
efflux with verapamil may enhance retention of fluores-
cence from FDG and CMFDG. In addition, verapamil may
enhance the selectivity of CMFDG toward the lacZ-
encoded enzyme.
To determine the optimal verapamil concentration re-

quired to improve the selectivity of FDG, CMFDG, and
C12FDG toward the lacZ-encoded enzyme, we incubated
CB2 and NIH 3T3 cells for 15 min at 37°C with the
fluorogenic substrates and a series of verapamil concentra-
tions. Figure 2 shows that a gradual rise in fluorescence
generation by CB2 cells incubated with FDG or CMFDG
and increasing concentrations of verapamil were obtained.
In NIH 3T3 cells, the fluorescence with the same fluoro-
genic substrates did not rise with increasing verapamil
concentrations. In contrast to the results with FDG and
CMFDG, C12FDG afforded no significant increase in fluores-
cence with rising verapamil concentrations (Fig. 2). This

Table 1
Relative Fluorescence Intensity of Fluorogenic Enzyme

Substrates in CB2 and NIH-3T3 Cellsa

Substrate

Cells

CB2 NIH 3T3 Ratio CB2/NIH 3T3

FDG 100 4.3 6 2.3 23.5 6 4.4*
CMFDG 123.9 6 8.1 4.1 6 1.5 30.2 6 3.1*
C12FDG 14.2 6 5.1 1.7 6 1.1 7.9 6 4.0

aSuspensions of CB2 and NIH 3T3 cells were incubated in
culture medium for 15 min at 37°C with 50 µM of each of the
substrates. Results are means and standard deviations from three
independent experiments. The fluorescence obtained with FDG
in CB2 cells is set to a value of 100 to allow for comparison among
the experiments.
*CB2/NIH3T3 ratio is significantly different from that of theC12FDG

samples at P, 0.05 in a two-sided Student’s t test.

FIG. 1. Lysosomal b-galactosidase activity and cell viability after chloro-
quine treatment of NIH 3T3 cells. Cell suspensions were incubated for 15
min at 37°C to 50 µM of CMFDG and the indicated concentration of
chloroquine. Viability is the fraction of cells that excluded propidium
iodide after the incubation. Open circles, viability data; solid circles,
remaining enzyme activity. Data are mean of three independent experi-
ments.
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result is consistent with our findings, which are described
above (Table 2). Verapamil at concentrations up to 200 µM
did not affect cell viability, but, at 500 µM, significant cell
death was observed (results not shown). We conclude that
a verapamil concentration of 200 µM maximally enhances
resolution between lacZ-expressing (CB2) and nonexpress-
ing (NIH 3T3) cells.
Because CMFDG gave the most lacZ-selective signal and

the strongest verapamil responsive fluorescence, we chose
to investigate further the use of this fluorogenic b-galacto-
sidase substrate. A drawback of many FDG-based protocols
for lacZ-monitoring is the limited time of incubation
during which the signal remains linear (1,11). The sensitiv-
ity of the assay could be improved if the time interval of
enzyme activity monitoring could be extended. This re-
quires a linear response with time. Therefore, we investi-
gated a time course of fluorescence development of CB2
and NIH 3T3 cells incubated continuously with 50 µM
CMFDG in the presence or absence of 200 µM verapamil.
Fluorescence from CB2 cells incubated with CMFDG, as is
evident from Figure 3, increased linearly with time, and a
steeper slope was found in the presence of verapamil. The
fluorescence of NIH 3T3 cells incubated with CMFDG
increased marginally with time, and this increase was not
significantly enhanced by the presence of verapamil (Fig.
3). Thus, the resolution between lacZ-encoded and endog-
enous b-galactosidase activity increased linearly with incu-
bation time. This characteristic will allow investigators to
tune their experiments to a desired level of fluorescence
intensity and resolution.
Apart from extending the time interval for monitoring

lacZ-encoded b-galactosidase activity, one could poten-
tially enhance the sensitivity of the assay by incubation
with higher substrate concentrations. Again, this requires
a linear response of cellular fluorescence. A linear fluores-
cence response, as is depicted in Figure 4, was found in
CB2 cells incubated for 15 min at 37°C with increasing
concentrations of CMFDG in the presence of 200 µM of
verapamil. When verapamil was omitted from the incuba-

tion, the fluorescence response leveled off at CMFDG
concentrations above 50 µM. The amount of fluorescence
obtained with NIH 3T3 cells increased to a limited extent
with rising CMFDG concentrations. Thus, by increasing
the CMFDG concentration in the incubation system and
with the addition of verapamil, one can improve the
resolution between lacZ-encoded and endogenous b-galac-
tosidase activity.
Because CMFDG contains two functional groups, a pair

of galactose residues and a chloromethyl moiety, it can be
envisaged that several fluorescent products may result
from metabolism of CMFDG. Thus, either the substrate is
only hydrolyzed by b-galactosidase to yield 5-chloromethyl-
fluorescein or the chloromethyl moiety may react with an
intracellular thiol group, leading to the formation of a
protein or a glutathione adduct. Reaction of the substrate
with a thiol group without hydrolysis of the galactosides
will lead to the formation of a nonfluorescent adduct,
which cannot be detected in our assay. In order to
discriminate between these possibilities and to determine
the mechanism by which verapamil enhanced the genera-
tion of fluorescence frommetabolic conversion of CMFDG,
we analyzed the fluorescein-related products that were
effluxed from CB2 cells during a 15 min incubation with 50
µM of substrate. Table 3 shows that 79.2 pmoles of
5-chloromethylfluorescein and 1.67 pmoles of the glutathi-

Table 2
Influence of Inhibitors of Drug Efflux on the Level of

Fluorescence From Fluorogenic b-Galactosidase Substratesa

Dye Treatment

Fluorescence intensity

Improve-
ment
in ratio

CB2
cells

NIH 3T3
cells

Ratio
CB2/NIH
3T3

FDG Control 516 67 7.7
Probenicid 1,147 132 8.7 31.1
Verapamil 889 57 15.6 32.0

CMFDG Control 577 77 7.5
Probenicid 1,194 118 10.1 31.3
Verapamil 1,638 75 21.8 32.9

C12FDG Control 80 14 5.7
Probenicid 130 18 7.2 31.3
Verapamil 84 14 6.0 31.1

aCB2 and NIH 3T3 cells were incubated with 50 µM of each
FDG, CMFDG, and C12FDG for 15 min at 37°C in the presence of
either 1 mM probenicid or 100 µM verapamil. The results are
from a typical experiment out of a series of three.

FIG. 2. Fluorescence generated with fluorogenic b-galactosidase sub-
strates as a function of verapamil concentration. Suspensions of CB2 and
NIH 3T3 cells were incubated for 15 min at 37°C with 50µM of the
fluorogenic b-galactosidase substrates and a series of verapamil concentra-
tions. Circles, CMFDG; inverted triangles, FDG; squares, C12FDG incu-
bated with CB2 cells. Diamonds, CMFDG; upright triangles, FDG; plus
signs, C12FDG incubated with NIH 3T3 cells. Data are from a typical
experiment out of a series of three.
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one adduct of 5-chloromethylfluorescein were effluxed by
1 3 106 cells in 15 min. Coincubation with 200 µM
verapamil reduced the amount of effluxed 5-chloromethyl-
fluorescein to 25.4 pmoles (68% reduction) and reduced
the amount of effluxed glutathione adduct of 5-chlorometh-
ylfluorescein to 0.89 pmoles (47% reduction). Verapamil
apparently exhibits some degree of selectivity for the
efflux of 5-chloromethylfluorescein, although efflux of the
glutathione adduct is also affected by the drug.

DISCUSSION
In this study, we compared the fluorescence generated

with three fluorogenic b-galactosidase substrates in lacZ-
expressing (CB2) and nonexpressing NIH 3T3 cells. We
found the most lipophilic of the three substrates (C12FDG)
to be the most selective for lysosomal b-galactosidase. This
can be explained easily: Lysosomal b-galactosidase resides
in the lysosomal membrane in a complex that is also
comprised of neuraminidase and a ‘‘protective protein’’
(2,6). The C12FDGmolecule is likely to insert itself into the
lysosomal membrane, whereupon the galactosides can be
removed and fluorochromasia results. The extent of lyso-
somal cleavage of C12FDG is likely to be underestimated,
because the pKa of fluorescein is around 6.5, whereas the
lysosomal pH is about 4.5. A fluorophore with a more
acidic pKa may more accurately record the lysosomal
b-galactosidase activity. The contribution of lysosomal

enzyme activity to total fluorochromasia is not relevant in
cell systems devoid of lysosomes (8,20); therefore, it has
not been dealt with in previous studies.
The more hydrophilic b-galactosidase substrates, FDG

and CMFDG, are more selective for the cytosolic lacZ-
encoded enzyme (Table 1). We sought to improve the
selectivity of FDG and CMFDG toward the cytosolic
enzyme further by incubation with chloroquine to shift
the lysosomal pH toward neutral values. Although this
treatment did result in lowering lysosomal enzyme-
dependent generation of fluorescence, it also lead to
significant cell loss (Fig. 1). Jongkind and coworkers
suggested that fluorescent products resulting from cleav-

FIG. 3. Time course of fluorescence generation by suspensions of CB2
and NIH 3T3 cells incubated at 37°C with 50 µM of CMFDG in the absence
or presence of 200 µM verapamil. Solid circles, CB2 cells in the presence
of verapamil; open circles, CB2 cells in the absence of verapamil; solid
squares, NIH 3T3 cells in the presence or absence of verapamil (superim-
posed data points). Data are from a typical experiment out of a series of
three.

FIG. 4. Fluorescence generation as a function of CMFDG concentration
by suspensions of CB2 and NIH 3T3 cells in the absence and the presence
of 200 µM verapamil. Solid circles, CB2 cells in the presence of verapamil;
open circles, CB2 cells in the absence of verapamil; solid squares, NIH 3T3
cells in the presence of verapamil; open squares, NIH 3T3 cells in the
absence of verapamil. Data are from a typical experiment out of a series of
three.

Table 3
High-Pressure Liquid Chromatography Analysis of Products

of CMFDG Hydrolysis Effluxed by CB2 Cellsa

Effluxed product

Incubation
(pmoles/106 cells/15 min)

Ratio of
sample with
verapamil
relative
to controlControl

200 µM
Verapamil

5-Chloromethyl-
fluorescein 79.26 3.1 25.46 1.5 0.32

Glutathione adduct 1.76 0.2 0.96 0.2 0.53

aResults are means and standard deviations from three indepen-
dent experiments, as described in Materials and Methods.

40 POOT AND ARTTAMANGKUL



age of FDG may leak out of the cell (7). Inhibition of this
leakage may constitute another way of improving the
selectivity of the fluorogenic substrates toward the lacZ-
encoded enzyme. Coincubation with verapamil proved to
be successful, in that a threefold enhancement of resolu-
tion between lacZ-encoded and lysosomal enzyme activity
was found with CMFDG (Figs. 3, 4). In addition, a linear
increase of fluorescence generation was observed. Thus,
the CMFDG-based assay for lacZ-encoded b-galactosidase
activity became amenable to longer incubation intervals,
and, as a result, its sensitivity is likely to be higher than in
the method followed by Brugstugun and coworkers, who
used microinjection of CMFDG (1).
Another interesting result from our study concerns the

mechanism by which the fluorescent products of FDG and
CMFDG hydrolysis are effluxed from the cell. This is not
likely to be due to activity of the multidrug resistance
protein (MRP), because fluorescence accumulation with
FDG and CMFDG showed little sensitivity toward proben-
ecid, an inhibitor of MRP-mediated drug export (4). Also, a
possible role of glutathione conjugation in the efflux of
CMFDG seems to be unlikely, because export of the
glutathione adduct of monochlorobimane appears to be
mediated by a mechanism that is sensitive toward proben-
ecid but not toward verapamil (14). The results of our
HPLC analyses, which demonstrate that most of the
effluxed product is identical with 5-chloromethylfluores-
cein, further support this view. Therefore, the effect of
verapamil on the efflux of fluorescent products from the
cell can apparently be accounted for by a reduction of
5-chloromethylfluorescein efflux. It is unknown whether
the MDR-1-encoded drug efflux system (9) may be in-
volved in the efflux of 5-chloromethylfluorescein or
whether another, not yet characterized system may be
responsible for this phenomenon. Regardless of themolecu-
lar mechanism involved, inclusion of verapamil in the
incubation system may improve assays for lacZ-encoded
b-galactosidase activity based on CMFDG.
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