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ABSTRACT

Green fluorescent protein (GFP) and
herpes simplex virus type-1 thymidine ki-
nase  (TK) are commonly used markers in
gene transfer studies. The latter gene has
also proven to be an effective tool in cancer
“suicide” gene therapy. To facilitate rapid
and reliable selection of cells expressing
TK, we constructed a plasmid expressing a
TK-green fluorescent protein fusion gene
(TK-GFP). In this fusion gene, the expres-
sion of each component is coupled to one
another, permitting accurate determination
of the percentage of cells expressing TK by
detecting the green fluorescence produced
by GFP. Transfection of the fusion plasmid
to mammalian cells revealed that the con-
struct is fully functional, making the cells
both fluorescent and sensitive to ganciclovir.

INTRODUCTION 

The 27-kDa green fluorescent pro-
tein (GFP) of the jellyfish Aequorea
victoria emits a characteristic fluores-
cence when exposed to long wave-
length UV light and has been used as a
reporter of gene expression and as a
fusion tag to study protein localization
in a wide variety of living cells (5,11,
15,17). Herpes simplex virus type 1
(HSV-1) thymidine kinase (TK) selec-
tively converts the nontoxic pro-drug
ganciclovir (GCV) into a toxic phos-
phorylated derivative. Expression of vi-
ral TK in eukaryotic cells causes cell
death upon exposure to GCV (6). TK
has been used both as a negative in vit-
ro selection marker and as a “suicide
gene” in cancer therapy.

The inability to accurately measure
the transduction efficiency of the thera-
peutic gene is a major factor in the dif-
ficulty in predicting the efficiency of a

viral vector (16). In the case of retrovi-
ral vectors,  gene transfer efficiency is a
crucial factor to determine success of
an in vivo trial. This information has
often been overlooked, and the estima-
tions of transduction efficiency have
solely been based on the results of ther-
apy. Most commonly, attempts to deter-
mine the actual rate of gene transfer
have used two vectors, one carrying the
therapeutic gene and the other a marker
gene. Another approach is to use vec-
tors with two expression cassettes, each
driven by different promoters. The third
possibility is to use a common promot-
er for two expression units that are sep-
arated by an internal ribosomal entry
site (IRES). All these approaches, how-
ever, are hampered by the fact that the
expression level of the marker gene can
be dramatically different than the ther-
apeutic gene.

In this study, we created a combined
marker gene-therapeutic gene system
to circumvent these problems in deter-
mining TK gene transfer efficiency be-
fore GCV therapy. We constructed a fu-
sion gene system containing both TK
and GFP in the same transcription unit
and driven by the same promoter. This
construct produces functional fusion
protein that has the activities of both
components, making the target cells
sensitive to GCV and emitting green
fluorescence under UV light.

MATERIALS AND METHODS 

Plasmid Constructs 

The TK and GFP expression plas-
mids were constructed by ligating the
1.2-kb DNA fragment encoding the TK
gene (12) or cycle-3 GFP mutant (4)
into mammalian expression vector
pEF-BOS (14). The TK-GFP fusion
gene was constructed by inserting both
TK and GFP fragments into pEF-BOS,
yielding plasmid pETGB. To create an
in-frame connection between the two
coding sequences, a double-stranded
oligonucleotide linker was inserted be-
tween TK and GFP genes in pETGB to
make pETLGB. Figure 1 shows the
structure of pETLGB. The plasmid
pNEO was constructed in pBluescript®
(Stratagene, La Jolla, CA, USA) by in-
serting an expression cassette simian
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virus 40 (SV40) promoter, neomycin
phosphotransferase gene and poly-
adenylation signal from the plasmid
pLXSN (13).

Cell Culture

TK-deficient Rat2 fibroblasts (Cata-
log No. CRL-1764; ATCC, Rockville,
MD, USA) and BT4C rat glioma cells
(10) were grown in high-glucose Dul-
becco’s modified Eagle’s medium
(DMEM) supplemented with 5% fetal
calf serum (both from Life Technolo-
gies, Paisley, Scotland, UK), 2 mM glu-
tamine, 2 mM sodium pyruvate and 50
µg/mL gentamicin at 37°C in the pres-
ence of 5% CO2. Transfections were
performed using calcium phosphate-
DNA precipitation (2). Cells (105) were
seeded into 6-well plates 24 h before
the transfection. The cells were incubat-
ed with 5 µg of plasmid DNA, includ-

ing 0.75 µg pNEO plasmid, for 8 h. Se-
lection medium containing Geneticin®

(G418) or hypoxanthine-aminopterin-
thymidine (HAT) (both from Sigma
Chemical, St. Louis, MO, USA) was
added 48 h post-transfection to BT4C+
TK, BT4C+TK-GFP, BT4C+GFP and
Rat2+GFP cells or to Rat2+TK and
Rat2+TK-GFP cells, respectively. The
G418- or HAT-resistant colonies from
each transfection were pooled and ex-
panded into stable cell lines.

RNA and Protein Analysis 

For RNA analysis, cultured cells
were trypsinized, washed with phos-
phate-buffered saline (PBS), and total
RNA was isolated using acidic guanidi-
um thiocyanate/phenol/chloroform ex-
traction (3). The RNA samples (8 µg)
were denatured, and Northern blot was
carried out using TK-specific, digoxi-

genin-labeled probe. Chemiluminescent
detection was performed as described
(7) using CDP-Star (Boehringer
Mannheim GmbH, Mannheim, Ger-
many) as a substrate.

For protein analysis, collected cells
(2 × 106) were resuspended in 40 µL of
lysis buffer (25 mM Tris-HCl, 0.1 mM
EDTA, pH 7.4) and lysed by sonication
at 4°C. The lysates were clarified by
centrifugation at 14 000× g for 5 min.
Ten microliters of lysates were electro-
phoresed in 12% sodium dodecyl sul-
fate (SDS) polyacrylamide gels and
transferred onto Immobilon®-P Poly-
vinylidene Difluoride Membranes
(Millipore, Bedford, MA, USA). Mem-
branes were blocked and incubated
with rabbit polyclonal anti-TK anti-
body (W.C. Summers, Yale University,
New Haven) or mouse monoclonal
anti-GFP antibody (CLONTECH Lab-
oratories, Palo Alto, CA, USA). After
washing, the membranes were incubat-
ed with goat anti-rabbit IgG-AFOS  or
with rabbit anti-mouse IgG-AFOS
(both from Zymed Laboratories, San
Francisco, CA, USA) and developed
using nitro blue tetrazolium/Br(Cl)Ind-
P staining.

Thymidine Kinase Enzyme Activity

Cells (2 × 106) were homogenized
as described above. Five microliters of
1:25 dilution of the lysates were added
to 45 µL of reaction mixtures contain-
ing 100 mM Tris-HCl, pH 7.5, 10 mM
ATP, 7 mM MgCl2 and 1.7 µM
[3H]thymidine (21 Ci/mmol). The mix-
tures were incubated for 30 min at
37°C, and reactions were stopped, in-
cubating samples at 98°C for 2 min.
Aliquots (25 µL) were pipetted onto
DE-81 paper (Whatman International
Ltd, Maidstone, England, UK), washed
twice in 10 mM Tris-HCl, pH 7.5 and
three times in 95% ethanol then air-
dried. [3H]thymidine monophosphate
produced was measured by liquid scin-
tillation counting (1).

Ganciclovir Sensitivity and Determi-
nation of GFP Expression

Polyclonal populations of TK-, TK-
GFP- and GFP-transfected Rat2 cells (2
× 104) were seeded into 6-well plates
and incubated in the presence of differ-
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Figure 2. Immunoblot analysis of transfected Rat2 cells using TK- (lanes 1–3) or GFP- (lanes 4–6)
specific antibody. Protein samples were electrophoresed in SDS polyacrylamide gel electrophoresis
gels and transferred to Immobilon P for immunoblot analysis. Lanes 1 and 4, TK; lanes 2 and 5, TK-
GFP; and lanes 3 and 6, GFP. Molecular mass markers (in kDa) are shown to the right.

Figure 1. The TK-GFP fusion gene plasmid (pETLGB). The expression cassette contains the SV40
replication origin (ori), the human polypeptide chain elongation factor 1α promoter (hEF-1α) and the
polyadenylation signal [poly(A)] from human granulocyte colony stimulation factor cDNA. The fusion
of TK and GFP was carried out by replacing the TK stop codon with a linker sequence shown above the
gene construct.
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ent doses of GCV (0, 0.003, 0.01, 0.03,
0.1, 1, 10 and 100 µg/mL) for four days.
The cells were trypsinized and counted.

GFP expression was monitored in
living Rat2 and BT4C cells using a
Diaphot 300 Inverted Microscope (Ni-
kon, Melville, NY, USA) equipped
with a V-2A filter set. Cells were grown
in 6-well plates, and growth media was
changed to PBS before photography.
4′,6-diamidine-2′-phenylindole dihy-
drochloride (DAPI; Boehringer Mann-
heim) staining was done according to
the manufacturer’s instructions.

RESULTS

Expression of the TK-GFP Fusion
Gene

Detection of the appropriate sized
transcripts and peptides of the TK-GFP
fusion gene was carried out by analyz-
ing the size of the mRNA with Northern
blotting and molecular weight compari-
son by Western blotting. The RNA with
digoxigenin-labeled TK DNA probe
showed a 1.9-kb band in TK cells and a
2.6-kb band in TK-GFP cells. These
signals corresponded with the predicted
mRNA lengths for the respective ex-
pression plasmids (results not shown).

Immunoblot analysis using rabbit
TK-specific polyclonal antibody re-
vealed a 43-kDa band in Rat2+TK cells
and a 70-kDa band in Rat2+TK-GFP
cells. These signals also corresponded
with the predicted sizes of TK and the
TK-GFP fusion peptide. Immunoblot
with mouse GFP-specific monoclonal
antibody showed a 27-kDa band in a
Rat2+GFP sample and a 70-kDa band
in a Rat2+TK-GFP sample (Figure 2).

Activity of the TK-GFP Fusion
Protein In Vitro

The function of the fusion protein
was examined by green fluorescence,
TK activity and GCV sensitivity in sta-
bly transfected cell populations. BT4C
cells expressing GFP, TK-GFP or TK
were examined by fluorescence mi-
croscopy. As shown in Figure 3, cells
expressing the fusion construct emitted
green light, but the distribution of the
fluorescence produced by the fusion
protein was different from that of the
native GFP (4), being more localized in

the nucleus. The nuclear localization
was also confirmed with DAPI staining
(results not shown).

TK activity of cells expressing each
construct was tested by an enzymatic
assay for phosphorylated [3H]thymi-
dine absorbed to DE-81 paper. The av-
erage enzyme activity of the TK-GFP
fusion protein was 80% of the native
TK protein. Rat2 or Rat2+GFP cells
showed no TK activity (results not
shown).

Cells expressing TK, TK-GFP or
GFP were treated with increasing doses
of GCV for four days, and the number
of cells was determined. Both TK and
TK-GFP expressing cells showed simi-
lar sensitivity to GCV, although there
was a slight difference with the lowest

concentrations of GCV (Figure 4).

DISCUSSION

We have constructed a TK-GFP fu-
sion gene encoding a bifunctional pro-
tein that contains both TK and GFP ac-
tivities. Cells expressing the fusion
protein can be detected under UV light
by green fluorescence, and they are
highly sensitive to GCV.

When the activities of the two do-
mains of the TK-GFP fusion protein
were compared with constructs con-
taining only TK or GFP, the TK-GFP
fusion protein was virtually as effective
as TK alone. A slight difference in TK
activity and GCV sensitivity suggest
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Figure 4. Toxicity of GCV to Rat2 cells transfected with TK, TK-GFP or GFP. Cells were treated
with the indicated concentrations of GCV for 4 days. The proliferation of cells not treated with GCV
was defined as 100%. The assay was carried out in duplicates.

Figure 3. Fluorescence microscopy images of BT4C cells transfected with the plasmids encoding
(A) TK-GFP, (B) GFP and (C) TK. (A) Cells transfected with the fusion construct TK-GFP display an
expression mostly concentrated in the nucleus. (B) Expression of normal GFP can be seen throughout
the cells. (C) TK-transfected cells show no fluorescence. (Magnification, ×200)



that the GFP domain of the fusion pro-
tein was mildly inhibitory to the func-
tion of the TK domain, possibly by al-
tering the optimal conformation of the
polypeptide or by creating steric hin-
drance, thus making the active site of
the TK domain less accessible to the
substrate.

The cellular pattern of the green flu-
orescence from the fusion protein was
different from that of the native GFP,
having a greater localization of the fu-
sion protein over the nuclear region. In
the case of the fusion gene, the major
intracellular expression site may be
governed by the first domain, i.e., TK.
There is currently very little data avail-
able about the site of expression of this
protein, and only two reports have been
published. The earlier report stated that
TK was localized to the nucleus (9).
This study, however, did not include any
comment about the cytoplasmic expres-
sion. The more recent report indicated
that in HSV-1-infected cells most of the
TK expression occurred in the cyto-
plasm, especially in the perinuclear re-
gion (8). Due to limited and conflicting
data about the expression site of TK, it
is difficult to assess whether the differ-
ent expression pattern of the fusion pro-
tein is related to the fusion structure it-
self, the natural expression site of TK,
or whether this is a cell-line-specific
feature. Experiments are currently in
progress to answer these questions, us-
ing an HSV-TK-specific antibody in
different TK-expressing cell lines.

Use of a TK-GFP fusion gene for in
vitro clone selection in TK-negative cell
lines would provide an easy means to
select the best expressing clones based
on the intensity of green fluorescence.
The TK-GFP fusion protein also offers
the possibility for easy control of long-
term expression of transferred genes in
established cell lines. For gene transfer
studies in vivo, it provides a means to
directly determine the transduction effi-
ciency, to remove the GFP-expressing
cells with GCV and, most importantly,
to determine the actual minimal gene
transfer efficiency required for total de-
struction of the tumor target.
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ABSTRACT

We describe a simple whole-cell method
for quantitative reverse transcription (RT)
PCR amplification of RNA that consistently
allows the analysis of trace amounts of
RNA, such as those carried by a fraction of
a single mouse oocyte or preimplantation
embryo, without organic extraction. The
method is based on a preliminary genomic
DNA digestion by DNase I in the presence
of Mn++ and a subsequent RT step with rTth
Reverse Transcriptase at 70°C with the
same buffer components, which also has the
effect to irreversibly denature DNase I ac-
tivity. Because of the completeness of ge-
nomic DNA digestion and RNA recovery,
this procedure makes it possible to quantita-
tively amplify any target RNA, including
those coded by intronless genes or genes
whose intron-exon boundaries are unknown.
By taking mRNAs of β-actin, heat-shock
protein HSP70.1 and ribosomal protein S16
as experimental models, we demonstrate the
effectiveness of genomic DNA digestion by
DNase I-Mn++ and of DNase I heat-denat-
uration and the quantitative properties of
our method. We also show that this proce-
dure is useful for transcriptional analyses
during development that are hindered by
paucity of biological material.

INTRODUCTION

Because of its sensitivity, reverse
transcription-polymerase chain reac-
tion (RT-PCR) RNA amplification has
rapidly become the method of choice
for detecting and measuring rare mes-
sages. This procedure can also be
scaled down to the level of a few or sin-
gle cells (17) and performed on crude
whole-cell lysates (12). In the latter
case, RNA recovery is complete, but
the presence of genomic DNA may
give false-positive signals. This prob-
lem can be overcome by different
strategies. First, oligodeoxyribonucleo-
tide primers can be designed appropri-

ately to span an intron and thus produce
different-sized DNA and RNA amplifi-
cation bands. Unfortunately, this strate-
gy requires the genes whose transcript
is examined to have been cloned and
sequenced. It thus cannot be applied
when intron-exon boundaries are still
unknown or when the RNA to be am-
plified is coded by an intronless gene.
This is the case, among others, of many
heat-shock genes. Second, amplifica-
tion of RNA, but not DNA, can be
achieved by the use of a poly(dT) anti-
sense primer that anchors to the mes-
sage’s poly(A) tail (6). In most cases,
however, such strategy limits message
amplification to the few hundreds of
nucleotides that are close to the poly(A)
tail, leaving the message 5′ region vir-
tually inaccessible to investigation.
Third, RNA preparation can be prelimi-
narily treated with DNase. Problems in
this case will include the control of
DNase digestion completeness and the
removal/inactivation of the enzyme be-
fore the RT step. This is usually per-
formed by extracting the DNase I-treat-
ed lysate with organic solvents or by
using bead-immobilized DNase I
(16,17). In both cases, however, RNA
recovery may not be complete because
of the necessary transfer of the super-
natant/column eluate to another tube.

We have solved this problem by
treating the crude, whole-cell lysate
with pancreatic DNase I in the presence
of Mn++ (2) and then irreversibly inac-
tivating this enzyme with the 70°C in-
cubation needed for RT by rTth Re-
verse Transcriptase. In this paper, such
strategy has been optimized for quanti-
tative RNA analysis on mouse oocytes
and preimplantation embryos on a sin-
gle-cell basis. This was particularly
worth pursuing because, in spite of the
relevance that these cells have for both
basic and clinical research in humans
and domestic mammals, to our knowl-
edge, no RT-PCR method allowing
message analysis to be performed on
individual mammalian oocytes or early
embryos has been reported so far. In
fact, previous RT-PCR studies on these
cells (9,13–15) used pools of 40–200
oocytes or embryos and were mostly
based on RNA extraction-precipitation
procedure. We show here that our pro-
cedure is consistent, quantitative and
sensitive enough to determine the

Vol. 24, No. 4 (1998)


