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ABSTRACT
Under certain conditions, T4 gene 32
protein is known to increase the efficiency
of different enzymes, such as Taq DNA polymerase, reverse transcriptase, and telomerase. In this study, we compared the efficiency of the SMART PCR cDNA
synthesis kit with and without the T4 gene
32 protein. The use of this cDNA synthesis
procedure, in combination with T4 gene 32
protein, increases the yield of RT-PCR
products from approximately 90% to 150%.
This effect is even observed for long mRNA
templates and low concentrations of total
RNA (25 ng). Therefore, we suggest the addition of T4 gene 32 protein in the RT-PCR
mixture to increase the efficiency of cDNA
synthesis, particularly in cases when low
amounts of tissue are used.

INTRODUCTION
Studies of differential gene expression in different normal or tumor tissues
require large amounts of mRNA. Several
procedures of cDNA amplification and
enrichment are available, but one of the
most efficient systems is the SMART
PCR cDNA synthesis kit (Clontech Laboratories, Palo Alto, CA, USA). Interest
in these systems stems from the fact that
they require very small amounts of tissue obtained from biopsies or microdissected tissue sections. The SMART kit is
based on the combination of reverse
transcription and PCR for the amplification of full-length mRNAs.
Substances that inhibit enzyme activity are present in several tissue samples
and can limit the use of RT-PCR, especially on a very small amount of RNA
(2). The identity of several inhibitors is
known; however, in many cases, the
cause of inhibition remains undetermined. A good approach to the problem
of RT-PCR inhibition would be to counBioTechniques 81
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Figure 1. Agarose electrophoresis gel and densitometric analysis of RT-PCR products formed in the absence or presence of T4 gene 32 protein with 25
ng total RNA from the COST cell line. (A) Negative picture of the gel. Effect of T4 gene 32 protein on RT-PCR amplification. Ethidium bromide-stained
DNA fragments generated after reverse transcription (using the SMART PCR cDNA synthesis kit) and PCR (using a model 480 thermocycler; Applied Biosystems, Foster City, CA, USA) and fractionated by electrophoresis in 1% agarose. Lanes 1–4, PCR products obtained with T4 gene 32 protein after 24, 21, 18, and
15 cycles, respectively. Lanes 5–8, the same samples tested without T4 gene 32 protein with the same numbers of cycles. Note that reverse transcriptase reactions
that contain gene 32 protein attain the optimal number of cycles (n = 18) earlier than negative ones. (B) Densitometric analysis profile of the RT-PCR products
obtained without (squares) and with (circles) the addition of the T4 gene 32 protein. The intensity of the ethidium bromide-stained smears (fluorescence intensity) was determined by densitometric analysis of the gels with Gene Tools software as described in Materials and Methods. Note the apparent increase for
longer fragments on the left part of the curves.

teract the action of offending substances. To this end, various additives
(e.g., BSA, formamide, and T4 gene 32
protein) (2,4,5) have been included in
the RT-PCR to relieve inhibition.
Marked secondary structures observed in DNA or RNA can hamper the
fidelity and reduce the efficiency of
both DNA replication and RNA reverse
transcription. By interacting with DNA,
RNA, and proteins, T4 gene 32 protein
is known to increase the efficiency of
different enzymes, such as reverse transcriptase (2,5), Taq DNA polymerase
(10), and telomerase in the telomeric repeat amplification protocol (TRAP) assay (3). In addition, T4 gene 32 protein
enhances the reverse transcriptase activity of the Taq DNA polymerase (2).
In this study, we demonstrated that
the addition of T4 gene 32 protein to
the reagents of the SMART PCR cDNA
synthesis kit significantly improved the
yield of cDNA products.
MATERIALS AND METHODS
Total RNA Extraction
Total RNA was extracted from three
different cell sources: an anaplastic
82 BioTechniques

lymphoma cell line (COST), a T-cell
lymphoma cell line (FEPD), and peripheral blood lymphocytes (PBL) extracted from a lymphoma patient using
the RNeasy Midi kit (Qiagen, Courtaboeuf, France), following the manufacturer’s recommendations. Total RNA
was quantified by measuring the absorbance at 260 nm and checked for integrity by electrophoresis on agarose
gel and ethidium bromide staining.

Moloney murine leukemia virus reverse
transcriptase (200 U/µL) in a total volume of 10 µL. Steps 6–10 were carried
out according to the kit.
Amplification results were analyzed
on 1% agarose gel (Tris-borate/EDTA),
followed by ethidium bromide staining.
The intensity of the ethidium bromide

RT-PCR Amplification of FullLength mRNAs
Three different RNA concentrations
(25 ng, 50 ng, and 1 µg) from each cell
source were subjected to the SMART
PCR cDNA synthesis kit, according to
the manufacturer’s recommendations.
For all sources, each concentration was
tested with and without the addition of
T4 gene 32 protein. Briefly, each concentration of total RNA was tested from
step 1 to 5 of the first-strand cDNA synthesis. We added 0.3 µL (150 ng/µL) T4
gene 32 protein (Roche Molecular Biochemicals, Mannheim, Germany) during step 6 of the first-strand cDNA synthesis, together with 2 µL 5× first-strand
buffer, 1 µL dithiothreitol (20 mM), 1
µL 50× dNTP (10 mM), and 1 µL

Figure 2. Virtual northern blotting with the
moesin probe on the SMART product obtained with 50 ng total RNA from the COST
cell line. Note the significant increase of the signal with T4 gene 32 protein.
Vol. 31, No. 1 (2001)

luminescence was measured by image
acquisition on a UV GeneGenius apparatus, followed by image treatment
with Gene Tools software (both from
Syngene, Cambridge, UK), in conditions for which the intensity of fluorescence was linear (7). The intensity of
each smear was determined, and we
could therefore compare relative product yield between individual RT-PCRs
and measure the effects of the addition
of T4 gene 32 protein.

SMART PCR-amplified cDNAs
from the cell lines and PBL were electrophoresed on a 1% agarose gel, transferred onto nylon membrane (Hybond
N+; Amersham Pharmacia Biotech, Orsay, France), and hybridized with a 32Pmoesin cDNA probe. The probe was labeled with a multi-random priming kit
(NonaPrimer; Appligene Oncor, Illkirch, France). The filter was hybridized at 65°C overnight in 6× Denhardt’s solution, 4× standard saline
citrate (SSC), 0.1% SDS, and 50
µg/mL herring sperm DNA. The membrane was washed twice with 2× SSC
and 0.5% SDS for 30 min and twice
with 0.1% SSC and 0.1% SDS for 30
min at 68°C.

turer, 15, 18, 21, and 24 cycles of PCR
were performed. In each instance, the
addition of T4 gene 32 protein significantly increased the efficiency of the
RT-PCR of the SMART kit, regardless
of the amount of total RNA used in the
assay (0.025–1 µg). The reactions that
contained T4 gene 32 protein attained
the optimal number of cycles (n = 18)
earlier than negative controls, even
when the reaction was carried out with
25 ng total RNA, which is lower than
the limit of the SMART technique (Figure 1A). The intensity of the ethidium
bromide-stained smear was determined
by densitometric analysis as described
in Materials and Methods. The improvement of the yield of cDNA fragments varied slightly among the cell
sources and ranged between 90% and
150%, irrespective of the input cDNA
(25 ng, 50 ng, or 1 µg) (Figure 1B). As
shown in Figure 1B, it appears that
longer transcripts are more abundant
with T4 gene 32 protein, suggesting
that the more significant increase is obtained for longer messengers. To verify
this hypothesis, virtual northern blotting was performed using the moesin
probe. In each experiment, the signal
intensity was clearly stronger when T4
gene 32 protein was added (Figure 2),
irrespective of the cDNA concentration.

RESULTS

DISCUSSION

To determine whether the efficiency
of the SMART PCR cDNA synthesis kit
could be improved, T4 gene 32 protein
was added to the RT-PCR mixture at the
final concentration of 150 ng/µL. To
verify that T4 gene 32 protein can improve reverse transcription and/or PCR,
T4 gene 32 protein was added either before or after the reverse transcription
step. This was performed in all samples;
in each instance, we obtained the maximum cDNA yield increase when the T4
gene 32 protein was added before reverse transcription. When T4 gene 32
protein was added after the reverse transcription, no significant increase of
cDNA yield was noticed.
Eighteen different experiments (i.e.,
nine with the addition of T4 gene 32
protein and nine without) corresponding to the three cell sources were carried out. As suggested by the manufac-

Our data provide evidence that the
addition of T4 gene 32 protein to the
SMART PCR cDNA synthesis kit’s
reagents significantly increases the sensitivity of this technique. T4 gene 32
protein has previously been used in
combination with other enzymes. In
particular, T4 gene 32 protein is known
to increase the efficiency of reverse
transcriptase, Taq DNA polymerase,
and telomerase in the TRAP assay
(2,3,5,10). The size of mRNAs is a limiting factor for reverse transcriptase and
Taq DNA polymerase reactions (10).
Secondary structures are more likely to
occur in longer mRNA or DNA strands.
In these particular conditions, T4 gene
32 protein has successfully improved
PCR amplification of long templates
(10). The mechanisms by which T4
protein functions are poorly understood. However, it is known that T4

Virtual Northern Blotting
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gene 32 protein can interact with
DNA and proteins at the replication
fork, thus increasing the efficiency and
fidelity of DNA replication (2,8,9,12).
T4 gene 32 protein is also suspected to
interact with RNA, and, to date, only a
few studies have demonstrated its influence on mRNA or RNA/DNA duplexes
during reverse transcription (2). One
such study was conducted by Chandler
et al. (2), who demonstrated that the
first-strand cDNA synthesis is more efficient in the presence of T4 gene 32
protein. In the previous description of
the TRAP assay (3), which allows the
detection of telomerase activity, T4
gene 32 protein seemed to increase the
sensitivity of this technique by avoiding
artifacts resulting from primer interactions. Because T4 gene 32 protein directly interacts with reverse transcriptase, it might also interact with
telomerase because these enzymes
share strong homologies for their catalytic subunits (6). On the other hand,
several reports indicate that reverse

transcriptase can interfere with PCR
amplification of first-strand cDNA
(1,11). The inhibitory effect of reverse
transcriptase on the PCR could be mediated by the reverse transcriptase interaction(s) with the specific cDNA
template. This inhibitory effect could
be dependent on template concentration and removed by the addition of T4
gene 32 protein during the reverse transcription reaction.
Previous studies using T4 gene 32
protein have focused on single targets
with specific primers (2,5). Here, we
show that this protein is suitable for simultaneous RT-PCR amplification of
full-length mRNAs of various size. As
expected, transcripts of larger size,
which can be missed with a standard
RT-PCR assay, are efficiently amplified
when T4 gene 32 protein is added. This
could avoid a bias in cDNA selection
during subtraction procedures.
In conclusion, we advise the use of
T4 gene 32 protein in combination
with the SMART PCR cDNA synthesis kit. This association significantly
improves the yield of cDNA products
subsequently submitted to molecular
techniques, such as suppression subtractive hybridization. The SMART
technique works on small amounts of
total RNA (25 ng) and allows the amplification of longer messengers. The
recent use of tissue microdissections is
limited by a dramatic reduction of
RNA amounts available for molecular
techniques. The addition of T4 gene 32
protein to the SMART PCR cDNA
synthesis kit would suitably overcome
such difficulties.
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