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In vitro transcription is widely used to synthesize small
amounts of RNA from recombinant DNA templates.[1] In the
conventional analysis of transcripts, northern blotting is used
as a technique for size fractioning the RNA in a denaturing gel.
In this study, we provide a novel technique to monitor in vitro
transcriptional RNA synthesis without any denaturants while
the reaction is progressing. Fluorescence correlation spectros-
copy (FCS) sensitively measures fluctuations in fluorescence in-
tensity, due to only a few fluorescent molecules that diffuse in
and out of a small volume element at the subfemtoliter level
in solution, which are dependent on the molecular weight and
the concentration.[2–5] Recently, this method was applied to
measuring diffusion and the hybridization state of oligo(dT)
and poly A in mRNA within living cells.[6] However, it is difficult
to detect a specific mRNA by using oligo(dT).

In the present study, two plasmids encoding the luciferase
gene and Xenopus elongation factor-1a were used as tem-
plates for transcription. We determined the interaction be-
tween these transcripts and labeled 23-mer oligo-DNAs (GL
primer), complementary to the sequence of the luciferase RNA
or 30-mer oligo(dA). The fluorescence correlation functions
were analyzed by using a simple two-component model with a
fast-moving component of free GL primer and a slow-moving
component of the hybrid.

The secondary structure of the luciferase RNA (site 1–1700)
was simulated. In the predicted structure, three sites (52–54,
57–62, and 68–74) in the 52–74 sequence, complementary to
the GL primer, interacted with different sites of the same mole-
cule by base-pairing. This suggests the difficulty of binding be-
tween the GL primer and the luciferase RNA after folding to
form a secondary structure.

The plasmid-encoding luciferase gene (pLuc, site 1–1700)
was linearized by EcoRV (pLuc/EcoRV). The site 1–1389 was
transcribed from pLuc/EcoRV. Figure 1 shows typical autocorre-

lation functions of the fluorescent oligo-DNAs in the reaction
solution at the various times after the addition of pLuc/EcoRV
as a template. The normalized autocorrelation function of the
GL primer was shifted to the right with a reaction time of
120 min; this suggests that there is an interaction between the
probe and the larger molecules. In the case of oligo(dA), the
autocorrelation function was not shifted (see insert). The re-
sults indicated that the GL primer hybridized with the lucifer-
ase transcripts before they folded to form a secondary struc-
ture. Furthermore, there was no significant difference between
the diffusion time of the GL primer and oligo(dA) in the in
vitro transcription system with pXef-1, which is a linearized
plasmid DNA that contains the Xenopus elongation factor-1a
gene (see Table 1). Neither fluorescent oligo-DNA probe was
complementary to the pXef-1 transcript. Thus, these results in-
dicated that the GL primer hybridized with transcripts of pLuc/
EcoRV in a sequence-specific manner.

Although the autocorrelation function of the GL primer just
after the addition of pLuc/EcoRV could be fitted well by using
the one-component model, it was difficult to analyze data
from 15 to 120 min. In every transcription reaction, the transla-
tional diffusion time of the free fast-moving probe was esti-
mated from the autocorrelation function at 0 min, and the
mean time was 0.39 ms (n=4) in Table 1. Using this diffusion
time of the fast component as a constant value, we analyzed
data from 15 to 120 min with the two-component model, and
the autocorrelation function could be fitted well. As shown in
Figure 2, the fraction of the slow component increased greatly
from 0.20 at 15 min to 0.55 at 120 min; this agreed with the
relative band intensity from the densitometric analysis after gel
electrophoresis. In contrast, the diffusion time was relatively
stable, although there was a slight increase from 3.4 to 5.7 ms.
The reason for the slight increase is unclear, nevertheless we
observed bands near base 1400 at every reaction time in the
gel electrophoresis. These data suggested that, using FCS, we
detected the increase in number of the slow component
rather than that in the length during in vitro transcriptional
RNA synthesis.

Figure 1. Normalized autocorrelation functions of in vitro transcription prod-
ucts of pLuc/EcoRV. Fluorescence fluctuation was probed with a GL primer and
with oligo(dA) (insert). Different curves show autocorrelation functions at vari-
ous reaction times after the addition of the plasmid. Both symbols and lines
represent experimental data. The concentration of pLuc/EcoRV was 0.1 mg.
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Next, pLuc was linearized by EcoRI (pLuc/EcoRI). The site 1–
638 was transcribed from pLuc/EcoRI. Using the GL primer, we
compared the diffusion times of transcripts of pLuc/EcoRV with
those of pLuc/EcoRI (Table 1). The fraction of the slow compo-
nent that had a diffusion time of 5.71 ms in the case of pLuc/
EcoRV increased with reaction time and was 0.55 at 120 min.
On the other hand, in pLuc/EcoRI, the fraction of the slow com-
ponent increased to 0.51 at 120 min, but the diffusion time
was 1.66 ms. Each transcript was also analyzed by gel electro-
phoresis after being quantified by FCS measurement. As ex-
pected, bands near bases 600, 1400, and 1900 were detected
for transcripts with pLuc/EcoRI, pLuc/EcoRV, and pXef-1, respec-
tively (data not shown). Therefore, FCS can measure diffusion
time dependent on base length.

The autocorrelation functions of fluorescent probes in reac-
tion solutions that contained from 5 to 400 ng plasmid DNA
were analyzed by using the two-component model, as shown

in Figure 3. FCS measurement
was carried out at 120 min after
the addition of plasmids. For the
reaction from 5 to 10 ng of plas-
mid DNA, only a small fraction of
the slow component was ob-
served between 0.02 and 0.03.
At 100 ng of pLuc/EcoRV plasmid
DNA, the fraction increased to
0.53. The transcription reaction
reached the plateau phase at
400 ng. According to the instruc-
tion manual of this transcription
system, 20 mL reaction mixture
containing 1 mg of templates
that encode for 1.9 kb transcript
synthesized 50 mg of RNA after
120 min of incubation. Although
this suggests that the contents

of our transcripts would be much more than that of the la-
beled primer, the reason for the observation of a large fraction
of unbound probes is unclear. In contrast to the changes in
this fraction, the diffusion time varied between 2.9 and 4.9 ms,
but the upward tendency were not observed. These results
agree with those from densitometric analysis of the gel.

Recently fluorescence resonance energy transfer (FRET) has
been used to detect the specific mRNA in transcription sys-
tems in in vitro and in living cells.[7, 8] Since FRET, unlike FCS,
depends on the real distance between donor and acceptor,
the sequences of the probes must be based on the 3D struc-
ture of RNA. Northern analysis is the only conventional
method for size fractionating RNA, but this must be performed
on the denatured gel. In contrast, FCS did not require any de-
naturants because the hybrid of the probe with the synthe-
sized RNA before the formation of secondary structure was
measured directly. Furthermore, since FCS measurement

Table 1. Diffusion time (ms) of oligonucleotides in transcription system.[a]

Probe plasmid none pXef-1 pLuc/EcoRV pLuc/EcoRI

GL primer fitting 1 component 1 component 2 components 2 components
Fast Slow Fast Slow

Diffusion time 0.38 0.58[d] 0.39 5.71 0.35 1.66
(0.05) (0.15) (0.03) (0.17) (0.05) (0.32)

Fraction – – 0.45 0.55 0.49 0.51
(0.10) (0.10) (0.15) (0.15)

Sample[b] 7 2 4 3
Data points[c] 26 7 19 12

Oligo (dA) fitting 1 component 1 component 1 component 1 component
Diffusion time 0.33 0.61[e] 0.64[f] 0.63[f]

(0.04) (0.27) (0.14) (0.09)
Sample 2 3 3 3
Data points 9 11 9 11

[a] Each diffusion time is the mean (SD) at 120 min after the addition of plasmid. [b] The values were measured
in the different numbers of samples shown in the table. [c] Three to five values were obtained from each
sample. [d] Significantly different from values of GL primer in the absence of pXef-1, P<0.005. [e] Significantly
different from values of oligo A in the absence of pXef-1, P<0.01. [f] Significantly different from values of
oligo A in the absence of the plasmids, P<0.005.

Figure 2. Fractions and diffusion times (insert) of the slow component in pLuc/
EcoRV transcripts at different reaction times (n=4). A GL primer was used.
Each autocorrelation function was fitted to the two-component model. The
diffusion time of the fast component was fixed at 0.39 ms. The band intensities
of transcripts from gel electrophoresis were also estimated.

Figure 3. Dependency of template amount on fraction and diffusion time
(insert) of the slow component in the transcription reaction with pLuc/EcoRV
at 120 min. A GL primer was used. The band intensities of transcripts from gel
electrophoresis were also estimated.
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causes little damage, we can use the sample even after mea-
suring for different experiments.

FCS permits real-time monitoring of specific RNA in an in
vitro transcription system in which the fluorescent oligonucleo-
tide probe was complementary to the coding sequence of
RNA.

Experimental Section

The in vitro transcription reaction was carried out with a T7 MEGA-
script (Ambion) kit system. The two expression plasmids used in
this study were pLuc (Promega) and pXef-1(Ambion). Two fluores-
cent oligo-DNAs were purchased from Sigma Genosys. One was 5’-
rhodamine green-CTTTATGTTTTTGGCGTCTTCCA-3’ (23-mer). The
other was 5’-rhodamine green-oligo(dA)-3’ (30-mer).

The sequence of luciferase RNA used for the simulation was ob-
tained from the Promega Corp. Simulation of the secondary struc-
ture of the luciferase RNA was performed by using Vienna RNA
software.[9] FCS measurement was performed by using a ConfoCor
fluorescence correlation measurement system (Carl Zeiss Jena
GmbH, Jena, Germany) as described elsewhere.[10] The in vitro tran-
scription solution was separated by electrophoresis on formalde-
hyde denaturing gel (agarose 1%).
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