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RNA Polymerase Activity Assay on Biochips: 
Correlation between Template DNA Density and RNA Synthesis
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(A)

EDC : T-SH template DNA

(B)

T-SH template DNA 5'SH-AAC TGG CCG CTGAAG GGC TTT TGA ACT CTG CTT AAA
TCC TAT AGT GAG TCG TAT TAG TCC-3'

T7 primer 5'-GGACTAATACGACTCACTATA-3'

Primer

T7 RNA
polymerase

Figure 1. (A) Structure of SAMs on gold and chemical modifications 
to prepare template DNA-presenting biochips. The carboxylic acid- 
presenting monolayer was treated with 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride (EDC) and N-aminoethyl male-
imide, followed by thiolated template DNA. (B) Strategy for T7 RNAP
activity assay on biochips and the sequences of oligonucleotides (T7 
promoter sequences underlined) used in this study.

In vitro synthesis of RNAs by bacteriophage T7 RNA poly-
merase (T7 RNAP) has been applied extensively to the inves-
tigation of RNA serving as a biologically active molecule. T7 
RNAP is a single subunit enzyme with a molecular weight of 
98 kDa that is capable of catalyzing transcription without any 
accessory proteins.1-3 Other RNA polymerases derived from 
bacteriophage (SP6 and T3) were also useful for in vitro syn-
thesis of RNA. Each RNA polymerase has different DNA pro-
moter sequences for initiation of transcription. The behavior 
of T7 RNAP is critically dependent on its interaction with the 
promoter element in template DNA. The T7 bacteriophage 
genome contains a variety of promoters that are recognized by 
T7 RNAP, all of which are related to a 23-base pair consensus 
sequence (see Figure 1).1 The promoter can be divided into a 
recognition domain, encompassing positions 17 through 5, and 
an initiation domain, encompassing positions 4 through +6 
with a transcription start site initiates at the +1 position.4,5

aThese authors equally contributed to this study.

Cell-free transcription and translation system on solid surface 
has been developed and utilized in many genomic studies.6-8 As 
a new research tool, cell-free gene expression has been applied 
to DNA-based biochips, which showed possibilities of develop-
ing synthetic biological systems and biochemical materials at 
nanoscale.8-11 The biosynthetic reaction on surface of micro-
chips was first realized by Buxboim et al. and they developed 
and utilized the microchips assembled by photolithographic 
approach on silicon dioxide (SiO2) for controlling the cell-free 
expression.7,8,12 This approach allows us to control the immo-
bilized DNA and regulate the biosynthetic reactions in a more 
controlled manner.7 Recently, it has been reported that there 
exists attenuation of protein synthesis in a translation coupled 
with a transcription system on DNA-grafted biochips, which is 
likely due to molecular crowding caused by the translational 
machinery.7

Here, we investigated T7 RNAP enzyme activity of RNA 
synthesis on self assembled monolayers (SAMs) on gold sur-
face which presents template DNA at various surface densities 
ranging from 5% to 50%. Using the matrix-assisted laser de-
sorption/ionization-time of flight mass spectrometry (MALDI- 
TOF MS), binding of T7 RNAP to T7 promoter sequence in 
the DNA template on chip was analyzed and the activity of T7 
RNAP to synthesize RNA on chip was assayed by monitoring 
the amount of RNA produced with polyacrylamide gel electro-
phoresis (PAGE). We observed that RNA synthesis is signi-
ficantly affected by surface density of template DNA on the 
biochip.

Figure 1 illustrates the structure of monolayers used in this 
study, chemical modifications for preparation of a template 
DNA-presenting chip, and strategy for T7 RNAP activity assays 
on this chip. Carboxylic acid-presenting monolayers are con-
verted to maleimide functionality – a thiol specific reactive 
group – by amide coupling reactions and subsequently thiolated 
template DNA is immobilized to the monolayer (Figure 1A). 
The template DNA-presenting monolayer is then annealed with 
DNA primer that constitutes intact T7 promoter sequence and 
subjected to the in vitro transcription reaction with T7 RNAP 
(Figure 1B).

First, we verified the chemical modifications on the surface 
shown in Figure 1A using MALDI-TOF MS. The acid-present-
ing monolayer was prepared from a mixed solution of tri(ethyl-
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Figure 2. (A) Verification of chemical modifications on the mono-
layer by MALDI-TOF MS; carboxylic acid-presenting monolayer 
(top), after maleimide immobilization (middle), and after thiolated 
template DNA conjugation (bottom). (B) Verification of the presence
of T7 RNAP on the monolayer by MALDI-TOF MS; the digested 
peptide fragments of T7 RNAP immobilized on the monolayer (top), 
in-solution (middle), and on the monolayer without primer treatment 
(bottom). For details, see the main text.
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Figure 3. Measurement of RNA synthesis on chip. In vitro transcrip-
tion was performed on DNA chips with increasing density of template
DNA (5, 10, 20, 30, 40, and 50%) on surface of the chips, and the 
RNA products were analyzed by 10% urea-PAGE (top figure). Relative
amount of synthesized RNA was obtained by dividing amount of RNA
synthesized with each chip weight times DNA density. As a positive 
control, T and T-SH template DNA were also included for in vitro
transcription reaction, which was performed in a solution.

ene glycol)-terminated alkanethiol and acid group-terminated 
alkanethiol in a ratio of 9 : 1. The mass analysis gave two 
major peaks at m/z 693 [M + Na]+ and m/z 861 [M - H + 2Na]+ 
corresponding to tri(ethylene glycol)-terminated disulfide and 
mixed disulfide of acid and tri(ethylene glycol)-terminated 
alkanethiolates, respectively (Figure 2A, top). This monolayer 
was then treated with 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride (EDC) (100 mM in PBS pH 7.4) and 
maleimide amine (50 mM in PBS pH 7.4) for 2 h, and analyzed 
by MS. The peak at m/z 861 was absent and gave rise to a peak 
at m/z 962 [M + Na]+ which corresponds to maleimide con-
taining disulfide (Figure 2A, middle). The resulting maleimide 
presenting monolayer was then treated with thiolated templ-
ate DNA (1 µM in PBS). The mass spectrum of this monolayer 
showed that the peak at m/z 962 disappeared indicating the full 

conjugation of thiolated DNA to maleimide groups (Figure 2A, 
bottom). These results indicate that all chemical reactions pro-
ceeded as described in Figure 1A with high yield. Note that the 
direct observation of immobilized oligonucleotides on SAMs 
using MALDI-TOF MS has not been successful and has not 
been reported yet. Next, we tested the capability of T7 RNAP 
to recognize T7 promoter sequence on the monolayer. The 
template DNA-presenting monolayer was annealed with 8 µM 
of primers and T7 RNAP in reaction buffer (1.76 µM) was then 
applied to the monolayer. After incubation for 30 min, the 
monolayer was treated with trypsin for 3 h at 37 oC, dried, and 
directly analyzed by MALDI-TOF MS. The mass spectrum 
showed several peptide fragment peaks from T7 RNAP, which 
well concurred with the spectrum obtained from in-solution 
digestion (Figure 2B, top and middle). As a control, we carried 
out same experiment except primer annealing step, which afford-
ed the spectrum showing only trypsin auto-digestion peaks 
and trace of T7 RNAP digests. This result clearly indicates 
that T7 RNAP was specifically bound to T7 promoter sequence 
on the monolayer and then performed enzyme activity of RNA 
synthesis.

We next carried out the RNA synthesis reaction on the chip 
harboring the template DNA annealed with DNA primer that 
constitutes intact T7 promoter sequence. The DNA-grafted 
chips with various surface densities ranging from 5% to 50% 
were prepared and subjected to the in vitro transcription re-
action with T7 RNAP. RNA synthesis was expected in the 
reaction on a surface of the chip DNA, and the reaction was 
repeated for several chips with increasing density of DNA graft-
ed on the surface. As the density of DNA conjugated on the 
chip surface increased, amount of RNA synthesized per unit 
amount of template DNA decreased (Figure 3). In contrast to 
the result on the chip surface, RNA synthesis in a solution was 
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not hampered with the same DNA template used in the chip 
assay regardless of thiol modification at the 5’ end. This result 
indicates that T7 RNAP is the sensor of the DNA strand on the 
surface and is impeded in penetration into the DNA strand at 
high densities. This result is different from the earlier observa-
tion by Buxboim et al., in which RNA synthesis was not affected 
by the density of DNA on the chip.7 These discrepancies might 
be resulted from different densities and/or length of template 
DNA on the chip surface. Attenuation of RNA synthesis at 
dense DNA packing is likely due to molecular crowding that 
causes incorrect binding of the polymerase to the promoter 
sequence and impediment of RNA polymerase in translocation 
along the DNA template (possible configurations in Figure 3). 
As the template DNAs are placed in a less dense surface, they 
are likely to be more accessible to the transcription machinery 
than in the densely packed DNA on the surface.

In conclusion, RNA polymerase activity was successfully 
monitored on template DNA-presenting chips. The surface 
density of template DNA was closely related to the enzyme 
activity, which can be attributed to molecular crowding at the 
surface. This result will be applicable to design gene immobiliz-
ed solid supports for synthetic biological systems on surface, 
which is different from solution reaction.

Experimental Section

Preparation of template DNA and primer. Template DNA 
(5'-AACTGGCCGCTGAAGGGCTTTTGAACTCTGCTT
AAATCCTATAGTGAGTCGTATTAGTCC-3'; T7 promoter 
sequence underlined) and corresponding primer (5'-GGAC 
TAATACGACTCACTATA-3’) were chemically synthesized 
(CosmoGentech, Seoul, Korea) and template DNA was modi-
fied with thiol at 5' end of the sequences (T-SH) (BIONICS, 
Seoul, Korea).

Preparation of template DNA-presenting monolayers. The 
acid-presenting monolayers were prepared from a mixed solu-
tion of tri(ethylene glycol)-terminated alkanethiol and acid 
group-terminated alkanethiol in ethanol for 12 h (the total con-
centration of thiol was 1 mM). Acid-presenting monolayers 
were treated with EDC (100 mM in PBS pH 7.4) and male-
imide amine (50 mM in PBS pH 7.4) for 2 h, and washed with 
distilled water. The resulting maleimide-presenting monolayers 
were then treated with thiolated template DNA (1 µM in PBS).

On-chip tryptic digestion of immobilized T7 RNA poly-
merase. The template DNA-presenting monolayers were anneal-
ed with 8 µM of primers at 65 oC for 5 min, at 25 oC for 20 min, 
and stored at 4 oC until use. T7 RNAP in reaction buffer (1.76 
µM in 40 mM Tris-HCl, 15 mM MgCl2) was then applied to 
the monolayers, which were incubated for 30 min and briefly 
rinsed with distilled water. Trypsin (10 ng/L in 20 mM ammo-
nium bicarbonate, 0.5 mM calcium chloride, 10% acetonitrile) 
was treated on these monolayers for 3 h at 37 oC. The mono-
layers were dried and directly analyzed by MALDI-TOF MS.

Mass analysis. Mass analysis was performed using an Auto-
flex III MALDI-TOF mass spectrometer (Bruker Daltonics) 
equipped with a smartbeam laser as an ionization source. All 
of the spectra were acquired with 19 kV accelerating voltage, 

a 50 Hz repetition rate, and positive mode with the average of 
~500 shots. To confirm the reaction progression, monolayers 
were analyzed with 2,5-dihydroxybenzoic acid (DHB, 5 mg/mL 
in acetonitrile) as a matrix. Tryptic peptides of T7 RNAP were 
analyzed with a-cyano-4-hydroxycinnamic acid (1 mg/150 µL 
in 50% acetonitrile, 0.05% TFA) as a matrix.

In vitro transcription on a chip. The template DNA presenting 
chips were immersed in 100 µL of distilled water containing 
8 µM primers which were annealed by heating at 95 oC for 5 
min and cooling at 25 oC for 20 min. The chips harboring 
primer annealed template DNA were stored at 4 oC prior to 
use. In vitro transcription reaction was performed by dropping 
30 µL of the reaction mixture containing 1.76 µM T7 RNAP 
and 2 mM NTPs (ATP, GTP, CTP, and UTP) in the reaction 
buffer (40 mM Tris-HCl, 15 mM MgCl2, 2 mM spermidine, 
10 mM DTT) to the chips annealed with primer. The chips were 
incubated at 37 oC for 3 h and the RNA products were resolved 
by denaturing polyacrylamide gel electrophoresis (10% urea- 
PAGE) and detected by ethidium bromide staining. Amount of 
RNA synthesized in the reaction was quantified by measuring 
the RNA band intensity using the Gel-Pro analyzer software 
(Media Cybernetics, Bethesda, USA) and the chips were weigh-
ed for assessing the surface area.

RNA synthesis in solution. Each of the 4 µM T and T-SH 
template DNA was annealed with 8 µM primer by heating 95 oC 
for 5 min and 42 oC for 10 min, and cooling at 25 oC for 10 min. 
In vitro transcription reaction (30 µL) was performed by mixing 
the T7 RNAP with the reaction buffer as described above.
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