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ABSTRACT

Inherent problems exist with sequencing-by-synthesis (SBS) methods which use fluorescein-labeled
nucleotide incorporation into a target template based on a polymerase chain reaction (PCR). These prob-
lems include lowering the cost of sequencing and the removal of fluorescence in DNA sequencing for
further reading. How can these sequencing problems be resolved? We present a sequencing strategy
which we call an extension-quenching-extension sequencing on a microarray based on a two-primer
hyperbranched rolling circle amplification (HRCA). The microarray is a high throughput and low-cost
tool.

The template on a microarray for SBS was prepared by HRCA. The Cy 5-labeled deoxyribonucleoside
triphosphate (dNTP) species were incorporated in the extension reactions. We discovered that copper
(CuS04) can quench the fluorescence in DNA sequencing because it exhibits an energy-transfer mecha-
nism of quenching from the fluorescein to the bound Cu?* ion. The fluorescein label needs to be destroyed
after the readout by CuSO4 before further reading is possible.

This paper describes the process used which discovered a successful combination of temperature,
concentration, and duration of use for CuSO4 which successfully quenched the fluorescence. In this
experiment, we used a known sequence as a template in order to provide a strategy for sequencing.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Over the past decade DNA sequencing methods advanced
rapidly. Sequencing-by-synthesis (SBS) [1] is one of the several
promising sequencing methods. Other methods include solid phase
mini-sequencing [2], genetic bit analysis [3], multiplexed DNA
sequencing-by-synthesis [4], arrayed primer extension [5] and so
on. These new technologies aim to achieve a better price to per-
formance ratio, aiming for the coveted goal of $1000 per genome
[6].

Currently, templates for most sequencing use mainly double-
strand DNA produced by PCR [7]. Therefore, the preparation of a
sequencing template is too expensive, labor intensive, and time
consuming [8]. Lu et al. introduced a novel way to prepare the
DNA templates for the DNA sequencing-by-synthesis based on RCA
for DNA fragment libraries of the whole genome. The products
of RCA were single DNA molecules with more than 1000 copies
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of the genomic DNA fragment. RCA reaction is an isothermal in
vitro method for the hybridization-triggered enzymatic synthesis
of hundreds to billions of linear copies of small, single stranded,
circular DNA probes [9,10]. Pihlak et al. used the RCA in situ on the
glass as a template for DNA sequencing in 2008 [11]. This paper
reports using HRCA in solution as a template for DNA sequencing.

We can immobilize the product of RCA on acryl-modified slide
surface after exploring a few methods for immobilizing RCA. Fig. 1
shows that the sequence of DNA template could be read with ther-
minator enzyme at the 3’ terminus of the primer strand; the primer
was extended with fluorescein label which was complementary to
the template base. The fluorescein label incorporated by the poly-
merase could then be identified so that the sequence could then
be read. The fluorescence collected in the incorporation reaction
in the SBS needed to be destroyed before further reading could
be completed [4]. Odedra et al. studied the chemistry of enzyme-
labile, Pd-cleavable and photocleavable linkers [12-26]. Ju et al.
reported a viable sequencing scheme involving the use of 3’-O-
allyl Pd-cleavable fluorescent nucleotide analogs [27] and Turcatti
et al. reported the cleavable disulfide fluorescent nucleotides as
reversible terminators [28]. However, the specially modified dNTP
with fluorescein is highly modified and difficult to incorporate
nucleotides [29]. And UV is used in some methods in the removal of
fluorescence in DNA sequencing. We describe our scientific method
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Fig. 1. Illustration of extension-quenching-extension sequencing on microarray [4]. In this paper, the template with modified RCA primer was immobilized on the glass
slides. The sequencing primer could hybridize on the template that was immobilized on the glass and form a hairpin structure at the 3’-end. After the hairpin structure
formed, the fluorescein label extended with DNA polymerase by sequencing-by-synthesis method.

of testing a solution to this problem in the form of a successful
inexpensive method using a commonly available reagent, CuSOy,
based on its price and simply used comparing with the above meth-
ods. This process is known as an extension-quenching-extension
sequencing method on a microarray.

2. Materials and methods
2.1. Preparation of the acryl-modified Slides

Glass slides were prepared by first soaking in 10% aqueous
nitric acid for 2 h. The slides were then rinsed with water and
acetone and air dried. The cleaned slides were then soaked in 10% 3-
methacryloxypropyltrimethoxy saline in acetone for 1 h, followed
by washing in acetone and air drying [30].

2.2. RCA reaction

The open circle probe is produced from the fragments of lect-
intype oxidized LDL receptor gene (OLR1, GeneBank accession no.
AF079167, Table 1). The ligation reaction was carried out in a total
8 I volume mixture as follows. First the mixture was denatured
in 95°C for 10 min and slowly cooled to room temperature. Next
10x T4 ligase buffer and T4 ligase were added, respectively, for
1 wl to the mixture. Then the mixture was continually incubated at
16 °C for more than 16 h. After ligation, the RCA primer was used for
amplification at 40 °C for more than 24 h. Each 25 pl of reagent con-
tained 0.25 wM dNTPs, 4.8 U Bst DNA polymerase, 10x Thermopol
reaction buffer 2.5 pul and 0.2 g/l BSA (bovine serum albumin)
[31].

2.3. Attachment of RCA products to the acryl-modified slide
surface and signal detection

After RCA, RCA products were processed by ethanol precipi-
tation. Solutions containing RCA products with the modification
involves attachment of acrylamide groups to DNA, 3% acry-
lamide monomer (29:1 acrylamide:bis-acrylamide), 30% glycerol,
1% APS were prepared, and then were spotted on the prepared
glass slides using a microarrayer (Capital Biochip Corporation,
China). After spotting, the slide was placed in a humid sealed
chamber with a well containing N,N,N’,N’-tetramethyl ethylene-
diamine (TEMED). The pressure in the sealed chamber was
reduced to about 1000Pa, and this pressure was maintained
for 1h at room temperature. Under this pressure, TEMED was
vaporized and diffused into the spots to induce the copolymer-
ization between acrylamide groups and acryl groups. The slide
was incubated in 0.10M NaOH for electrophoresis for 8 min to
obtain single stranded DNA (ssDNA) for hybridization analysis
[32].

To detect the signal of amplification and form a hairpin struc-
ture at the 3’-end for sequencing, hybridization with a Cy 5-labeled
probe was performed in a moist chamber at 40 °C for 2 h. Then the
slides were rinsed with 2x SSC/0.2 SDS and double distilled water,
dried and scanned.

2.4. Fluorescence quenching

The following steps were used to quench the fluorescence.
The known sequence with a hairpin structure was immobi-
lized onto the surface of acryl-modified glass slides. If the
fluorescein-dNTP was not complementary to the bases in the
polymerase extension system, the spots on the array remained

TAGCTAGAATCAAAAATGTTGAGTACGACGAATCTGTATGCTAATGCGGCGTGATGTATTATGCGTATAGAAATAATACAGA-

Table 1
The sequence of RCA.
ocp 5/_p-
Y
T 5=

ACCTTTATGTCAACATTTTTGATTCTAGCTATCTGTATTATTTCACCTAGCTT-

3
RCA primer

5'-acryl-(T)10ATTAGCATACAGATTCGTCGTACT-

3

5'-acryl-(T)1oATTAGCATACAGATTCGTCGT-3’

Sequencing Primer 5'-Cy5-GCGGCGTGATGTA

Underlined segments of open circle probe (OCP) are complementary to the RCA primer. The 5'- and 3’-end segments of OCP probes are complementary with template. The
italic and underlining segments of OCP have the same sequences with sequencing primer.
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Fig. 2. (A) The hybridization image of the HRCA products; (B) the hybridization image of the RCA products using single primer; (C) the microarray image showing quenching
after hybridizing; (D) the microarray image showing a reading of the sequence of TTAT; (E) the microarray image of quenching after reading the sequence of TTAT; (F) the
microarray image of reading the sequence of GTGC; and (G) the microarray image after carrying out for 12 times.

dark on the fluorescent image. If the fluorescein-dNTP was com-
plementary to the bases in the polymerase extension system,
the spots on the array fluoresced [4]. Initial experimentation
with many chemicals led us to the discovery that using CuSOg4
would successfully quench florescence. CuSO4 could quench the
fluorescence because it had an energy-transfer mechanism of
quenching from the fluorescein to the bound Cu?* ion [33]. The
extended sequence could be read after the fluorescence quench-
ing.

2.5. Polymerase extension reaction

Next, we described the polymerase extension reaction. The tem-
plate with modified RCA primer was immobilized on the glass
slides. The sequencing primer could hybridize on the template that
was immobilized on the glass and form a hairpin structure at the
3’-end. The concentration of hybridization probe with Cy 5-labeled
was 1 wM in this paper. After the hairpin structure was formed, the
fluorescein label extended with DNA polymerase by sequencing-
by-synthesis method.

Single-step extension and multiple-step extension are two
types of extension in DNA sequencing. Single-step extension is a
base-to-base extension method. Multiple-step extension is more
than a base for an extension in sequencing. In this experiment, we
used multiple-step extension method. In the first step, the mixture

of 0.3 wM dTTP and 0.1 wM dATP labeled with Cy 5 and New Eng-
land Biolabs (NEB)’s Therminator DNA polymerase were used based
on the sequencing primer and template sequence. The microarrays
were incubated with the mixture above for 10 min at 65 °C. After
incubation with the mixture, the microarrays were rinsed with 2 x
SSC/0.2 SDS and double distilled water, dried and scanned. After
a few bases mixture extended, it showed the extension was suc-
cessful if next bases mixture can extend. In the subsequent step,
the mixture of dCTP, dGTP and dTTP was used after quenching.
The incorporation reactions were then repeated cyclically with the
various base mixtures.

2.6. Image scanning and data processing

The slides were scanned by ScanMicroarray® Lite. The images
were analyzed with GenePix Pro3.0 software. The average pixel
intensity within each circle was determined for each spot. Signal
intensities of individual spots were exported to Excel spreadsheets
and were analyzed by standard methods.

2.7. The damage of the quenchers to the surface of the slides and
DNA

The difference between the surfaces of the slides that the
quenchers were not used and used was shown by AFM. AFM was
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from Molecular Imaging Inc., USA. It could show the damage of the
surfaces on the slides. This could also show the damage of DNA on
the surfaces of the slides.

2.8. The quenching difference of the quencher to different
fluorescein-labeled dNTPs

Fluorescence spectrofluorometer from USA measured the dif-
ference of fluorescent intensity between before and after adding
the quencher to fluorescein-labeled dNTPs. The fluorescein-labeled
dNTPs were FITC-labeled dNTP, Cy 3-labeled dNTP, Cy 5-labeled
dNTP and TAMAR-labeled dNTP. The efficiencies of quenching were
compared.

3. Results and discussion
3.1. Immobilization of RCA products and signal detection

Rehman et al. described the use of acrylamide-modified nucleic
acids polymerized with acrylamide monomers to fabricate gel-
based microarrays [34]. The slide was incubated in 0.10 M NaOH
for electrophoresis for 8 min because this can obtain single stranded
DNA (ssDNA) for hybridization analysis and the fluorescence back-
ground of the gel-based microarray can be lowered [32]. Pan et al.
reported using a low-frequency ultrasound of 40 kHz to lower the
fluorescence background [35].

As shown in Fig. 2A and B, the hybridization image
of the HRCA products using both double primers
(5’-acryl~(T)oATTAGCATACAGATTCGTCGTACT-3/; 5’-acryl-
(T)10ATTAGCATACAGATTCGTCGT-3’) was stronger than the
hybridization image of the RCA products using single primer (5'-
acryl-(T);oATTAGCATACAGATTCGTCGT-3’) because the average
fluorescent intensity of HRCA products is 8000 and the average
fluorescent intensity of RCA is 6800. This demonstrates that the
RCA product using double primers was more efficient than using
the single primer. Rehman et al. reported 50 wM acrylamide probe
captured —10 pmol oligonucleotide and the capture probe density
is estimated to be 260 fmol/mm?2. Therefore, we used the RCA
products using both double primers to sequence DNA.

3.2. Fluorescence quenching

We tested fluorescent quenching by detecting 20 spots at a time
and repeating 5 times. The fluorescence of the hybridization was
quenched by CuSOy.

Fig. 3A demonstrated how the quenching efficiency increased
with different CuSO4 concentrations. The difference of quench-
ing efficiency at different CuSO4 concentrations is less. It showed
the concentration of CuSO,4 had a less effect on the quenching
efficiency. When the concentrate was more than 0.02 mol/l, the
increasing of quenching efficiency becomes slow. So the concen-
trate was set at 0.02 mol/l. With a concentration of 0.02 mol/l,
the fluorescence quenching efficiency fluorescence was about 97%.
Most of the fluorescence could be quenched at this concentra-
tion.

The quenching time affected the fluorescent intensity. Fig. 3B
shows the concentration of CuSO4 was at 0.02 mol/l. A quench-
ing time of 5min resulted in successful quenching of the most of
the fluorescence. Before 5 min, the fluorescence continued to dis-
appear fast. After 5min the fluorescence continued to disappear
slowly and completely disappeared in the 20 min because the reac-
tion needs a limited time and it becomes slowly after the limited
time. Therefore, the quenching time was set at 5 min.

The quenching temperature also affected the fluorescent inten-
sity with the CuSO4 concentration maintained at 0.02 mol/lL
Fig. 3C shows how a higher temperature resulted in a larger
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Fig. 3. (A) The change of fluorescent intensity with quenching time. (B) The change
of fluorescent intensity in relation to quenching temperatures. Blue: before the
quenching process; red: after the quenching process. Quenching time: 5min. (C)
The change of quenching efficiency with the CuSO4 concentrations. The process was
done by detecting 20 spots at a time and repeating 5 times. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

level of destruction of the fluorescence. The 30°C temperature
was easily achieved and resulted in almost complete quench-
ing of the fluorescence. Therefore, a quenching temperature of
30°C was selected in this experiment. As noted above, experi-
mentation resulted in the selection of a quenching temperature
of 30°C with a quenching time of 5 min. The equation of quench-
ing efficiency: F(%)=(F1—F2)/F1 x 100, where F1 and F2 are the
observed fluorescence before quenching and the fluorescence after
quenching, respectively. The equation of extension efficiency:
G(%)=(G2 - G1)/(GO - G1) x 100, where GO, G1 and G2 are initial
fluorescence before quenching, the fluorescence after quenching
and the observed fluorescence after an extension, respectively. The
extension efficiency was about 95% and as high as 97% in the sin-
gle step after the fluorescence was quenched. We could efficiently
quench the accumulated fluorescence in the extensions with a con-
centration of CuSO4 at 0.02 mol/l and a reaction time of 5 min and
successfully produce the desired incorporation reactions. The reac-



422

tion could successfully continue to replicate the sequence without
mismatching after quenching.

3.3. Polymerase extension reaction

Fig. 2D shows a typical microarray image reading and shows
how it looks with the sequence TTAT. The incorporation reactions
were repeated cyclically with the base mixtures for the known
sequence with a hairpin structure immobilized on acryl-modified
chips. The extensions could be carried out at the same time in each
array spot. Fig. 2E and F shows the sequences TTAT and GTGC,
respectively, as they were read in the microarrays. The fluorescence
was quenched. Then the incorporation reactions were repeated
cyclically with the various base mixtures. In this experiment, the
HRCA product dissipated slowly after each repetition of incorpo-
ration reaction followed by fluorescence quenching (Fig. 2G). That
is, the fluorescence was successfully quenched 10 times allowing
11 extensions. By using these methods, a length of 42 bases was
successfully read.

3.4. Image scanning and data processing

Fig. 4 shows the pixel intensity with sequenced bases. The pixel
intensity changed less slowly in the total reaction because the rate
of loss of the RCA product slowed. The number of read bases could
be rapidly distinguished automatically using Gene Pix Pro3.0 soft-
ware.

Fig. 4 and Table 2 show a representative experiment in which
fluorescence was totally removed 11 times and the extensions were
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Fig. 4. The analysis of DNA sequencing.

carried out 11 times. By using this sequencing method, 42 bases can
be successfully read with a single slide preparation (Table 2) for the
known sequence in the experiment. It may become more difficult to
sequence DNA for an unknown DNA sequence because each base
tries to be used, respectively, in order to match the template for
each extension step. This method may stimulate new advances in
quenching technologies.

3.5. The damage of the quenchers to the slides and DNA

We can find that CuSO4 caused less damage to the acryl-
modified slides and DNA on their surfaces by comparing Fig. 5A
with B. H,0, was ever reported to quench the fluorescence [36].

BEsEB=BE
=§E§§§§Q§ﬂ!§§§§§§’

Fig. 5. The AFM images of the surfaces on the acryl-modified slides: (A) the surface on the acryl-modified slides; (B) the surface on the acryl-modified slides that CuSO4 was

used; and (C) the surface on the acryl-modified slides that H,0, was used.
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Table 2

Results of DNA sequencing.
Step 1 2 3 4 5 6 7 8 9 10 11
Bases TTAT GCGT ATA GAAA TAAATA CAGA TAG CTA GAAA TC AAAAA

However, we found that H,0, caused more damage to the acryl-
modified slides and DNA on their surfaces by comparing Fig. 5A
with C.

3.6. The quenching difference of the quencher to different
fluorescein-labeled dNTPs

0.02 mol/l Cu SO4 was separately used to quench the Cy 3-, Cy
5-, FITC- and TAMAR-labeled dNTP. The reactions were at the same
condition. Fluorescence spectrofluorometer measured the inten-
sity of fluorescence.

The intensity of fluorescence after quenching/before quench-
ing was separately Cy 3 (48.74%), Cy 5 (5.7%), FITC (26.84%) and
TAMAR (68.23%). From this result we can know that TAMAR > Cy
3>FITC>Cy 5 based on the difficulty of quenching. Cy 5 was easily
to be quenched for CuSQOy.

3.7. Comparison with related sequencing methods

Pihlak et al. used the RCA for DNA sequencing. It is RCA in situ on
the glass as a template [11]. We ever reported RCA in solution for
the template of sequencing [36]. In this experiment, we got more
templates for sequencing using HRCA and further improved the
method of preparing the template.

Fluorescence removal is an important problem for sequenc-
ing. However, the highly modified and difficult to incorporate
nucleotides for removing the fluorescence need to be further
improved. Some researchers have tried to further solve the prob-
lem in sequencing without highly modified nucleotides. Mir
and co-workers reported using a method called Cycical Lig-
ation and Cleavage to sequence, They used RNase to blend
at 37°C for 1h to remove the fluorescence. The number of
sequenced bases is only 3. RNase is more expensive than CuSO4
[37].

We ever reported using hydrogen peroxide (H,0,) to deactivate
the fluorescence as one of the oxidants. However, hydrogen per-
oxide (H,0,) cause damage to the skin of the operator and also to
DNA. Furthermore, the removal times in sequencing are four before
the extension stops [36]. We used CuSQO4 to improve the method
of removing the fluorescence and the removal times are 11 before
the extension stops.

4. Conclusion

We report a method for using an extension-quenching-
extension DNA sequencing process using a microarray. We used
HRCA in solution to prepare the templates for SBS and successfully
quenched the fluorescence by using CuSOy. In this experiment, the
fluorescence was totally removed for 11 times and the extensions
were carried out 11 times. And a 42 base section of DNA in the
known sequence was successfully read. CuSO4 caused less dam-

age to DNA. The reaction can continue without mismatch after
quenching. This process exhibits a novel way to DNA sequencing.
The process we have used exhibits positive characteristics which
may facilitate the next generation of sequencing.
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