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Abstract

It has been recently demonstrated that single-stranded DNA-binding protein (SSB) can facilitate quantitative analyses of DNA, RNA, and
proteins in gel-free capillary electrophoresis (CE). Here, we report the application of SSB-mediated gel-free CE for analyses of polymerase
chain reaction (PCR) products. The unique ability of SSB to bind ssDNA but not double-stranded DNA (dsDNA) allows efficient separation
of three types of DNA molecules in the PCR reaction mixture: primers, products (amplified templates), and by-products, which originate from
non-specific DNA hybridization. SSB-mediated gel-free CE analysis of PCR products combines simplicity, high sensitivity, and outstanding
quantitative capabilities. The ability of the method to distinguish between products and by-products makes this method an indispensable tool
in preparative PCR (e.g., in the development of nucleotide aptamers).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction electrophoresis (CHY]. In the proof-of-the-principle work,
we demonstrated that SSB-mediated CE could facilitate

Many proteins involved in DNA replication, DNA dam-  gel-free affinity analyses of DNA, RNA, and proteins. The
age control, DNA repair, and gene expression are capable ofaffinity probes used were hybridization probes for analyses
binding DNA and RNA with different affinities and sequence of DNA and RNA and aptamer probes for analyses of
specificities[1-3]. This unique ability of DNA- and RNA- proteins—both types of probes were ssDNA. We proved that
binding proteins makes them potentially valuable means in SSB, when present in the CE run buffer, bound differently
different kinds of analyses. So far, only a few DNA-binding to free probes and probe-target complexes and by doing so,
proteins were used as analytical tools. The majority of appli- mediated their efficient separation in the gel-free environ-
cations relate to polymerase chain reaction (PCR), an in vitro ment. Here we report the application of SSB-mediated CE
procedure for the amplification of DNA. DNA-replicatingen- for gel-free analysis of PCR products.
zymes (thermostable polymerases) are necessary for the syn- In PCR, DNA templates are replicated by enzymatic
thesis of complimentary oligonucleotide chains. Moreover, extension of primers, so that the number of copies of the
single-stranded DNA binding proteins (SSB), which bind template grows exponentially with the number of cycles of
single-stranded DNA (ssDNA) sequence non-specifically but PCR until the primers are depleted. The after-PCR reaction
do not bind double-stranded DNA (dsDNA), are often used in mixture may contain different amounts of three types of DNA
PCR to prevent non-productive binding of DNA polymerases molecules: remaining primers, products (amplified tem-
to ssDNA and thus increase the processivity of polymerasesplates), and by-products, which originate from non-specific
[4-6]. amplification of primers and productsi§. 1A). The primers

We recently proposed another analytical application are sSDNA, the products are dsDNA, and the by products may
of DNA- and RNA-binding proteins gel-free capillary contain both single stranded and double stranded regions

and are denoted here as ss—dsDNA. Gel-based CE has been
* Corresponding author. Tel.: +1 416 736 2100; fax: +1 416 736 5936, PrOVEN to enhance sensitivity and allow for the quantitation
E-mail addressskrylov@yorku.ca (S.N. Krylov). of PCR product§8—-10]. In this work, we demonstrate highly
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(A) (B) water and filtered through a 0.22n filter (Millipore, Ne-
ssDNA ssDNA+SSB complex pean, Canada).
T O T INNRARRRRRRRRRN R RRRRARR AR RRARRRRARRRR 2.2 Polymerase Chain reaCtion
dsDNA dsDNA
N\ % The PCR reagent mixture consisted of 200 mM of each
SS-dSDNA ss_dsDNA.sis complex deoxyribonucleotide triphosphate (dNTP)plM of each

primer, and 0.05 unitpL of Taq enzyme in standard PCR
Fig. 1. (A) Schematic illustration of three types of DNA molecules, which  puffer (Sigma-Aldrich) in the final volume 50L. DNA tem-
may be present in the reaction mixture of PCR after its completion: ss- plate was added in the amounts of 03,]1D4 100 10F 1038

DNA remaining primers, dsDNA desirable products (amplified templates), 0 1 . —
and non-specific ss—dsDNA products of primer-primer or template-template 10* »and 6x 10" molecules perreagent mixture. Thlrty two

hybridization. (B) Schematic illustration of binding of SSB to ssDNA and ~ CYCles of “touch-down” PCR were used for the amplification
ss—dsDNA and the lack of such binding to dsDNA. of template DNA. The first cycle included: melting for 30 s
at 94°C, annealing for 10s at 8@, and extension for 10s
at 72°C. Cycles 2-12 included: melting for 10s at ‘32,
efficient gel-free analyses of PCR products in SSB-mediated annealing for 10s at (8 °C, whereN is the cycle num-
CE. When present in the run buffer, SSB binds ssDNA and ber, and extension for 10 s at 7. Cycles 13—-32 included:
single-stranded regions of ss—dsDNA but does not bind melting for 10 s at 94C, annealing for 10 s at 6€, and ex-
dsDNA and double-stranded regions of ss—dsDRiy(1B). tension for 10 s at 72C. When 32 cycles were completed, a
By doing so, SSB changes electrophoretic mobilities of the final extension was carried out for 30 s at°Zf
primers and by-products but does not change the mobilities
of the products. These mobility shifts allow for the separation 2.3. Slab-gel electrophoresis
of products from the primers and by-products. Moreover,
due to different SSB/DNA ratios in the SSB-primer and Slab-gel electrophoresis of PCR products was performed
SSB-by-product complexes, the primers and by-products arewith a Mini Gel Migration Tank GelXL (National Labnet,
also separated. The unique feature of the method is that itNJ, USA). DNA molecules were separated in a 1% agarose
separates primers, products, and by-products, while maskinggel for 15 min with an electric field of 7 V/cm and stained
the heterogeneity within the three groups of molecules. with ethidium bromide.
Therefore, even for highly heterogeneous samples, the
three groups of molecules are perfectly separated and carp.4. Capillary electrophoresis
be unambiguously identified and accurately quantitated.
SSB-mediated gel-free CE analysis of PCR products offers A P/ACE MDQ CE system with laser-induced fluores-
simplicity, high sensitivity, and outstanding quantitative cence detection (Beckman Coulter, Fullerton, CA) was used
capabilities. The ability of the method to distinguish between for CE analyses. Fluorescence was excited with a 488 nm line
products and by-products makes it a very valuable tool in of an argon-ion laser. Fused-silica capillaries @8 inner
preparative PCR, for example, in applications, such as thediameter and 36pm outer diameter) were purchased from
development of oligonucleotide aptamgt$,12] Polymicro (Phoenix, AZ, USA). Two capillary lengths were
employed: 30.5 and 50 cm with distances to the detector of
20.3 and 39.8 cm, respectively. The electric fields across the

2. Materials and methods capillaries were 655 and 400 V/cm, respectively. The running
buffer was 25 mM sodium tetraborate at pH 9.4. For sepa-

2.1. Chemicals and materials ration of dsDNA from ssDNA and ss—dsDNA, the running
buffer was supplemented with SSB at the final concentration

Single-stranded DNA binding protein fronk. coli, of 100 nM. Prior to every CE run, the capillary was flushed

Tagq DNA polymerase, fluorescein, and buffer components with 100 mM HCI, 100 mM NaOH, water, and CE run buffer
were obtained from Sigma-Aldrich (Oakville, Canada). for 2min each. Samples were injected onto the capillary by
DNA template and PCR primers were custom-synthesized a pressure pulse of 3.4 kPa for 5s.

by Integrated DNA Technologies (Coralville, IA, USA).

The forward primer (3-5) was synthesized with a 6-

carboxyfluorescein (6-FAM) functional group at theehd 3. Results and discussion

and was 41 bases long; the reverse primer was labeled with

biotin at the 5end and consisted of 45 bases. The DNA 3.1. Template/primers system

template was 122 bases long and had two constant regions

(41 bases and 45 bases long) complementary to the primers This work was inspired by the need to analyze the prod-
at its ends and a 36-base long random region in the middle.ucts of preparative PCR, which is used in selection of nu-
All solutions were made, using the Milli-Q-quality deionised cleotide aptamers. Therefore, as a DNA sample, we chose a
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combinatorial library of DNA with an internal random se-
quence and two constant regions complementary to the
primers at the ends. To facilitate fluorescence detection of
primers and products in CE, we used a fluorescently labeled
forward primer. To have the template/primers system similar
tothose employed in selection of aptamers, the reverse primer
was labeled with biotin at its’send—biotin facilitates sep-
aration of DNA strands on solid supports with immobilized
streptavidin.

3.2. SSB-mediated separation of primers and products
in gel-free CE

60
First, we used a moderate amount of the template 3 Number of initial
(10° molecules), which did not cause a noticeable over- % template copies: 10°
amplification under our PCR conditions; the after-PCR re- g 40
action mixture contained mainly primers and products and m VAN 10°
did not contain significant amounts of by-products. The after- § L 1 x3 | 104
PCR reaction mixture was analyzed by CE with and without & 20 g_/\ g
SSBin the run buffer. Without SSB, electropherograms con- @ 10°
tained multiple unresolved peaks, which complicated both 3 i
identification and quantitation of dsDNA. In the presence of ~ '* J\ : 0
SSB, ssDNA and dsDNA eluted as two well-resolved uni- o : AR — :
form peaks Fig. 2); a resolution of 6.8 was achieved within 4 8 8‘_2 ) B's_ g'f’ 94 88
(B) Migration time, min

the analysis time shorter than 10 min.

Second, we demonstrated that SSB-mediated CE facil-
itates sensitive and accurate quantitative analyses of PCR
products. Our mode of PCR (“touch-down” amplification,
primers lengths, number of cycles) was chosen to reduce
unspecific reactions as much as possible while amplifying
low-copy short templates. This approach is important in

18 o
15

12 -

Number of dsDNA copies x 10"

preparative PCR, which is used in the development of LN ¢

nucleotide aptamef41,12] The SSB-mediated CE analysis 3 -

proposed here allows us to optimize preparative PCR o Lo : . .
conditions and estimate the quantity of dsDNA products 10° 10¢ 108 108

and undesired by-products. In this work, we used the

S

Number of initial template copies

Fig. 3. Analysis of PCR products by slab-gel electrophoresis (A) and CE

. 70 3 1 with 100 nM SSB in the run buffer (B). (C) Dependence of the amount of
g 60 2 dsDNA formed in PCR on the initial number of template molecules in PCR.
S The separation electric field in CE was 400 V/cm.

g 50 ho SSB
@ 40 in the buffer SSB-mediated analysis to unambiguously identify dsDNA
o products of PCR and determine their absolute amounts using
o 30 1 3 . . . .
g R fluorescein as an internal standdrity, 3). The relative quan-
g 20 tum yield of the fluorescein label in the primers was found to
S X . .
2 10 100 nM SSB be apprpxmately Q.5 yvhlch can bg explalneq by fluqrescence
0 in the buffer quenching upon binding to the oligonucleotide cHdig].
0 1 2 3 4 5 6 7 8 9 10
Migration time, min 3.3. Detection of by-products

Fig. 2. SSB-mediated separation of sSDNA primers (peak 1) from dsDNA By-products are predominantly ss—dsDNA molecules
PCR products (peak 2) in gel-free CE with fluorescein (peak 3) as an internal which have both single-stranded and double-stranded regions

standard. The top and the bottom electropherograms show the separation ir, . .
the absence and in the presence of 100 nM SSB in the run buffer, respectivelyr.tFlg' 1A). Although SSB forms complexes with both ss-

PCR was started with faemplate copies. The separation electric fieldin  DNA primers and single-stranded regions of ss—dsDNA by-
CE was 655 V/cm. products, the SSB/DNA ratios in two types of complexes
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are different Fig. 1B). This leads to differences in elec-
trophoretic mobilities of SSBsDNA and SSBs—dsDNA
complexes—these mobilities also differ from that of dsDNA
products, which do not form a complex with SSB. As aresult,
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products from by-productsig. 4illustrates such an analy-
sis for different initial numbers of template molecules in the
sample. Slab-gel electrophoresis of PCR products led to the
results that were hard to interprétig. 4A). SSB-mediated

SSB-mediated CE allows for the separation of three types of CE, however, provided easily interpreted information on the
molecules: ssDNA primers, dsDNA products and ss—dsDNA product formation Fig. 4B). When no template was intro-
by-products. Itis important to emphasize that ss—dsDNA by- duced, only the peak of SSDNA primers was presEit. (@B,
products may have different lengths, but despite this hetero-lower trace). When a moderate initial amount of the template
geneity, in the SSB-mediated electrophoresis, they elute as avas used, dsDNA products were formed, but by-products

single peak, which significantly simplifies the separation of
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(B) Migration time, min

formation was insignificantRig. 4B, middle trace). For a
large initial amount of the template, the formation of dSSDNA
products was negligible with respect to that of the ss—dsDNA
by-products Fig. 4C, upper trace). SSB-mediated CE analy-
sis also allowed us to quantify the amounts of formed prod-
ucts and by-products for different initial numbers of template
copies Fig. 4C).

Finally, although the developed method can separate
dsDNA products from ssDNA primers and ss—dsDNA
by-products it cannot distinguish dsDNA products of PCR
amplification of specific template-primer hybridization from
those of non-specific primer dimerization. The elimination
of the primer—dimer amplification should be achieved in a
classical way—through optimizing PCR conditions (mainly
the number of cycles), so that there are no detectable dsDNA
products in a “no-template control.”

4. Conclusions

The proposed SSB-based CE analysis facilitates reliable
and sensitive quantitation of products and by-products in
PCR. In contrast to conventional slab gel electrophoresis and
gel-filled CE, the SSB-based separation allows highly effi-
cient separation of three groups of DNA molecules ssDNA
primers, dsDNA desirable products, and ss—dsDNA undesir-
able by-products, while masking the heterogeneity within the
groups. As aresult, the new method is applicable to heteroge-
neous samples, such as combinatorial libraries of DNA used

7 for aptamer selection. Since SSB binds only single-stranded
= regions of DNA, it will not interfere with DNA intercalating
£ 4007 dyes, which bind only double stranded regions, thus allowing
3 for versatile detection schem@d]. In addition, the method
g iy ss-dsDNA by-products can be automated and multiplexed for high-throughput anal-
£ yses if multi-capillary instrumentation is usgdt].
2 200
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Fig. 4. Detection of various products in a post-PCR reaction mixture. Slab-
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