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Abstract The generation of DNA aptamer by Systematic

Evolution of Ligands by Exponential Enrichment requires

a good method of ssDNA generation. There are various

methods developed to generate ssDNA such as streptavi-

din-biotin based separation techniques, asymmetric PCR

and strand separation of the PCR product containing primer

with a terminator and an extension of 20 nucleotides on

denaturing urea-polyacrylamide gel. In the present inves-

tigation, we have shown the possible improvements for the

regular lambda nuclease digestion under optimized condi-

tions. Optimization of the PCR cycles, time course studies

on lambda nuclease digestion and purification of the

ssDNA from the lambda exonuclease digestion mixture

was found to be able to recover ssDNA amounting up to

39.19 ± 2.48 % of the starting amount of dsDNA. These

strategies can be applied to the techniques involving

essential usage of ssDNA.
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Introduction

The discovery of the catalytic RNA molecules (Gilbert

1986) has dramatically changed the perspective on the

function of the nucleic acid, which was initially considered

as linear carrier of genetic information to the fact that

single stranded nucleic acid can also carry out intracellular

functions owing to the remarkable ability to form a wide

variety of three dimensional structures (Hermann and Patel

2000). By using combinatorial approach, these prominent

capabilities of the single stranded nucleic acid molecules to

form an array of tertiary structure has been harnessed to

isolate high affinity ligands from initial randomized pool of

nucleic acid against a wide variety of target molecules such

as small inorganic molecules (Stojanovic et al. 2000),

nucleotides (Sassanfar and Szostak 1993), cofactors (Saran

et al. 2003), amino acids (Majerfeld et al. 2005), antibiotics

(Lato et al. 1995) and viruses (Gopinath et al. 2006a, b).

These high affinity ligands are termed aptamers while the

process that generates these aptamers is called Systematic

Evolution of Ligands by Exponential Enrichment (SELEX)

(Ellington and Szostak 1990).

The SELEX process starts with a large library of ran-

domized nucleic acid sequences. Following the incubation

of the library with the target molecule, those sequences that

bind to the target are partitioned from those that do not by

numerous methods such as nitrocellulose filter membrane

(Gopinath et al. 2005, 2006a, b, c), column matrices

(Skrypina et al. 2004 and Brockstedt et al. 2004), capillary

electrophoresis (Mendonsa and Bowser 2004; Schou and

Heegaard 2006) and other methods of separation (Gopinath
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2007). The retained ligands are then amplified to enrich the

target bound ligand molecules and these processes of

selection and amplification are reiterated until the ligands

with the highest binding affinity are obtained.

In the SELEX involving DNA aptamer, dsDNA has to

be converted from dsDNA to ssDNA whereas in the selec-

tion process associated with RNA aptamer, the dsDNA

generated has to be transcribed to RNA by in vitro tran-

scription using T7 RNA Polymerase. DNA aptamer and

RNA aptamer does not differ much in the affinity and

specificity (Breaker 1997). However, in comparison to the

DNA aptamer, the RNA aptamer is less stable due to the

hydroxyl group at the 20-OH position that is particularly

reactive at higher than neutral pH leading to the generation

of cyclic 20,30-phosphate that leads to the degradation of the

RNA (Wiegand et al. 1996). This makes DNA aptamer

molecules suitable choice for subsequent application that

involves clinical trial and in vivo application.

There are several methods available to generate ssDNA

from dsDNA in the SELEX involving DNA aptamer gen-

eration. One of the methods is asymmetric PCR amplifi-

cation which generates ssDNA due to the usage of two

primers at unequal concentration (Gyllensten and Erlich

1988). The next method is streptavidin biotin separation, in

which one of the primers is attached with biotin at the

5-0end. Following PCR amplification, the incubation of the

PCR product with the streptavidin beads which has affinity

to the avidin will bind the strand containing the biotin at

the end, therefore resulting in ssDNA generation (Hultman

et al. 1989). William and Bartel (1995) have explained the

strand separation on the denaturing-urea PAGE following

PCR amplification using one of the primers containing

hexaethylene glycol with an extension of 20-nucleotides

length of a string of adenosine.

Lambda-exonuclease is an enzyme of the bacteriophage

l that assists in the repair of double stranded breaks of the

viral DNA (Dapprich 1999). As an exodeoxyribonuclease,

it selectively digests the phosphorylated strand(s) of double

stranded DNA (dsDNA) from 50 to 30 end. In fact, Lambda

exonuclease has 20 times more affinity for a phosphory-

lated 50-end than a hydroxylated 50-end, thus leaving non-

phosphorylated single stranded DNA (Fig. 1). However,

this enzyme has greatly reduced activity on single-stranded

DNA and non-phosphorylated DNA and no activity against

nicked DNA and gapped DNA (Little 1967). Since the

ssDNA preparation is the most important step in the stan-

dard SELEX procedure, a fast and efficient method of

generating ssDNA with high quality and yield by lambda

exonuclease digestion was carried out. In this study,

lambda exonuclease digestion of the PCR product followed

by purification of ssDNA by phenol:chloroform extraction

have been shown to be completed under the total amount of

time of 60–68 min, which greatly reduces the time spent on

SELEX experiment, whereby up to one SELEX cycle can

be carried out in a single day towards generating DNA

aptamer.

Materials and methods

PCR amplification of random ssDNA

The template DNA used in this experiment is random

ssDNA pool (50-AGCTTAGGATCCAACCTGATCT(N)40

GGTACCAACTGCATACCGAGCT-30) consisting a ran-

domized sequence region of 40 nucleotides (N), flanked by

fixed primer binding regions. The sense primer is 50-AG

CTTAGGATCCAACCTGATCT-30 while the antisense

primer is 50-AGCTCGGTATGCAGTTGGTACC-30 which

is phosphorylated at the 50-end. These ssDNA pool and the

primers were purchased from Biobasic Inc. (Toronto,

Canada). PCR conditions were an initial denaturation at

95�C for 1 min followed by 6–15 amplification cycles

(45 s denaturation at 94�C; 1 min annealing at 55�C; and

1 min elongation at 72�C) and final elongation at 72�C for

5 min. PCR reactions were conducted in 100 lL reaction

with 20 ng of template in 19 PCR buffer (10 mM Tris-

HCl, pH 8.3, 50 mM KCl) containing 1.5 mM MgCl2,

200 lM each of four dNTPs (dATP, dGTP, dCTP and

dTTP) and 2.5 U Taq DNA polymerase (MBI Fermentas,

Lithuania). Initially, PCR reactions were run in 6, 8 and 10

cycles in which 10lL of the final PCR products were

analyzed on 3% agarose gel electrophoresis. The PCR

cycles that give the best amplification with the minimum

3’

5’3’

5’
P

5’3’

Fig. 1 Schematic representation of lambda exonuclease digestion of

the purified PCR product containing phosphorylated end at one of the

strand. Lambda exonuclease selectively digests the phospharylated

strands of double stranded DNA from 50 to 30 ends and leaves non-

phosphorylated single stranded DNA
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background amplification were then used to perform large

scale PCR amplification in batches of 10 reactions.

Nucleospin gel extract II

Nucleospin gel extract II kit (Macherey-Nagel, Duren,

Germany) was used to purify the PCR product. For every

100 lL of the PCR product, 200 lL of the Buffer NT1 was

added and transferred into nucleospin column. The nucle-

ospin columns were centrifuged at 11,0009g for 1 min,

and the flow-through were discarded. Around 700 lL of

buffer NT3 was added into each column, centrifuged at

11,0009g for 1 min and the flow-through were discarded.

The columns were centrifuged at 11,0009g for another

2 min to further dry the column. 60 lL of buffer NE was

added into the columns, left at RT for 1 min, followed by

centrifugation at 11,0009g for 1 min. The flow-through of

the columns which were collected into new eppendorf

tubes were quantified by spectrophotometer at wavelength

of 260 nm and around 2 lg of the dsDNA was used for

lambda exonuclease digestion.

Lambda exonuclease digestion of the PCR product

Lambda exonuclease digestion was performed in 50 lL of

reaction in 19 lambda exonuclease reaction buffer (67 mM

glycine–KOH, pH 9.4, 2.5 mM MgCl2, 0.01% Triton

X–100). For every 2 ug of purified dsDNA, 10 units of

enzyme lambda exonuclease were employed following

manufacturer’s instruction (MBI Fermentas, Lithuania).

This reaction mixture was then incubated at 37�C for

30 min followed by heat deactivation at 80�C for 10 min.

However, this heat deactivation step can be omitted if the

lambda exonuclease digestion mixture is to be purified

immediately. An aliquot of this final lambda exonuclease

digestion mixture was loaded onto 3% agarose gel elec-

trophoresis to ensure complete digestion of the PCR

product to ssDNA prior to the following cycle of SELEX.

In this experiment, 2 lg of the purified PCR product was

used for the lambda exonuclease digestion. This final

lambda exonuclease digestion mixture was then phe-

nol:chloroform:isoamyl alcohol extracted followed by eth-

anol precipitation to a suitable volume. Similary, lambda

exonuclease digestion experiment was also performed on

40 lL of the unpurified PCR product to find the efficiency

of ssDNA production from the unpurified PCR product. On

the other hand, time course analysis of lambda exonuclease

digestion was performed on 2 lg of purified PCR product

and an aliquot of 5 lL was taken from the lambda exonu-

clease digestion mixture following incubation at 10, 20, 30,

40, 50, 60, 70 and 80 min to be analyzed on 10%, 8 M

denaturing-urea PAGE. Aliquots of the lambda exonucle-

ase digestion mixture at different incubation time were

analyzed on 10%, 8 M denaturing-urea PAGE (19 acryl-

amide: 1 bis-acrylamide, 7 M urea) which was run in TBE

buffer (89 mM Tris-borate, 2 mM EDTA, pH 8.3) and

stained with 0.5 lg mL-1 of ethidium bromide in 19 TBE

buffer for 7 min. Upon loading, the lambda exonuclease

digested products were mixed with equal volume of 29

RNA loading dye (8 M urea, 0.25% bromophenol blue, 19

TBE) heat-denatured at 95�C for 3 min, followed by snap-

cooling on ice.

Extraction of ssDNA from lambda exonuclease

digestion mixture

The final lambda exonuclease digestion mixture of the

purified PCR product was added with an equal volume of

phenol:chloroform:isoamyl alcohol, mixed thoroughly and

centrifuged at maximum speed (21,0009g) for 5 min at 4�C.

The upper layer of the mixture was carefully collected and

added up to a final volume of 400lL followed by addition of

40lL of 3 M NaOAc and 1 mL of 100% ethanol. The

mixture was then placed at -80�C for 15 min, followed by

centrifugation at maximum speed of 21,0009g for 8 min at

4�C. The supernatant was then discarded and the pellet was

washed with 1 mL of 70% ethanol. After centrifugation at

maximum speed (21,0009g) for 2 min, supernatant was

discarded and the pellet was air-dried for 2 min at 37�C. The

resuspended pellet was then quantified by spectrophotome-

ter at wavelength of 260 nm.

Results and discussion

Although SELEX methodology is successful for generating

high-affinity molecules, these methods are time consuming

and repetitive (Gopinath 2007). Moreover, single stranded

DNA generation is the most time consuming step in a

SELEX experiment which adds to the tediousness of this

procedure. Methods such as hexaethylene glycol (termi-

nator) with an extension of 20 adenine nucleotides fol-

lowed by subsequent purification from polyacrylamide gel

is very time consuming and results in poor yield of

potential binders of ssDNA. On the other hand, the usage

of streptavidin-biotin system, in which the non-biotinylated

ssDNA is separated from biotinylated strand by alkaline

denaturation often, leads to the loss of the tertiary structure

of the ssDNA which is imperative for the binding of the

ssDNA to the target molecule (Paul et al. 2009). This

necessitates a fast and efficient method of generating

ssDNA to ensure the production of aptamer with high

binding affinity. Among all the ssDNA generation methods

available, lambda exonuclease digestion is a routine

method of producing sufficient ssDNA for SELEX cycles
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(Kujau and Wolfl 1997). Moreover, lambda exonuclease

enzyme is a processive enzyme, which remain bound to the

DNA molecule until complete removal of the phosphory-

lated strand has been achieved in comparison to other

exonucleases such as T7 exonuclease, spleen exonuclease,

E. coli exonuclease III, 30–50 exonuclease of T4 DNA

polymerase, and both the 30–50 and the 50–3 ‘ exonucleases

of E. coli DNA polymerase I, which frequently dissociates

from the substrate during the course of digestion, subtan-

tiating the efficiency of the enzyme lambda exonuclease in

generating ssDNA from the dsDNA over the other exon-

ucleases (Thomas and Olivera 1978). The overall steps

involve for the optimization of lambda nuclease digestion

are shown in the supplementary Fig. 1.

Optimization of PCR cycles

PCR cycle optimization is the most important factor to

consider in preparing dsDNA for lambda exonuclease

digestion in generating optimum yield of ssDNA. In SELEX

during PCR amplification of the eluted bound DNA, it is

important not to over-amplify the sequences. Over-ampli-

fication will lead to background amplification and would

require more selection cycles in overcoming the background

noise to obtain high affinity molecules. Therefore in this

study, in amplifying the eluted bound DNA from each SE-

LEX cycle, amplification was started with 6, 8 and 10 PCR

cycles and an aliquot of 10-uL of the PCR product from each

PCR cycles was loaded onto the agarose gel to check for the

amplification to ensure band at the correct size was obtained

with minimum aberrant molecular weight product as seen in

Fig. 2a. From the agarose gel electrophoresis, it was evident

that PCR cycle 8 gave the best amplification with minimum

background amplification with 20 ng of template. This is

further supported by ImageJ analysis that showed PCR cycle

8 constituting the highest arbitrary value of 250 in com-

parison to the rest of the PCR cycles (Fig. 2b). On the other

hand, in order to measure the background amplification of

these PCR reactions, 3D plot view of ImageJ analysis was

performed (Fig. 2c). From this analysis, it was known that

the background amplification of the PCR cycle 6 and 8 was

almost similar, however collectively; PCR cycle 8 was

chosen to carry out large scale amplification due to the

intensity of the band of interest. The intensity of the band

was calculated as more than 25% increment from PCR

products with 6 cycles. In general, in any SELEX experi-

ment, the PCR cycles in each SELEX round is increased by 2

cycles if the band obtained is very faint and another 4

additional PCR cycles if there is no band observed in order to

get good amplification of the eluted bound DNA to ensure

successful outcome of any SELEX experiment. Utilizing

these PCR products, the optimal conditions for lambda

nuclease digestion were determined as described below.

Even though in this SELEX experiment, 6 PCR cycles

seems to be sufficient in generating enough PCR product

for lambda exonuclease activity, a total of 8 PCR cycles

was chosen for amplification, as higher number of PCR

cycles will produce higher amount of PCR products, taken

into consideration factors such as background amplification

as well.

M 1 2 3
1 2 3

(c)
1 2 3

75

50

(b)

(a)

Fig. 2 Analyses of PCR

products with different PCR

cycles. a Lane M: 25-bp DNA

ladder (Lanes 1–3): Mobility of

PCR products with PCR cycles

6, 8 and 10 respectively on 3%

agarose gel b Band intensities of

dsDNA and ssDNA as measured

using ImageJ software c 3-D

plot view of background

amplification
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Optimization of lambda exonuclease digestion by time-

course analysis

In order to determine the progress of lambda exonuclease

digestion on the dsDNA, time-course analyses of lambda

nuclease digestion were performed. This can provide useful

information on optimal incubation period of the enzyme

and the substrate dsDNA. In this experiment, the progress

of the lambda exonuclease digestion was measured by

taking out an aliquot of the reaction mixture every 10 min

intervals with incubation at 37�C and analyzing them on

the 8%, 7 M denaturing-urea PAGE gel up to 80 min. The

extent of the digestion can be determined as the band of

double-stranded DNA becomes lighter with the increase of

the incubation time, implicating that the double-stranded

DNA has been converted into single-stranded DNA. From

Fig. 3a, it can be said that the optimum time of incubation

for efficient generation of ssDNA is 30–40 min at 37�C,

with the increase by another additional 10 min will not

result in any increase of the yield of ssDNA, corroborated

by ImageJ analysis as in Fig. 3b. This is because after a

certain period of time, lambda exonuclease will act on

unphosphorylated ssDNA due to the fact that lambda

exonuclease also has a greatly reduced activity on ssDNA,

thus reduces the final yield. Therefore, the use of excess

amount of enzyme lambda exonuclease should also be

avoided (Zha et al. 2003). This test can be run once in any

SELEX experiment involving lambda exonuclease diges-

tion in generating ssDNA to determine how the activity of

the enzyme lambda exonuclease on the purified PCR

product differs with the time of incubation. This extent of

the lambda exonuclease digestion can then be used to

determine the optimum time required to produce maximum

amount of ssDNA from the corresponding dsDNA.

Lambda exonuclease digestion of the purified

and unpurified PCR products

The lambda exonuclease activity on both unpurified and

purified PCR product was conducted to see the efficiency

of the ssDNA generation in both of these PCR reactions.

As is evident in Fig. 4a, purified PCR product (lane 2) gave

a better yield of ssDNA compared to the unpurified PCR

product (lane 1). ImageJ analysis on the band intensities

(Fig. 4b) further supported this, as the band intensity of the

purified PCR product was with the value of 120, higher

than the unpurified PCR product which was around 85.

This showed the increment in ssDNA generation with pure

PCR product was about 40%, which was higher than

unpurified PCR product. Therefore, it can be concluded,

the PCR product should always be purified before lambda

exonuclease digestion in removing the primer dimers,

excess primers, dNTPs and Taq Polymerase.

dsDNA products        

Digestion period
10 20 30 40 50 60 70 80 min

ssDNA products

10 20 30 40 50 60 70 80 min

(a)

(b)

Fig. 3 Denaturing Urea-Polyacrylamide gel analysis of Lambda

exonuclease digestion mixture. a 5 lL of the lambda exonuclease

digestion mixture was analyzed on the gel after incubation at 37�C.

Lane 1: 10 min. Lane 2: 20 min. Lane 3: 30 min, Lane 4: 40 min,

Lane 5: 50 min, Lane 6: 60 min, Lane 7: 70 min, Lane 8: 80 min.

b Extent of lambda exonuclease digestion as measured by ImageJ

software

1 2

dsDNA

ssDNA

1 2(a)

(b)

Fig. 4 Analyses of lambda exonuclease digestion mixture of purified

and unpurified PCR product. a Lane 1: Mobility of lambda exo-

nuclease digested of unpurified PCR product on 3% agarose gel, Lane
2: Mobility of lambda exonuclease digested of purified PCR product

on 3% agarose gel b Band intensities of ssDNA as measured using

ImageJ software
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The lambda exonuclease generated ssDNA should

always be analyzed on the agarose gel to check for the

presence of the undigested double stranded DNA. In this

investigation, we found that the lambda exonuclease

digestion of the PCR product was complete as there was no

traces of PCR product present in the digestion mixture. As

expected, the resulting ssDNA generated migrated faster

compared to the corresponding dsDNA (Fig. 5a). To fur-

ther substantiate this, surface plot measurement of ImageJ

analysis was performed to gauge the distance between the

ssDNA and dsDNA. This analysis clearly revealed that

there was a difference in the migration between the ssDNA

and the dsDNA, with ssDNA migrated faster than the

dsDNA due to the lower molecular weight of the ssDNA

compared to that of the dsDNA (Fig. 5b) (Kujau and Wolfl

1997). However, the band intensity of the ssDNA was

lower than that of the dsDNA, as the amount of Ethidium

bromide incorporated into ssDNA is lower than that of the

dsDNA (Fig. 5c) (Wooddell and Burgess 2010).

Apart from all these optimization, degree of phosphory-

lation of the primer also plays a big role in complete digestion

of the phosphorylated PCR product, as some of the unphos-

phorylated primer will render the PCR product incompletely

digested to ssDNA (Null et al. 2000). Consequently, in some

cases there will be some undigested PCR product remaining

in the lambda exonuclease digestion mixture. Moreover,

further incubation with excess enzyme lambda exonuclease

with extended time to remove the undigested dsDNA will

only result in the reduction of the purified single stranded

DNA. Furthermore, to ensure complete lambda exonuclease

digestion of phosphorylated DNA strand, the manufacturing

of phosphorylated primer must be given thorough consider-

ation. In addition, phosphate groups are temporarily protected

by blocking groups until the oligonucleotide synthesis is

completed and these groups must be completely removed

from the phosphate groups after the completion of the syn-

thesis to ensure entire lambda exonuclease digestion of

phoshorylated DNA strands (Adali et al. 2001).

Purification of the ssDNA from lambda exonuclease

digested mixture

For the subsequent SELEX cycle, it is of utmost important to

ensure that the lambda exonuclease generated ssDNA does

not contain any enzyme lambda exonuclease and truncated

nucleotides. Therefore, phenol:chloroform:isoamyl alcohol

(25:24:1) extraction was performed followed by ethanol

precipitation to eliminate the lambda exonuclease from the

ssDNA. Thereby, the lambda exonuclease molecules that

can serve as the target for SELEX experiment can be

removed. Although this step eliminates lambda exonuclease,

it also resulted in some loss of ssDNA (Adali et al. 2001).

However, we can still generate an amount of 39.19 ± 2.48%

of the starting amount of dsDNA (Supplementary Table 1).

This amount of ssDNA is very suitable for the subsequent

cycles of SELEX experiment (Tang et al. 2006).

Conclusion

The preparation of high-quality ssDNA is of paramount

important to ensure the success of SELEX technology. In

M 1 2

1 2

50
75

(a) (b)

(c)

Fig. 5 Analyses of lambda

exonuclease generated ssDNA.

a Lane M: 25-bp DNA ladder.

Lane 1: Mobility of purified

PCR product on 3% agarose gel,

Lane 2: mobility of ssDNA

production of lambda

exonuclease digestion on 3%

agarose gel electrophoresis

b Surface plot measurement of

migration difference between

ssDNA nand dsDNA c Band

intensities of dsDNA and

ssDNA as estimated by ImageJ

software
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this study, we have shown that Lambda exonuclease

digestion offered a method for ssDNA preparation, in

which up to 5 cycles of SELEX can be done in less than

one week by using lambda exonuclease digestion followed

by phenol:chloroform extraction, which greatly reduces the

time of the preparation of ssDNA up to 1 h. This strategy

of ssDNA generation can also be applied in other appli-

cations that require ssDNA generation such as sequencing.
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