Nucleic Acids Research, 2003, Vol. 31, No. 23 el48
DOI: 10.1093/nar/gng146

Real-time monitoring of nucleic acid ligation in
homogenous solutions using molecular beacons

Zhiwen Tang, Kemin Wang*, Weihong Tan, Jun Li, Lingfeng Liu, Qiuping Guo,
Xiangxian Meng, Changbei Ma and Shasheng Huang

State Key Laboratory of Chemo/Biosensing and Chemometrics, Institute of Biological Technology, College of
Chemistry and Chemical Engineering, Hunan University, Changsha 410082, People’s Republic of China

Received June 21, 2003; Revised August 28, 2003; Accepted September 26, 2003

ABSTRACT

Nucleic acids ligation is a vital process in the repair,
replication and recombination of nucleic acids.
Traditionally, it is assayed by denatured gel electro-
phoresis and autoradiography, which are not sensi-
tive, and are complex and discontinuous. Here we
report a new approach for ligation monitoring using
molecular beacon DNA probes. The molecular
beacon, designed in such a way that its sequence is
complementary with the product of the ligation
process, is used to monitor the nucleic acid ligation
in a homogeneous solution and in real-time. Our
method is fast and simple. We are able to study
nucleic acids ligation kinetics conveniently and to
determine the activity of DNA ligase accurately.
We have studied different factors that influence
DNA ligation catalyzed by T4 DNA ligase. The
major advantages of our method are its ultrasensi-
tivity, excellent specificity, convenience and real-
time monitoring in homogeneous solution. This
method will be widely useful for studying
nucleic acids ligation process and other nucleic
acid interactions.

INTRODUCTION

The replication, repair and recombination of nucleic acids are
essential life processes, in which many biomolecules like
enzymes, proteins and ribozymes participate. Among them,
DNA ligase plays an indispensable role in catalyzing the
formation of phosphodiester bonds at single strand breaks
between adjacent 3’-hydroxyl and 5’-phosphate ends in double
strand DNA (1-7). Nucleic acid ligation is an important tool
for editing DNA both in vivo and in vitro, and some nucleic
acid assay methods like Ligase Chain Reaction (LCR) and
Amplified Fragment Length Polymorphism (AFLP) have been
developed based on it (8—12). Currently, the ligation process is
usually assayed by radial 32P labeling, denaturing gel
electrophoresis and autoradiography (3—12). These methods
are time consuming, discontinuous and not sensitive. There
have been recent efforts to develop fluorescence assays for
nucleic acids ligation. One way is to replace the radioisotope

with a fluorophore (13), and another is to utilize fluorescence
resonance energy transfer (FRET) and time-resolve fluores-
cence measurements (14). However, all of these are dis-
continuous assays, making real-time monitoring of nucleic
acids ligation impossible.

A molecular beacon (MB) is a synthetic short oligonucle-
otide that possesses a loop and a stem structure (15-25). The
loop portion of a MB is a probe sequence complementary to a
target nucleic acid. The arm sequences flanking either side of
the probe are complementary to one another. A fluorophore
and a quencher are attached to the two termini. The stem keeps
these two moieties in close proximity to each other, causing
the fluorescence of the fluorophore to be quenched (15,16).
While hybridized with target nucleic acids, the fluorophore
and the quencher are moved away from each other, leading to
the restoration of fluorescence. Profiting from this artful
design, MBs have a few advantages over traditional DNA
probes, including enhanced specificity and sensitivity, and the
ability to detect target hybridization in homogeneous solution
without separation of hybridized and non-hybridized probes
(17-25). MBs serve as a highly sensitive, extremely selective,
non-radioactive, easily detectable probe for following real-
time biomolecular interactions, making them ideal probes for
ligation monitoring.

We have developed a simple and efficient assay for the
monitoring of the nucleic acid ligation process in real time and
in homogeneous solutions using MBs. As shown in Figure 1,
the ligation system is composed of a DNA ligase, two oligos to
be ligated and a MB, in which the combined sequences of the
two oligos are complementary to the loop sequence of the MB.
In the beginning, each oligo is hybridized to one-half of the
loop of the MB to form a DNA complex with a nick. This will
not open the MB stem completely, but instead will slightly
destabilize the stem. When ligase is added, the ligation
reaction closes the nick to form a longer DNA strand that is
complementary to the MB, resulting in the MB opening
completely. This leads to a full fluorescence restoration. We
call this a ‘ligate and light’ process. According to this
mechanism, the MB is not only a probe for the detection of the
ligation process, but also a template for the two oligos in the
ligation process. Using this method, an efficient bioassay for
monitoring the activity of T4 DNA ligase has been developed.
This is then used to investigate the ligation process under
different conditions.
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Figure 1. ‘Ligate and light’. Schematics diagram of real-time monitoring of the nucleic acid ligation process by a MB. (A) The two half-matching oligos
hybridize with the MB to form a nick and may open the stem slightly. (B) The DNA ligase binds to the nick and catalyzes the ligation of two short oligos to
form a longer oligo. The ligation product then hybridizes with the MB, which restores the quenched fluorescence of the MB.

MATERIALS AND METHODS

Materials

The MB was synthesized by TriLink Biotechnologies, Inc.
(San Diego, CA), with a tetramethylrhodamine (TAMRA)
molecule bound at 5" and a 4-(4’-dimethylaminophenylazo)
benzoic acid (DABCYL) coupled to 3" terminus. The length of
the MB is 32-nt, with a loop part of 20-nt and 6-nt in each side
of the stem of the MB. The following four oligos were
synthesized by SANGO Biological Engineering Technology
and Service Co., Ltd (Shanghai, China). The sequences of the
oligos are listed in Table 1. N1 is an 18-nt oligo matching the
loop sequence of the loop of the MB. N2 and N3 are 9-nt
oligos and designed to match 3" and 5" half part of the loop of
the MB. N4 matches the 5" half part of MB’s loop and was
phosphorylated at its 5" end. The T4 DNA ligase purchased
from Takara Biotechnology Co., Ltd (Dalian, China), and a
10X reaction buffer [660 mM Tris—HCI (pH 7.6), | mM ATP
and 66 mM MgCl,] was used. Acrylamide and N,N,N’,N’-
tetramethyl-ethylenediamine (TEMED) were purchased from
Sigma Chemical Co. (St Louis, MO). N’N-methylene-bis-
Acrylamide and urea were purchased from Bebco (Kansas,
AZ). dATP was purchased from MBI Fermentas (Lithuania),

KCl, NaCl, ATP and MgCl, were purchased from Amresco
(Solon, OH). Deionized water was obtained through a
Nanopure Infinity™ ultrapure water system (Barnstead/

thermolyne Corp, Dubuque, IA) and had an electric resistance
>18.3 MQ.

Fluorescence measurements

All fluorescence measurements were carried out on a
Fluorolog Tau-3 spectrofluorometer (Jobin Yvon, Inc.,
Edison, NJ) equipped with a thermostat accurate to 0.1°C.
The fluorescence intensity of samples was monitored by
exciting at 521 nm and an emission of 578 nm was recorded.
Slits for both the excitation and the emission were set at 5 nm.
The emission spectra were obtained by exciting the samples at
521 nm and by scanning the emission from 545 to 650 nm in
steps of 1 nm. Except for the thermal profiles measurements,
all samples were incubated at 37°C. When the fluorescence
intensity became steady, the T4 DNA ligase was added into a
ligation solution and after stirring for ~4 s, the fluorescence
intensity was recorded over time.

DNA ligation catalyzed by T4 DNA ligase

We carried out ligation experiments to monitor the ligation
process and to study the effects of external factors and

Table 1. Oligonucleotides synthesized in this experiment®

Code Description Sequence (5 to 3")

MB Molecular beacon (TMR) -CGTTGA TGG TTC CAC TTC
TCG TGC GT TCAACG-(DABCYL)

N1 18-nt oligo complement with MB’s loop CGC ACG AGA AGT GGA ACC

N2 9-nt oligo complement with 3" half part of MB’s loop CGC ACG AGA

N3 9-nt oligo complement with 5" half part of MB’s loop AGT GGA ACC

N4 Same sequence as N3, but phosphorylated at 5 end p AGT GGA ACC

N5 Similar to N2, but one base mismatch at 3" end CGC ACG AGG

N6 Similar to N2, but one base mismatch at 3’ end CGC ACG AGC

N7 Similar to N2, but one base mismatch at 3" end CGC ACG AGT

N8 Similar to N4, but one base mismatch at 5" end p GGT GGA ACC

N9 Similar to N4, but one base mismatch at 5" end p CGT GGA ACC

N10 Similar to N4, but one base mismatch at 5" end p TGT GGA ACC

aThe underlined sequences in MB indicate the stem of molecular beacon. p in N4, N8, N9 and N10 represents

phosphate at 5’.
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Figure 2. Real-time fluorescence scans and corresponding gel electrophoresis. (Left) Curve A is a time scan of fluorescence intensity of MB with N1; B is of
MB with N2 and N4; C is of MB with N2 and N3; curve D is of MB itself. 7, is the time when T4 DNA ligase is added into the MB/oligo solution. (Right)
Gel electrophoresis images. Lanes 1 and 2 are for sample D; 3 and 4 for sample C; 5 and 6 for sample B; and 7 and 8 for sample A. Lanes 1, 3, 5 and 7 repre-
sent samples D, C, B and A before the addition of T4 DNA ligase, while lanes 2, 4, 6 and 8 represent corresponding samples obtained at 360 s after the
addition of ligase. There is a major difference between lanes 5 and 6, while there is basically no difference for all the other pairs.

mismatch oligos on ligation. Each ligation mixture contained
target oligos and basal solution, which consisted of 400 nM
MB, 66 mM Tris—HCI (pH 7.6), 10 mM dithiothreitol (DTT),
6.6 mM MgCl, and 0.1 mM ATP. The target oligos were
altered depending on variant experiments. Additionally, the
concentrations of MgCl, and ATP were adjusted while their
influences on ligation were investigated. All solutions were
prepared with super-purified water with a volume of 120 pl. In
real-time monitoring experiments, four samples were prepared
at 300 nM oligos, in which the oligos are (A) N1, (B) N2 and
N4, (C) N2 and N3, and (D) none, respectively. The time scan
fluorescence of each sample was recorded with the addition of
1.4 U T4 DNA ligase. To perform denaturing polyacrylamide
gel electrophoresis, four ligation mixtures similar to that
mentioned above, but containing 10 pM MB and 7.5 uM
oligos, were prepared. Two samples containing 10 pl reaction
solutions were moved from each sample before adding T4
DNA ligase, and after the ligation process had taken place for
360 s with the addition of ligase. The reactions were stopped
by the addition of 50% final volume formamide and 5 mM
EDTA. The samples were then electrophoresed on 20%
denaturing polyacrylamide gels (20% acrylamide, 19:1
acrylamide:bisacrylamide, 7 M urea, 2 mM EDTA, 89 mM
Tris—borate, 25% formamide). Electrophoresis was carried out
in 1 X TBE (pH 8.3) at 200 V constant voltage for 2 h. After
fixing and silver staining, gels were scanned using an
ImageMaster VDS-CL (Amersham).

There are a few molecules and ions that can influence the
nucleic acids ligation. The effect of five molecular species,
including ATP, Mg?+, K*, Na* and dATP, was studied. The
ligation solutions consisted of MB, N2, N4 and the specific
molecular species. The concentrations of ATP or MgCl, were
adjusted while their effects were investigated. Fluorescence of
all solutions was obtained with the addition of 0.28 U T4 DNA
ligase. Initial ligation velocity was calculated by using the
increase in fluorescence over time. To investigate the fidelity
of T4 DNA ligase, a serial of mismatch ligation was also
studied to investigate the effect of mismatches. The ligation
mixtures contained basal solution and 300 nM oligos. The
target oligos were selected purposely to form the nick with a

mismatched base pair at 3" or 5” on the side. Mismatch effects
on ligation were evaluated by initial ligation velocity.

Thermal profiles of MB and its targets

To search for a proper temperature for ligation experiments,
the fluorescence intensity of MB solutions in the presence of
half matched targets (N3 and N4) or an 18-nt matched target
(N1) was measured as a function of temperature. Two
solutions were prepared: a mixture of MB solution with
300 nM oligo N1 and a mixture with 300 nM oligos N2 and
N4. The temperature was increased from 20 to 61°C in steps of
3°C, with each step lasting for 10 min for equilibrium. The
steady fluorescence intensity of each sample at different
temperature was used for the MB thermal profile and the
optimization of temperature for ligase reaction.

Assay of T4 DNA ligase

The T4 DNA ligase was commercially provided at the
concentration of 2.8 U/ul. A series of standard T4 DNA
ligase solutions was prepared from 2.8 X 107 to 2.8 X
10~! U/ul. These solutions were diluted with a T4 DNA ligase
storage buffer consisting of 50% glycerol, 10 mM Tris—HCI
(pH 7.5), 10 mM 2-mercaptoethanol, 0.1 mM EDTA and
50 mM KCI. To protect the activity of the T4 DNA ligase, all
of these standard solutions were prepared under 4°C and
stored at —20°C. The samples prepared by mixing MB solution
with 300 nM N2 and N4, as well as the fluorescence
measurements were carried out with the addition of variant
concentrations of T4 DNA ligase.

RESULTS AND DISCUSSION

Using MBs to monitor nucleic acids ligation process in
real time

We have developed a simple MB based assay for real-time
monitoring of nucleic acids ligation using T4 DNA ligase.
Figure 2 shows real-time fluorescence scan curves of four
samples: curve A for MB with N1, curve B for MB with N2
and N4, curve C for MB with N2 and N3 and curve D for MB
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Figure 3. Thermal profiles for MB hybrids. (Left) Curve A is the thermal profile of MB with N1, and curve B is that of MB with N2 and N4. (Right)
Fluorescence intensity ratio is plotted as a function of temperature. The ratio is calculated using the fluorescence intensity of MB with N1 over that of MB
with N2 and N4 without ligase. This profile can be used for determining the optimal temperature for ligase studies using MBs.

only. There was no fluorescence change for curves A, C and D
after the addition of T4 DNA ligase, implying that there was
no significant change in MB stem—loop structure. Curve B had
arapid rise with the addition of T4 DNA ligase, with the slope
of the curve decreasing gradually as time lapsed. According to
the proposed schematic mechanism in Figure 1, this indicated
that ligation occurred, opening the MB for fluorescence
restoration.

To confirm the ligation process, denaturing polyacrylamide
gel electrophoresis was used to identify the components in the
ligation reaction mixtures, shown in Figure 2 (right). All the
odd number lanes are for the samples before the ligation
process started, and the even numbers represent the samples
obtained at 360 s after T4 DNA ligase was added to the
solution. It is clear that no difference exists between lanes (1
versus 2, 3 versus 4 and 7 versus 8) for each sample, except for
lanes 5 and 6. This is in agreement with the fluorescence time
scan results shown in Figure 2 (left, 1 versus 2 for D, 3 versus
4 for C, 7 versus 8 for A). Lanes 5 and 6 represented sample B,
which contained MB, N2 and N4. Lane 6 had a band
indicating N1, while lane 5 did not, suggesting that N1 is the
product of the ligation of N2 and N3. Also, the band indicating
N2 and N3 in lane 6 was greatly reduced due to their
consumption in the ligation process. These results clearly
show that using MB in homogeneous solutions in real-time
monitoring of the ligation process is as efficient as gel
electrophoresis, currently the most common method. It is
worth noting that the MB-based fluorescent bioassay took only
a few minutes to finish, while the gel electrophoresis took a
few hours to a full day in preparation and operation.
Additionally, the MB-based assay can be monitored in real
time and in homogeneous solutions, and can also be highly
sensitive and quantitatively precise due to our ability to
measure extremely weak fluorescence signal using a
fluorescence spectrometer.

Thermal profiles of MB with target oligos

Thermal profiles of the MB and its hybrids will be useful in
determining the optimal ligation temperature. As shown in
Figure 3 (left), we obtained the thermal profiles of MB with its

target oligos, characterized as the fluorescence intensity as a
function of temperature. Curve A represents the sample
containing MB with N1, and curve B for MB with N2 and N4.
Unlike monitoring ligation experiments, no ligase was intro-
duced into these samples. The optimal temperature for ligation
study should be a temperature at which the MB and N1 would
have the highest intensity after hybridization, while MB and
N2 and N3 would have the lowest fluorescence intensity. The
curve A in Figure 3 (left) rose from 20°C and reached its
maximum around 26°C, after which the unwiring of 18 bp
double helix upon rising temperature decreased the fluores-
cence. The curve B was fluctuated for the competition of
hybridization and melting, and reached a minimum around
40°C. The discrepancy between these two curves represented
the capability of MB in distinguishing oligos before/after
ligation, and thus presented us an opportunity in selecting an
optimal temperature for MB-based ligation study.

The ligation temperature affects two important aspects in
the real-time monitoring of nucleic acids ligation: the first one
is the ability of MB to distinguish the oligos before/after
ligation, and the other is the activity of T4 DNA ligase. The
MB’s distinguishing capability was virtually determined by
the different T,,, between MB with N1, and that with N2, N4.
This difference is a function of temperature, as illustrated in
Figure 3 (left). Evidently, the ratio of curve A to B can be used
to characterize the discerning ability of MB, as plotted in
Figure 3 (right). The ratio curve rises from 2.9 to 11.2 as
temperature increases from 20 to 40°C, and decreased to 2.0
when the temperature is increased to 61°C. Obviously, the
higher the ratio, the higher the sensitivity for assaying ligation
product will be. In addition to the signal ratio, the activity of
the ligase should be taken into account. The activity of T4
DNA ligase would be restrained if the temperature is >37°C.
Therefore, 37°C was chosen for all ligation reactions to ensure
a high sensitivity (the ratio reached 10.7) and a high activity of
T4 DNA ligase.

Factors affecting ligation process

The ligation process can be affected by many molecular
species including biomolecules and metal ions. We are able to
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Figure 4. Effects of molecular species on ligation process. (A) Ligation velocity in the presence of various concentrations of ATP. (B) Effects of Mg?* on
ligation. (C) Effects of dATP on ligation. (D) Effects of K* and Na* on ligation. Initial ligation velocity in each chart was normalized in each experiment.
Therefore, each plot can only be compared within itself, and cannot be used to draw comparisons with plots.

monitor ligation velocity easily and accurately with the MB
based bioassay in order to investigate these effects. Figure 4
shows five factors on ligation using T4 DNA ligase. Figure 4A
and B shows that the ligation did not take place unless ATP or
Mg?* was added to the ligation mixtures. The ligation reached
its maximum rate at 50 UM of ATP or at 16.7 mM of Mg?*,
respectively. The dATP slowed down the ligation rate
gradually upon increasing its concentration, as illustrated in
Figure 4C. It is well known that dATP is a competitive
inhibitor that combines with ligase but cannot be adenylated to
perform the ligation process. The high concentration of K* and
Nat obviously hindered the ligation process as demonstrated
in Figure 4D. The initial ligation velocity decreased propor-
tionally to the concentrations of K* or Na*, and the velocity
was close to zero when the concentrations were ~300 mM. The
effects of high concentrations of K*, Na* and Mg* on MB
with/without target oligos were also studied, suggesting a
minimal effect on MB itself and its hybrids (data not shown).
All these control experiments confirmed that the initial
ligation rate was indeed altered by these external factors.

Specificity of the MB based ligase assay

The MB based bioassay is highly specific for monitoring the
ligation process. To confirm this, a series of mismatched
ligations was inspected to evaluate the specificity of T4 DNA
ligase. MB was designed with weak stems to reduce its

specificity (18-20) and to ensure that all six mismatch ligation
processes would obtain similar fluorescence signal (data not
shown). The results had been normalized by base paired
control ligation and tabulated in Table 2. Mismatches at both
sides greatly slowed down ligation, while 3” mismatches
inhabited ligation more significantly than that at 5. C-T and
T-T mismatches at 3’ cut down ligation velocity to 1/1000 and
1/100, respectively, while a G-T mismatch base pair, shown to
cause a minimum structural disturbance within the DNA
duplex (26,27), had the highest ligation velocity both at 5" and
3’ side. These data indicate that T4 DNA ligase could not
tolerate most of the mismatches, which is consistent with the
results reported previously (7,13,27).

Assay of T4 DNA ligase

The MB has been used as a highly sensitive molecular probe
for bioanalysis (15,16,25). We carried out experiments to
characterize the effects of T4 DNA ligase concentration on the
ligation rate. Time scan curves of the fluorescence intensity of
the samples are illustrated in Figure 5. Along with the lapse of
time, the ligation velocity slowed down gradually with the
diminishing of reactant oligos N2 and N4. From Figure 5, it is
clear that the initial rate of ligation was highly dependent on
the concentration of T4 DNA ligase in the range from 2.3 X
10~ to 2.3 U/ml. According to the Michaelis—-Menten equation
(28), the initial reaction rate catalyzed by enzymes is directly
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Table 2. Mismatches and their effects on ligation®
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5’-CGCACGAG-N N-GTGGAACC-3’
3’-GCGTGCTC-T-T-CACCTTGG-5"

-A A- 1.00 -A C- 0.09

T-T- T-T-

- - -C A- 0.001
_T-T-

-A G- 0.34 -A T- 0.14
-T-T- _T-T-
-G A- 0.14 -T A- 0.01
-T-T- -T-T-

aThe top two rows of the table represents the composition of the hybrid, in which the lower sequence is the
loop of MB while the upper sequences represent the substrate oligos. The mismatched nick listed in the table
is characterized by the four adjacent nucleotides (bold). The normalized ligation velocity is listed to

correspond to each mismatch.
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Figure 5. Ligation assay by T4 DNA ligase. Time scan curves of liga-
tion catalyzed by various concentrations of T4 DNA ligase. The curves
from top to bottom are those obtained with different T4 DNA ligase concen-
trations: 2.3, 0.23, 0.115, 6.9 X 102, 2.3 X 102, 1.2 X 102, 6.9 X 1073,
2.3 X 1073, 1.2 X 1073 and 2.3 X 10 U/ml. (Insert) The initial ligation
velocity is plotted as a function of the concentration of T4 DNA ligase.

proportional to the concentration of the enzyme within a
certain concentration range. In this study, the relationship
between the initial ligation rate and the concentration of T4
DNA ligase is elucidated in an insert chart of Figure 5. In the
range from 2.3 X 10~ to 0.23 U/ml, the initial ligation rate is
directly proportional to the concentration of T4 DNA ligase,
and could be expressed by equation 1:

V =727 X 10*C 1

where V is initial ligation velocity represented by fluorescence
enhancement every second, and C is the concentration of T4
DNA ligase represented in U/ml. This relationship shows that
ligation kinetics obey the Michaelis-Menten equation. To
determine the detection limit of this assay, the enhancement of
fluorescence intensity in 10 min was used after ligation started.
We determined that the concentration detection limit for T4
DNA ligase was 2.3 X 10~ U/ml (based on three times higher
fluorescence intensity than the background noise). A lower
detection limit could be reached by optimizing ligation
conditions such as increasing the concentration of substrates
or prolonging the ligation time.

CONCLUSION

In summary, we have developed a novel bioassay for real-time
monitoring of nucleic acids ligation using MB DNA probes.

The MB used in this assay is designed in such a way that its
loop sequence is complementary to the product of the ligation
process. Since a MB can be used for real-time monitoring of
DNA hybridization, this assay can be used in homogeneous
solution for real-time monitoring of ligation reaction and its
kinetics. The effects of five different external factors and of
mismatches on ligation have been investigated. The major
advantages of this MB-based ligation assay are its speed,
simplicity, ultrasensitivity, excellent specificity, convenience
and the ability to perform real-time monitoring of homo-
geneous solution. This method provides a platform for
studying a wide variety of nucleic acids ligation processes
and other nucleic acid interactions.
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