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ABSTRACT

This article describes a method for the global
profiling of the substrate specificities of DNA
ligases and illustrates examples using the Taq
and T4 DNA ligases. The method combines
oligonucleotide arrays, which offer the benefits
of high throughput and multiplexed assays,
with mass spectrometry to permit label-free
assays of ligase activity. Arrays were prepared by
immobilizing ternary biotin-tagged DNA substrates
to a self-assembled monolayer presenting a layer of
streptavidin protein. The array represented
complexes having all possible matched and mis-
matched base pairs at the 30 side of the nick site
and also included a number of deletions and
insertions at this site. The arrays were treated with
ligases and adenosine triphosphate or analogs of
the nucleotide triphosphate and then analyzed by
matrix-assisted laser desorption-ionization mass
spectrometry to determine the yields for both
adenylation of the 50-probe strand and joining of
the two probe strands. The resulting activity
profiles reveal the basis for specificity of the
ligases and also point to strategies that use ATP
analogs to improve specificity. This work introduces
a method that can be applied to profile a broad
range of enzymes that operate on nucleic acid
substrates.

INTRODUCTION

The DNA ligases are a family of enzymes that repair
nicked sites within double helical DNA. These enzymes
play a fundamental role in the maintenance of organism
genomes and have enabled applications in biotechnology
(1,2). Individual members of the family vary in the
specificities with which they discriminate among substrates
and ligases having both high and low discrimination for

their substrates have been important in applications (3,4).
In the current paper, we report an efficient method for
profiling the specificities of ligases. Our approach uses
mass spectrometry to characterize the activities of the
ligase towards an array of DNA substrates immobilized
to a self-assembled monolayer (Figure 1). Mass spectro-
metry offers the benefit that it can compare yields for each
of the multiple steps in the ligase activity and therefore
reveal the mechanistic basis for specificity. We illustrate
this approach by profiling the specificities of the T4 and
Taq DNA ligases and we characterize the enhanced
specificity that can be achieved with the use of ATP
analogs.
DNA ligases join two adjacent DNA strands aligned

head-to-tail on a DNA template to give a phosphodiester
bond between 50 phosphate and 30 hydroxyl termini of the
strands. Early biochemical studies have revealed that the
mechanism of DNA ligation follows three steps (2,5).
In the first, the ligase reacts with either NAD+ or ATP
to covalently modify an active site lysine residue with
adenosine monophosphate (AMP). In the second step,
the ligase transfers the AMP moiety to the 50 phosphate
group of the substrate DNA strand. In the third step, the
30 hydroxyl group of the other strand reacts with the
activated strand to give a native phosphodiester linkage
with concomitant release of AMP. This mechanism is
shared by both NAD+- and ATP-dependent ligases
across all biological species (6–12).
Yet, individual ligases show wide differences in their

specificities for joining strands that have base pair
mismatches at the nick site (2,13–15). Certain ligases are
known to exhibit little specificity, including the African
swine fever virus (ASFV) DNA ligase, which is among
the lowest-fidelity ligases and tolerates mismatches at the
30 (as well as the 50) side of the nick site (3). For example,
this ligase repairs a nick having a C:T mismatched base
pair more efficiently than the correctly matched C:G
base pair. In contrast, NAD+-dependent ligases from
thermophilic bacteria show a 100-fold better discrimina-
tion of matched over mismatched substrates than does the
T4 DNA ligase (4).
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The methods now used to assay ligase activity—which
rely on gel electrophoresis of labeled oligonucleotides—
have a limited throughput and are tedious when applied
for profiling the activity of the ligase for a family of
substrates (16). Efforts to increase throughput have
adopted homogeneous phase assays that use a secondary
reaction to detect the product of the ligase reaction (17),
but the use of labels and multiple steps increase the inci-
dence of false positive and negative results.
Mass spectrometry-based approaches offer the benefits

of not requiring labels and avoiding electrophoretic sepa-
ration of analytes. The former is particularly significant in
those cases where the label can interfere with the biochem-
ical activity being assayed and also requires additional
steps in the assay. These considerations have motivated
the use of mass spectrometry for monitoring enzymatic-
modification of DNA in applications including genotyp-
ing (18–20), epigenotyping (21,22), and diagnostics
(23). When combined with tailored surface chemistries,
mass spectrometry can be applied in a high throughput
format and is compatible with immobilized arrays.
For example, we have previously reported the use of
MALDI-TOF mass spectrometry of self-assembled
monolayers (SAMs) to assay a broad range of enzyme
activities (24–30). In this approach, termed SAMDI,
enzyme substrates are immobilized to a SAM and then
treated with solutions containing an enzyme. The
monolayer is rinsed and then analyzed by SAMDI to
reveal the masses of ions that correspond to the
substrate-terminated alkanethiols or, as described below,
biopolymers that are associated with the monolayer.
Hence, when the enzyme generates a product with a
mass distinct from the substrate, SAMDI can be applied
for assays of the enzyme activity.
In this article, we use SAMDI mass spectrometry and

oligonucleotide arrays to profile the substrate specificities
of the Taq and T4 DNA ligases. We prepared arrays pre-
senting ternary complexes of double-helical substrates that
represent all possible mismatches at the 30 side of the nick
site as well as a number of deletions and insertions of
bases. The arrays were treated with ligases and nucleotide
triphosphate analogs and then analyzed by SAMDI mass
spectrometry to determine the relative yields for both
50-strand activation and for ligation. The resulting
activity profiles reveal the relative contributions of the
activation and ligation steps in determining the substrate
specificities of the two ligases and point to strategies to
enhance (or diminish) specificity through the use of ATP
analogs.

MATERIALS AND METHODS

Materials

5-Methoxysalicyclic acid, streptavidin, cystamine–2HCl,
dithiothreitol, adenosine 50-[g-thio]-triphosphate (ATP-
gS), adenosine 50-[b,g-imido]-triphosphate (AMP-PNP),
10% sodium dodecyl sulfate (SDS) solution, and 20�
saline-sodium citrate (SSC) buffer were obtained from
Sigma-Aldrich (St. Louis, MO). Adenosine 50-[a-thio]-
triphosphate (ATP-aS) was purchased from Jena

Bioscience (Jena, Germany). Ammonium citrate dibasic
and glass microscope cover-slips for gold deposition
were purchased from Fisher Scientific (Pittsburgh, PA).
Biotin-N-hydroxysuccinimide ester was purchased from
Pierce Biotechnology Inc. (Rockford, IL). Phosphate-
buffered saline (PBS) was purchased from Invitrogen
Corp. (Carlsbad, CA). Taq DNA ligase supplied with
10� reaction buffer (200mM Tris–HCl, 250mM
potassium acetate, 100mM magnesium acetate, 100mM
dithiothreitol, 10mM NAD+ and 1% Trition X-100; pH
7.6 at 25�C) and T4 DNA ligase provided with 10�
reaction buffer (500mM Tris–HCl, 100mM MgCl2,
100mM DTT and 10mM ATP; pH 7.5 at 25�C) were
used as received from New England BioLabs Inc.
(Ipswich, MA). Nuclease-free water was obtained from
Fermentas Inc. (Hanover, MD). DNA oligonucleotides
were obtained from Integrated DNA Technologies Inc.
(Coralville, IA). The sequences and modifications are
provided in Table 1.

Immobilization of DNA to monolayers

Monolayers were prepared as previously described but
with some modifications (30). Briefly, maleimide-
terminated SAMs were prepared on an array of gold
spots (�4.9mm2/spot) by immersing a gold-patterned
glass cover-slip in an ethanolic solution of maleimide-
terminated disulfide and tri(ethylene glycol)-terminated
disulfide in a ratio of 1:9 (total concentration of
disulfide was 0.5mM) for 48 h at 4�C. Next, biotin was
immobilized on the arrayed SAMs by applying a solution
of N-biotinylcysteamine (50mM in 1� PBS, pH 7.4,
30min), and then streptavidin was immobilized by
applying a solution of streptavidin (0.5 mM in 1� PBS,
pH 7.4, 30min). The monolayers were rinsed with PBS
and water, dried and then treated with a solution of
30-biotinylated oligonucleotide (1mM in 1� PBS, pH 7.4)
for 30min at ambient temperature in a humidified
chamber. The array was rinsed with buffers: 2� SSC
buffer and 0.2� SSC buffer, and dried under a stream of
nitrogen. Finally, probe oligonucleotides were hybridized
by applying a mixture solution of probes (1 mM in 2�
SSC) to the monolayers presenting the immobilized
oligonucleotides for 30min at ambient temperature. The
slide was then rinsed and again dried with nitrogen.

Ligation on Chips

For ligation reactions, a ligase reaction mixture was
applied to the monolayer for 1 h (unless otherwise
mentioned) at 30�C in a humidified chamber. The Taq
ligase reaction mixture contained Taq ligase (5U/ml) in a
ligase reaction buffer (1�: 20mM Tris–HCl, 25mM
CH3COOK, 10mM (CH3COO)2Mg, 10mM DTT, 1mM
NAD+, and 0.1% Triton X-100; pH 7.6 at 25�C).
Similarly, the T4 ligase mixture contained T4 DNA
ligase (5U/ml) in a ligase reaction buffer (1�: 50mM
Tris–HCl, 10mM MgCl2, 10mM DTT and 1mM ATP;
pH 7.5 at 25�C). Following ligation, the slide was rinsed
twice with SSC buffer containing 0.2% SDS, then twice
with SSC buffer, and finally twice again with SSC buffer
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and a solution of ammonium citrate (50mg/ml), and dried
under a stream of nitrogen.

SAMDI mass spectrometry

SAMDI mass analysis was performed using a Voyager
DE-PRO Biospectrometry mass spectrometer (Applied
Biosystems, Framingham, MA) with a 337 nm nitrogen
laser as the desorption-ionization source. All spectra
were obtained with 25 kV accelerating voltage using the
linear negative mode. The grid voltage was 95% of the
accelerating voltage, and the delay time was 425 ns.
Approximately 1000 laser shots were integrated to
generate each spectrum.

We applied a matrix solution (in a ratio of 5:1) of
5-methoxysalicyclic acid (20mg/ml in acetonitrile) and
ammonium citrate (50mg/ml in water) onto each
monolayer and then allowed the solutions to dry in air,
prior to acquiring SAMDI spectra. For quantification,
spectra were baseline-corrected and calibrated using the
20-mer oligonucleotide (Table 1), which is complementary
to part of immobilized oligonucleotide, as an internal
standard. The relative amount of each species was deter-
mined from the areas of each peak. The relative amount of
adenylated intermediate and ligated product are, respec-
tively, I/(S+I+P) and P/(S+I+P), respectively, where
the peak areas were used to determine the density of
substrate (S), intermediate (I) and product (P) ions.

RESULTS

Experimental design

Figure 1 illustrates the approach we used to profile the
specificities of ligases. We started with SAMs of
alkanethiolates on gold presenting maleimide groups (at
a density of 5% relative to total alkanethiolate) against
a background of tri(ethylene glycol) groups (30,31).
The monolayer provides control over the density and
orientation of immobilized substrates and prevents non-
specific interactions between the enzymes and the surface
(31–33). Furthermore, previous studies have shown
that the immobilized DNA strands can adopt an orienta-
tion that makes them accessible to hybridization (34).
To immobilize the template DNA strand (T), we first
treated the monolayer with the biotin derivative
N-biotinylcysteamine, followed by the protein streptavidin
which then permitted attachment of an oligonucleotide

template strand (T) that was modified with a biotin
group at the 30 terminus. The resulting monolayer was
then treated with probe DNA strands (P1 and P2) to
assemble the ternary complex that is a substrate for the
ligases. An earlier study reported that monolayers
prepared in this way were well-suited for characterization
by matrix-assisted laser desorption-ionization mass
spectrometry (in a technique termed SAMDI MS) (30).
To demonstrate the assay of ligase activity,

we hybridized two probes (P1G and P2, Table 1) to a
template strand immobilized to the monolayer (TC,
Table 1) and treated the monolayer with T4 DNA ligase
(5U/ml in reaction buffer) for 1 h at 30�C (Figure 2A). A
SAMDI spectrum of the initial monolayer revealed peaks
at m/z 4503.0 (calculated, m/z 4504.0) and m/z 4721.0
(calculated, m/z 4722.0), which correspond to probe 1
(P1G) and probe 2 (P2), respectively. In this and subse-
quent experiments, we co-immobilized a second DNA
strand to the monolayer to provide an internal standard
for calibrating the mass to charge values. This strand gives
rise to the peak at m/z 6069.0 (Table 1). After treatment
with the T4 DNA ligase, a spectrum shows new peaks at
m/z 5050.7 (calculated, m/z 5051.2) and m/z 9211.0
(calculated, m/z 9208.0), which correspond to the
adenylated probe 2 intermediate (blue dashed line) and
ligated probe product (red dashed line), respectively.
Hence, the SAMDI spectra can resolve peaks that
correspond to the substrate, the adenylated probe and
the ligated product. In another experiment, we immo-
bilized probe strands that resulted in a single base pair
mismatch at the nick site (A:G, TA and P1G, Table 1).
Treatment of this substrate with the ligase and analysis
by SAMDI revealed only one new peak at m/z 5050.1
(blue dashed line, Figure 2B), which corresponds to the
adenylated probe 2. We failed to observe a peak (red
dashed line) that corresponds to the ligated product.
These experiments validate the use of SAMDI to
observe the reaction products that result from treatment
of ternary DNA complexes with ligase enzymes.
To quantitate the extent of reaction, we baseline-

corrected the mass spectra and measured the peak areas
corresponding to the probe strand, the adenylated probe
and the ligated product. We then determined the yield for
formation of the ligated product by taking the ratio of
the peak area corresponding to the ligated product
to the sum of peak areas corresponding to the substrate,
the adenylated intermediate and the ligated product.

Figure 1. Scheme showing the strategy used to assemble and assay ternary oligonucleotide substrates on a monolayer.
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We find the ratios are reproducible across several indepen-
dent experiments and therefore provide a meaningful
relative assessment of the ligase activities. The ligation
yield for the matched substrate is 82±9%. We note
that there appears to be an excess of the P1 strand over
the P2 strand in the spectra; that is, following complete
adenylation and ligation of the P2 strand, there remains a
peak (though it is diminished in intensity) for the P1
strand. We believe that the ternary complex is not
formed completely and therefore only a fraction of the

template strand has both P1 and P2 hybridized to it.
In the analysis that follows, we determine yields relative
to the P2 strand and therefore are effectively excluding
the presence of the binary complex (between the
template and P1).

Profiling the ligation selectivity in an array format

We next used an array that includes all 16 possible base
pair combinations at the 30-OH side of the nick to profile

C Perfect Match
⇒ Ligation

P2

P1

P2

P1

A G
Single Mismatch
⇒ No Ligation

P2

P1

3000

m/z

P2
P1

m/z

A

B

*

*

T4 DNA ligase

G

9000 15000 3000 9000 15000

*

*

Figure 2. Representative mass spectra showing that the SAMDI technique can identify the intermediates and products of a ligation reaction. Spectra
are shown before and after the ligase reaction for a monolayer that presents (A) a substrate having a C:G matched base pair at the nick site and (B) a
substrate having a A:G mismatched base pair at the nick site. In the former, the peak for the P2 probe strand (which is present in limiting quantity)
gives rise to a peak representing the ligated product. For the mismatched strand, the peak for the P2 probe strand gives rise to a peak representing
the adenylated probe strand, but not a ligated product. In the base pair notation X:Y, X refers to the target nucleotide and Y is the probe nucleotide.
The star symbol (*) indicates the peak corresponding to the 20-mer DNA strand used for calibrating the mass range. The dotted blue and red lines
indicate adenylated and ligated product, respectively.

Table 1. Sequences of the nucleic acids used in this studya

Name Sequence

Template A (TA) 50-AGT AAC GGC AGA CTT CTC CTA AGG AGT CAG GTG CAC CAT G-3BioTEG-30

Template T (TT) 50-AGT AAC GGC AGA CTT CTC CTT AGG AGT CAG GTG CAC CAT G-3BioTEG-30

Template G (TG) 50-AGT AAC GGC AGA CTT CTC CTG AGG AGT CAG GTG CAC CAT G-3BioTEG-30

Template C (TC) 50-AGT AAC GGC AGA CTT CTC CTC AGG AGT CAG GTG CAC CAT G-3BioTEG-30

Probe 1 A (P1A) 50-TGC ACC TGA CTC CTA-30

Probe 1 T (P1T) 50-TGC ACC TGA CTC CTT-30

Probe 1 G (P1G) 50-TGC ACC TGA CTC CTG-30

Probe 1 C (P1C) 50-TGC ACC TGA CTC CTC-30

Probe 2 (P2) 50-5Phos-AGG AGA AGT CTG CCG-30

Probe 2 without P04 50-AGG AGA AGT CTG CCG-30

Probe 1Gap1 50-TGC ACC TGA CTC CT-30

Probe 1Gap2 50-TGC ACC TGA CTC C-30

Probe 1lnsertA 50-TGC ACC TGA CTC CTG A-30

Probe 1lnsertT 50-TGC ACC TGA CTC CTG T-30

Probe 1lnsertG 50-TGC ACC TGA CTC CTG G-30

Probe 1lnsertC 50-TGC ACC TGA CTC CTG C-30

Internal standard20-mers 50-CAT GGT GCA CCT GAC TCC TG-30

aThe abbreviations in the table correspond to the following modifications: 3BioTEG, a biotin modifier with a tetraethyleneglycol (TEG)
spacer on the 30-end of the DNA; 5Phos, phosphorylation of the 50-end of the DNA. These are the same notations used by the DNA
supplier (Integrated DNA Technologies, Coralville, IA, USA). The underlined bases are paired at 30-nick site.
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the selectivity of Taq ligase (Table 1). Identical aliquots of
the ligase (5U/ml in 1� reaction buffer) were applied to
each ternary complex on the array, incubated for 1 h at
30�C, rinsed, and then analyzed by SAMDI MS. The mass
spectra again reveal peaks for each of the probe strands,

the adenylated intermediates and the ligated products
(Figure 3A). The ligation reaction proceeded efficiently
only for those substrates that had matched base pairs,
which is consistent with the known selectivity of Taq
DNA ligase (35). For substrates that had mismatched
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Figure 3. An array was used to profile the activity of Taq DNA ligase against a panel of ternary substrates representing each possible base pair at
the nick site. (A) Mass spectra reveal the extent to which the P2 probe strand was adenylated and the extent to which the two probe strands were
joined. (B) The intensities of the peaks for the P2 probe strand (P2), the adenylated intermediate (I) and the ligated product (P) were used to profile
the reaction. The first plot shows the yield for adenylation {(I+P)/(S+I+P)}; the second plot shows the yield for the relative activity for nick
closure {P/(I+P)}; and the third plot shows the yield of ligated product {P/(S+I+P)}. The dotted blue and red lines indicate adenylated and
ligated product, respectively. In the base pair notation X:Y, X refers to the target nucleotide and Y is the probe nucleotide.
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base pairs at the nick site, we find that the ligase often
adenylated the 50 probe strand (P2) but failed to ligate this
strand with its neighbor (blue dashed line).
We repeated this experiment three times to obtain

average yields in order to determine the relative activities
of the ligase for each substrate. These data are
summarized in Figure 3B using a gray intensity scale to
represent the yields for each step of the reaction. We first
compare the yields for generating the ligated products,
which are determined by taking the ratio of the peak
area for ligated product to the sum of the peak areas for
the probe strand, the adenylated intermediate and the
ligated product {P/(S+I+P)}. This profile reveals that
the two probe strands are joined only when the ternary
complex has a matched base pair at the 30 side of the
junction (Figure 3B, last profile). We next compare the
relative activities of the substrates for adenylation by
the ligase. Because the adenylated intermediate may be
converted to the ligated product, to determine the
amount of adenylation, we use the ratio of the sum of
peak areas of the adenylated probe and the ligated
product to the sum of probe, adenylated probe and
ligated product {(I+P)/(S+I+P)}. This profile reveals
that the adenylation reaction is not specific for matched
substrates and in fact several mismatched substrates are
efficiently adenylated by the ligase (Figure 3B, first

profile). Finally, we compared the relative yields for
ligation of the adenylated complexes by taking the ratio
of the peak area of the ligated product to the sum of the
adenylated intermediate and the product {P/(I+P)}.
Here we find that the specificity of Taq ligase derives pri-
marily from this strand joining step. While several of the
probe strands are efficiently adenylated, only those ternary
complexes that have matched base pairs at the 30 side
of the nick are joined to give the ultimate product
(Figure 3B, middle profile). These profiles also reveal a
significant benefit of the SAMDI assay; by characterizing
the relative activities for both steps in the ligase-mediated
reaction, the basis for the specificity of the ligase is readily
apparent and determined from a single experiment.

We repeated this experiment and analysis to profile the
activity of T4 DNA ligase. Again, identical aliquots of the
T4 ligase with ATP as the cofactor (5U/ml in 1� reaction
buffer) were applied to each ternary complex on the array,
incubated for 30min at 30�C, rinsed, and then analyzed
by SAMDI MS. In contrast to the Taq ligase, T4 ligase is
not specific for matched substrates (Figure 4A, last
profile). We included mass spectra corresponding to the
analysis in Figure 4A as we did in Figure 3 in the
Supplementary Data (Figure S1). This ligase was able to
ligate ternary complexes having mismatched base pairs at
the nick site with the exception of substrates having A:G,
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G:A and C:C pairs. The profile of the relative activities
of the T4 ligase for adenylation again reveals a low
specificity for adenylating the 50 strand (Figure 4A, first
profile). For example, the ternary complexes having
A:G, G:A and C:C mismatched base pairs were efficient
substrates for adenylation even though they yielded lit-
tle ligated product. We find that the second step in
the reaction also exhibits poor discrimination for inter-
mediates having matched base pairs at the nick site, but
in any event is more important than the first step in
determining the overall specificity (Figure 4A, middle
profile).

We next profiled the specificity of T4 DNA ligase with
three different ATP analogs: ATP-aS, ATP-gS and AMP-
PNP (the structures are shown in Figure 4). Previous
studies reported that T4 DNA ligases will accept several
ATP analogs—including ATP-aS and AMP—though the
reaction rates are slower relative to reactions that use ATP
(36,37). We expected the ATP analogs to differentially
affect the rates, and therefore the specificities, of the two
steps in the ligase reaction. The use of ATP-aS, for
example, will result in an adenylated probe strand that
contains a sulfur atom that renders the diphosphate less
reactive for ligation with the proximal 30 hydroxyl group
of the neighboring strand. The two other ATP analogs
(ATP-gS and AMP-PNP), by contrast, may have a differ-
ent reactivity in the first reaction to adenylate the
probe strand but will each result in the same adenylated
probe intermediate and therefore should not influence the
kinetics for the strand joining step. We note that assays
that omitted ATP, or its analogs, showed insignificant for-
mation of products, revealing that the activities we
observe are not due to ligases being pre-charged with the
AMP group.

We first profiled T4 DNA ligase activity using each of
the ATP analogs (Figure 4). With ATP-aS as the cofactor,
the ligase displayed a significantly higher selectivity for
ternary substrates having matched base pairs at the nick
site. The ligase was still relatively non-specific in
adenylating the probe strand to generate the intermediate,
but showed a dramatic increase in selectivity for joining
the two strands to give the ligated product. Indeed, we
observed ligated products only for those substrates that
have matched base pairs, and only observed products
resulting from mismatched base pairs in the substrate
for longer reaction times (Supplementary Figure S2).
This enhanced discrimination is consistent with the
lower reactivity expected for the sulfur-containing inter-
mediate. When we repeated reactions using ATP-gS or
AMP-PNP, we found that the overall selectivities do not
deviate from those observed when ATP is used. There are
minor changes in the relative activities of the substrates for
the adenylation reaction, but no significant differences in
the second step. This result is again expected, as the
presence of the sulfur or nitrogen atom in the analogs
may have an impact on the binding of the ATP analog
to the ligase, but these analogs give rise to the ‘normal’
adenylated intermediate and therefore do not alter the
relative rates by which the adenylated intermediates are
converted to the ligated products.

Effect of base deletions and insertions

Finally, we assayed ternary complexes that introduced
base deletions or insertions at the nick site of the
substrate. We again immobilized a template strand to
the monolayer (TC, Table 1) and then hybridized two
probe DNA strands to assemble the ternary complex.
We used complexes having probes with a 50-phosphoryl
group (the P2 probe) and a neighboring probe with
gaps (P1Gap1 or P1Gap2, Table 1) or with insertions of
each of the four nucleotides (P1InsertA, P1InsertT, P1InsertG
or P1InsertC, Table 1). We applied the T4 ligase reaction
cocktail (5U/ml T4 DNA ligase in 1� reaction buffer) to
each complex for 1 h at 30�C and analyzed the array with
SAMDI MS. Previous work has shown that substrates
with a gap of one nucleotide at a nick site can be ligated
by DNA ligases including T4 DNA ligases although with
substantially lower rates (38–40). The SAMDI assay
revealed that the ligase could efficiently adenylate the
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T
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P2

G

P1InsertC

P2

C

P2
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P2
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P2
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P2
P1

9000 15000
m/z

3000 9000 15000
m/z

3000
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m/z
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3000
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P2A
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* *

* *

T4 DNA ligase

Figure 5. SAMDI was used to assess the relative activity of T4 DNA
ligase for substrates having (A) deletions and (B) insertions of
nucleotides at the nick site. In the former cases, spectra are shown
for monolayers presenting a matched full length substrate, a single
base deletion, a double base deletion and a substrate that does not
contain the P1 probe strand. In panel B, spectra are shown for
monolayers presenting substrates having an insertion of each of the
four nucleotides at the nick site. The star symbol indicates the peak
corresponding to the 20-mer DNA strand used for calibrating the mass
range. The dotted blue and red lines indicate adenylated and ligated
product, respectively.
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50 probe strand but failed to give a ligated product (Figure
5A) for the substrate having a gap of one nucleotide
(P1Gap1). We also assayed a substrate having a gap of
two nucleotides (P1Gap2) and found that the ligase could
still adenylate the 50 strand, but with a lower rate than the
substrate having a single deletion (Figure 5A). A binary
substrate having the 50 probe strand hybridized to the
template strand but with the second probe strand
omitted gave no adenylation activity, showing that both
double helices are required for this step. This observation
is consistent with previous reports showing that DNA
ligases such as vaccinia virus DNA ligase require both
the 30 hydroxyl and the 50 phosphoryl groups on either
side of the nick for nick recognition (41,42). We assayed
each of the four substrates having an insertion of the
four nucleotides at the nick site and found that none of
these were adenylated by the ligase enzyme. Ligation of
substrates with nucleotide insertions on 30-side of the nick
has been investigated for T. kodakaraensis, A. archaeal
and T. thermophilus DNA ligases, and also showed negli-
gible ligation activities (4,43,44). It has been also reported
that DNA ends with nucleotide protrusion can be ligated
to blunt ends by T4 DNA ligase under certain conditions,
but as expected with low efficiency (45,46).

DISCUSSION

This article describes a method that combines mass
spectrometry with oligonucleotide arrays to profile the
activities of DNA ligase enzymes. The use of mass
spectrometry carries the benefit that it avoids the need
for labeling oligonucleotides with fluorescent groups or
radioisotopes. Apart from simplifying the assay format,
this benefit allows independent observation of the probe
strand, the intermediate adenylated strand and the ligated
product. When combined with an array of substrates
having all possible mismatched base pairs at the nick
site, the use of mass spectrometry provided an efficient
method to globally profile the specificity of the ligase for
each of the two steps in the reaction. Hence, this method
could clearly reveal the basis for specificity and could
guide approaches to enhance (or diminish) the specificity.
One limitation of the SAMDI mass spectrometry

method is that it does not directly provide quantitative
measures of the reaction yields for activation and
ligation of the immobilized oligonucleotides. This limita-
tion stems from the different efficiencies with which
molecules are desorbed and ionized, so that equal densities
of an adenylated and non-adenylated probe strand can
give peaks with different intensities. Hence, the different
species on the monolayer would have to be first calibrated
to identify their weighting factors in order to provide
quantitative measures of reaction yields. Instead, we
determine relative yields that are used to assess the
specificities of the ligases. We showed that the SAMDI
method provides reproducible peak intensities for
samples having analytes present at a constant density.
Therefore, we regard the data as ‘semi-quantitative’ in
the sense that the measurements are reproducible and
provide meaningful relative activities of a panel of

substrates but have not been calibrated to provide
absolute activities.

We used the DNA array to profile the sequence selec-
tivity of the Taq DNA ligase. The experiment confirmed
that Taq ligase requires that the substrate have a matched
base pair at the 30-hydroxyl side of the nick in order to join
the probe strands (35,44). Of greater interest, the array
revealed that the selectivity of the Taq DNA ligase
largely owes to its stringency in the nick closure step.
The ligase showed little specificity in adenylating the
probe strand. Each of the matched and mismatched
substrates were active in this step, though certain mis-
matched base pairs—including A:G, A:A, C:C and
G:A—were less active in the adenylation reaction. The
overall selectivity derives from the specificity of the
ligase to perform the second nick closure step only for
those substrates that had a matched base pair. This
highly sequence-specific nature of the Taq DNA ligase
underlies its use in DNA diagnostics as well as in main-
taining sequence integrity in the nucleus (47–49).

We also profiled the specificity of T4 DNA ligase, which
is known to ligate substrates that have mismatched base
pairs at the nick site. Indeed, we confirmed that the ligase
can repair the nick site for most of the substrates—
excluding those having A:G, G:A and C:C base pairs—
with several of the mismatched substrates displaying a
high efficiency (3,38). The arrays again revealed that the
specificity of this ligase derives from the second step in the
reaction. Even those substrates that failed to give ligated
products were actively adenylated by the enzyme. This
importance of the nick closure step in controlling
ligation specificity has been demonstrated for specific
substrates (4,38). For example, Verly and coworkers
have shown that a mismatched base pair (A:A) at the 30

side of a nick does not hinder the adenylation reaction by
T4 DNA ligases, but dramatically slows the strand joining
reaction (38).

We demonstrated that the substitution of ATP with
ATP-aS serves to enhance the substrate specificity of the
T4 DNA ligase. This improved specificity derives from a
more specific strand joining reaction, consistent with the
lower electrophilicity of the thio-adenylated probe strand.
Previous work has demonstrated specific examples of the
effect of the ATP-aS substitution on ligase activity, but
has not recognized the opportunity for enhancing the
overall specificity of the enzyme (37,41,50,51). For
example, one report found that yeast ligase could use
ATP-aS to generate the thioadenylated intermediate, but
gave poor yields for the overall reaction (50). Another
example, however, showed that T4 DNA ligase can use
ATP-aS, but with a 2-fold reduction in the rate of ligation
(37). Most studies seeking to improve the specificity of
T4 ligase identified the use of elevated temperatures and
higher salt or spermidine concentrations to achieve this
aim (7,52).

Finally, we also demonstrated applications of the
SAMDI method to profile the effect of 30-base deletions
and insertions on T4 ligase activity. The ligase was
sensitive to base deletions and insertions at the ligation
junction, and did not produce ligated products.
Specifically, we found that substrates having two-base
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deletions were still efficiently adenlyated but failed to
undergo the strand-joining reaction. Previous reports
have also shown that the ligation of so-called gapped
substrates is slow, and can require several hours (38,53).

The primary advance reported in this paper is the use of
an oligonucleotide array to profile the activity of a ligase
against a panel of substrates. Importantly, the use of an
array makes it straightforward to perform multiple assays
in parallel and the use of mass spectrometry allows each of
the intermediates in the ligase-mediated reaction to be
observed. Hence, the arrays provide a global profile of
the specificity of an enzyme, and for enzymes that
perform multiple reactions the profiles can reveal the
basis for the specificity. We also note that the SAMDI
assay has the characteristics required for efficient high-
throughput screening to identify activators or inhibitors
of enzymes and may be used to identify reagents that
modulate the activities of enzymes that act on nucleic
acid substrates (29). In this way, the work extends on
previous reports that have detailed specific examples of
the specificity of the ligase and the role of adenylation
and the strand-joining reaction. We believe that this com-
bination will enable studies of a broader range of enzymes
that act on DNA substrates.
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