Published online 8 May 2018

Nucleic Acids Research, 2018, Vol. 46, No. 13 €79
doi: 10.1093/narlgky303

A single-molecule sequencing assay for the
comprehensive profiling of T4 DNA ligase fidelity and
bias during DNA end-joining

Viadimir Potapov', Jennifer L. Ong', Bradley W. Langhorst?, Katharina Bilotti',
Dan Cahoon?, Barry Canton®, Thomas F. Knight®, Thomas C. Evans, Jr' and Gregory

J.S. Lohman'~

'Research Department, New England Biolabs, Ipswich, MA 01938, USA, ?Applications and Product Development,
New England Biolabs, Ipswich, MA 01938, USA and 3Ginkgo Bioworks, Boston, MA 02210, USA

Received January 22, 2018; Revised March 13, 2018; Editorial Decision April 09, 2018; Accepted April 12, 2018

ABSTRACT

DNA ligases are key enzymes in molecular and syn-
thetic biology that catalyze the joining of breaks
in duplex DNA and the end-joining of DNA frag-
ments. Ligation fidelity (discrimination against the
ligation of substrates containing mismatched base
pairs) and bias (preferential ligation of particular se-
quences over others) have been well-studied in the
context of nick ligation. However, almost no data ex-
ist for fidelity and bias in end-joining ligation con-
texts. In this study, we applied Pacific Biosciences
Single-Molecule Real-Time sequencing technology
to directly sequence the products of a highly multi-
plexed ligation reaction. This method has been used
to profile the ligation of all three-base 5’-overhangs
by T4 DNA ligase under typical ligation conditions
in a single experiment. We report the relative fre-
quency of all ligation products with or without mis-
matches, the position-dependent frequency of each
mismatch, and the surprising observation that 5'-
TNA overhangs ligate extremely inefficiently com-
pared to all other Watson-Crick pairings. The method
can easily be extended to profile other ligases, end-
types (e.g. blunt ends and overhangs of different
lengths), and the effect of adjacent sequence on the
ligation results. Further, the method has the potential
to provide new insights into the thermodynamics of
annealing and the kinetics of end-joining reactions.

INTRODUCTION

DNA ligases, present in all domains of life and in many
viruses, are critical enzymes for in vivo genome replication
and maintenance. Ligases, especially the DNA ligase from

bacteriophage T4, have also proven essential to molecular
biology methodologies, including cloning, next-generation
sequencing library preparation, gene synthesis and molec-
ular diagnostics (1-3). DNA ligases canonically join the 3'-
hydroxyl of one DNA strand to the 5'-phosphoryl group
of another when both are hybridized to a complemen-
tary DNA. Flexibility in substrate structure has been docu-
mented for a variety of ligases, with many tolerating ribonu-
cleotides, gaps, or base-pair mismatches during the ligation
of a break in one strand of a duplex DNA (nick ligation)
(4-9). Several ligases, including T4 DNA ligase, can also ef-
ficiently join two DNA fragments with short complemen-
tary ssDNA overhangs or blunt ends, an activity of critical
importance to many modern molecular biology methodolo-
gies (10-13).

Ligase fidelity, the ability to discriminate against mis-
matches at the ligation junction, has been well studied for
several ligases in the context of nick ligation (6,8,14-18).
DNA ligases are proposed to sterically sense mismatches in
nicked DNA through distortion in DNA helix shape, and
prefer mismatch pairings that can be accommodated within
the normal helix diameter, pairings with multiple hydrogen
bonds, or both (19-21). However, the specific mismatches
tolerated vary from ligase to ligase, and these preferences
must be determined empirically. Past studies profiling ligase
mismatch tolerance have typically analyzed individual nick
substrates in parallel or in small pools, allowing measure-
ment of relative rates of ligation of nick substrates contain-
ing mismatched base pairs (15,22-24). In general, ligases
have been found to be more tolerant of mismatches at the
side of the junction providing the 5'-phosphate. For exam-
ple, T4 DNA ligase can ligate all mismatched base pairings
at the 5’ side, but prefers C:T, G:T, A:C and T:T mismatches
at the 3’-hydroxyl side to the exclusion of others (where
the mismatched bases are listed as the ligation junction
base:templating strand base) (6,23). The high-fidelity Ther-
mus thermophilus (Tth) DNA ligase is less tolerant of mis-
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matches on the 5'-side of the ligation junction than T4 DNA
ligase, readily ligating T:T, T:G, A:C and C:A mismatches,
with lesser amounts of G:T, C:C, A:A and G:A ligation
(15). Asymmetrical preferences are common in ligation mis-
match tolerance; for example, T4 DNA ligase prefers T:C to
C:T at the 3’-OH side of the junction, and 7th DNA ligase
prefers T:G to G:T at the 5-side of the ligation junction
(6,15,23).

While DNA ligase fidelity and bias has been studied for
nick ligation, there remains a need to systematically charac-
terize mismatch tolerance in an end-joining context. Here,
we report a single-molecule, next-generation sequencing as-
say to probe the fidelity of DNA ligase end-joining, from a
mixed population of ssDNA overhangs. Pacific Biosciences
Single-Molecule Real-Time (SMRT) Sequencing allows for
true single-molecule sequencing without PCR amplifica-
tion of the DNA, gaining high accuracy by reading an in-
sert many times via a rolling-circle replication mechanism
(25,26). In our assay, hairpin substrates incorporate the SM-
RTbell adapter and a short three-base 5'-overhang (Figure
1). The overhang region is randomized such that it contains
all possible three-base overhangs in approximately equal
proportion. Ligation of these randomized pools creates li-
braries with SMRTbell adapters on both ends and an insert
region generated from the ligation of two overhangs. SMRT
sequencing of the ligated libraries allows direct read out
of both overhangs from single ligation products (27). This
method allows the systematic profiling of ligation events for
all possible overhangs in a single experiment, with the fre-
quency of each product assumed to be proportional to the
efficiency of that particular end-joining reaction. We have
applied this method to characterize the ligation of three
base overhangs by T4 DNA ligase under typical reaction
conditions, allowing the comprehensive evaluation of the fi-
delity and bias of the reaction.

MATERIALS AND METHODS

All enzymes and buffers were obtained from New England
Biolabs (NEB, Ipswich, MA, USA) unless otherwise noted.
T4 DNA ligase reaction buffer (1x) is: 50 mM Tris—HCI
(pH 7.5), 10 mM MgCl,, 1 mM ATP, 10 mM DTT. NEB-
uffer 2 (1x) is: 10 mM Tris—HCI (pH 7.9), 50 mM NacCl, 10
mM MgCl,, | mM DTT. CutSmart Buffer (1x) is: 20 mM
Tris-acetate (pH 7.9), 50 mM Potassium Acetate, 10 mM
Magnesium Acetate, 100 pwg/ml BSA. All column cleanup
of oligonucleotides and ligated libraries was performed
using Monarch® PCR & DNA Cleanup Kit columns
(NEB), following the published Oligonucleotide Cleanup
Protocol (https://www.neb.com/protocols/2017/04/25/
oligonucleotide-cleanup-using-monarch-pcr-dna-cleanup-
kit-5-g-protocol-neb-t1030). Oligonucleotide purity and
sizing was performed using an Agilent Bioanalyzer 2100,
using a DNA 1000 assay, following the standard protocols.

Preparation of substrates for multiplexed ligation fidelity and
bias profiling assay

Initial PAGE-purified substrate precursor oligonucleotide
was obtained as a lyophilized solid (IDT). The sequence
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(Table 1) contained a 5-terminal region, a randomized
three-base region, a Sapl binding site, a constant region, an
internal 6-base randomized region as a control for synthesis
bias, and a region corresponding to the SMRTbell sequenc-
ing adapter for PacBio SMRT sequencing. The oligonu-
cleotide was designed with a short (7-base) complementary
region such that they form a primer—template junction hair-
pin structure (Figure 1). The precursor oligonucleotide was
dissolved in 1x annealing buffer (10 mM Tris pH 8.0, 50
mM NaCl, 0.1 mM EDTA) to a final concentration of 100
M. In a final reaction volume of 200 .1, the substrate pre-
cursor oligonucleotide (40 wl of 100 wM stock) was com-
bined with 200 U Klenow Fragment (3’—5 exo-), 0.4 U
yeast inorganic pyrophosphatase in NEBuffer 2 at 1x final
concentration and dNTPs at 1 mM each final concentra-
tion. The extension reaction was incubated 1 h at 37°C, 2
] Proteinase K was added and the reaction incubated 20
min at 37°C. The DNA was purified (Monarch® PCR &
DNA Cleanup Kit), and the concentration of the purified
DNA (typically 25-30 pM) was determined using an Agi-
lent Bioanalyzer 2100, DNA 1000 kit.

The extended DNA was cut using Sapl to generate a
three-base overhang. Typically, 1 pul of DNA from the ex-
tension reaction was combined with 900 U of Sapl in a 100
pl total volume of NEB CutSmart buffer and incubated
for 2 h at 37°C. Reactions were halted by addition of 1 .l
Proteinase K followed by 20 min incubation at 37°C, then
purified using the Monarch® PCR & DNA Cleanup Kit
(NEB). Final concentration and extent of cutting was deter-
mined by Agilent Bioanalyzer (DNA 1000) and confirmed
to be >95% cut. Remaining uncut starting material (~5%)
was not 5’ phosphorylated, and thus should not interfere
with subsequent cohesive-end joining reactions. For use in
subsequent steps, DNA substrates were diluted to ~500 nM
in 1x TE buffer, with precise concentration determined by
Bioanalyzer. The final substrate sequence can be found in
Table 1.

Preparation of ligation fidelity libraries for Pacific Bio-
sciences SMRT sequencing

In a typical reaction, substrate (100 nM) was combined with
2.5 wl high concentration T4 DNA ligase (2000 U, 1.75 pM
final concentration) in 1x T4 DNA ligase buffer in a 50
wl total reaction volume and incubated for 1 h or 18 h at
25°Cor 37°C. Reactions were quenched with 2.5 1 500 mM
EDTA, and purified using the Monarch® PCR & DNA
Cleanup Kit, oligonucleotide cleanup protocol. Each liga-
tion was performed in a minimum of duplicates, and the lig-
ation yield was determined by Agilent Bioanalyzer (DNA
1000) with error reported as one standard deviation. The
ligated library was treated with exonuclease 111 (50 U) and
exonuclease VII (5 U) in a 50 pl volume in 1x Standard
Taq Polymerase buffer for a 60 min incubation at 37°C.
The library was purified using a Monarch® PCR & DNA
Cleanup Kit, oligonucleotide cleanup protocol, including a
second wash step, then quantified by Agilent Bioanalyzer
(DNA 1000). Typical concentrations of final library were
between 0.5 and 2 ng/pl.
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Figure 1. Schematic of multiplexed ligation fidelity and bias profiling assay. (A) Libraries containing randomized three-base overhangs were generated
and ligated with T4 DNA ligase under various conditions. The hairpin substrates contain the SMRTbell adapter sequence as well as an internal 6-base
random barcode used to confirm strand identity and monitor the substrate sequence bias derived from oligonucleotide synthesis. (B) Ligated substrates
form circular molecules, in which a double-stranded insert DNA is capped with SMRTbell adapters. (C) Ligated products were sequenced utilizing PacBio
SMRT sequencing, which produced long rolling-circle sequencing reads. Sequencing reads are comprised of regions corresponding to top and bottom
strands separated by regions corresponding to SMRTbell adapters. (D) Consensus sequences were built for the top and bottom strands independently,
allowing extraction of the overhang identity and barcode sequence.

Table 1. Precursor and substrate sequences

Substrate Sequence?

Ligation library precursor TCAGGTNNNCGAAGAGCTGCGATCCAGTGCGCCGTGCATTGATCAACGC
AANNNNNNATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTGTTGAGAGAG

Ligation library substrate PNNNCGAAGAGCTGCGATCCAGTGCGCCGTGCATTGATCAACGCAANNNN
NNATCTCTCTCTTTTCCTCCTCCTCCGTTGTTGTTGTTGAGAGAGATNNNN
NNTTGCGTTGATCAATGCACGGCGCACTGGATCGCAGCTCTTCG

Expected insert® NNNNNNTTGCGTTGATCAATGCACGGCGCACTGGATCGCAGCTCTTCG
NNNCGAAGAGCTGCGATCCAGTGCGCCGTGCATTGATCAACGCAANNN
NNN

4The Sapl (type IIS restriction enzyme) binding site is indicated in bold. SMRT adapter region is underlined.
PThe expected insert length in 99nt. The location of three-base overhang is in position 49..51, 3’-randomized region is in position 1..6, and 5'-randomized
region is position 94..99.

Pacific biosciences SMRT sequencing PacBio SMRT sequencing of each ligated product re-
sulted in a long rolling-circle sequencing read. The sequenc-
ing read was comprised of regions corresponding to inserts
(summarized in Table 1) from top and bottom strands in-
terspersed by regions corresponding to SMRTbell adapters
(Figure 1). A computational workflow was developed (i) to
separate insert sequences from opposite strands, (ii) to build
accurate consensus reads for each strand and (iii) to extract
actual overhang sequences in each strand. For the first step,
the longest stretch of inserts was identified in each poly-
merase read such that each insert is of expected size and
the distance between any two inserts is of expected length

Ligated overhang substrates form a circular molecule, com-
prising a double-stranded insert DNA capped with SM-
RTbell adapters (Figure 1). Libraries were prepared for se-
quencing according to the Pacific Biosciences Binding Cal-
culator Version 2.3.1.1 and the DNA /Polymerase Binding
Kit P6 v2 using the standard protocol, no-DNA control
complex, and a custom concentration on plate (0.3375 nM).
Libraries were sequenced on a Pacific Biosciences RSII, 1-
8 SMRT cells per library, 3 h data collection time per cell,
with ‘stage start’ off.
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corresponding to the length of SMRTbell adapter. A 20%
variation in length of either insert or adapter was allowed to
account for the high single-pass indel rate of PacBio SMRT
sequencing technology. Inserts corresponding to the same
strand were grouped together, and a consensus sequence
of each strand was built with the Arrow algorithm using
the ccs program from SMRT Link software (https://github.
com/PacificBiosciences/GenomicConsensus). At least five
subreads per strand were required to build a consensus;
reads from which fewer than five subreads per strand were
found were discarded. Resulting consensus sequences were
aligned to the respective insert reference sequences using
BLASR aligner, and sequence fragments corresponding to
overhangs and barcodes were extracted for each strand. A
number of filtering steps were applied to avoid sequencing
artifacts and ensure integrity of the derived data. The length
of derived overhangs was required to be exactly three nu-
cleotides. Three bases, immediately adjacent to the over-
hangs on either side, were required to match the reference
sequence. Additionally, the length of the derived barcodes
was required to be six nucleotides, and respective barcodes
in the opposite strands were required to be complementary.
One mismatch per barcode was permitted to account for
possible replicative errors. Frequencies of all observed over-
hang pairs in ligation products were tabulated and used to
derive results. To avoid bias due to arbitrary definition of
top and bottom strands in ligation products, overhang pairs
were counted twice: once in the top/bottom direction, and
once in the bottom/top direction.

Determining substrate sequence bias resulting from oligonu-
cleotide synthesis

For each multiplexed ligation profile library, the internal
barcodes were characterized to assess the degree of se-
quence bias introduced by the oligonucleotide synthesis.
For each read, the barcode sequence was extracted, and the
fraction of each base at each position determined. The re-
ported values are for the barcode strand produced by the
oligonucleotide synthesis; the complementary strand, in-
serted during the polymerase extension step, has the com-
plementary ratios. The error is reported as the standard de-
viation of all six positions from all sequencing runs using a
given substrate.

Oligonucleotide ligation assay

Standard ligation assay mixtures were composed of 1x T4
reaction buffer, 350 nM T4 DNA ligase and 100 nM FAM-
labeled DNA substrate, in a reaction volume of 100 pl. Re-
actions were performed at 25°C. Components were gently
mixed by pipetting and incubated at reaction temperature
for 5 min prior to initiation by the addition of the DNA
substrate. Reactions were quenched by a 1:1 (vol/vol) ad-
dition of 50 mM EDTA at times as indicated in each fig-
ure legend. The ligated products were analyzed by capillary
gel electrophoresis as described previously (23,28,29). Re-
ported values are the average of a minimum of three repli-
cates, with the error bars representing the standard devia-
tion of the measurements. Sequences used in this assay can
be found in the Supplementary Data, Table S1.
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Figure 2. Assay results for the ligation of randomized three-base over-
hangs by T4 DNA ligase (1 h at 25°C). SMRT sequencing results for ligat-
ing 100 nM of the multiplexed three-base overhang substrate 1 h at 25°C,
with 1.75 puM T4 DNA ligase in standard ligation buffer. Observations
have been normalized to 100 000 ligation events (see Supplementary Data
for actual observation totals). (A) Frequency heat map of all ligation events
(log-scaled). Overhangs are listed alphabetically left to right (AAA, AAC,
AAG ...TTG, TTT) and bottom to top such that the Watson—Crick pair-
ings are shown on the diagonal. (B) Stacked bar plot showing the frequency
of ligation products containing each overhang, corresponding to each col-
umn in the heat map in (A). Fully Watson—Crick paired ligation results
are indicated in blue, and ligation products containing one or more mis-
matches are in orange.

RESULTS

As a key test case, the method was used to profile the end-
joining fidelity of T4 DNA ligase under typical reaction
conditions. Ligation libraries were prepared using standard
buffer conditions for each overhang pool with ligation tem-
peratures of 25 or 37°C and ligation times of 1 or 18 h.
These reactions contain a large excess of ligase (1.75 pM)
over ligatable ends (100 nM); thus, the results represent
single-turnover ligation conditions. This ratio was chosen
as it is similar to the standard ratio recommended in typ-
ical cloning protocols, and should be representative of re-
sults that would be expected during molecular biology ex-
periments that require end-joining by T4 DNA ligase. Un-
der these conditions, the yield of ligation product was 80
£ 1% for 1 h at 25°C (88 £+ 1% at 18 h) and 75 £+ 1% for
1 h at 37°C (79 & 4% at 18 h). Data from replicates were
combined before analysis; for an examination of sequenc-
ing reproducibility between replicates, see Supplementary
Data (Supplementary Text, Figure S1 and Table S2).

The multiplexed ligation profile results for three-base
overhangs for 1 h at 25°C are shown in Figure 2, and re-
ported in a tabular format in Table 2. The results for 1 h
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Figure 3. Assay results for the ligation of randomized three-base over-
hangs by T4 DNA ligase (1 h at 37°C). SMRT sequencing results for ligat-
ing 100 nM of the multiplexed three-base overhang substrate 1 h at 37°C,
with 1.75 puM T4 DNA ligase in standard ligation buffer. Observations
have been normalized to 100 000 ligation events (see Supplementary Data
for actual observation totals). (A) Frequency heat map of all ligation events
(log-scaled). Overhangs are listed alphabetically left to right (AAA, AAC,
AAG ... TTG, TTT) and bottom to top such that the Watson—Crick pair-
ings are shown on the diagonal. (B) Stacked bar plot showing the frequency
of ligation products containing each overhang, corresponding to each col-
umn in the heat map in (A). Fully Watson—Crick paired ligation results
are indicated in blue, and ligation products containing one or more mis-
matches are in orange.

ligation at 37°C are shown in Figure 3 and Supplementary
Data, Table S3. In each figure, panel A shows a log-scale fre-
quency heat map of all ligation events, with the overhangs
sorted such that the top left to bottom right diagonal rep-
resents Watson—Crick paired ligation products (the highest
frequency events for any given overhang). This visualiza-
tion allows for any pair of overhangs leading to significant
mismatch ligation to be easily identified. Panel B shows the
linear frequency of ligation events for each overhang as a
bar plot, with the Watson—Crick ligation frequency shown
in blue, and the summed frequency of mismatch products
shown in orange. The data in Panel B is sorted in the same
order as the heat maps. Results changed little from short to
long incubation time at each temperature, despite slightly
increased library yields (Supplementary Data, Figures S2
and S3, Tables S4 and S5).

In discussing the results in the following sections, indi-
vidual overhangs are written in the 5’ to 3’ direction with
the phosphate omitted, and ligation products are written as
overhang pairs with the top overhang written in the 5 to
3’ direction and theAch%ttom overhang in the 3’ to 5’ direc-

tion. For example, 7 represents the fully Watson—Crick
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paired ligation product between a substrate with a 5-pATT
overhang and a substrate with a 5'-pAAT overhang.

TNA overhangs show greatly reduced ligation efficiency

While the majority of correctly base-paired ligation part-
ners were observed in very similar overall frequency (Fig-
ures 2B and 3B, blue bars), it was noted at both 25°C and
37°C that the four TNA overhangs had notably reduced in-
cidence compared to the average. The corresponding ANT
overhangs, despite being expected to be present in the exact
same proportion of the initial substrate pool, did not show
a reduced incidence compared to the other overhangs in the
set.

This discrepancy suggested that the ligation of TNA over-
hangs may be fundamentally inefficient. To confirm this hy-
pothesis, defined, fluorescently-labeled dsSDNA substrates
with 5-three-base overhangs were ligated and the degree
of ligation monitored over time. Indeed, ligation of de-
fined substrate pools of TNA and ANT substrates (Figure
4A) showed that substrates with a TNA overhang ligated
~100x slower than the same substrate with an ANT over-
hang. This result indicated that the low incidence of ligation
products resulting from TNA overhangs was indeed a re-
sult of dramatically lower ligation rates compared to other
sequences.

Ligation fidelity of overhangs varies dramatically with se-
quence

The range of observed ligation fidelity as a function of over-
hang identity was quite broad, from overhangs with very
few observed mismatch ligation events (e.g. AAA, ATA,
CAA) to those where a very large fraction of observations
(>40%) found a ligation partner with one or more base-
pair mismatches (e.g. GCC and GGC). Overall, there was a
weak trend towards lower fidelity with higher G/C content.
More specifically, for three-base overhangs, 5-GNN se-
quences were highly represented in the lowest-fidelity over-
hangs, with 5-TNN over-represented in the highest fidelity
group. Increasing temperature (37°C, Figure 3) resulted in
an overall suppression of mismatch ligation, with no signif-
icant change to the overall patterns: the Kendall rank cor-
relation coefficient equals 0.87 when comparing individual
ligation fractions observed at 25°C and 37°C (only ligations
with more than 10 counts per ligation event were consid-
ered). Additionally, there was minimal effect on the iden-
tity of the mismatches observed (Figure 5). Mismatch rates
at 37°C were 2-fold lower than at 25°C as measured by the
fraction of mismatch ligations (orange bars in Figures 2B
and 3B; mean mismatch ligation fraction per overhang was
2.53 x 1073 and 1.29 x 1073, respectively).

For most overhangs, even those of the lowest fidelity,
it should be noted that the bulk of the mismatch ligation
events were derived from pairing with only a few (typically
2-3) other overhangs (Table 2). For example, GGC was
one of the lowest fidelity overhangs, with only 54% of ob-
servations showing it paired with its Watson—Crick part-
ner, GCC. However, its mispairing events are dominated
by GCT (43% of mismatch ligation events) and ACC (38%
of mismatch ligation events). For CGT, 76% of ligations
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Table 2. Ligation fidelity for three-base overhangs (1 h at 25°C)

Overhang Correct, x 1073 Mismatch, x 1073 Fidelity, %* Mismatch overhangs®

Value S.D. Value S.D. Value S.D.
AAA 1403.8 14.2 11.1 4.1 99.2 0.3 TTC (43%); ATT (12%); TGT (10%)
TAA 209.0 10.8 2.9 1.9 98.6 0.9 GTA (36%); TTT (27%); TTG (18%)
ATA 1472.5 11.9 24.9 3.1 98.3 0.2 AAT (44%); GAT (26%); TTT (13%)
CAA 1658.4 0.2 30.0 8.0 98.2 0.5 GTG (54%); ATG (34%); TGG (2%)
TTC 1608.3 29.6 34.2 2.5 97.9 0.2 GAG (42%); GAT (17%); AAA (14%)
TTG 1658.4 0.2 36.3 7.4 97.9 0.4 CAG (46%); CAT (22%); CTA (9%)
AGA 1440.7 7.9 324 18.9 97.8 1.3 GCT (24%); ACT (23%); TCA (16%)
TAG 1491.6 12.2 35.3 0.3 97.7 0.0 CTG (55%); CTT (35%); CTC (5%)
TTA 209.0 10.8 5.0 2.0 97.6 1.0 GAA (21%); AAA (21%); TAG (11%)
TCA 617.9 1.1 16.2 4.2 97.4 0.6 AGA (31%); GGA (28%); TGG (11%)
TCG 1531.7 10.1 41.9 9.0 97.3 0.6 CGG (68%); CGT (9%); AGA (6%)
TGA 617.9 1.1 21.5 1.2 96.6 0.2 GCA (43%); ACA (31%); TCT (10%)
ACA 1437.3 19.3 50.4 15.3 96.6 1.0 TGC (54%); TGG (16%); TGA (13%)
CAG 1415.5 35.6 51.2 0.8 96.5 0.1 TTG (33%); ATG (19%); GTG (19%)
TGG 1609.6 39.8 66.0 18.0 96.1 1.1 CCG (41%); CCT (20%); ACA (12%)
TAT 14725 11.9 63.9 3.6 95.8 0.2 GTA (71%); ATG (17%); ATT (7%)
TCC 1619.4 43.6 71.6 18.6 95.8 1.2 GGG (68%); GGT (14%); AGA (5%)
TAC 1453.7 30.9 87.0 3.7 94.4 0.3 GTG (69%); GTT (26%); GTC (3%)
CGA 1531.7 10.1 98.1 1.3 94.0 0.1 ACG (51%); GCG (41%); CCG (2%)
CCG 1531.1 69.8 101.0 24.2 93.8 1.6 AGG (39%); TGG (27%); CTG (14%)
TTT 1403.8 14.2 94.7 8.5 93.7 0.5 GAA (82%); AAG (4%); AGA (4%)
CGG 1531.1 69.8 120.9 29.1 92.7 1.9 ACG (41%); TCG (24%); GCG (11%)
CTA 1491.6 12.2 120.4 239 92.5 1.4 AAG (56%); GAG (32%); TTG (3%)
TGC 1316.9 18.0 107.4 20.8 92.5 1.3 GCG (47%); ACA (25%); GCT (20%)
TCT 1440.7 7.9 119.6 7.8 92.3 0.4 GGA (81%); AGG (13%); TGA (2%)
GAA 1608.3 29.6 139.5 15.5 92.0 0.9 TTT (56%); GTC (27%); ATC (12%)
CCA 1609.6 39.8 162.3 8.0 90.8 0.6 AGG (73%); GGG (23%); CGG (2%)
CAC 1147.7 67.3 133.6 8.9 89.6 1.1 ATG (54%); GCG (17%); GTT (13%)
ATG 15934 13.4 198.9 20.5 88.9 1.1 CAC (36%); CTT (33%); TAT (5%)
CTG 1415.5 35.6 177.7 124 88.8 0.9 CTG (50%); AAG (12%); TAG (11%)
TGT 1437.3 19.3 181.6 6.7 88.8 0.2 GCA (83%); ACG (11%); ACT (3%)
ATT 1638.5 19.7 207.1 11.2 88.8 0.4 GAT (84%); AGT (4%); ATT (3%)
AAT 1638.5 19.7 211.6 21.3 88.6 0.9 GTT (74%); ATC (16%); ATA (5%)
AAG 1279.7 15.5 175.8 12.3 87.9 0.9 CTC (40%); CTA (38%); CTG (13%)
ATC 1336.5 8.9 188.5 19.1 87.6 1.2 GAC (33%); AAT (17%); GGT (14%)
AGT 1526.9 0.5 217.2 27.7 87.5 1.4 GCT (83%); ATT (4%); ACC (3%)
CCC 13224 107.4 197.6 68.8 87.0 4.8 AGG (61%); GTG (20%); GAG (6%)
GTA 1453.7 30.9 248.5 7.0 85.4 0.6 AAC (39%); GAC (31%); TAT (18%)
CAT 1593.4 13.4 281.4 38.2 85.0 1.9 GTG (87%); ACG (3%); TTG (3%)
AAC 1259.1 35.1 234.7 18.4 84.3 0.7 GTC (42%); GTA (41%); GTG (12%)
GGA 1619.4 43.6 305.0 27.6 84.2 1.6 GCC (33%); TCT (32%); ACC (31%)
ACT 1526.9 0.5 289.8 20.6 84.0 1.0 GGT (64%); AGC (24%); AGG (5%)
GCA 1316.9 18.0 330.4 2.2 79.9 0.3 TGT (45%); AGC (33%); GGC (15%)
CTC 1313.9 25.9 358.8 10.9 78.6 0.8 GTG (57%); AAG (19%); GCG (12%)
AGG 1236.8 51.8 342.9 52.8 78.3 33 CCC (35%); CCA (35%); CCG (11%)
CGT 1250.0 0.8 386.9 35.2 76.4 1.7 GCG (90%); GAG (2%); AGG (2%)
CTT 1279.7 15.5 405.7 18.1 75.9 0.6 GAG (71%); ATG (16%); AGG (4%)
GAG 1313.9 25.9 4259 4.2 75.5 0.5 CTT (67%); CTA (9%); CTG (4%)
CGC 1055.4 20.0 342.1 33.9 75.5 2.2 ACG (82%); GTG (5%); GCT (4%)
CCT 1236.8 51.8 408.9 48.8 75.2 3.0 GGG (90%); TGG (3%); ATG (2%)
ACG 1250.0 0.8 432.2 44.7 74.3 2.0 CGC (65%); CGA (12%); CGG (12%)
AGC 950.7 21.1 337.8 13.5 73.8 1.2 GCA (32%); GCC (31%); ACT (20%)
ACC 1258.3 110.3 498.5 58.2 71.6 4.1 GGC (57%); GGA (19%); GGG (14%)
GAT 1336.5 8.9 533.5 16.6 71.5 0.8 GTC (59%); ATT (33%): ATG (1%)
GGG 13224 107.4 608.8 90.4 68.5 4.9 CCT (61%); ACC (11%); TCC (8%)
GTT 1259.1 35.1 603.3 20.1 67.6 1.3 GAC (55%); AAT (26%); ACC (4%)
GGT 1258.3 110.3 623.4 97.8 66.9 5.4 GCC (60%); ACT (30%); ATC (4%)
GCG 1055.4 20.0 564.8 33.5 65.1 1.8 CGT (61%); TGC (9%); CTC (7%)
GAC 1061.5 2.1 570.1 36.7 65.1 1.4 GTT (58%); GTA (13%); ATC (11%)
GTG 1147.7 67.3 679.6 48.1 62.8 3.0 CAT (36%); CTC (30%); TAC (9%)
GCT 950.7 21.1 572.5 46.7 62.4 2.5 GGC (56%); AGT (32%); TGC (4%)
GTC 1061.5 2.1 673.5 26.0 61.2 0.9 GAT (47%); AAC (15%); GTC (12%)
GCC 864.7 68.8 730.8 98.5 54.2 54 GGT (51%); AGC (14%); GGA (14%)
GGC 864.7 68.8 748.9 48.2 53.6 3.6 GCT (43%); ACC (38%); GCA (7%)

Standard deviations were derived from two experimental replicates, while the values themselves were derived from the combined data.

4Fidelity is calculated as the fraction of correct ligations divided by the total fraction of ligations for a given overhang.

bTop three mismatch overhangs are given for each overhang. All overhangs are written in the 5'-to-3’ direction. The numbers in parentheses give the
percentage for the given mismatch ligation relative to the total number of mismatch ligations for the overhang.

Fidelity for other reaction conditions can be found in the Supplementary Data, Tables S3-S5.
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Figure 4. Ligation time courses for defined substrates. Ligation of three-
base overhang substrates, FAM-labeled on the 3/-end of the phosphory-
lated strand. Ligation reactions were composed of 1x T4 reaction buffer,
350 nM ligase and 100 nM FAM-labeled DNA substrate. Reactions were
performed at 25°C, removing time points over a 2 h incubation. Reported
values are the average of a minimum of three replicates, with the error bars

the standard deviation of the measurements. (A) Substrate with an ANT

overhang versus a TNA overhang (B) Ligation of %Gg pair, 100 nM each

overhang, versus ligation of a GGC pair.

were with its Watson—Crick partner, with nearly all of the
observed mismatch ligations coming from pairing with the
overhang GCG (90% of mismatch ligation events). Impor-
tantly, the overwhelming majority (98%) of mismatch over-
hangs at 1 h at 25°C had a single-base mismatch; two- and
three-base mismatches were 1.8% and <0.1%, respectively.
Very similar results were observed for 1 h at 37°C (one, two
and three-base mismatches were 97.6%, 2.2% and <0.2%,
respectively). Thus, individual overhangs that exhibit low
fidelity are not promiscuous, rather they tend to pair with
only a few specific mismatched sequences.

Ligation preference for mismatches varies by position and
strand sense and is context-sensitive

Analysis of the observed mismatch ligation events further
allowed identification of the types of mismatches tolerated
by the ligase, and the effect of position and structural con-
text on ligation preferences. Figure 5 shows the observed
frequency of ligated mispairs at the ‘edge’ position versus

Nucleic Acids Research, 2018, Vol. 46, No. 13 €79

the ‘middle’ position for three-base overhangs at 25°C and
37°C. As with the overall fidelity, increasing temperature
had little effect on the specific mismatch pairings observed
or their relative frequency to each other, simply reduc-
ing overall mismatch frequency relative to Watson—Crick
paired products (Supplementary Data, Figure S4).

At the edge position of three-base overhangs (N1:N3/,
Figure 5SA and C), mismatch ligation was dominated by G:T
mispairs, which make up 52% of all observed N1:N3' mis-
matches (mismatches at this position total 7.1% of all liga-
tion events, with G:T mismatches at this position compris-
ing 3.7% of all ligation events). Interestingly, this preference
was only for 5'-G mispairs, %’g v the reciprocal L § Mmis-

match was not especially prevalent (3.7% and 0. 3%)\/2f all

observed ligations, respectively). The ligation of a 75+ mi-
spair was independently assayed and compared to the lig-
ation of the reciprocal N]C' mispair to confirm this obser-
vation. Indeed, the 5'-G mismatch ligated ~80-fold faster
than the 5'-T mismatch (Figure 4B). The preference for edge
G:T mismatches accounted for the over-representation of
GNN overhangs displaying low overall fidelity in Figures 2
and 3; a G:T simply ligated much faster than any other mi-
spairing in this position. After G:T, several purine:purine
(A:A, A:G, and G:A) and the other purine:pyrimidine
(A:C, C:A, T:G) mismatches were observed, with pyrimi-
dine:pyrimidine mismatches disfavored (Figure 5A). Ade-
nine displayed the same 5' mismatch preference; the &5
mlslgalrrng was ~40-fold more prevalent than the reciprocal
“vy mispairing (1.3% and 0.03% of ligation events, respec-
tively).

At the middle position of three-base overhangs (N2:N2/,
Figure 5B and D), a lower overall frequency of mismatches
was observed, ~3-fold less common compared to the to-
tal frequency for mismatches at the edge position (7.1%
and 2.3% for edge and middle mismatches, respectively).
At the middle position, T:T mismatches were modestly fa-
vored, ~2-3 times more prevalent than any other single mis-
match, with C:T, T:C, G:T and T:G all present at similar
frequencies (Figure 5B). A:C, C:A, C:C and purine:purine
mismatches appeared to be strongly disfavored at these po-
sitions.

DISCUSSION

Our results revealed the mismatch tolerance of T4 DNA lig-
ase when joining short overhangs. In the end-joining reac-
tions described here, the substrate did not have randomized
bases at the 3’-OH side of the ligation junction, as the se-
quence adjacent to the overhangs was kept constant; thus,
only mismatches at the 5'-phosphate side of the junction
could be observed. T4 DNA ligase is very tolerant of mis-
matches on 5’-phosphate of nicks, making it difficult to pre-
dict from previous studies what mismatches to expect in
end-joining (6,23). In this study, we nevertheless observed
specific mismatch preferences that line up with the general
preferences of ligases in nick ligation (15,23). Specifically,
mismatches observed were those that could form multiple
hydrogen bonds (A:G, C:A, A:A), those which can be ac-
commodated within the normal helix diameter upon en-
zyme binding (T:T), and those that meet both criteria (G:T)
(20,21). As with nick ligation, G: T mismatches were broadly
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Figure 5. Frequency of specific base pair mismatches by position. Incidence of each possible mismatched base pair observed for ligation of three-base
overhangs. The results shown are for SMRT sequencing of ligation reactions with 100 nM of the multiplexed three-base overhang substrate, 1 h at 25°C
(A and B) or 37°C (C and D), with 1.75 .M T4 DNA ligase in standard ligation buffer. This figure was generated from the same data as shown in Figures
2 and 3. A and C show the results for the edge position (N1:N3'); B and D for the middle position (N2:N2").

tolerated in cohesive end ligation, as are T:T, and to a lesser
extent, A:C, A:G and A:A mismatches. Interesting asym-
metries were also observed; i.e. G:T mismatches are much
more (~10-fold) prone to ligation than T:G, and A:C mis-
matches much more prone to ligation than C:A (~40-fold).
This result suggests that the ligase active site prefers a phos-
phorylated purine over a pyrimidine, a result that is recip-
rocal to the preference previously observed at this position
for Tag DNA ligase (15).

Mismatches in the middle position were very poorly tol-
erated (2.3% of all ligation events), with overall incidence
much lower than at the edge positions and only T:T mis-
matches present in relative high frequency (36% of all mis-
matches at this position; Figure 5C). This result suggests
that two correct base pairs in a row are required at the over-
lap for efficient ligation. It is unclear, however, if the low in-
cidence of mismatches at this position is an enzyme effect,
with helix distortions at this position disrupting the active
site, or an annealing effect, with the mismatch in the mid-
dle position disrupting stable end annealing. A survey of
predicted AG of annealing of mismatched overhangs (Sup-
plementary Data, Figure S5) shows no correlation between
AG and observation frequency; the overwhelming determi-
nant of ligation frequency is the type of mismatch, not the
stability of annealing (30). Likely, annealing thermodynam-
ics do play some role in mismatch ligation frequency. For a

given type of mismatch (Supplementary Data, Figures S6
and S7), there is a weak correlation between increasing AG
and observations, though there is still quite a bit of scatter
in these plots indicating that the sequence context is also
highly important, not just the annealing strength/number
of hydrogen bonds. Further, increasing ligation temperature
greatly reduces mismatch ligation; this result is almost cer-
tainly an annealing effect, destabilizing the pool of avail-
able annecaled mismatched substrates for the ligase to act
on. High-GC overhangs display a higher frequency of mis-
match ligation, especially when two of three bases form
G:C Watson—Crick pairs. Among overhangs with single-
base mismatches, the two correct base pairings were both
G:Cs in 50% of cases, G:Cs and A:Ts in 42% of cases, and
both A:Ts in 8% of cases at 25°C (with similar ratios at
37°C). Interestingly, it is not simply the GC content, but
the location of G:Cs, that makes mismatch ligation more fa-
vorable. For example, overhangs with single-base edge mis-
matches containing middle A:T pairs and edge G:C base

pairs ( %, where X:Y indicates mismatch) outnumber the

reverse (%“) by a factor of 2.5 (32% versus 13%, respec-

tively), despite having similar predicted AG of annealing
(e.g. the G:T panel, Supplementary Data, Figure S6).
When interpreting the quantitative results, it should be
noted that overhang pools were not perfectly random and
contained bias introduced during the initial oligonucleotide
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synthesis. The distribution of nucleobases in the random
synthesized region was 25.44-0.3%, 27.04+0.4%, 25.6+0.6%,
and 22.040.3%, for A, T, G and C, respectively. This base
bias did not vary significantly by position. In the particu-
lar substrate used, the most abundant overhang (TTT) is
estimated to be about 2-fold more prevalent than the least
abundant (CCC). While it would be desirable to normal-
ize the data based on the bias in the substrate library, the
ligation reaction is a combination of dynamic annealing of
overhangs and ligase kinetic preferences for each annealed
overhang pair; thus, it was unclear how to normalize in a
way that is consistent with this complex biochemistry. Con-
sequently, mismatch products resulting from particularly
over- or under-represented overhangs may have their fre-
quency over- or under-represented. The strongest effects are
expected to be on the substrates with the weakest anneal-
ing and/or the weakest Ky, which will be the most respon-
sive to changes in substrate concentration. Thus, the lowest-
frequency observed (poor annealing and/or weak binding)
substrate pairs are likely to be those most strongly influ-
enced by the sequence synthesis bias. Future work will focus
on deconvoluting the effects of annealing versus enzyme ki-
netic preferences, potentially allowing for data normaliza-
tion and, thus, more quantitatively accurate predictions.

The most surprising result uncovered in this study was
the remarkably sluggish ligation rate of TNA overhangs
as compared to all other Watson—Crick pairings, includ-
ing ANT and other high AT overhangs. We attempted to
determine if this result might be due to unusual secondary
structure, either of the unligated substrate, the paired hair-
pins, or the nicked intermediate formed after the first in-
termolecular ligation step. To this end, Vienna was used to
predict the structure of the full hairpin, the ligated prod-
uct with one nick, and the first 18 bases of the hairpin sub-
strate with or without its complement strand (30). In no case
did we find predictions of unusual secondary structure that
would explain the slow ligation rate, or any other signifi-
cant predicted differences from substrates with ANT in this
position. AG of annealing was also predicted to be in line
with other high AT overhangs (Supplementary Data, Fig-
ure S5). Thus, we do not expect the poor reactivity of the
TNA substrates to be a result of DNA structure alone, and
must result from interaction with the ligase. There is unfor-
tunately no reported crystal structure of T4 DNA ligase;
a co-structure with this substrate sequence might be able to
show if the TNA sequence somehow formed a complex with
the ligase active site that pulled the bases out of alignment
for adenylyl transfer and/or phosphodiester bond forma-
tion. Mechanistically, we observed very little adenylylated
intermediate in the ligation of the defined substrates (Fig-
ure 4A), suggesting slow adenylyl group transfer. This is in
contrast to the reaction of T4 ligase with other inefficient
end-joining substrates, such as blunt ends and single base
overhangs, which show substantial adenylylated substrate
accumulation under comparable single-turnover conditions
used in this study (31). However, additional work, includ-
ing with analogous nicked substrates, will be required to
definitively determine the mechanism of the slow reaction
of TNA overhangs.

The current method has proven effective in rapidly pro-
filing the ligation fidelity of T4 DNA ligase in a single ex-
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periment. Further application of the method will allow for
the profiling of any ligase that can carry out the ligation of
short, cohesive ends, and measuring the influence of reac-
tion conditions that are likely to influence annealing and/or
ligase kinetics (e.g. ionic strength, buffer pH, divalent cation
concentration and identity) on ligation fidelity and bias. The
effect of additives, such as the crowding agent polyethylene
glycol, commonly used to enhance ligation rates, could also
be measured; this class of additives accelerates reaction rate
by increasing effective concentration of substrates, which
may have a significant effect on ligation fidelity and bias
(32,33).The method could be used to find not only high-
fidelity ligases and conditions, but potentially to find lig-
ases with very different fidelity profiles and mismatch pref-
erences. The latter could be substituted for T4 DNA ligase
in cases where the use of low-fidelity ligation pairs is desired,
or allow for identification of ligases optimized for particular
applications.

Additionally, there is potential for use of this data to
explore the kinetics and thermodynamics of end-joining
ligation. Varying ligase identity, concentration, reaction
time, and temperature could allow the deconvolution of
the contributions of annealing and ligase substrate prefer-
ence on each reaction, potentially allowing the extraction of
substrate-dependent kinetic parameters. The current study
is performed entirely under single-turnover conditions, with
a large excess of enzyme over ligatable ends. At minimum,
varying the enzyme:substrate ratio and including multiple
turnover studies will be necessary to deconvolute substrate-
dependent kinetics. Deeper analysis will also require the
use of a nicked version of the substrate pool to separate
out the differences between the first, intermolecular ligation
event and the subsequent intramolecular nick ligation. An-
other potential approach, such as our previously published
multiplexed nick ligation profiling method, would be bet-
ter suited to complement SMRT sequencing analysis of the
end-joining substrates (23).

A comprehensive understanding of the fidelity and bias
of cohesive end-joining may facilitate the optimization of
methods requiring high-fidelity ligation; e.g. the ligase chain
reaction and related ligation-dependent methods for detect-
ing specific DNA sequences (34-37). This method could
be further adapted to explore other end structures; for ex-
ample, extending the length of the overhang to study how
length of the annealing region affects specificity, or mod-
ifying the substrate to allow for profiling the sequence-
dependent ligation bias of blunt ends and single-base over-
hangs. Knowledge of the sequence-dependent blunt and
T/A ligation bias would be of great potential interest to
the generation of DNA libraries for NGS sequencing, in-
cluding potential effects from using adapters with different
sequences. Application and extension of this methodology
thus promises to generate helpful foundational data for the
optimization of many modern molecular biology protocols.
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