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Abstract

DNA ligases catalyze the repair of phosphate backbone breaks in DNA, acting with highest
activity on breaks in one strand of duplex DNA. Some DNA ligases have also been observed
to ligate two DNA fragments with short complementary overhangs or blunt-ended termini. In
this study, several wild-type DNA ligases (phage T3, T4, and T7 DNA ligases, Paramecium
bursaria chlorella virus 1 (PBCV1) DNA ligase, human DNA ligase 3, and Escherichia coli
DNA ligase) were tested for their ability to ligate DNA fragments with several difficult to ligate
end structures (blunt-ended termini, 3'- and 5'- single base overhangs, and 5'-two base
overhangs). This analysis revealed that T4 DNA ligase, the most common enzyme utilized
for in vitroligation, had its greatest activity on blunt- and 2-base overhangs, and poorest on
5’-single base overhangs. Other ligases had different substrate specificity: T3 DNA ligase
ligated only blunt ends well; PBCV1 DNA ligase joined 3'-single base overhangs and 2-base
overhangs effectively with little blunt or 5'- single base overhang activity; and human ligase
3 had highest activity on blunt ends and 5'-single base overhangs. There is no correlation of
activity among ligases on blunt DNA ends with their activity on single base overhangs. In
addition, DNA binding domains (Sso7d, hLig3 zinc finger, and T4 DNA ligase N-terminal
domain) were fused to PBCV1 DNA ligase to explore whether modified binding to DNA
would lead to greater activity on these difficult to ligate substrates. These engineered ligases
showed both an increased binding affinity for DNA and increased activity, but did not alter
the relative substrate preferences of PBCV1 DNA ligase, indicating active site structure
plays a role in determining substrate preference.

Introduction

DNA ligases are essential for the in vivo maintenance of genome integrity, and have found
widespread use in biotechnology applications such as cloning, gene assembly and DNA library
assembly. These enzymes catalyze the formation of a phosphodiester bond between adjacent
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3’-hydroxyl and 5'-phosphate termini at a DNA break[1, 2]. This DNA joining process follows
a ping-pong mechanism, where the first reaction step involves the self-adenylylation of a
lysine residue in the ligase active site, generating the catalytically active enzyme form[3]. This
catalytically active adenylylated ligase then binds DNA substrate, and the adenylyl group is
transferred from the active site lysine onto the 5’-phosphate forming an adenylylated DNA
intermediate (AppDNA)[4]. The DNA is then sealed through nucleophilic attack by the adja-
cent 3’-OH on the 5'-AppDNA intermediate, forming a contiguous phosphodiester backbone
[5]. This intermediate is not typically observed in the course of ligation of nicked substrates,
but can build up as an abortive side product in difficult to ligate substrates such as those con-
taining mismatched base pairs or gaps between the termini to be ligated[6, 7]. If AppDNA is
released from the active site before phosphodiester bond formation, the ligase will rapidly
react with ATP, producing an enzyme intermediate that cannot productively bind and react
with the free AppDNA intermediate.

In addition to sealing single strand breaks, some DNA ligases also join two DNA fragments
with short complementary ssDNA overhangs (cohesive ends) or blunt-ended termini[1, 2, 8,
9]. This activity was first described for bacteriophage T4 DNA ligase, where the sealing of
blunt- and cohesive-ended substrates has been extensively studied[10, 11]. However, activity
on blunt- and cohesive-ended substrates has since been reported in other DNA ligases, includ-
ing bacteriophage T3 DNA ligase, Escherichia coli DNA Ligase (E. coli LigA), Paramecium bur-
saria Chlorella virus 1 (PBCV1) DNA ligase, human DNA ligase III (hLig3), human DNA
ligase IV (hLIg4), Vaccinia virus DNA ligase, Mycobacterium smegmatis LigD, and calf thymus
DNA ligases I and II, among others[9, 11-19]. The blunt-end sealing activity for many of these
ligases has also been reported to be highly stimulated by the presence of molecular crowding
agents such as polyethylene glycol (PEG)[13, 14, 20]. Some of these ligases are thought to be
primarily involved in the sealing of nicks between Okazaki fragments during replication (e.g.,
the phage ligases), while others have been implicated in DNA break repair and non-homolo-
gous end joining with (hLig4) or without (hLig3) additional protein factors[19, 21].

Despite a lack of sequence homology between many ligases, their overall domain structure
is fairly well conserved (Fig 1)[22]. At minimum, all DNA ligases contain a nucleotidyl trans-
ferase domain (NTase), containing the catalytic site, and an oligonucleotide binding domain
(OBD) that contains a DNA binding surface and is necessary for enzyme self-adenylylation.
Known x-ray structural information shows DNA ligases completely encircling their substrates,
and they accomplish this by a third domain[23]. In PBCV1 DNA ligase this third domain is a
DNA latch that protrudes from the OB domain and makes contacts with the NTase domain
upon encircling its substrate[24]. In other crystalized DNA ligases such as human DNA Ligase
I, a third, N-terminal DNA binding domain (DBD) has been observed to play this role[25]. In
some cases, blunt/cohesive-end sealing activity has been shown to require specific DNA bind-
ing domains present in the ligases. For T4 DNA ligase, it has been shown that removal of resi-
dues from the N-terminal domain results in a loss of activity on blunt-ended substrates[26]. In
hLig3, it has been proposed that the enzyme utilizes a “jackknife”-like structure when ligating
blunt-ended DNA, where its N-terminal poly ADP-ribose polymerase-like zinc finger domain
(ZnF) binds one blunt-ended fragment and the catalytic core domain binds the other; this
additional ZnF domain has been implicated in its ability to carry out non-homologous end-
joining without additional protein factors[9, 19, 27, 28]. In addition, it has been reported that
the fusion of DNA binding domains, like the Sulfolobus solfataricus small double-stranded
DNA binding protein (Sso7d), to T4 DNA ligase increases the enzyme’s activity on blunt/
cohesive-ended substrates[29].

The sealing of blunt- and cohesive-ended substrates is commonly used in molecular biology
and biotechnology. Examples include the ligation of DNA inserts in plasmids and preparation
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Fig 1. Schematic representation of DNA ligase fusions. All DNA ligases contain a catalytic core NTase domain (blue) and an OBD (red), which are fairly
well conserved. Many ligases also have additional domains, such as the N-terminal ZnF (yellow) and DBD (green) in Human Lig3 and the N-terminal domain
(NTD) of T4 DNA ligase (purple). Wild type PBCV1 ligase, which contains only the core NTase and OBD domains, was chosen for fusion to other binding
domains: Sso7d (white) at both the N- and C-termini, the hLig3 ZnF domain, and the T4 DNA ligase NTD.

https://doi.org/10.1371/journal.pone.0190062.g001

of libraries for next generation sequencing. These applications almost exclusively call for T4
DNA ligase, which requires high concentrations of enzyme and the presence of PEG for effi-
cient ligation of many difficult-to-ligate ends[11, 20, 29, 30]. Several wild type DNA ligases
with known end-joining activity (hLig3, T3 DNA ligase, PBCV-1 DNA ligase, T7 DNA ligase,
and E. coli LigA) were compared to T4 DNA ligase in end-joining reactions with and without
PEG[12, 15, 16, 31, 32]. In the current study, we have utilized both ligation of restriction
digested A DNA and ligation of short, defined oligonucleotide substrates to profile the sealing
activities of these DNA ligases on several different DNA end structures to evaluate their poten-
tial as molecular biology tools. Additionally, PBCV-1 DNA ligase has been fused to several
DNA binding domains, including domain swaps from other ligases, and the effect of these
fusions on DNA-binding and end-joining activity characterized (Fig 1). Through these studies,
the relationship between tight nonspecific DNA-binding and end-joining activity was
explored, and insight gained into how catalytic domains and DNA-binding domains are
involved in DNA ligase in vitro substrate specificity.

Materials and methods
General materials

T4 DNA ligase reaction buffer (50 mM Tris-HCl pH 7.5 @ 25°C, 1 mM ATP and 10 mM
MgCl,) as a 10x stock, NEBNext® Quick Ligation reaction buffer (66 mM Tris pH 7.6 @ 25°C,
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10 mM MgCl,, 1 mM DTT, 1 mM ATP, 6% Polyethylene glycol (PEG 6000)) as a 5x stock,
restriction endonucleases EcoRV, Nrul, BstNI, Hpy188I, Ndel, BamHI, as well as A DNA, 1 M
DTT, 6x Purple Loading Dye with SDS, Proteinase K and 10 mM ATP were obtained from
New England Biolabs (NEB, Ipswich, MA). Tris-HCI (1 M pH 7.5 @ 25°C) was obtained from
Amresco (Solon, OH). Oligonucleotide annealing buffer (10 mM Tris-HCI pH 7.5 @ 25°C, 50
mM KCl and 0.1 mM EDTA) was prepared as a 10X stock. Ligase reaction quench (50 mM
EDTA, 0.1% Triton® X-100, 20 U/mL Proteinase K) was prepared as a 1X stock.

DNA ligases

Bacteriophage T3 DNA ligase, T4 DNA ligase, T7 DNA ligase, Chlorella virus PBCV1 DNA
Ligase (sold as SplintR Ligase), and E. coli LigA were obtained from New England Biolabs (Ips-
wich, MA).

The human DNA ligase III beta gene was synthesized by Biomatik (Cambridge, Ontario) and
subcloned into a pET28 plasmid in frame with an N-terminal Hiss-tag. The gene of the small DNA
binding protein (Sso7d) from the hyperthermophilic archaeon Sulfolobus solfataricus used in this
study was codon optimized for E.coli expression and synthesized by Celtek Bioscience (Franklin,
TN)[33]. The Sso7d gene was fused in frame with the N-terminal His,o-tag of pET16b and the
gene encoding PBCV1 DNA ligase [34], producing PBCV1-Nterm-Sso7d. Sso7d C-terminal fusion
to PBCV1 (PBCV1-Cterm-Sso7d) was constructed by ligating the Sso7d gene to the C-terminus of
the PBCV1 DNA ligase gene in pET16b with a short 8 amino acid spacer (GTGGGGAYV). The
sequence encoding the first 119 amino acid residues of hLig3 containing the ZnF was PCR ampli-
fied from the wild type gene and fused in frame with the N-terminal His;,-tag of pET16b and the
gene encoding PBCV1 DNA ligase, producing PBCV1-Nterm-ZnF|[28, 34]. The sequence encod-
ing the first 135 amino acid residues of T4 DNA ligase containing the presumptive DNA-binding
domain (T4NTD) was PCR amplified from the wild type gene. The 5’PCR primer was designed to
add an N-terminal Hiss-tag; the resulting PCR product was fused to the N-terminus of PBCV1,
producing PBCV1-Nterm-T4NTD. Plasmids containing Hiss-Sso7d-, His;o-ZnF- and Hise-
T4NTD-binding domains alone were also constructed.

All constructs were expressed in T7 Express lysY/I? E. coli cells (NEB) using 0.5 mM IPTG
for 2 hours at 30°C for induction. The p isoform of hLig3 was purified as described previously
[27]. For all other constructs, after IPTG induction cells were harvested and suspended in 50
mM Tris-HCl buffer pH 7.5, containing 1 M NaCl, 10% glycerol, sonicated and centrifuged at
24000 x g. Cleared extract was applied to Ni-NTA Superflow beads (Qiagen), washed with sus-
pension buffer containing 10 mM imidazole followed by step elution with 50 mM Tris-HCI
buffer pH 7.5 containing 10% glycerol, 50 mM NaCl and 100, 300, and 500 mM imidazole for
all constructs except 100 mM NaCl for PBCV1-Nterm-ZnF was used. Fractions containing
expressed proteins were applied to a HiTrap Heparin column (GE) and eluted with 20 mM
Tris-HCl buffer pH 7.5, containing 10% glycerol, 1 mM DTT, 0.5 mM EDTA and a 50 mM- 1
M NaCl gradient. Purified enzymes were dialyzed into a storage buffer containing 10 mM
Tris-HCl buffer, pH 7.5 containing 50 mM NaCl, 0.1 mM EDTA, 1 mM DTT, and 50% glyc-
erol and stored at -20°C. For the PBCV1-N-term-ZnF DNA ligase an additional 200 mM NaCl
was added to the storage buffer to promote enzyme stability. SDS-Page Gels of purified hLig3,
PBCV-1 ligase fusion proteins, Sso7D, and the isolated binding domains can be found in the
supporting information (S1 Fig). Nuclease contamination of these proteins was assessed by
incubating each protein with an internally labeled ssDNA oligo in T4 DNA ligase reaction
buffer and NEBuffer 2 for 1 h at 25°C (See supporting methods, S2 Fig). No degradation of the
substrate was observed after 1 hour in either buffer for most proteins; hLig3 showed trace
(<5%) degradation.
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DNA substrates

A DNA was digested as recommended by manufacturer protocols for each restriction enzyme
and clean up performed via Monarch™ PCR/DNA cleanup kit (New England Biolabs).

HPLC-purified lyophilized synthetic single-stranded oligonucleotides were obtained from
Integrated DNA Technologies (IDT; Coralville, IA) as lyophilized solids. Oligonucleotides were
stored as 100 uM stocks in 1X oligonucleotide annealing buffer using mass specifications pro-
vided by IDT. All DNA substrates were prepared by combining the 5'-phosphorylated 3'-6-car-
boxyfluorescein (FAM)-labeled fragment with the unlabeled or carboxy-X-rhodamine (ROX)-
labeled complementary strand in a 1:1.1 molar ratio in DNA annealing buffer (Table 1). This
mixture was heated to 95°C and cooled to room temperature slowly over at least two hours. The
concentration of the annealed DNA stock is expressed in terms of the FAM-labeled fragment.
All DNA constructs have one terminal 5 PO, (on the end opposite to the FAM label) to allow
for ligation.

Blunt/cohesive ended oligo ligation assay

Standard ligation assay mixtures were composed of 1X T4 reaction buffer or NEBNext™
Quick Ligation reaction buffer, 100-1000 nM ligase, and 100 nM FAM-labeled DNA substrate
as indicated in each figure legend, in a reaction volume of 20 pL. Reactions were performed at
25°C for all DNA ligases. Components were gently mixed by pipetting and incubated at reac-
tion temperature for 5 minutes prior to initiation by the addition of the DNA substrate. Reac-
tions were quenched by a 1:1 vol:vol addition of ligase reaction quench at times as indicated in
each figure legend and incubated 30 min at 37°C to allow for ligase cleavage by proteinase K.

Table 1. DNA substrates. Substrates are shown aligned as annealed. A boldface and underlined nucleotide indicates a 3'-fluorescent label; 3'C is labeled
with FAM, 3'A with ROX. SBO substrates combine both the FAM and ROX fragments in a single reaction.

A/T Blunt 5'~pATCTGGGACCTACAATGTACCAGAAGCGTC-3'
3'-TAGACCCTGGATGTTACATGGTCTTCGCAG-5

G/C Blunt 5'~pCGATGGGACCTACAATGTACCAGAAGCGTC-3'
3'-GCTACCCTGGATGTTACATGGTCTTCGCAG-5

5'SBO AT 5'~pTGGAGGGACCTACAATGTACCAGAAGCGTC-3'
FAM-fragment 3/~CCTCCCTGGATGTTACATGGTCTTCGCAG-5
5'SBO A/T 5'-p-AGGAGGAGAAGTAAAGTTATA-3'
ROX-fragment 3'-CCTCCTCTTCATTTCAATAT-5
5'SBO G/C 5'-pGGGAGGGACCTACAATGTACCAGAACGCTC-3'
FAM-fragment 3'-CCTCCCTGGATGTTACATGGTCTTCGCAG-5
5'SBO G/C 5'~pCGGAGGAGAAGTAAAGT TATA-3'
ROX-fragment 3'-CCTCCTCTTCATTTCAATAT-5
3'SBO A/T 5'-pGATGGGACCTACAATGTACCAGAAGCGTC-3
FAM-fragment 3'-ACTACCCTGGATGTTACATGGTCTTCGCAG-5
3'SBO A/T 5'-pGACATAGAAGTAAAGTTATA-3
ROX-fragment 3'-TCTGTATCTTCATTTCAATAT-5
3'SBO G/C 5 -pGATGGGACCTACAATGTACCAGAAGCGTC-3
FAM-fragment 3/-CCTACCCTGGATGTTACATGGTCTTCGCAG-5
3'SBO G/C 5'-pGACATAGAAGTAAAGTTATA-3'
ROX-fragment 3'-GCTGTATCTTCATTTCAATAT-5
2BO 5'~pTATGGGGACCTACAATGTACCAGAAGCGTC-3'
3'-ACCCCTGGATGTTACATGGTCITCGCAG-5

4BO 5'~pGATCCTTAGATAGTATACTGAGT TCTGTAAACGAGCTATTGAATTC-3'
3'-GAATCTATCATATGACTCAAGACATTTGCTCGATAACTTAAG-5'

Anisotropy 24mer dsDNA 5'~GATCGTCCTTGGTGATCATGCATC-3'

3'-CTAGCAGGAACCACTAGTACGTAG-5'
https://doi.org/10.1371/journal.pone.0190062.t001
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The ligated products were analyzed by capillary gel electrophoresis as described previously[5,
35-37]. Reported values are the average of a minimum of three replicates, with the errors the
standard deviation of the measurements.

Reaction endpoints and protein dsDNA nuclease contamination level were assessed via an
overnight (18 h) incubation of each substrate (100 nM) with 1000 nM of each ligase at 25°C in
NEBNext™ Quick Ligation reaction buffer. These results can be found in the Supplemental
Information (S3 and S4 Figs).

Blunt/cohesive ended A DNA digest ligation assay

Standard A DNA digest ligation assay mixtures included 7 uM ligase in T4 DNA ligase reaction
buffer or Quick Ligation reaction buffer and 0.5 pg of the digested DNA in a 10 L total reac-
tion volume. Reactions were performed at 25°C for all DNA ligases with a 1 hour incubation
time. After ligation, 1 uL of proteinase K was added to the reaction along with purple loading
dye with SDS and the reaction mixture digested for 30 minutes at 37°C to remove any bound
ligase from the sealed DNA. The ligated DNA was then separated by gel electrophoresis using
a 1% agarose gel containing ethidium bromide for visualization. Each A DNA digest ligation
assay was repeated at least twice using independent digestions of A DNA with each restriction
enzyme; a representative gel is shown in the text. Degree of ligation was not quantified; gels are
used only to assign a qualitative degree of ligation under the conditions described in the text
and were in general agreement between replicates.

Ligase-DNA fluorescence anisotropy binding experiments

Anisotropy assays were performed in T4 DNA ligase reaction buffer. Ligases were bound to a
24mer dsDNA substrate (Anisotropy 24mer dsDNA, Table 1) where a 3’ FAM was present on
one strand. Reaction substrate concentration ranged from 750 pM- 4 nM as indicated in each
figure legend. Varying concentrations of each ligase were titrated into constant amounts of
substrate as described in each figure legend. Anisotropy values were obtained using a Fluoro-
max-4 fluorimeter with automated polarizers (HORIBA Jobin Yvon, Edison NJ) using an exci-
tation wavelength of 492 nm. Anisotropy measurements taken at an emission wavelength
maximum of 517 nm, for one second integration times. All data points from each experimental
replicate are the average of 10 consecutive readings, and reported data represent the average of
at least three independent titrations. Error bars on data points represent the standard error of
the titration replicates.

Fluorescence anisotropy is calculated using the following equation:

r:IVV_ Glyy (Eq 1)
Ivv + 2 IVH

Where I is the polarization intensity and the subscripts, V and H represent vertical or hori-
zontally polarized light. G is a correction factor for any differences in the intensity of horizon-
tally and vertically polarized light intrinsic to the instrument and is calculated automatically by
the included fluorescence software.

The change in anisotropy (Ar) was fit either to a single binding equation:

_ Al

Ar = KT (Eq2)
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Where A is the reaction amplitude and K is the dissociation constant for the interaction
between the ligase and DNA, or to the Hill equation for cooperative binding:

A x [E]"

Ar=—"0
K/ + [E]

(Eq3)

Where A is the reaction amplitude, K is the dissociation constant for the interaction
between the ligase and DNA and # is the Hill coefficient. All non-linear least squares regres-
sion analysis was performed using KaleidaGraph (Synergy Software, V 4.5.1). Equations were
fit to the average of three experimental replicates to determine Kg; the reported is the error in
this parameter as determined by the regression analysis.

Results and discussion

DNA ligase activity on restriction enzyme digested A DNA

The blunt/cohesive-end sealing activity of wild type ligases including T4 DNA ligase, T3 DNA
ligase, PBCV1 DNA ligase, and hLig3 were initially profiled through use of a L DNA restriction
digest ligation assay. This assay involved A DNA that had been digested by a variety of restric-
tion enzymes to produce DNA fragments containing specific end structures. The restriction
enzymes used were EcoRV (Blunt End A/T), Nrul (Blunt End G/C), BstNI (5’ single base over-
hang A/T), Hpy188I (3’ single base overhang A/T or G/C), Ndel (2 base overhang AT/TA),
and BamHI (4 base overhang GATC/CTAG). The digested DNA (50 pg/uL) was then ligated
by reaction with a high concentration (7 uM) of one of the above listed ligases and one of two
reaction buffers (NEB’s T4 Ligase reaction buffer and NEBNext®™ Quick Ligation reaction
buffer). The major difference between the two buffers is the inclusion of the crowding agent
PEG-6000 (6%) in NEBNext™ Quick Ligation reaction buffer.

A DNA digest ligation revealed that PEG stimulates all the tested wild type ligases, with T4
DNA ligase showing the best activity on all of the end types (Fig 2). The remaining ligases all
show activity on the two blunt-ended substrates, especially in the presence of PEG. T3 DNA
ligase did not have significant activity on substrates with a single- or two-base overhang, even
in PEG containing buffer (Fig 2B). However, PBCV1 DNA ligase showed activity on single
base overhang substrates (SBO), displaying a preference for 3'SBO over 5'SBO while hLig3
showed a preference for 5'SBO over 3'SBO, and both showed the ability to seal the two- and
four-base overhang cohesive ends (Fig 2C and 2D). It should be noted that hLig3 remained
very tightly bound to the ligated DNA after reaction, necessitating the inclusion of a 30-minute
proteinase K treatment in the presence of SDS to prevent gel shifts.

Profiling blunt/cohesive end ligation by capillary electrophoresis

In order to characterize the efficiency of these enzymes in a more quantitative fashion, a liga-
tion assay involving short fluorescently (FAM or ROX) labeled DNA oligo substrates with
blunt and cohesive ends (blunt, 5’ single-base overhang (5'SBO), 3’ single-base overhang
(3'SBO), 2-base overhang (2BO), and 4-base overhang (4BO)) was utilized. Two blunt-ended
substrates were designed such that the base pairs were either A/T (Table 1, A/T Blunt) or G/C
(Table 1, G/C Blunt) at the ligation junction. Two pairs of each of 3’SBO substrates were
designed, differing only in that the overhang base pair was either an A/T or G/C; likewise,
pairs of 5'SBO substrates were designed with A/T or G/C base pairs at the overhang. The 2BO
substrate was modeled on the Ndel cut-site with the overhanging bases being 5'AT; the 4BO
substrate was modeled on the BamHI cut-site and contains an overhang with the sequence
5'GATC.
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Fig 2. Wild type DNA ligase A DNA digest ligation assay. Agarose gel electrophoresis of A DNA cut by EcoRV (A/T Blunt, 1), Nrul (G/C Blunt, 2), BstNI (5’
SBO, 3), Hpy188I (3'SBO, 4), Ndel (2 BO, 5) and BamHI (4 BO, 6), generating DNA fragments with ligatable ends. 0.5 ng of the cut DNA was ligated in the
presence of T4 ligase reaction buffer (50 mM Tris-HCI pH 7.5 @ 25°C, 1 mM ATP and 10 mM MgCl,) or NEBNext® Quick Ligation reaction buffer (66 mM Tris
pH7.6 @ 25°C, 10 MM MgCI2, 1 mM DTT, 1 mM ATP, 6% polyethylene glycol (PEG 6000)) and 7 uM of the indicated DNA ligase for 1 hour at 25°C. Ligation
assays performed with T4 DNA ligase (A), T3 DNA ligase (B), PBCV1 DNA ligase (C) and, hLig3 (D), respectively. E) Gel of restriction enzyme digested A
DNA samples as well as a schematic depiction of each substrate. The DNA fragments were visualized using ethidium bromide stain.

https://doi.org/10.1371/journal.pone.0190062.9g002

A Capillary gel electrophoresis-based approach was used to monitor reaction progress and
allowed for quantitation of both adenylylated DNA intermediate and sealed product forma-
tion. We examined a variety of wild type ligases, including T3 DNA ligase, T4 DNA ligase, T7
DNA ligase, PBCV1 DNA ligase, hLig3, and E. coli LigA. The two ligases with the highest activ-
ity on the blunt/cohesive panel substrates were T4 DNA ligase and hLig3 (Fig 3A and 3D) both
of which ligated blunt-ended substrates well with T4 DNA ligase sealing over 60% of the A/T
Blunt substrate in the presence or absence of PEG, and 50% of the G/C blunt substrate in the
presence of PEG. Human Lig3 had similar activity on both blunt-ended substrates in the pres-
ence and absence of PEG forming ~70% sealed product. Both T4 DNA ligase and hLig3 had
the highest activity on SBO substrates in the presence of PEG; however, the preference for the
type of SBO (3’ vs 5') was different. T4 DNA ligase formed more products on 3'SBO substrates
with a bias towards A/T paired ends. For hLig3 the inverse was true, as the enzyme sealed
5'SBO substrates well and with no observable bias for A/T or G/C paired ends. T4 DNA ligase
showed a preference for blunt ends over either SBO, with the lowest activity on 5'SBO, while
hLig3 has equal ability to ligate blunt ends and 5'SBO, with much lower activity on 3'SBO.

T3 DNA ligase, for instance, had limited activity on all but 4BO substrates in the absence of
PEG (Fig 3B), while in the presence of PEG, it was able to ligate blunt-ended substrates almost
as well as either T4 or hLig3. PBCV1 DNA ligase (Fig 3C) did not show significant activity on
blunt-ended or 5'SBO substrates but does show activity on 3’SBO and 4BO substrates, with
activity comparable to or better than T4 DNA ligase in the absence of PEG and comparable to
T4 DNA ligase in the presence of PEG. The other tested DNA ligases (E. coli LigA, T7) did not
display significant activity on the blunt/cohesive substrate panel outside sealing of the 4BO (S1
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Fig 3. Wild type DNA ligase blunt/cohesive capillary electrophoresis assay. Bar graphs depict the
fraction of either ligated DNA (product, blue) or abortive adenylylation (App, red) produced in a 20-minute
sealing reaction with the indicated DNA substrate. Reactions included 1 uM of the DNA ligase, 100 nM of the
substrate and reaction conditions consisting of either T4 DNA ligase reaction buffer (50 mM Tris-HCI pH 7.5
@ 25°C, 1 mM ATP and 10 mM MgCl,) or NEBNext® Quick Ligation reaction buffer (66 mM Ttis pH 7.6 @
25°C, 10 mM MgCl,, 1 mM DTT, 1 mM ATP, 6% Polyethylene glycol (PEG 6000)). Ligation assays performed
with T4 DNA ligase (A), T3 DNA ligase (B), PBCV1 DNA ligase (C) and hLig3 (D), respectively Experiments
were performed in triplicate; the plotted value is the average and the error bars represent the standard
deviation across replicates.

https://doi.org/10.1371/journal.pone.0190062.9003

Table, Supporting Information). Thus, ligases differ not only in their absolute activity in end-
joining, but in which end types are relatively preferred for each ligase. These differences in sub-
strate preference indicate that the ease of ligation is not an intrinsic property of the DNA struc-
tures or overhang annealing, which would lead to the same order of substrate preference for
each ligase, but related to the structure of the DNA ligases, with each ligase better able to
accommodate some end types over others.

Interestingly, not all ligases behaved the same with respect to the degree of AppDNA inter-
mediate build-up. AppDNA was quite prevalent in reactions by T4 DNA ligase and PBCV1
DNA ligase. In some cases, e.g., T4 DNA ligase and 5'SBO and PBCV1 with 3/SBO, the amount
of AppDNA observed exceeded the amount of ligated product. This result suggests that the
ligation reaction was failing due to dissociation of the ligase from the substrate after adenylyl
transfer but before phosphodiester bond formation. Conversely, T3 DNA ligase and hLig3
showed very little AppDNA, irrespective of whether a substrate was one easily or poorly ligated
by the ligase. The precise mechanistic underpinnings of this result are unclear from the current
work, and will require further study to determine. One possible explanation is that adenylyl
transfer was almost always followed by rapid phosphodiester bond formation. Alternatively,
the ligase formed a very tight complex with AppDNA, such that it seldom dissociated from the
enzyme active site before ligating to a suitable partner. A final possibility is that, for these
enzymes, self-adenylylation is not rapid and released AppDNA could be more easily bound
and reacted by deadenylylated ligase.

End-joining ligation by these ligases was also examined in the presence of 150 mM NaCl. It
is noteworthy that increasing the monovalent cation concentration to near physiological level
eliminated nearly all end-joining ability for all ligases (S5 Fig, Supporting Information), with
good activity retained only on the 4BO substrate. This result held true even for T3 DNA ligase,
which was previously reported to be quite salt tolerant in the presence of 15-20% PEG[16]. In
the current study, T3 ligase had only trace blunt ligation activity even in the presence of 6%
PEG, while PBCV1 DNA ligase retained some activity on 3’-SBO and 2BO, and T4 DNA ligase
had low activity on A/T blunt and 2BO substrates. Only hLig3 retained some activity on all
substrates in the presence of PEG, though greatly reduced in comparison to the low-salt exper-
iments. This result indicates that the end-joining activity is greatly reduced under physiologi-
cally relevant ionic strengths, at least in the absence of required additional factors to localize
the ligase to the DNA and/or hold the ends in close proximity[19, 21, 38, 39]. The higher
degrees of molecular crowding present in vivo as compared to these in vitro experiments may
also overcome this inhibition effect.

Fusion of DNA-binding domains increased end-joining activity of PBCV1
DNA ligase but did not alter relative substrate preferences
It was previously reported for T4 DNA ligase that fusing DNA binding domains to the ligase

increased its activity on blunt/cohesive-ended substrates[29]. Here, it was tested whether this
was also true for PBCV1 DNA ligase, which lacks any significant N-terminal DBD, having
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Fig 4. Effect of DBDs on blunt/cohesive end A DNA Re-ligation. Agarose gel electrophoresis of A DNA cut by EcoRV (A/T Blunt, 1), Nrul (G/C Blunt, 2),
BstNI (5" SBO, 3), Hpy188I (3'SBO, 4), Ndel (2 BO, 5) and BamHI (4 BO, 6), generating DNA fragments with ligatable ends. 0.5 ng of the cut DNA was
ligated in T4 ligase reaction buffer (50 mM Tris-HCI pH 7.5 @ 25°C, 1 mM ATP and 10 mM MgCl,) or NEBNext® Quick Ligation reaction buffer (66 mM Tris
pH7.6 @ 25°C, 10 mM MgCl,, 1 mM DTT, 1 mM ATP, 6% Polyethylene glycol (PEG 6000)) and 7 uM of the indicated DNA ligase for 1 hour at 25°C. Ligation
assays performed with PBCV1-Nterm-Sso7d (A), PBCV1-Cterm-Sso7d terminus (B), PBCV1-Nterm-ZnF (C), PBCV1-Nterm-T4NTD (D). (E) Gel of
restriction enzyme digested A DNA samples as well as a schematic depiction of each substrate. The DNA fragments were visualized using ethidium bromide

stain.

https://doi.org/10.1371/journal.pone.0190062.9004

naturally only an NT domain and an OB domain, with a tiny “latch” domain extending out of
the OB domain (Fig 1). We hypothesized that this ligase should be amenable to N-terminal
fusions, and investigated both whether simply increasing DNA affinity would increase end-
joining activity and whether transferring N-terminal binding domains from other ligases
could transfer the activity and/or substrate preferences of other ligases to PBCV-1. Several dif-
ferent fusions were thus created. N- and C-terminal fusions of the S. solfataricus small DNA
binding protein (Sso7d), as well as N-terminal fusions of the ZnF domain of hLig3, and the N-
terminal putative DBD domain of T4 DNA ligase. (Fig 2)[9, 26-28, 40]. In this study, only the
first 119 aa of the wild type hLig3 sequence were used, identified as a minimal ZnF fold based
on homology to the ZnF of poly ADP-ribose polymerase, not the remainder of the previously
identified pre-DBD sequence (residues 120-170)[28]. Both the A DNA digest ligation assay, as
well as the CE panel, were used to profile the effect of the extra binding domain on the blunt/
cohesive-end sealing activity of the ligase.

Previous reports on fusing the Sso7D domain to T4 DNA ligase showed a ~2-fold increase
in activity on blunt ligation[29]. For the PBCV-1 DNA ligase- Sso7D fusions, it was observed
in the A digest ligation assay that both N- and C-terminal Sso7d fusions likewise stimulated the
activity of the ligase over that of the wild type enzyme and that the N-terminal Sso7d fusion
had better activity on 5'SBO substrates than did the C-terminal fusion (Fig 4A and 4B, com-
pare to Fig 2C). These results are confirmed by the oligo DNA ligation assay, where a signifi-
cant stimulation of enzyme on blunt-ended and 3'SBO substrates was observed for the Sso7d
fusion ligases, with increases in both ligation product and AppDNA intermediate observed
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(Fig 5A and 5B, compare to Fig 3C). As in the case for the wild-type enzymes, PEG stimulated
ligation yields significantly in the oligo ligation assay. In the presence of PEG, we observed a
~2-fold increase in yield for 3’SBO and 2BO ligation, similar to the stimulation this fusion was
reported to generate in T4 DNA ligase. However, blunt and 5'SBO showed significantly more
stimulation, ~5-fold increase compared to wild type. As a control, these reactions were
repeated with wild type PBCV-1 and the Sso7d domain in trans; no enhancement to yield was
observed in this case (S6A Fig, Supporting Information).

The fusion of N-terminal binding domains from other DNA ligases gave a very similar
effect to fusing Sso7d. While the A DNA ligation assay did not seem to show significant stimu-
lation for the ZnF fusion ligase over wild type (Figs 2C and 4C), the oligo ligation assay showed
that this domain stimulates the activity of PBCV1 DNA ligase even in the absence of PEG on
blunt-ended and 3’ SBO substrates, and this stimulation is increased by the presence of PEG
(Figs 3C and 5C). The observed product yields increased to a degree similar to that seen for
the N-terminal Sso7d fusion. The ZnF fusion also displayed increases in the amount of
AppDNA intermediate observed, especially dramatically for the substrates for which the wild-
type enzyme was least active (5'SBO). As with Sso7d, including the ZnF domain in trans with
wild type PBCV-1 DNA ligase resulted in no enhancement (S6B Fig, Supporting Information).

Finally, the fusion of the N-terminal domain of T4 DNA ligase did not seem to show stimu-
lated activity over the wild-type enzyme in the A DNA digest ligation assay (Figs 2C and 4D).
However, the oligo ligation assay showed fusion of the T4 N-terminal domain increased prod-
uct and AppDNA intermediate yields for blunt, 3’SBO, and 2BO substrates by ~2-fold, both in
the presence and absence of PEG (Figs 3C and 5D). The degree of increase was similar to the
increases in both product formation and abortive ligation seen for the other PBCV-1 DNA
ligase fusions. Interestingly, the dramatic increase in AppDNA intermediate observed for the
ZnF fusion with the 5’SBO substrates was not observed for the T4-NTD fusion. Ultimately, the
5'SBO substrate remained the least preferable. In this case, the T4 NTD alone was not stable in
solution, thus the in trans control was not performed.

Overall, we observed that DNA binding domain fusions greatly increased the chance of suc-
cessful adenylyl group transfer, even when yield increases were modest or negligible. The likely
mechanism of increased yield and AppDNA is through increasing affinity for the substrate,
though in cases where AppDNA dominated, the ligase fusions were not necessarily able to
remain bound long enough to complete ligation or, potentially, to properly orient a second
DNA in the 3'-hydroxyl position to allow phosphodiester bond formation.

Interestingly, regardless of the binding domain fused, PBCV1 retained preference for
3’'SBO substrates over all others and did not, for example, gain the hLig3 preference for 5’'SBO
when fused to the hLig3 ZnF. These results support the idea that blunt/cohesive-end ligation
ability is intrinsic to the ligase active site, and that each ligase has a unique profile of activity on
these substrates. That is, increasing DNA binding affinity for a given ligase can increase its
overall activity, but the relative substrate preferences are controlled by the wild type ligase
active site structure, or the overall DNA binding pocket formed by the NT and OB domains.

Quantification of ligase and ligase fusion DNA binding by fluorescence
anisotropy

Fluorescence anisotropy-based binding titrations were used to determine the dissociation con-
stants for the most active DNA ligases tested in this study. Initially, PBCV1 DNA ligase, T4
DNA Ligase, hLig3, and T3 DNA ligase were characterized for their nonspecific DNA binding
affinity using a 24mer 3'-FAM labeled, non-ligatable DNA (Table 2, S7 Fig) in T4 ligase reac-
tion buffer conditions (50 mM Tris-HCl pH 7.5, 1 mM ATP and 10 mM MgCl,). T3, T4 and
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Fig 5. Effect of DBD on blunt/cohesive end ligation. Bar graphs depict the fraction of either ligated DNA
(product, blue) or abortive adenylylation (App, red) produced in a 20-minute sealing reaction with the indicated
DNA substrate. Reactions included 1 uM of the DNA ligase, 100 nM of the substrate and reaction conditions
consisting of either T4 DNA ligase reaction buffer (50 mM Tris-HCI pH 7.5 @ 25°C, 1 mM ATP and 10 mM
MgCl,) or NEBNext® Quick Ligation reaction buffer (66 mM Tris pH 7.6 @ 25°C, 10 mM MgCl,, 1 mM DTT, 1
mM ATP, 6% Polyethylene glycol (PEG 6000)). Ligation assays performed with PBCV1-Nterm-Sso7d (A),
PBCV1-Cterm-Sso7d terminus (B), PBCV1-Nterm-ZnF (C), PBCV1-Nterm-T4NTD (D). Experiments were
performed in triplicate; the plotted value is the average and the error bars represent the standard deviation
across replicates.

https://doi.org/10.1371/journal.pone.0190062.9005

PBCV1 DNA ligases all had uM affinities for DNA, with T3 being the weakest binder. The
mammalian hLig3, by contrast, displayed very tight binding (K4 = 3.8 + 0.2 nM), 500-fold tigh-
ter than T4 DNA ligase. It is clear that overall affinity to nonspecific DNA does not correlate
with activity-notably, the two ligases most active in overall end-joining efficacy, hLig3 and T4
DNA ligase, were at opposite extremes of binding affinity for DNA. This result suggests that
tight nonspecific DNA binding is one mechanistic strategy for high efficiency end-joining liga-
tion, but not the only strategy.

As controls, the DNA binding affinity was also determined for the Sso7d and hLig3 ZnF
binding domains alone; the binding affinity of the T4 NTD alone could not be directly quanti-
fied by anisotropy due to precipitation of this isolated domain during analysis. The K4 of
Sso7d was determined to be 430 + 60 nM in T4 DNA ligase assay buffer with the 24-mer
anisotropy DNA substrate, falling within the range that has been reported for this interaction
(~120 nm- 10 puM, depending in buffer conditions and substrate sequence)[41, 42]. The Ky for
the hLig3 ZnF was determined to be 21 + 1 nM, suggesting this domain was the source of
much of the tight DNA binding affinity of hLig3. Previous studies found considerably weaker
Kd for the binding of the isolated ZnFdomain to DNA; however different buffer conditions
(higher monovalent cation and no magnesium), and use of a domain that was 170 aa rather
than the 119 aa domain used in this study, make meaningful comparison to this prior experi-
ment difficult[28].

Table 2. Measured binding constants.

Enzyme K4 (DNA 24-mer)? Blunt Ligation Yield®
T3 DNA Ligase 6400 + 400 nM 33+2%
T4 DNA Ligase 1900 + 100 nM 41+£1%
PBCV1 DNA Ligase 990 + 80 nM 8+1%
hLig3 3.8+0.2nM 62 + 6%
PBCV1-Nterm-Sso7d 7.7+0.5nM 43 + 4%
PBCV1-Cterm-Sso7d 29+2nM 35+6%
PBCV1-NTerm-ZnF 20+3nM 29 + 3%
PBCV1-Nterm-T4NTD 243 +39 nM 22+ 4%
Sso7d 430 + 60 nM N/A°
hLig3 ZnF 21+1nM N/A

a—Determined through fluorescence anisotropy, see S7 Fig (Supporting Information) for binding data and
fits. Reported values are the average of a minimum of three independent titrations with the uncertainty the
standard error across replicates.

b-Ligation yield as quantitated by capillary gel electrophoresis, 1 uM of the DNA ligase, 100 nM A/T Blunt
substrate, NEBNext® Quick Ligation reaction 20 min at 25C. Data from Figs 3 and 5 and S1 Table
(Supporting Information).

c—Not applicable.

https://doi.org/10.1371/journal.pone.0190062.t002
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DNA binding affinity measured for all PBCV1 ligase-binding domain fusion constructs was
significantly increased, even when the isolated protein (Sso7d) or source ligase (T4) were rela-
tively weak binding (Table 2). With a Sso7d fused to the N-terminus of PBCV1 DNA ligase,
130-fold tighter DNA binding (K4 = 7.7 + 0.5 nM) was observed when compared to the wild
type enzyme; the C-terminal fusion increased the binding affinity 34-fold. The PBCV1-N-term
ZnF construct had a 50-fold tighter binding affinity for DNA than the wild type enzyme (Ky =
20 + 3 nM), demonstrating that the tight affinity this domain gives hLig3 to DNA can be trans-
ferred to another ligase. Finally, the construct fusing the N-terminal domain of T4 ligase on to
PBCV1 DNA ligase increased the affinity of the ligase for DNA by ~4 fold (K4 = 243 + 39 nM),
indicating that this domain indeed is involved in DNA binding[26, 28]. Interestingly the
fusion of Sso7d resulted in a binding affinity tighter than either the protein alone; this strong
avidity effect is likely the result of cooperative binding between the domains. A similar effect
was observed in prior studies involving the fusion of this protein to polymerases[43]. Con-
versely, the binding of the ZnF fusion was approximately the same as the tight binding ZnF
domain alone, suggesting this domain dominates the interaction with DNA, and that the ligase
binding domain cannot bind cooperatively with the ZnF in this construct.

While the strength of DNA binding does not correlate well with activity of different wild
type ligases, the increase in affinity for nonspecific DNA binding across the PBCV-1 DNA
ligase fusions does appear to correlate well with the increase in activity observed, with the tigh-
ter-binding fusions correspondingly showing higher activity, and the weakest binding (T4
NTD fusion) showing a gain in AppDNA production but not ligated product. This result again
indicates tight nonspecific binding of DNA can lead to high end-joining activity; however,
ligases such as T3 and T4 DNA ligase appear to accomplish efficient end-joining without this
high nonspecific binding affinity.

Conclusion

Elucidation of the end-joining substrate preferences of DNA ligases opens up the possibility of
their selective use when the ligation of a particular end is desired over others. For example,
while T4 and hLig3 efficiently ligate many different junctions in the presence of PEG, selective
ligation of blunt ends or 3’SBO could be achieved by using T3 or PBCV1 DNA ligases, respec-
tively, an observation potentially of use in selective adapter ligation for next-generation
sequencing DNA library preparation. Differences in DNA binding affinity also make some
ligases of greater utility in many applications. For example, hLig3 and PBCV1 DNA ligase
fusions ligate many ends with high efficiency, but their tight nonspecific binding to sealed
DNA, as evidenced by the aggressive proteinase K/SDS treatment needed to eliminate the gel
shift when visualizing the ligation products, make them of less practical use in many instances
than the weaker binding T4 DNA ligase. Finally, this study reveals intriguing results in end-
joining reaction outcome from ligase to ligase, which are suggestive of structural features that
result in different preferred end-joining substrates and mechanistic differences that control
the likelihood of successful versus abortive ligation. Future work into the mechanistic under-
pinnings of end-joining ligation will explore these differences in greater depth.

Supporting information

S1 Fig. Protein gels to evaluate ligase purity. SDS-PAGE protein gels show purified wild type
ligases, DNA-binding domain fusion ligases, and isolated binding domains used in this study.
(A) Wild type ligases include: T3 DNA ligase, 39 kDa, lane 1; T4 DNA ligase, 55 kDa, lane 2;
T7 DNA ligase, 41 kDa, lane 3; PBCV1 DNA ligase, 34 kDa, lane 4; hLig3, 98 kDa, lane 5; E.
coli LigA, 74 kDa, lane 6. (B) DNA-binding domain fusion ligases include: PBCV1-Nterm-
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Sso07d, 44 kDa, lane 1; PBCV1-Cterm-Sso7d, 45 kDa, lane 2; PBCV1-Nterm-ZnF, 50 kDa, lane
3; PBCV1-Nterm-T4NTD, 51 kDa, lane 4. (C) Isolated binding domains include: Sso7d, 10
kDa, lane 1; ZnF, 16 kDa, lane 2; TANTD, 16 kDa, lane 3. A protein standard ladder is included
in the leftmost lane of each gel as a molecular weight marker (kDa).

(TIF)

$2 Fig. Incubation of ligases with ssDNA to test for contaminating nuclease activity. Repre-
sentative capillary electrophoresis traces of extended timepoint reaction to test for contaminat-
ing nuclease activity. A single stranded oligo with internal FAM label (5’ -p-CTTCTAGGTT
CCTATGA/FAM-T/TCTGGGACTGACCGAGCCTGACTCACAATTGATAGTTGCGTT-3" ) was
reacted with ligases used in this study. Reactions included 1 uM of the ligase and 100 nM of the
substrate and T4 DNA ligase reaction buffer (50 mM Tris-HCI pH 7.5 @ 25°C, 1 mM ATP and
10 mM MgCl,) or NEBuffer 2 (10 mM Tris pH 7.9 @ 25°C, 50 mM NaCl, 10 mM MgCl,, 1 mM
DTT). A 1-hour reaction time was used to provide an extended timepoint beyond the reaction
time used for ligation experiments. No nuclease activity was observed for nearly all ligases in this
study, with the exception of a trace amount of degradation (<5%) observed for hLig3.

(TIF)

S3 Fig. Reaction endpoint and dsDNA nuclease contamination assessment for wild type
ligases. Bar graphs depict the fraction of either ligated DNA (product) or abortive adenylyla-
tion (App) produced in an 18-hour sealing reaction with the indicated DNA substrate. Reac-
tions included 1 uM of the DNA ligase, 100 nM of the substrate and reaction conditions
consisting of NEBNext® Quick Ligation reaction buffer (66 mM Tris pH 7.6 @ 25°C, 10 mM
MgCl,, 1 mM DTT, 1 mM ATP, 6% Polyethylene glycol (PEG 6000)). Ligation assays were
performed with T3 DNA ligase, T4 DNA ligase, T7 DNA ligase, PBCV1 DNA ligase, hLig3,
and E. coli DNA ligase A. Experiments were performed in triplicate; the plotted value is the
average and the error bars represent the standard deviation across a minimum of 3 replicates.
(TIF)

$4 Fig. Reaction endpoint and dsDNA nuclease contamination assessment for fusion
ligases. Bar graphs depict the fraction of either ligated DNA (product) or abortive adenylyla-
tion (App) produced in an 18-hour sealing reaction with the indicated DNA substrate. Reac-
tions included 1 uM of the DNA ligase, 100 nM of the substrate and reaction conditions
consisting of NEBNext® Quick Ligation reaction buffer (66 mM Tris pH 7.6 @ 25°C, 10 mM
MgCl,, 1 mM DTT, 1 mM ATP, 6% Polyethylene glycol (PEG 6000)). Ligation assays were
performed with PBCV1-Nterm-Sso7d, PBCV1-Cterm-Sso7d, PBCV1-Nterm-ZnF, PBCV1-
Nterm-T4NTD. Experiments were performed in triplicate; the plotted value is the average and
the error bars represent the standard deviation across a minimum of 3 replicates.

(TIF)

S5 Fig. Effect of monovalent cations on active blunt/cohesive-end ligases. Plotted data depict-
ing the fraction of either sealed DNA (product) or abortive adenylylation (App) produced in a
20-minute sealing reaction with the indicated blunt/cohesive DNA substrate. Reactions included
1 uM of the DNA ligase, 100 nM of the substrate and reaction conditions consisting of either T4
DNA ligase reaction buffer + 150 mM NaCl (50 mM Tris-HCl pH 7.5 @ 25°C, 150 mM NadCl, 1
mM ATP and 10 mM MgCl,) or NEBNext™ Quick Ligation reaction buffer (66 mM Tris pH 7.6
@ 25°C, 10 mM MgCl,, 1 mM DTT, 150 mM NaCl, 1 mM ATP, 6% Polyethylene glycol (PEG
6000)). A) Blunt/cohesive substrate panel sealing performed by T4 DNA ligase. B) Blunt/cohesive
substrate panel sealing performed by T3 DNA ligase. C) Blunt/cohesive substrate panel sealing
performed by PBCV1 DNA ligase D) Blunt/cohesive substrate panel sealing performed by hLig3.
(TIF)
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S6 Fig. Separate addition of DNA binding domains to PBCV1 DNA ligase. Plotted data
depicting the fraction of either sealed DNA (product) or abortive adenylylation (App) pro-
duced in a 20-minute sealing reaction with the indicated blunt/cohesive DNA substrate. Reac-
tions included 1 uM of the DNA ligase, 100 nM of the substrate and reaction conditions
consisting of either T4 DNA ligase reaction buffer (50 mM Tris-HCl pH 7.5 @ 25°C, 1 mM
ATP and 10 mM MgCl,) or NEBNext®™ Quick Ligation reaction buffer (66 mM Tris pH 7.6 @
25°C, 10 mM MgCl,, 1 mM DTT, 1 mM ATP, 6% Polyethylene glycol (PEG 6000)).

(TIF)

S7 Fig. Fluorescence anisotropy DNA binding curves. Fluorescence anisotropy DNA bind-
ing experiments. Using a 24mer dsDNA oligonucleotide substrate with a 3’-FAM label, the
binding of various ligases and DNA binding domains (Sso7d, hLig3 ZnF) were determined
through plotting the change in observed fluorescence anisotropy with a single binding model
or hill binding equation (Eq 3, for Sso7d alone).

(TIF)

S1 Table. Capillary gel electrophoresis panel raw data. All reactions were run as described in
the main text, with the exception of the NAD" dependent E. Coli ligase. In this case the buffer
used was E. Coli DNA Ligase reaction buffer from NEB: 30 mM Tris-HCI, pH 8 @ 25°C,4 mM
MgCl,, 26 uyM NAD, 1 mM DTT, 50 pg/ml BSA. The equivalent Quick buffer was identical but
also included 6% PEG. Buffers indicated as “+ NaCl” include 150 mM NaCl added to the base
buffer indicated. QL = Quick Ligation. STDEV = standard deviation between replicates.
(DOCX)

Acknowledgments

We would like to thank the New England Biolabs sequencing core for running capillary elec-
trophoresis samples. We would also like to thank Dr. William Jack and Karen Lohman for
proofreading assistance.

Author Contributions

Conceptualization: Alexander Zhelkovsky, Larry A. McReynolds, Gregory J. S. Lohman.
Formal analysis: Robert J. Bauer.

Investigation: Robert J. Bauer, Alexander Zhelkovsky, Katharina Bilotti, Laura E. Crowell.
Methodology: Robert J. Bauer, Gregory J. S. Lohman.

Project administration: Thomas C. Evans, Jr., Gregory J. S. Lohman.

Supervision: Thomas C. Evans, Jr., Larry A. McReynolds, Gregory J. S. Lohman.
Visualization: Robert J. Bauer.

Writing - original draft: Robert J. Bauer, Alexander Zhelkovsky.

Writing - review & editing: Alexander Zhelkovsky, Katharina Bilotti, Thomas C. Evans, Jr.,
Larry A. McReynolds, Gregory J. S. Lohman.

References

1. Lehman IR. DNA ligase: structure, mechanism, and function. Science. 1974; 186(4166):790—7. Epub
1974/11/29. PMID: 4377758; pmcid:4377758.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190062 December 28, 2017 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190062.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190062.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190062.s008
http://www.ncbi.nlm.nih.gov/pubmed/4377758
https://doi.org/10.1371/journal.pone.0190062

@° PLOS | ONE

End-joining by DNA ligases

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Shuman S. DNA ligases: progress and prospects. J Biol Chem. 2009; 284(26):17365-9. Epub 2009/03/
31. hitps://doi.org/10.1074/jbc.R900017200 PMID: 19329793; pmcid:PMC2719376.

Modorich P, Lehman IR. Deoxyribonucleic acid ligase. A steady state kinetic analysis of the reaction
catalyzed by the enzyme from Escherichia coli. J Biol Chem. 1973; 248(21):7502—11. Epub 1973/11/
10. PMID: 4355585.

Olivera BM, Hall ZW, Lehman IR. Enzymatic joining of polynucleotides, V. A DNA-adenylate intermedi-
ate in the polynucleotide-joining reaction. Proceedings of the National Academy of Sciences of the
United States of America. 1968; 61(1):237—44. Epub 1968/09/01. PMID: 4301588; pmcid:285928.

Lohman GJ, Chen L, Evans TC Jr. Kinetic characterization of single strand break ligation in duplex DNA
by T4 DNA ligase. J Biol Chem. 2011; 286(51):44187-96. Epub 2011/10/27. https://doi.org/10.1074/
jbc.M111.284992 PMID: 22027837; pmcid:PMC3243518.

Goffin C, Bailly V, Verly WG. Nicks 3’ or 5’ to AP sites or to mispaired bases, and one-nucleotide gaps
can be sealed by T4 DNA ligase. Nucleic Acids Res. 1987; 15(21):8755—71. Epub 1987/11/11. PMID:
3684572; pmcid:PMC306403.

Patel MP, Baum DA, Silverman SK. Improvement of DNA adenylation using T4 DNA ligase with a tem-
plate strand and a strategically mismatched acceptor strand. Bioorg Chem. 2008; 36(2):46—56. Epub
2007/11/21. https://doi.org/10.1016/j.bioorg.2007.10.001 PMID: 18022669; pmcid:PMC2275898.

Cherepanov AV, de Vries S. Kinetics and thermodynamics of nick sealing by T4 DNA ligase. Eur J Bio-
chem. 2003; 270(21):4315-25. Epub 2003/11/19. doi: 3824 [pii]. PMID: 14622296.

Kukshal V, Kim IK, Hura GL, Tomkinson AE, Tainer JA, Ellenberger T. Human DNA ligase Ill bridges
two DNA ends to promote specific intermolecular DNA end joining. Nucleic Acids Res. 2015; 43
(14):7021-31. https://doi.org/10.1093/nar/gkv652 PMID: 26130724; pmcid:PMC4538836.

Sogaramella V, Khorana HG. Studies on polynucleotides. CXVI. A further study of the T4 ligase-cata-
lyzed joining of DNA at base-paired ends. J Mol Biol. 1972; 72(3):493-502. Epub 1972/12/30. PMID:
4349756.

Sugino A, Goodman HM, Heyneker HL, Shine J, Boyer HW, Cozzarelli NR. Interaction of bacteriophage
T4 RNA and DNA ligases in joining of duplex DNA at base-paired ends. J Biol Chem. 1977; 252
(11):3987-94. Epub 1977/06/10. PMID: 863910.

Hayashi K, Nakazawa M, Ishizaki Y, Hiraoka N, Obayashi A. Stimulation of intermolecular ligation with
E. coli DNA ligase by high concentrations of monovalent cations in polyethylene glycol solutions.
Nucleic Acids Res. 1985; 13(22):7979-92. Epub 1985/11/25. PMID: 3906565; pmcid:PMC322104.

Shuman S, Ru XM. Mutational analysis of vaccinia DNA ligase defines residues essential for covalent
catalysis. Virology. 1995; 211(1):73-83. Epub 1995/08/01. https://doi.org/10.1006/viro.1995.1380
PMID: 7645238.

Teraoka H, Tsukada K. Influence of polyethylene glycol on the ligation reaction with calf thymus DNA
ligases | and II. J Biochem. 1987; 101(1):225-31. Epub 1987/01/01. PMID: 3571204.

Odell M, Malinina L, Sriskanda V, Teplova M, Shuman S. Analysis of the DNA joining repertoire of Chlo-
rella virus DNA ligase and a new crystal structure of the ligase-adenylate intermediate. Nucleic Acids
Res. 2003; 31(17):5090-100. Epub 2003/08/22. https://doi.org/10.1093/nar/gkg665 pmcid:
PMC212790. PMID: 12930960

Cail, Hu C, Shen S, Wang W, Huang W. Characterization of bacteriophage T3 DNA ligase. J Biochem.
2004; 135(3):397—-403. Epub 2004/04/29. PMID: 15113838.

Akey D, Martins A, Aniukwu J, Glickman MS, Shuman S, Berger JM. Crystal structure and nonhomolo-
gous end-joining function of the ligase component of Mycobacterium DNA ligase D. J Biol Chem. 2006;
281(19):13412-23. Epub 2006/02/16. https://doi.org/10.1074/jbc.M513550200 PMID: 16476729.

Aniukwu J, Glickman MS, Shuman S. The pathways and outcomes of mycobacterial NHEJ depend on
the structure of the broken DNA ends. Genes Dev. 2008; 22(4):512-27. https://doi.org/10.1101/gad.
1631908 PMID: 18281464; pmcid:PMC2238672.

Oh S, Harvey A, Zimbric J, Wang Y, Nguyen T, Jackson PJ, et al. DNA ligase Il and DNA ligase IV
carry out genetically distinct forms of end joining in human somatic cells. DNA Repair (Amst). 2014;
21:97-110. hitps://doi.org/10.1016/j.dnarep.2014.04.015 PMID: 24837021; pmcid:PMC4125535.

Pheiffer BH, Zimmerman SB. Polymer-stimulated ligation: enhanced blunt- or cohesive-end ligation of
DNA or deoxyribooligonucleotides by T4 DNA ligase in polymer solutions. Nucleic Acids Res. 1983; 11
(22):7853-71. Epub 1983/11/25. PMID: 6359064; pmcid:PMC326544.

Lieber MR. The mechanism of human nonhomologous DNA end joining. J Biol Chem. 2008; 283(1):1—
5. Epub 2007/11/15. https://doi.org/10.1074/jbc.R700039200 PMID: 17999957.

Doherty AJ, Suh SW. Structural and mechanistic conservation in DNA ligases. Nucleic Acids Res.
2000; 28(21):4051-8. Epub 2000/11/01. PMID: 11058099; pmcid:PMC113121.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190062 December 28, 2017 18/20


https://doi.org/10.1074/jbc.R900017200
http://www.ncbi.nlm.nih.gov/pubmed/19329793
http://www.ncbi.nlm.nih.gov/pubmed/4355585
http://www.ncbi.nlm.nih.gov/pubmed/4301588
https://doi.org/10.1074/jbc.M111.284992
https://doi.org/10.1074/jbc.M111.284992
http://www.ncbi.nlm.nih.gov/pubmed/22027837
http://www.ncbi.nlm.nih.gov/pubmed/3684572
https://doi.org/10.1016/j.bioorg.2007.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18022669
http://www.ncbi.nlm.nih.gov/pubmed/14622296
https://doi.org/10.1093/nar/gkv652
http://www.ncbi.nlm.nih.gov/pubmed/26130724
http://www.ncbi.nlm.nih.gov/pubmed/4349756
http://www.ncbi.nlm.nih.gov/pubmed/863910
http://www.ncbi.nlm.nih.gov/pubmed/3906565
https://doi.org/10.1006/viro.1995.1380
http://www.ncbi.nlm.nih.gov/pubmed/7645238
http://www.ncbi.nlm.nih.gov/pubmed/3571204
https://doi.org/10.1093/nar/gkg665
http://www.ncbi.nlm.nih.gov/pubmed/12930960
http://www.ncbi.nlm.nih.gov/pubmed/15113838
https://doi.org/10.1074/jbc.M513550200
http://www.ncbi.nlm.nih.gov/pubmed/16476729
https://doi.org/10.1101/gad.1631908
https://doi.org/10.1101/gad.1631908
http://www.ncbi.nlm.nih.gov/pubmed/18281464
https://doi.org/10.1016/j.dnarep.2014.04.015
http://www.ncbi.nlm.nih.gov/pubmed/24837021
http://www.ncbi.nlm.nih.gov/pubmed/6359064
https://doi.org/10.1074/jbc.R700039200
http://www.ncbi.nlm.nih.gov/pubmed/17999957
http://www.ncbi.nlm.nih.gov/pubmed/11058099
https://doi.org/10.1371/journal.pone.0190062

@° PLOS | ONE

End-joining by DNA ligases

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sriskanda V, Shuman S. Mutational analysis of Chlorella virus DNA ligase: catalytic roles of domain |
and motif VI. Nucleic Acids Res. 1998; 26(20):4618—-25. Epub 1998/10/01. PMID: 9753729; pmcid:
PMC147904.

Samai P, Shuman S. Structure-function analysis of the OB and latch domains of chlorella virus DNA
ligase. J Biol Chem. 2011; 286(25):22642—52. Epub 2011/04/30. https://doi.org/10.1074/jbc.M111.
245399 PMID: 21527793; pmcid:PMC3121408.

Pascal JM, O’Brien PJ, Tomkinson AE, Ellenberger T. Human DNA ligase | completely encircles and
partially unwinds nicked DNA. Nature. 2004; 432(7016):473-8. Epub 2004/11/27. https://doi.org/10.
1038/nature03082 PMID: 15565146.

Rossi R, Montecucco A, Ciarrocchi G, Biamonti G. Functional characterization of the T4 DNA ligase: a
new insight into the mechanism of action. Nucleic Acids Res. 1997; 25(11):2106—13. Epub 1997/06/01.
PMID: 9153309; pmcid:PMC146716.

Mackey ZB, Niedergang C, Murcia JM, Leppard J, Au K, Chen J, et al. DNA ligase lll is recruited to
DNA strand breaks by a zinc finger motif homologous to that of poly(ADP-ribose) polymerase. Identifi-
cation of two functionally distinct DNA binding regions within DNA ligase IIl. J Biol Chem. 1999; 274
(31):21679-87. PMID: 10419478.

Cotner-Gohara E, Kim IK, Tomkinson AE, Ellenberger T. Two DNA-binding and nick recognition mod-
ules in human DNA ligase llI. J Biol Chem. 2008; 283(16):10764—72. Epub 2008/02/02. https://doi.org/
10.1074/jbc.M708175200 PMID: 18238776; pmcid:PMC2447648.

Wilson RH, Morton SK, Deiderick H, Gerth ML, Paul HA, Gerber |, et al. Engineered DNA ligases with
improved activities in vitro. Protein Eng Des Sel. 2013; 26(7):471-8. https://doi.org/10.1093/protein/
gzt024 PMID: 23754529.

Wiaderkiewicz R, Ruiz-Carrillo A. Mismatch and blunt to protruding-end joining by DNA ligases. Nucleic
Acids Res. 1987; 15(19):7831-48. Epub 1987/10/12. PMID: 2823219; pmcid:PMC306311.

Doherty AJ, Ashford SR, Subramanya HS, Wigley DB. Bacteriophage T7 DNA ligase. Overexpression,
purification, crystallization, and characterization. J Biol Chem. 1996; 271(19):11083-9. Epub 1996/05/
10. PMID: 8626651.

Chen X, Ballin JD, Della-Maria J, Tsai MS, White EJ, Tomkinson AE, et al. Distinct kinetics of human
DNA ligases |, lllalpha, lllbeta, and IV reveal direct DNA sensing ability and differential physiological
functions in DNA repair. DNA Repair (Amst). 2009; 8(8):961-8. Epub 2009/07/11. https://doi.org/10.
1016/j.dnarep.2009.06.002 PMID: 19589734; pmcid:PMC2734511.

Choli T, Henning P, Wittmann-Liebold B, Reinhardt R. Isolation, characterization and microsequence
analysis of a small basic methylated DNA-binding protein from the Archaebacterium, Sulfolobus solfa-
taricus. Biochim Biophys Acta. 1988; 950(2):193-203. PMID: 3132977.

Ho CK, Van Etten JL, Shuman S. Characterization of an ATP-dependent DNA ligase encoded by Chlo-
rella virus PBCV-1. J Virol. 1997; 71(3):1931—7. Epub 1997/03/01. PMID: 9032324; pmcid:
PMC191272.

Lohman GJ, Zhang Y, Zhelkovsky AM, Cantor EJ, Evans TC Jr. Efficient DNA ligation in DNA-RNA
hybrid helices by Chlorella virus DNA ligase. Nucleic Acids Res. 2014; 42(3):1831—44. https://doi.org/
10.10983/nar/gkt1032 PMID: 24203707; pmcid:PMC3919565.

Lohman GJ, Bauer RJ, Nichols NM, Mazzola L, Bybee J, Rivizzigno D, et al. A high-throughput assay
for the comprehensive profiling of DNA ligase fidelity. Nucleic Acids Res. 2016; 44(2):e14. hitps://doi.
org/10.1093/nar/gkv898 PMID: 2636524 1; pmcid:PMC4737175.

Greenough L, Schermerhorn KM, Mazzola L, Bybee J, Rivizzigno D, Cantin E, et al. Adapting capillary
gel electrophoresis as a sensitive, high-throughput method to accelerate characterization of nucleic
acid metabolic enzymes. Nucleic Acids Res. 2016; 44(2):e15. https://doi.org/10.1093/nar/gkv899
PMID: 26365239; pmcid:PMC4737176.

Zhu H, Nandakumar J, Aniukwu J, Wang LK, Glickman MS, Lima CD, et al. Atomic structure and nonho-
mologous end-joining function of the polymerase component of bacterial DNA ligase D. Proc Natl Acad
SciU S A. 2006; 103(6):1711-6. Epub 2006/02/01. https://doi.org/10.1073/pnas.0509083103 PMID:
16446439; pmcid:PMC1413644.

Pitcher RS, Brissett NC, Doherty AJ. Nonhomologous end-joining in bacteria: a microbial perspective.
Annu Rev Microbiol. 2007; 61:259—-82. Epub 2007/05/18. https://doi.org/10.1146/annurev.micro.61.
080706.093354 PMID: 17506672.

Cotner-Gohara E, Kim IK, Hammel M, Tainer JA, Tomkinson AE, Ellenberger T. Human DNA ligase Il rec-
ognizes DNA ends by dynamic switching between two DNA-bound states. Biochemistry. 2010; 49(29):
6165—76. Epub 2010/06/04. https://doi.org/10.1021/bi100503w PMID: 20518483; pmcid:PMC2922849.

Baumann H, Knapp S, Lundback T, Ladenstein R, Hard T. Solution structure and DNA-binding proper-
ties of a thermostable protein from the archaeon Sulfolobus solfataricus. Nat Struct Biol. 1994; 1
(11):808-19. PMID: 7634092.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190062 December 28, 2017 19/20


http://www.ncbi.nlm.nih.gov/pubmed/9753729
https://doi.org/10.1074/jbc.M111.245399
https://doi.org/10.1074/jbc.M111.245399
http://www.ncbi.nlm.nih.gov/pubmed/21527793
https://doi.org/10.1038/nature03082
https://doi.org/10.1038/nature03082
http://www.ncbi.nlm.nih.gov/pubmed/15565146
http://www.ncbi.nlm.nih.gov/pubmed/9153309
http://www.ncbi.nlm.nih.gov/pubmed/10419478
https://doi.org/10.1074/jbc.M708175200
https://doi.org/10.1074/jbc.M708175200
http://www.ncbi.nlm.nih.gov/pubmed/18238776
https://doi.org/10.1093/protein/gzt024
https://doi.org/10.1093/protein/gzt024
http://www.ncbi.nlm.nih.gov/pubmed/23754529
http://www.ncbi.nlm.nih.gov/pubmed/2823219
http://www.ncbi.nlm.nih.gov/pubmed/8626651
https://doi.org/10.1016/j.dnarep.2009.06.002
https://doi.org/10.1016/j.dnarep.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19589734
http://www.ncbi.nlm.nih.gov/pubmed/3132977
http://www.ncbi.nlm.nih.gov/pubmed/9032324
https://doi.org/10.1093/nar/gkt1032
https://doi.org/10.1093/nar/gkt1032
http://www.ncbi.nlm.nih.gov/pubmed/24203707
https://doi.org/10.1093/nar/gkv898
https://doi.org/10.1093/nar/gkv898
http://www.ncbi.nlm.nih.gov/pubmed/26365241
https://doi.org/10.1093/nar/gkv899
http://www.ncbi.nlm.nih.gov/pubmed/26365239
https://doi.org/10.1073/pnas.0509083103
http://www.ncbi.nlm.nih.gov/pubmed/16446439
https://doi.org/10.1146/annurev.micro.61.080706.093354
https://doi.org/10.1146/annurev.micro.61.080706.093354
http://www.ncbi.nlm.nih.gov/pubmed/17506672
https://doi.org/10.1021/bi100503w
http://www.ncbi.nlm.nih.gov/pubmed/20518483
http://www.ncbi.nlm.nih.gov/pubmed/7634092
https://doi.org/10.1371/journal.pone.0190062

:@.’ PLOS | ONE End-joining by DNA ligases

42. Lundback T, Hansson H, Knapp S, Ladenstein R, Hard T. Thermodynamic characterization of non-
sequence-specific DNA-binding by the Sso7d protein from Sulfolobus solfataricus. J Mol Biol. 1998;
276(4):775-86. https://doi.org/10.1006/jmbi.1997.1558 PMID: 9500918.

43. Wang, Prosen DE, Mei L, Sullivan JC, Finney M, Vander Horn PB. A novel strategy to engineer DNA
polymerases for enhanced processivity and improved performance in vitro. Nucleic Acids Res. 2004; 32
(3):1197-207. https://doi.org/10.1093/nar/gkh271 PMID: 14973201; pmcid:PMC373405.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190062 December 28, 2017 20/20


https://doi.org/10.1006/jmbi.1997.1558
http://www.ncbi.nlm.nih.gov/pubmed/9500918
https://doi.org/10.1093/nar/gkh271
http://www.ncbi.nlm.nih.gov/pubmed/14973201
https://doi.org/10.1371/journal.pone.0190062

