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Abstract

DNA ligase | (LIG1) joins DNA strand breaks during DNA replication and repair transactions and
contributes to genome integrity. The mutations (P529L, E566K, R641L and R771W) in LIG1 gene are
described in patients with LIG1-deficiency syndrome that exhibit immunodeficiency. LIG1 senses 3'-
DNA ends with a mismatch or oxidative DNA base inserted by a repair DNA polymerase. However,
the ligation efficiency of the LIG1 variants for DNA polymerase-promoted mutagenesis products with
3’-DNA mismatches or 8-oxo0-2'-deoxyguanosine (8-oxodG) remains undefined. Here, we report that
R641L and R771W fail in the ligation of nicked DNA with 3'-8-oxodG, leading to an accumulation of
5-AMP-DNA intermediates in vitro. Moreover, we found that the presence of all possible 12 non-
canonical base pairs variously impacts the ligation efficiency by P529L and R771W depending on
the architecture at the DNA end, whereas E566K exhibits no activity against all substrates tested. Our
results contribute to the understanding of the substrate specificity and mismatch discrimination of
LIG1 for mutagenic repair intermediates and the effect of non-synonymous mutations on ligase fidelity.

Introduction

Exposure to environmental agents and endogenous sources of
mutagens can generate chemical modifications to the structure of
DNA resulting in the formation of DNA lesions, such as an abasic
or apurinic/apyrimidinic (AP) site and an oxidised base (8-ox0-2’-
deoxyguanosine, 8-oxodG) (1,2). These lesions are mutagenic and
can block DNA replication and repair leading to many human dis-
eases, such as cancer (3,4). DNA ligase I (LIG1) contributes to genome
stability by sealing processed Okazaki fragments during DNA rep-
lication and catalysing the ultimate ligation step during most DNA
repair transactions (5-8). LIG1 protein contains a C-terminal re-
gion that includes three conserved domains: (i) adenylation domain
(AdD), (ii) the oligonucleotide/oligosaccharide binding-fold domain
(OBD) and (iii) the less conserved DNA-binding domain (DBD) that
encircles duplex DNA as revealed by crystal structures(9,10). Studies
have shown that the cellular functions of LIG1 are mediated through
its non-catalytic N-terminal domain that contains the nuclear local-
isation signal and participates in protein—protein interactions (11).
For example, LIG1 interacts with proliferating cell nuclear antigen

and replication factor C during DNA replication, and a physical
interaction between DNA polymerase (pol) f and LIG1 during base
excision repair (BER) has also been reported (12-14).
LIG1-deficiency disease and Bloom Syndrome (BS), which is
caused by the mutations in BLM gene, have been mistaken for each
other in the past because they exhibit a range of overlapping clinical
phenotypes (15,16).In both cases, a predisposition for cancer, stunted
growth, photosensitivity and a high amount of sister chromatid ex-
change have been reported (17,18). The mutations that have been
identified in the BS patients truncate the RecQ-like helicase (BLM)
or result in its impaired function related to DNA replication and re-
pair of DNA double-strand breaks (19). The majority of the patients
with LIG1-deficiency syndrome have been described with symptoms
of immunodeficiency (20-25). The inherited mutations in the LIG1
gene that have been identified are located in the C-terminal domain
of the protein (P529L, E566K, R641L and R771W) and presum-
ably impact the enzyme activity variously, excluding the truncated
polypeptide (Thr415%) that lacks the catalytic region altogether
(26,27). The first female individual case of human LIG1 deficiency
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was reported in 1992, and she was anaemic at birth, with subsequent
growth retardation and developmental delay (22,23). This discovery
was followed by the identification of five patients carrying biallelic
inherited mutations in the LIG1 gene that exhibited a variety of
clinical symptoms, such as hypogammaglobulinemia, severe eczema,
adenovirus and urinary tract infections (24-26). In the present study,
we investigated all of these LIG1 gene variant mutations identified
in the patients (Supplementary Table 1).

LIG1 completes DNA repair that requires high-fidelity DNA syn-
thesis by DNA polymerases, which discriminate against the incorp-
oration of incorrect nucleotides to varying degrees based on base
pairing and/or sugar identity (28). Successful ligation relies on the
formation of a Watson—Crick base pair between 5’-phosphate (P)
and 3’-hydoxyl (OH) termini of the resulting nicked product fol-
lowing DNA polymerase-mediated correct nucleotide insertion (14).
Replicative DNA polymerases achieve high fidelity of DNA synthesis
and exhibit proofreading activity that is responsible for the removal
of incorrectly incorporated nucleotides from the primer terminus
(29). However, most of the repair DNA polymerases, such as the
X-family members of pol 3, pol A and pol p, lack 3’-5” proofreading
exonuclease activity and incorporate a single nucleotide into the gap
DNA with moderate fidelity; their intrinsic fidelity is much lower
than that of polymerases involved in DNA replication (30,31).
Furthermore, it has been shown that the mismatch recognition and
error-detection mechanisms by a repair DNA polymerase are com-
promised by the mutagenic incorporation of 8-oxodG opposite ad-
enine, mimicking a cognate base pair (32,33). In our previous studies,

we reported the extent to which human DNA ligases I and IV dis-
criminate 3’-ends, including a mismatch (deoxyribonucleotides or
ribonucleotides) or oxidative DNA base damage (8-oxodG) during
BER or double-strand break repair, respectively (34-42).

The insertion of 8-0xodG or a mismatched base by a DNA poly-
merase leads to the formation of an intermediate that is a poor sub-
strate for a DNA ligase (14). In the presence of a damaged or modified
DNA end, the ligation reaction fails and an abortive 5’-adenylate (AMP)
product is formed (34-37). DNA intermediates with a 5-AMP block
and a 3’-damaged or mismatched end could serve as mutagenic repair
intermediates that may trigger harmful nuclease activities, cytotoxicity,
double-strand break formation in replicating DNA and, ultimately, gen-
omic instability (38-42). However, we lack a full understanding of the
mechanism of DNA-end recognition and substrate specificity of LIG1.
Moreover, the impact of an impaired LIG1 activity caused by the disease-
associated mutations in the LIG1 gene on the ligation of mutagenic repair
intermediates formed after DNA polymerase-promoted insertion of an
oxidative DNA damage or a mismatched base remains entirely unknown.

In the present study, we investigated the ligation efficiency of pre-
inserted 8-oxodG and all possible 12 non-canonical base pairings at
the 3’-end of nicked DNA substrates by LIG1 variants (P529L, R641L,
ES566K and R771W) in vitro relative to the wild-type enzyme. Our
findings demonstrate that the ligase activity of the variants R641L
and R771W for 3’-8-oxodG substrates was significantly comprom-
ised in comparison with those of wild type and P529L. Homology
modelling suggests a potential impact of the R641L and R771W
mutations on the structure/function of LIG1 in complex with nicked
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Figure 1. Ligation of the repair intermediate with 3'-8-oxodG by LIG1 variant P529L. (A) Lanes 1 and 8 are the negative enzyme controls of the nicked DNA
substrates with 3’-8-oxodG opposite templates A and C, respectively. Lanes 2-7 and 9-14 show the reaction products obtained for 3'-8-oxodG:A and 3'-8-oxodG:C
substrates, respectively, atTime points 0.5, 1, 3, 5, 8 and 10 min. (B) The graphs show the time-dependent changes in the ligation (blue) and ligation failure (red)
products, and the data are presented as the averages from three independent experiments + SDs. (C) lllustrations of the nicked DNA substrate with 3'-8-oxodG
and the products observed in the ligation reaction. Figure available in colour online.
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DNA containing 8-oxodG. Moreover, we found that the LIG1 disease
variants P529L and R771W exhibit diverse ligation efficiency for the
12 non-canonical base pairings at the 3’-end of nicked DNA, while
E566K has no activity against all DNA substrates tested in this study.

Materials and methods

Preparation of DNA substrates

Oligodeoxyribonucleotides with and without a 6-carboxyfluorescein
(FAM) label were obtained from Integrated DNA Technologies. The
nicked DNA substrates containing template bases A, T, G or C and
3’-pre-inserted bases (dA, dT, dG or dC) or 8-oxodG were prepared
as described previously (36-42) and used for the ligation assays
(Supplementary Table 2).

Preparation of DNA LIG1 mutants

The plasmid constructs of (A261) DNA LIG1 variants (P529L,
ES66K, R641L and R771W) were cloned into pET-24b (Novagen)

R641L
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Time (min)

A

expression vector by site-directed mutagenesis using the wild-type
DNA LIG1 construct (40). The coding sequences of all mutants were
confirmed by DNA sequencing.

Protein purifications

The recombinant human DNA LIG1 (A261) mutant proteins
(P529L, E566K, R641L and R771W) were purified as described
previously (36-42). Briefly, proteins were overexpressed in Rosetta
(DE3) pLysS Escherichia coli cells (Millipore Sigma) grown in
Terrific Broth media with kanamycin (50 pg/ml) and chloram-
phenicol (34 pg/ml) at 37°C. Once the Optical Density reached
1.0, expression was induced with 0.5 mM Isopropyl £-D-1-
thiogalactopyranoside and continued overnight at 16°C. After
centrifugation at 5000x rpm for 15 min, cells were lysed in lysis
buffer (50mM Tris-HCl pH 7.0, 500mM NaCl, 20mM imid-
azole, 5% glycerol, 1 mM Phenylmethylsulfonyl fluoride and one
EDTA-free protease inhibitor cocktail tablet) by sonication at 4°C.
The lysate was clarified by centrifugation at 16 000x rpm for 1 h.
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Figure 2. Ligation of the repair intermediate with 3'-8-oxodG by LIG1 variant R641L. (A) Lanes 1 and 10 are the negative enzyme controls of the nicked DNA
substrates with 3'-dT opposite template A and 3’-dC opposite template G, respectively. Lanes 2 and 11 show the reaction products obtained for 3'-dT:A and
3'-dC:G, respectively. Lanes 3 and 12 are the negative enzyme controls of the nicked DNA substrates with 3'-8-oxodG opposite templates A and C, respectively.
Lanes 4-9 and 13-18 show the reaction products obtained for 3'-8-oxodG:A and 3'-8-oxodG:C substrates, respectively, atTime points 0.5, 1, 3, 5, 8 and 10 min.
(B) The graphs show the time-dependent changes in the ligation (blue) and ligation failure (red) products, and the data are presented as the averages from three

independent experiments + SDs. Figure available in colour online.
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The cell lysis solution was then filter-clarified and loaded onto a
HisTrap HP column (GE Health Sciences) that was equilibrated
with binding buffer A (50mM Tris-HCI pH 7.0, 500 mM NaCl,
20 mM imidazole and 5% glycerol). The column was washed with
binding buffer A, followed by buffer B (50 mM Tris-HCI pH 7.0,
500mM NaCl, 35mM imidazole and 5% glycerol). The protein
was eluted with an increasing imidazole gradient (0-500 mM) in
elution buffer A (50 mM Tris-HCI pH 7.0, 500 mM NaCl, 500 mM
imidazole and 5% glycerol) at 4°C. The collected fractions con-
taining the LIG1 protein were then loaded onto a Superdex 200
10/300 (GE Health Sciences) column and eluted in elution buffer
B (50 mM Tris-HCI pH 7.0, 500 mM NaCl, 5% glycerol and
1 mM Dithiothreitol (DTT)). The protein was further purified by
Resource Q (GE Health Sciences) and finally by HiTrap Heparin
(GE Health Sciences) columns with binding buffer B (20 mM Tris-
HCI pH 7.0, 50 mM NaCl and 5% glycerol) and then with elution
buffer C (20 mM Tris-HCI pH 7.0, 1 M NaCl and 5% glycerol).
Protein quality was evaluated onto 10% Sodium dodecyl sulfate

A R771W

3'-8-ox0dG:A
Time (min

polyacrylamide gel electrophoresis, and the protein concentration
was measured using absorbance at 280 nm. The final proteins were
stored in storage buffer (20 mM Tris-HCI pH 7.0, 300 mM NaCl
and 5% glycerol) in aliquots at -80°C.

Structure modelling of DNA LIG1 variants

Structure analysis of DNA LIG1 variants was performed based
on the solved crystal structure of human DNA LIG1 bound to
adenylated DNA containing an 8-oxodG:A base pair (PDB:6POE)
using the Coot software (43,44). All structural images were drawn
using PyMOL (http://www.pymol.org/).

DNA ligation assays

The ligation assays were performed as described previously
(36-42). Briefly, the reaction was performed in a mixture con-
taining 50 mM Tris-HCI (pH 7.5), 100 mM KCl, 10 mM MgClI,,
1 mM ATP, 1 mM DTT, 100 pg/ml Bovine serum albumin, 10%
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Figure 3. Ligation of the repair intermediate with 3'-8-oxodG by LIG1 variant R771W. (A) Lanes 1 and 8 are the negative enzyme controls of the nicked DNA
substrates with 3'-8-oxodG opposite templates A and C, respectively. Lanes 2-7 and 9-14 show the reaction products obtained for 3’-8-oxodG:A and 3’-8-oxodG:C
substrates, respectively, atTime points 0.5, 1, 3, 5, 8 and 10 min. (B) The graphs show the time-dependent changes in the ligation (blue) and ligation failure (red)
products, and the data are presented as the averages from three independent experiments + SDs. Figure available in colour online.
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Figure 4. Comparisons for the ligation of 3'-8-oxodG:A substrate by the wild-type and LIG1 variants. (A, B) The graphs show the time-dependent changes in the
ligation (A) and ligation failure (B) products for the wild-type and LIG1 variants P529L, R641L and R771W. The data are presented as the averages from three

independent experiments + SDs. Figure available in colour online.

glycerol and the indicated nicked DNA substrate (500 nM) in a
final volume of 10 pl. The ligation assays were initiated with the
addition of wild-type or one of the DNA LIG1 variants: P529L,
E566K, R641L or R771W (100 nM). The reaction mixture was
incubated at 37°C and stopped at the time points indicated in the
figure legends. The reaction products were then quenched with
an equal amount of gel loading buffer (95% formamide, 20 mM
ethylenediaminetetraacetic acid, 0.02% bromophenol blue and
0.02% xylene cyanol) and separated by electrophoresis on an
18% denaturing polyacrylamide gel. The gels were scanned with
a Typhoon PhosphorImager (Amersham Typhoon RGB), and the
data were analysed using ImageQuant software.

Results

Ligation of repair intermediates with 3'-8-oxodG by
LIG1 variants

We first examined the impact of LIG1 disease mutations (P529L,
R641L and R771W) on the ligation fidelity of nicked DNA sub-
strates with a 3’-pre-inserted 8-oxodG opposite A or C in vitro
(Figure 1C). LIG1 variant P529L can ligate the DNA substrate with
3’-8-0x0dG:A (Figure 1A, Lanes 2-7) more efficiently than that of
nicked DNA with 3’-8-0xodG:C (Figure 1A, Lanes 9-14). However,
we obtained more ligation failure products in the reaction with
the 3’-8-0x0dG:C substrate (Figure 1B). LIG1 variant R641L ex-
hibited very low activity on both DNA substrates (3’-8-oxodG:A
and 3’-8-0x0dG:C) compared to the ligation of nicked DNA with
undamaged ends (Figure 2A, Lanes 2 and 11). The R641L mutant
failed in the presence of the 3’-8-0xodG:A substrate (Figure 2A,
Lanes 4-9) and yielded a higher amount of 5~ AMP-DNA intermedi-
ates (Figure 2B) than obtained with the nicked 3’-8-oxodG:C DNA
(Figure 2A, Lanes 13-18). The ligation reactions containing the
3’-8-0x0dG:A substrate and the LIG1 variant R771W were accom-
panied by an accumulation of AMP-DNA intermediates (Figure 3A,
Lanes 2-7, and Figure 3B). Similar to R641L (Figure 2), R771W was
not active on the 3’-8-0xodG:C substrate (Figure 3A, Lanes 9-14),
and a very low amount of ligation failure products were observed
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| adp 0BD
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Figure 5. Domain architecture of LIG1 with the disease mutations. (A)
Schematic view showing the domain composition of human LIG1, including
the N-terminal domain (amino acids 1-261, gray), and the catalytic core
(amino acids 262-919) consisting of the DBD (pink), AdD (yellow) and OBD
(green). (B) LIG1 (cartoon) in complex with an adenylated nicked DNA
complex (stick, orange). The amino acid residues (magenta), P529, E566,
R641 and R771, that are mutated in LIG1-deficiency disease are shown as
sticks. Figure available in colour online.

(Figure 3B). We did not observe any ligation products by the LIG1
variant E566K (Supplementary Figure 1A).

We then compared the wild-type enzyme (Supplementary Figure
1B) to the different LIGI variants (Figures 1-3) for the 3’-8-oxodG:A
substrate as we obtained products for all ligases using this approach
(Figure 4). The comparisons revealed that there was no significant dif-
ference in ligation efficiency between wild type and P529L, while R641L
and R771W were compromised in their ability to complete the ligation
reaction (Figure 4A). Indeed, we found a significant increase (~40-80-
and ~10-30-fold for R641L and R771W, respectively) in the amount of
ligation failure products when compared to wild-type LIG1 (Figure 4B).

Structure and function analysis of LIG1 variants
To gain insight into the possible structure-function mechanisms
underlying the defects, we performed homology modelling to
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Figure 6. Architecture of LIG1 showing the positions of the disease-associated residues in complex with the nicked DNA containing 8-oxoG:A. (A) Ribbon

diagram shows LIG1 (grey) encircling the nicked DNA (sticks) with 8-oxoG opposite template A (green). E566, R641 and R771 (magenta) are represented by

sticks. (B) Nucleotide-residue contact map showing individual LIG1 residues interactions that are close proximity to R641 (loop A, green) and R771 (loop B, red)
with the nicked DNA containing 8-oxoG:A. Figure available in colour online.

Figure 7. Structure model of LIG1 with R641L identified in LIG1 deficiency syndrome. (A) Ribbon diagram showing LIG1 encircling a nicked DNA duplex (orange).
Arg641 (magenta) shown as sticks is located in Loop A (green). (B) Arg641 (R641) interacts with K597, D600 and V653, and (C) the replacement of Arg641 with

Leu (L641) disrupts the interaction and destabilises Loop A (shown in dotted green line). All residues are shown as sticks. Positive and negative potentials are
shown in blue and red, respectively. Figure available in colour online.
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determine the impact of the LIG1 disease mutations (P529L, E566K,
R641L and R771W) on ligase activity (Figures 1-4) using the pre-
viously solved crystal structure of human LIG1 (PDB: 6POE) in
complex with DNA containing 8-0xodG:A (44).

The mutations occur at amino acid residues of LIG1 that are
located on different subdomains within the catalytic core of the
protein (262-919 aa). E566 and R641 reside in the AdD domain,
while P529 and R771 are in the DBD and OBD domains, respectively
(Figure SA). All domains encircle the nicked DNA (Figure 5B) as re-
ported previously (10). Our structural models show that Arg641 and
Arg771 are adjacent to separate DNA contact sites, namely Loops
A and B, and interact with critical functional amino acid residues
(Figure 6). Arg641 in Loop A makes a salt bridge with Asp600 and
interacts with a carbonyl group of Lys597 and Val653 (Figure 7A
and B), and the residues that are in close proximity to Arg641 (i.e.
GIn636, Thr639, Thr640, Lys642, Arg643 and Lys644) interact with
template DNA (Figure 6B). Arg771 directly interacts with the tem-
plate DNA strand and forms a salt bond with Asp802 (Figure 8A
and B). Furthermore, our models reveal template and downstream
DNA interactions with Lys770 (Figure 6B). Accordingly, we hy-
pothesise that all of these interactions stabilise the minor groove

DNA conformation that enables the ligase to complete catalysis, and
the replacement of Arg641 with Leu (R641L) or Arg771 with Trp
(R771W) would disrupt the stabilisation of Loops A and B, con-
found the interactions with their interacting amino acids and, there-
fore, interfere with the DNA-binding capacity of LIG1 (Figures 7C
and 8C).

The crystal structure of LIG1 bound to oxidatively damaged
DNA uncovered fundamental conformational changes that the
ligase active site must undergo in the presence of 8-oxodG:A in
syn geometry (44). Our findings demonstrate that the ligation of
the 3’-8-0x0dG:A substrate by R641L or R771W is significantly
impaired in comparison with the wild-type enzyme (Figure 4). This
effect could be due to the unstable conformation of the loops and
repulsive amino acid interactions (Figures 6-8) at the ligase ac-
tive site, which exhibits significant structural adjustments (i.e. re-
arrangements of active-site amino acid residues N590 and R589) in
the presence of 8-0xodG that flips out into the DNA major groove
(44). We suggest that amino acid substitutions at R641 and R771
would impair the catalytic architecture of the ligase conformation
that would more profoundly interfere with its DNA binding in the
context of a frayed 3’-terminus (Supplementary Figure 2A and B).

Figure 8. Structure model of LIG1 with R771W identified in LIG1 deficiency syndrome. (A) Ribbon diagram showing LIG1 encircling a nicked DNA duplex
(orange). Arg771 (magenta) shown as sticks is located in Loop B (red) that resides in the OBD domain (green dotted circle) and interacts with the DBD (blue
dotted circle). (B) Arg771 (R771) interacts with D802 (magenta) to stabilise the loop B, and (C) replacement of Arg771 with Trp (cyan, W771) disrupts this
interaction and destabilises Loop B (shown in dotted red line). All residues are shown as sticks. Positive and negative potentials are shown in blue and red,

respectively. Figure available in colour online.
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Figure 10. Specificity of LIG1 variant P529L for the ligation of repair intermediates with 3'-pre-inserted mismatches opposite templates A andT. (A,B) The graphs show
the time-dependent changes in the ligation (blue) and ligation failure (red) products for 3'-pre-inserted mismatches opposite templates A (A) and T (B). The data are
presented as the averages from three independent experiments + SDs. The gel images are presented in Supplementary Figure 5. Figure available in colour online.

The difference we observed in the ligation efficiencies of
8-0x0dG:A vs. 8-0x0dG:C substrates by the LIG1 variants could be
due to the dual coding potentials of 8-oxodG (anti- or syn-), which
use Watson—Crick to base pair with C or Hogsten edge to base pair

with A, respectively (45). This variation can create two distinct struc-
tural conformations of the primer terminus backbone at the ligase
active site (Supplementary Figure 2C and D). Similarly, pol §§ struc-
tural snapshots during an insertion of 8-0xodGTP revealed a poor
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active-site geometry and less insertion efficiency of 8-oxodGTP op-
posite C than opposite A (46). Furthermore, in our previous studies,
we reported less efficient ligation of pol § 8-oxodGTP insertion
products opposite C relative to A in a coupled reaction, including
both DNA LIG1 and pol B in vitro (39).

Our models also show that the replacement of Pro529 with
Leu (P529L) has no effect on the protein structure (Supplementary
Figure 3). Accordingly, we did not obtain any significant difference
in the enzyme activity for the ligation of 3’-8-0x0dG substrates be-
tween the wild-type and P529L ligases (Figure 4). Furthermore, we
observed an altered hydrogen bond formation with the 5’-AMP
catalytic intermediate in the presence of the mutation at Glu566
(E566K) in our models (Supplementary Figure 4), as well as a com-
plete disruption of ligase activity for E566K in comparison with the
wild-type enzyme (Supplementary Figure 1A).

Specificity of LIG1 variants for the ligation of 3'-pre-
inserted DNA mismatches

We next examined the efficiency of the LIG1 mutants for li-
gation of nicked DNA substrates with 3’-pre-inserted mis-
matches, including all possible 12 non-canonical base pairs
(Figure 9B). LIG1 variant P529L exhibited ligase activity for al-
most all mismatch-containing DNA substrates (Figures 9A and
Supplementary Figures 5-6). Specifically, we obtained a higher
amount of ligation products (~60-80%) for 3’-mismatch:template
bases, dC:A, dG:T, dC:T (Figure 10) and dT:C (Figure 11B) and
ligation failure products (~40%) for 3’-dG:G (Figure 11A).
Conversely, LIG1 variant R641L was not active on the majority

of the mismatch substrates (Supplementary Figures 7-8). We ob-
served, instead, ligation failure products only (~10%) with the
nicked DNA harbouring 3’-mismatch:template bases: dA:A,
dC:A, dC:T, dG:G, dG:T and dT:C (Figure 12). The LIG1 variant
R771W (Supplementary Figures 9-10) yielded the highest amount
of ligation failure products (~60%) for 3°-dC:T (Figure 13B) and
3’-dT:C (Figure 14B), and the amount of these products was only
~10-20% for 3’-dT:T, 3’°-dG:T (Figure 13), 3’-dT:G and 3’-dA:C
(Figure 14).

We next compared the wild-type (Supplementary Figures 11-14)
and LIGI variant enzymes (Figures 10-14) for their ability to li-
gate nicked DNA substrates with all 3’-pre-inserted mismatches
(Figure 15). Our comparisons revealed that LIG1 variant P529L
shows almost the same specificity as the wild-type protein for all
substrates, with a slightly less amount of ligation products (except
3’-dA:C). Nevertheless, the presence of all possible 12 non-canonical
base pairs at the 3’-end variously impacts the ligation efficiency of
P529L and R771W depending on the type of mismatch. Interestingly,
we did not observe a comparable amount of ligation products for
any of the 12 non-canonical base pairs by the LIG1 variant R641L
(Figure 15). This result is consistent with the greater functional im-
pairment of R641L for the ligation of 8-oxodG substrates relative to
R771W (Figure 4A).

Discussion

The fidelity of DNA ligation is a crucial component of the faithful
replication and repair of genomic DNA (5-7). Indeed, defects in
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Figure 13. Specificity of LIG1 variant R771W for the ligation of repair intermediates with 3'-pre-inserted mismatches opposite templates A andT. (A, B)The graphs show
the time-dependent changes in the ligation (blue) and ligation failure (red) products for 3'-pre-inserted mismatches opposite templates A (A) and T (B). The data are
presented as the averages from three independent experiments + SDs. The gel images are presented in Supplementary Figure 9. Figure available in colour online.
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the ligation of Okazaki fragments during DNA replication has
been reported to be linked to a deficiency in LIG1 activity as
shown in LIG1-null mouse cells (47). Moreover, the rare human
diseases with an autosomal recessive mode of inheritance, such as
the LIG1-deficiency disease, are associated with greatly increased
genome instability (20-27). The inherited mutations (P529L,
R641L, R771W and E566K) identified in the LIG1 gene have been
reported as causative factors for LIG1-deficiency disease in patients
that exhibit immunodeficiency of variable severity (Supplementary
Table 1). The primary fibroblast cell line 46BR and its LIG1-
deficient subcell line 46BR.1G1, which expresses the individual
disease mutant R771W, show an enhanced sensitivity to a broad
range of DNA damage-inducing agents, including DNA alkylators
(20-23). Furthermore, an elevated level of phosphorylated H2AX
(a marker of DNA damage) following ionising radiation and an
increased incidence of sister chromatid exchange (reflective of
genome instability) have been reported in these cell lines, as well
as in the lymphoblastoid B and peripheral blood T cells that ex-
press the individual disease mutant R641L (23-25). Recently, re-
duced repair and hypersensitivity to the DNA alkylating agent
ethyl methanesulfonate have been shown for LIG1-~ HEK-293T
cells expressing LIG1 R641L and R771W mutants in comparison
to wild-type HEK-293T cells (26). A mouse model engineered to
express the R771W mutant exhibits increased genomic instability
and a predisposition to cancer (47,48). It has also been reported
that steady-state LIG1 protein level is significantly higher in dif-
ferent types of malignant tumours compared to benign tissue
samples obtained from human patients (49). Overall, the reports
above highlight the essential role of LIG1 for cellular viability and

the fact that defects or insufficiency in LIG1 is casually linked to
genome instability and disease.

DNA ligases and DNA polymerases that play roles in DNA rep-
lication and repair transactions have long been prime candidates
for key regulators of genome stability (28). Participation of an
error-prone DNA polymerase in DNA repair processes can generate
DNA nicks containing a damaged or mismatched 3’-end (14). Yet,
we lack a fundamental understanding of the DNA ligation mech-
anism and human DNA ligase substrate specificities. The biological
implications of DNA ligases and their fidelity for the ligation of
mutagenic repair intermediates are critical to understand the mo-
lecular features of DNA ligation and ligase function in normal cells
and in human diseases, such as cancer. As described above, cells
from LIG1-deficient patients are hypersensitive to DNA damage-
inducing agents that cause oxidative damage or single-base lesions
that are mainly repaired by BER involving pol f nucleotide inser-
tion and subsequent ligation by LIG1. In the present study, we com-
prehensively investigated the extent to which wild-type and LIG1
variants (P529L, R641L and R771W) counteract DNA polymerase-
promoted mutagenesis. We elucidated the mechanism of substrate
discrimination by wild-type and LIG1 variant proteins for DNA
ends on the basis of base pairing (correct vs. incorrect) and oxi-
dative DNA base damage (8-0xodG). The DNA substrates used in
this study mimic the potential mutagenic repair intermediates and
persistent DNA breaks that are expected to be toxic, to block tran-
scription, or to be converted into double-strand breaks upon DNA
replication.

Overall, our results revealed that functional defects in the cata-
lytic activity of human LIG1 lead to a failure in the discrimination
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of damaged or mismatched DNA substrates. Consistent with our
structure models, our in vitro findings indicate that two missense
mutations (R641L and R771W) described in the patients with
LIG1-deficiency syndrome uniquely impact ligase activity in com-
parison with P529L (wild-type level of activity) and E566K (lack
of activity). Specifically, these two ligase variants fail in the second
step of the ligation reaction, where DNA-AMP intermediates ac-
cumulate while the enzyme is transferring an AMP moiety to the
5’-P terminus of the DNA break before the last step of phospho-
diester bond formation between the 3’-OH and 5°-P ends (8).
Furthermore, we observed that the extent of this ligation failure is
significantly sensitive to both the type of base (mismatch or dam-
aged) and the nature of the non-synonymous mutation. Overall,
LIG1 variants tested in this study are very selective for the chem-
ical characteristics of base pairs and show different abilities to
join nicks, including 3’-mismatches (12 possible non-canonical
base pairs) or 8-oxodG. When comparing the genotype and clin-
ical characteristics of the patients (Supplementary Table 1) with
our in vitro ligase activity findings and structure models, we sug-
gest that the LIG1 E566K variant with no ligase activity against
all substrates tested is likely the primary driver of the phenotypes
seen in the original patient who was R771W/E566K heterozygous
and experienced growth retardation and died from lymphoma. For
the patients with homozygous P529L and R771W mutations, our
data suggest that the significantly impaired fidelity of the LIG1
R771W variant could contribute to their severe clinical phenotype,
since the P529L variant protein displays normal catalytic activity.
We suggest that the variable deficiencies in substrate discrimin-
ation by the LIG1 variants R771W and R641L could contribute to
the phenotypic diversity of the patients carrying these mutations.

Nevertheless, it is important to emphasise the overlapping func-
tions of human LIG1 and LIG3, particularly in BER. Previous
studies have demonstrated the exchange between these two human
ligases during single-strand break repair in vitro and the require-
ment of LIG3 for the viability of LIG1-depleted mammalian cells
in vivo (50). Therefore, impairment in LIGI activity could be com-
plemented by LIG3 in cells, a hypothesis that would need to be
assessed in LIG1 mutant cell lines.

DNA ligation is the last step of almost all DNA repair pathways,
and DNA ligases are known as biomarkers of abnormal DNA re-
pair (5-7). Therefore, DNA ligases are promising candidates for the
development of small-molecule inhibitors for anticancer therapeutic
purposes (51). Human DNA ligase inhibitors have been developed
using a computer-aided rational drug design strategy based on the
crystal structure of human LIG1 and have been used in preclinical
investigations (51-54). For example, the LIG1-specific inhibitor L87-
G17 increased cytotoxicity of MCF7 breast cancer cells to DNA-
damaging agents, such as the alkylator methyl methanesulfonate and
decreased colon cancer cell survival after ionising radiation with no
observed effect on the sensitivity of normal cells (55,56). Our study
that reports on the mechanism of DNA ligation and substrate dis-
crimination by wild-type and disease mutants of LIG1 for potential
mutagenic and toxic repair intermediates could contribute to the
development of repair inhibitors towards LIG1 and improvement
of current DNA ligase inhibitors to more specifically target aber-
rant DNA repair in cancer cells (57). However, additional structural
studies are required to provide further insights into the structural
basis of mutagenic ligation and to define the elements that play a
crucial role in locating and engaging the mutagenic DNA lesions to
optimise ligation fidelity.
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Supplementary data are available at Mutagenesis Online.
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