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ABSTRACT

Human DNA ligase | (LIG1) is the main replicative lig-
ase and it also seals DNA breaks to complete DNA re-
pair and recombination pathways. Inmune compro-
mised patients harbor hypomorphic LIG1 alleles en-
coding substitutions of conserved arginine residues,
R771W and R641L, that compromise LIG1 activity
through poorly defined mechanisms. To understand
the molecular basis of LIG1 syndrome mutations,
we determined high resolution X-ray structures and
performed systematic biochemical characterization
of LIG1 mutants using steady-state and pre-steady
state kinetic approaches. Our results unveil a coop-
erative network of plastic DNA-LIG1 interactions that
connect DNA substrate engagement with productive
binding of Mg?* cofactors for catalysis. LIG1 syn-
drome mutations destabilize this network, compro-
mising Mg?* binding affinity, decreasing ligation effi-
ciency, and leading to elevated abortive ligation that
may underlie the disease pathology. These findings
provide novel insights into the fundamental mech-
anism by which DNA ligases engage with a nicked
DNA substrate, and they suggest that disease pathol-
ogy of LIG1 syndrome could be modulated by Mg?*
levels.

INTRODUCTION

The three mammalian DNA ligase genes encode highly con-
served enzymes with essential functions in DNA replica-
tion, repair and recombination. The ligases share a con-
served catalytic core but differ in their N- and C-terminal
domains that mediate distinct protein—protein interactions
and target each ligase to different cellular pathways (1,2).
DNA ligase 1 (LIG1) is recognized to be the primary
replicative ligase and it interacts with proliferating cell nu-
clear antigen (PCNA) via an N-terminal PCNA- interact-
ing protein-box (PIP-box). LIG1 associates with the repli-
some to finalize Okazaki fragment maturation, complet-
ing >50 million ligation events during each cycle of DNA
replication. In addition, LIGI ligates single-strand DNA
breaks during long-patch base excision repair (BER) and
can participate in the alternative end-joining (A-EJ) path-
way (3,4). DNA ligase I11 (LIG3) interacts with X-ray cross-
complementing protein 1 (XRCC1) which localizes LIG3 to
the nucleus and mediates a network of protein—protein in-
teractions (5-7). LIG3 is also translated as a mitochondria
targeted isozyme that is not bound to XRCC1 and its mi-
tochondrial partners are not yet known (8). LIG3 catalyzes
both single-strand and double-strand break repair, but its
nuclear function is apparently redundant with the other two
ligases (3,4,9). The C-terminus of DNA ligase IV (LIG4) in-
teracts strongly with X-ray cross-complementing protein 4
(XRCC4) and other partners in the non-homologous end-
joining (NHEJ) pathway, which is specialized for repair of
double-strand breaks (10,11).

Both LIG1 and LIG4 have been implicated in immuno-
logical diseases (12-14). LIG4 syndrome, defined by de-
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ficiency of LIG4, has been shown to severely impact the
adaptive immune response, due to its role in NHEJ, which is
needed to complete both V(D)J and class-switch recombi-
nation (15). In addition to immune system defects, patients
with loss of function mutations in LIG4 show increased
radiation sensitivity and/or developmental defects (16,17).
In contrast, LIG1 syndrome is poorly understood and the
severity of disease varies greatly (18-20). To date, all individ-
uals with LIG1 syndrome harbor biallelic mutations with
at least one hypomorphic allele that retains some DNA lig-
ase activity. Patients exhibit varying degrees of deficiencies
in antibody production, decreased abundance of B and T
cells, and macrocytic anemia (18,19).

Previous work identified two LIG1 syndrome alleles,
R641L and R771W (18). Although these single amino acid
substitutions are located in different domains of the pro-
tein and far from the enzyme active site (Figure 1A, B)
both variants exhibit markedly decreased DNA ligation ac-
tivity (18). LIG1~/— HEK293T cells complemented with
LIG1 syndrome alleles exhibit increased sensitivity to ion-
izing radiation (IR) and DNA alkylating agents that cause
DNA damage, consistent with a LIG1-dependent DNA re-
pair deficiency contributing to LIG1 syndrome pathology
(18). However, the molecular basis for how these variants
effect LIGI structure and activity leading to catastrophic
disease outcomes remains poorly defined.

Here, we report the impacts that the R641L and R771W
mutations have on the structure and biochemical activity of
human LIG1. Comprehensive kinetic characterization ex-
poses defects in Mg”* binding that result in decreased cat-
alytic efficiency and increased abortive ligation. X-ray struc-
tures reveal that both LIG1 syndrome mutations disrupt
a cooperative network of protein-DNA-metal interactions
that link the DNA-binding surfaces of LIG1 with the or-
ganization of the active site. LIG1 employs a unique metal-
mediated fidelity mechanism whereby rigidity imposed by
metal binding allows for discrimination against base mis-
matches on the 3’-hydroxyl side of the nick. We demonstrate
that mutations disabling this high-fidelity organization par-
tially rescues the defects in DNA and active site metal bind-
ing of the LIG1 syndrome variants. Overall, our results un-
derscore how ligase encirclement of its DNA substrate is
regulated by a network of DNA binding surfaces, and how
dynamic DNA binding dictates the precise organization of
the ligase active site. This network is integral to efficient
DNA ligation. The similar biochemical defects observed for
LIGI1 pathological variants suggests that a common mecha-
nism for LIG1 inactivation underpins distinct disease states.

MATERIALS AND METHODS
Protein expression and purification

The plasmid for expression of the catalytic domain of hu-
man LIGI (232-919) used for kinetic analysis has been pre-
viously described (21). Mutant A232 LIGI vectors were
constructed using site-directed mutagenesis with synthetic
primers and confirmed by sequencing of the coding region.
Expression and purification were performed as previously
described (18). WT and mutant A232 LIGI proteins were
dialyzed into 25 mM Tris—HCI, pH 7.5, 150 mM NacCl, 1

mM DTT and 0.1 mM EDTA and stored at —80°C. Pro-
tein concentrations were estimated using absorbance at 280
nm. Active enzyme concentrations were determined using
single-turnover ligation reactions, in which increasing con-
centrations of LIG1 were incubated with a fixed concentra-
tion of the fluorescein-labeled nicked 28mer substrate (22).
For crystallization, LIG1 proteins (262-904) were expressed
and purified as previously described (23). Freshly purified
proteins were concentrated and used immediately in crys-
tallization experiments.

Crystallization and structure determination

LIG1-DNA complex crystals were grown by hanging drop.
1 pl of proteineDNA complex solution (20 mgml~! LIG1,
1.5:1 DNA:protein molar ratio, in 150 mM NaCl, 20 mM
Tris—=HCI, pH 7.5, 1 mM TCEP) with an equal volume of
precipitant solution [100 mM MES, pH 6, 100 mM lithium
acetate, 15% (w/v) polyethylene glycol PEG3350]. Nicked
DNA used in crystallization was from annealing oligos 1,
2 and 3 (Supplementary Table S1). All crystals grew in
1-2 days and they were washed in cryoprotectant (40%
PEG3350 in precipitant solution supplemented with 2 mM
EDTA) and flash frozen in liquid nitrogen for data col-
lection. X-ray diffraction data was collected on Beamline
22-ID of the Advanced Photon Source at a wavelength of
1.000 A. X-ray diffraction data were processed and scaled
using the HKL2000 (24). All structures were solved by
molecular replacement using PDB entry 6POA as a search
model with PHASER (25). Iterative rounds of model build-
ing in COOT (26) and refinement with PHENIX (27) were
used to produce the final models. The crystallization and re-
finement statistics are summarized in Supplementary Table
S2.

SYPRO differential scanning fluorometry assay

LIG1 proteins were used at a final concentration of 12.5
wM for this assay. SYPRO Orange (40x stock) (Sigma)
was used at a final concentration of 10X. Experiments in
the absence of ligand were carried out in 6.25 mM Tris—
HCIL, pH 7, 37.5 mM NacCl, 1.25% glycerol and to deter-
mine the effect of substrate the same solutions were sup-
plemented with 125 wM nicked DNA generated by anneal-
ing oligos 1, 2 and 3 (Supplementary Table S1). Fluores-
cent intensity was recorded starting at 25°C and increasing
to 95°C (2°C/min) with the QuantStudio 7 Flex Real Time
PCR System (ThermoFisher Scientific) using excitation and
emission wavelengths 0of 492 and 610 nm, respectively. Melt-
ing curves were analyzed using the Protein Thermal Shift
Software (ThermoFisher Scientific) and then exported di-
rectly from the instrument. T;, values are reported as the
average + standard deviation for three independent experi-
ments.

Steady-state fluorescence binding assays

Fluorescence intensity measurements were collected using a
FluoroMax 3 fluorometer (Horiba) controlled by the Data-
Max software. Data were collected using excitation and
emission wavelengths of 495 and 515 nm, respectively. Bind-
ing assays were performed at 37°C by titration of increasing
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Figure 1. Mapping of LIG1 syndrome mutations and impact on DNA binding. (A) Schematic of human LIG1 showing disease mutations R641L (pink)
and R771W (red) map to the AdD (teal) and OBD (blue) respectively. (B) Structure of LIG1 bound to a nicked DNA substrate (PDB 6P0C). R641 scaffolds

a key DNA binding loop (pink) that is connected to the active site. R771

is located in a DNA binding loop in the OBD (red) at the OBD-DBD domain

junction. (C) Sequence alignment of LIG1 homologs generated by Clustal Omega shows stringent conservation of R641 and R771. (D) Equilibrium binding
of WT and mutant LIG1 proteins to a 28mer nicked DNA substrate was monitored using fluorescence quenching of a TFAM reporter in the absence of
Mg?" to prevent ligation. Mean values & SD (n > 3) were fit by a simple binding hyperbola and the Kp values are provided in the inset. The R641L and

R771W mutations do not cause large defects in substrate binding.

amounts of LIGI against a 2.5 ml solution containing 1-2
nM of the TFAM-44mer and the standard reaction buffer
supplemented with 0.1 mM EDTA. After addition of LIGI,
samples were allowed to equilibrate for 30 s to 1 min before
measurements were taken. Relative fluorescence is plotted
as a function of added [LIG1] and the data was fit to the
following hyperbolic binding curve to determine the LIG1
binding affinity (Kp) for the DNA substrate:

_ Y [LIGI]
Y= Kp + [LIG1]

In which y is fluorescence intensity, Ymax is the fluores-
cence intensity at the plateau, and C'is a constant.

Gel-based ligation assays

Oligonucleotides substrates were purchased from IDT,
Midland Certified Reagent Company, or the Keck Center
at Yale University and purified by denaturing PAGE as pre-
viously described (22). Ligation assays were carried out at
37°C in a standard reaction buffer consisting of 50 mM
NaMOPS at pH 7.5, 1 mM dithiothreitol, 0.05 mg/ml BSA,
and sufficient NaCl to maintain a constant ionic strength of
150 mM. Concentrations of ATP, MgCl,, 28mer substrate,
and LIG1 were varied as indicated below. The free magne-
sium concentration for all reactions with ATP were calcu-
lated using the dissociation constants for the Mg>*eATP
complex (22). Reactions were quenched in the standard
loading buffer (50 mM EDTA/90% formamide/0.01% xy-
lene cyanol/0.01% bromophenol blue). Quenched sam-
ples were heated to 95°C and separated on either a 15
or 20% (w/v) polyacrylamide gel containing 8 or 6.6 M
urea, respectively. The fluorescein-labeled oligonucleotide

was detected using an Amersham Typhoon 5 imager
(GE), and gel images were analyzed using ImageQuant TL
software (GE). Rate constants are reported as the aver-
age *+ standard deviation for at least three independent
experiments.

Determining the steady-state dependences for ligation

Steady-state dependences were performed using the stan-
dard reaction buffer and 0.1-10 nM LIG1. For both the
Mg?* and ATP dependences, 500 nM of the 28mer sub-
strate was used along with either 200 uM ATP or 20 mM
MgCl,, respectively. For the DNA substrate dependences at
saturating levels of MgCl, and ATP, reactions contained 20
mM MgCl, and 200 .M ATP. DNA substrate dependences
were also performed under physiological conditions (2 mM
MgCl; and 1 mM ATP). Initial rates for all steady-state re-
actions were determined by linear regression, and the rates
were fit with the Michaelis—Menten equation:

Vinit Vmax [S]

[E]  Ku+IS]

For reactions in which an accumulation of both inter-
mediate and product was observed, the initial rates of to-
tal substrate disappearance were used. The fraction of ob-
served abortive ligation events was determined by dividing
the rate of intermediate accumulation (Viptermediate) by the
rate of total substrate disappearance (¥ product + Vintermediate):

V. .
Fraction abortive ligation = (Vintermediate)

(VPmduct + Vlntermediate)
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Single-turnover ligation assays

To determine the individual rates of the adenylyl-transfer
and nick-sealing steps, single-turnover reactions were per-
formed with 800 or 1600 nM A232 LIG1 and 80 or 160 nM
DNA substrate. Reactions to determine Mg>* dependence
of the chemical steps were performed in a KinTek RQF-3
quench-flow apparatus, where LIG1 was loaded in a sep-
arate sample loop from the 28mer, both at double the de-
sired final concentrations to account for dilution upon mix-
ing. Both ligase and DNA solutions were prepared with the
standard reaction buffer supplemented with desired con-
centrations of MgCl,. Drive syringes were loaded with the
standard reaction buffer and reactions were quenched using
the standard loading buffer. Ligation in the presence of <2
mM MgCl, was slow enough that reactions were set up by
hand and incubated in a heat-block set at 37°C in place of
the quench-flow apparatus. Rates were obtained from fits to
the single-turnover data using a two-step irreversible model
in Berkeley-Madonna as previously described (22).

RESULTS

LIG1 syndrome mutations have mild impacts on DNA bind-
ing affinity and protein folding

To understand the potential impacts of LIG1 syndrome mu-
tations, we first examined the molecular environments of
the substitutions. R641 scaffolds a key DNA binding loop
in the LIG1 Adenylylation domain (AdD) (Figure 1A, B,
teal) whereas R771 maps to the C-terminal OB-fold do-
main (OBD) (Figure 1A, B, blue). Both arginine residues
are stringently conserved among LIG1 homologs (Figure
1C) and they participate in a network of protein-DNA and
interdomain interactions including the DNA binding do-
main (DBD) that stabilize a closed ring conformation of
LIG1 bound to its DNA substrate. Given the placement
of these residues, we hypothesized the mutants may impact
equilibrium DNA binding affinity. To probe LIG1 binding
to DNA, we used a reporter DNA substrate containing a
fluorescein-conjugated deoxythymidine at the nick (TFAM;
Supplementary Figure S1), a strategy that has been previ-
ously used to characterize DNA binding by T4 DNA ligase
(28). In the absence of Mg?*, equilibrium binding of LIG1
to DNA could be monitored by either changes in fluores-
cence anisotropy or the quenching of TFAM that occurs
upon binding of LIGI to the labeled nick (Figure 1D; see
Supplementary Figure S1d for changes in anisotropy). We
determined a Kp value of 3.2 £ 0.4 nM for wild-type (WT)
LIGI1 (Figure 1D). DNA binding is specific to the presence
of a ligatable nick, as TFAM DNA lacking a 5'-phosphate
moiety was bound very weakly with a K4 value of 4 £ 1 pM
(Supplementary Figure S1). Kp values for binding of the
R641L and R771W mutants to the ligatable substrate were
both within 1.6-fold of the WT enzyme, indicating that the
mutations do not have a large impact on substrate binding
in the absence of Mg”* (Figure 1D).

We next evaluated whether the mutations impact protein
stability and folding. Thermal shift protein denaturation as-
says performed in the absence of ligands yielded a melt-
ing temperature (7p,) of 47.9 £ 0.05°C for the WT enzyme
(LIG1WT) that is significantly increased to 55.7 & 0.01 with

the addition of substrate DNA (Supplementary Figure S2).
The mutant proteins gave only slightly reduced Ty, values
in the absence of DNA, LIGIR®IL (456 4+ 0.05°C; ATy,
= 2.3°C) and LIGIR7'W (46.1 £ 0.05°C; AT, = 1.8°C)
compared to LIGIWVT (Supplementary Figure S2). More-
over, the T}, values are indistinguishable between WT and
mutant proteins in the presence of DNA substrate which
supports the finding that R641L and R771W substitutions
do not appreciably weaken DNA binding affinity. We fur-
ther probed stability of mutant and WT LIGI under the
standard ligase assay conditions and all proteins were sta-
ble and retained full activity for 2 h at 37°C (Supplementary
Figure S1). Taken together, these studies demonstrate that
the R641L and R771W mutations do not cause substantial
defects in the thermodynamics of protein folding or DNA
binding. This suggests that the mutations exert their effect
on steps downstream of the initial engagement of the DNA
substrate.

Remodeling of the LIG1 AdD DNA-binding interface by
R641L

To more precisely define the impacts of the LIG1 syndrome
mutations, we crystallized and determined X-ray structures
of mutant LIGleDNA complexes using a truncated LIG1
construct that contains the catalytic core of the protein
(262-904) (23). The mutant proteins were extensively dia-
lyzed in EDTA and were crystallized with a ligatable nicked
DNA substrate bearing 3'-hydroxyl and 5'-phosphate moi-
eties at the nick site (Supplementary Table S1). This crys-
tallization method yields a DNA-adenylate crystal form in
which Mg** is not bound in the active site (23).

The 1.90 A X-ray structure of LIG1 R641L reveals an
extensive reorganization of the R641 DNA binding loop
[Figure 2A, Movie S1)]. Overall, the electron density for
the R641L mutation is well defined (Figure 2B). Structural
overlays highlight how the mutated R641L AdD DNA-
binding loop is restructured compared to the WT enzyme
(Figure 2A, B, Supplementary Figure S3a). In LIGIWT,
R641 participates in a key scaffolding interaction through
a buried salt bridge with D600 (Figure 2C). This scaffold
supports an array of basic amino acid—-DNA interactions
from the R641 AdD DNA binding loop. Residues K642
and K644 form salt bridge interactions to the phosphodi-
ester backbone of the DNA substrate, and R643 penetrates
the major groove of the DNA to contact the C4’ oxygen of
a deoxyribose sugar (Figure 2C).

The remodeled AdD DNA-binding loop of R641L shows
disengagement of the K642-R643-K644 DNA binding
contacts, and coincident distortions in the DNA backbone
(Figure 2A, D). In the absence of the R641-D600 salt bridge
anchor, a complete reorganization of the secondary struc-
ture of the R641L DNA binding loop is observed and the
Ca position of residue 641 is displaced by ~11 A away from
the phosphodiester backbone (Figure 2A, D). The R641-
D600 salt bridge is replaced by the packing of the mutant
L641 sidechain into a new hydrophobic pocket molded by
A625, V653 and V655 (Figure 2D). Unlike the DNA bind-
ing loop rearrangements, there are no large scale alterna-
tions to the enzyme active site or in the alignment of the
nicked DNA ends in the R641L structure. We note, how-
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Figure 2. The R641L mutation grossly remodels the LIG1 AdD-DNA binding interface. (A) Overlay of the WT (PDB 6POC, light blue) and R641L
(purple) LIG1 X-ray structures. The R641L mutation causes the R641 DNA-binding loop to collapse and move 11 A away from the DNA backbone,
resulting in the loss of protein-DNA contacts and distortion of the DNA helix. (B) Final 2F, — F; electron density contoured at 1.0 o for the R641L
mutant structure. (C) R641 scaffolds a key DNA binding loop of the AdD (purple loop) by forming a salt bridge to D600. Neighboring basic residues
K642 and K644 on the loop make contacts with the phosphodiester backbone of the DNA substrate, while R643 contacts the C4’” oxygen of a deoxyribose
sugar. (D) In R641L, the leucine substitution causes the loss of the salt-bridge interaction with D600, resulting in loop arrangements and disengagement

from the DNA substrate.

ever, that the absence of Mg”* ions in the R641L-DNA
crystal structure leaves open the possibility that additional
dynamic structural rearrangements could occur upon en-
gagement with the Mg?* cofactors.

Disruption of DNA-binding and interdomain interactions by
R771W

The R771W mutant was also crystallized and the X-ray
structure was determined at 2.0 A resolution (Figure 3A, B).
As was observed for the R641L mutant structure, there was
clear electron density for structural rearrangements caused
by the R771W substitution (Figure 3B, Supplementary Fig-
ure S3b). The R771W substitution induces a cascade of
local structural rearrangement that significantly remodels
protein-protein interdomain contacts at the juncture of the
OBD and DBD, as well as protein-DNA contacts (Figure
3A, Movie S2). In LIGIVT, R771 forms a salt bridge to
D802 which supports a critical OBD DNA binding loop
(Figure 3C). The R771 DNA binding loop normally in-
tercalates into the DNA minor groove and makes water-
mediated contacts with the DNA. An additional salt-bridge

interaction between R774 and E806 and DNA base con-
tacts by K770 further stabilize the protein-DNA contacts in
LIGIWT, Proximal to R771, salt-bridging contacts between
R768 (OBD) and D351 (DBD) secure the interdomain
OBD-DBD interface, reinforcing enzyme encirclement of
the DNA substrate (Figure 3C). Structural equivalents to
the R771-D802 salt bridge and the R771 loop are found
among the three human DNA ligases (Supplementary Fig-
ure S4) pointing to key roles for these structural elements in
mediating DNA ligase function.

In the mutant structure, the R771W loop rotates and
shifts away from the DNA helix with displacements of up
to ~2 A (Figure 3A). Coincident with Van der Waals-
driven steric displacement of the neighboring side chains
by W771, a cascade of rearrangements in protein—protein
and protein—DNA interactions are observed in the vicinity
of the mutated residue. R768 is shifted away from D351 re-
sulting in a loss of an OBD-DBD interdomain salt bridge.
K770 rotates away from the DNA and becomes disordered,
resulting in loss of DNA contacts (Figure 3B, D). Structural
reorganization of the R771W loop extends to an adjacent
DNA binding loop in the DBD that is also remodeled, with
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A ) Remodelling

Figure 3. The R771W mutation disrupts DNA-binding and interdomain interactions. (A) Overlay of the WT (PDB 6P0C, light blue) and R771W (red)
LIG1 X-ray structures. The R771W mutation causes local conformational changes in the OBD DNA binding loop with a ~2 A movement away from the
minor groove of the DNA helix and distortions in the DNA backbone. The altered loop structure results in the loss of protein-DNA and interdomain
contacts. (B) Final 2Fo-Fc electron density contoured at 1.0 o for the R771W mutant structure. (C) R771 is located on a DNA binding loop of the OBD
(red loop) where it intercalates into the minor groove of the DNA helix and makes water-mediated contacts with the DNA. The neighboring K770 makes
a direct DNA base contact. R771 forms a salt bridge with D802 and there is an additional salt bridge interaction between R774 and E806 that further
stabilizes this topology. The interdomain ring closure between the OBD and the DBD is stabilized by a salt bridge between R768 of the OBD loop and
D351 and G377 (not shown) of the DBD. (D)The crystal structure of R771W LIG1 highlights the movement of the R771 loop away from the DNA helix

and the loss of the salt bridge with D351 of the DBD.

residue R451 in the DBD shifting toward the DNA, effec-
tively reorganizing the protein-DNA interface.

R641L and R771W mutations decrease catalytic efficiency
and increase abortive ligation

Akin to the R641L crystal structure, little change is ob-
served in the active site of the R771W mutant. However,
given roles for the DNA 3’-OH strand in mediating dynamic
active site Mg?* binding (23), and that R641L and R771W
mutations impact local DNA binding structure, we hypoth-
esized that the mutants could impact the formation of the
reactive LIG1 complex upon binding of Mg?*. Consis-
tent with this, initial biochemical characterization of these
mutants indicated that the Mg?* dependence for multiple
turnover ligation is shifted to require higher Mg?* to satu-
rate the R641L and R771W LIG1 mutants (18). To better
understand impacts on metal cofactor binding of the mu-
tants, multiple turnover ligation kinetics were determined
using a gel-based ligation assay at a physiological Mg?* con-
centration. Under these conditions with I mM ATP and 2
mM total Mg?* (1 mM Mg**..), the mutant enzymes ex-

hibit both a reduction in k¢, and an increase in Ky pna rela-
tive to WT LIG1 (Figure 4A, B and Table 1). These changes
lead to an overall reduction in the catalytic efficiency for
the DNA substrate (kea /KmPN?) of 22-fold for R641L and
36-fold for R771W, relative to WT LIG1 (Figure 4C, Ta-
ble 1). The reduction in ke /Ky pna at 1 mM Mg?* g con-
centration is significantly more pronounced than the previ-
ously determined defects of 5- and 10-fold, respectively, for
kear/ KnPNA values determined with saturating amounts of
20 mM Mg?* (18). This underscores the unexpected sensi-
tivity of the mutant enzymes to Mg>* concentration, and
the partial rescue of activity by increasing the Mg>* con-
centration.

Both R641L and R771W are susceptible to abortive lig-
ation at 1 mM Mg?*, which is close to the expected phys-
iological Mg”* concentration (18). Abortive ligation oc-
curs prior to the final nick-sealing step of ligation and re-
sults in the release of the adenylylated DNA intermediate
from the enzyme. The aborted ligation intermediate can-
not be rebound by LIG1 when ATP is present as rapid
enzyme adenylylation occurs. Since an increased abortive
ligation burden is potentially cytotoxic and could be rel-
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Figure 4. LIG1 syndrome mutations decrease catalytic efficiency and increase abortive ligation. (A) Representative time course from multiple turnover
reactions containing 10 nM enzyme, 500 nM DNA, 2 mM MgCl, (1 mM Mg?*..) and 1 mM ATP. Initial rates from multiple turnover reactions were
determined from the slope of linear fits to the amount of substrate reacted. (B) The steady-state DNA dependence was determined with 0.1-10 nM LIG1
and increasing amounts of the DNA substrate. The resulting data were fit by the Michaelis-Menten equation to obtain k¢, and Ky pna values for WT
and mutant LIG1 enzymes. (C) The R641L and R771W mutants have substantially reduced catalytic efficiency (kcat/Km values from the fits in panel b).
(D) Representative denaturing gel image from a ligation assay containing 5 nM R641L, 500 nM DNA, 2 mM MgCl, (I mM Mg**(..) and 1 mM ATP
highlighting buildup of the aborted intermediate. (E) The fraction of abortive ligation events observed in the steady-state magnesium dependences. The
physiologically-relevant [Mg?*]ee (~1 mM) is marked by a dashed line. R641L and R771W LIGI exhibit enhanced rates of abortive ligation compared
to WT at low [Mg? e All values are mean & SD (n > 3).

Table 1. Steady-state kinetic parameters for LIG1-catalyzed ligation

WT R641L R771W
kear (571 0.36 £ 0.07 0.066 £ 0.009 0.041 £ 0.002
Ky (nM) 50 + 18 211 + 67 220 + 74
Jecat/ K M~ 1s71) 7.8 £ 1.7 x 10° 0.36 + 0.02 x 10° 0.22 + 0.08 x 10°

Steady-state kinetics were determined at 37°C with saturating ATP (0.2 mM) and 1 mM Mg?* .. (Figure 4B). Values are the mean + SD (1 > 3).

evant to the onset of LIGI syndrome, we further investi- tions prompted us to investigate the effect of the LIG1 syn-
gated the abortive ligation burden caused by the R641L and drome mutations on the DNA-dependent steps of the DNA
R771W LIG1 variants. Steady-state ligation reactions were ligation reaction, adenylyl transfer and nick sealing (Figure

performed with WT and mutant LIG1 enzymes under a 5A). Reaction time courses are shown for the mutant en-
range of magnesium concentrations to observe the magne- zymes at a 10-fold excess of enzyme over DNA substrate
sium dependence of abortive ligation (Figure 4E). A rep- and with | mM Mg>* .. (Figure 5B). To uncover any defects
resentative time course for R641L is shown in Figure 4D, in the individual chemical steps of ligation, we performed
showing roughly equal amounts of ligated product and re- single-turnover ligation assays using a rapid-quench appa-
leased adenylylated DNA at near-physiological concentra- ratus over a range of magnesium concentrations. The mu-
tions of Mg?* (1 mM). At the lowest Mg?* concentration tants exhibit lower Kygo+ values for the adenylyl-transfer

tested (50 wM Mg?* ) the mutants could only perform step than for nick sealing showing that, like WT LIGI, the
abortive ligation, whereas WT LIG1 aborted only 10% (Fig- mutants bind the catalytic magnesium ion tighter during the
ure 4E). first DNA-dependent step of ligation. However, the affinity
of the magnesium ion during adenylyl transfer is ~40-50-
fold weaker for both R641L and R771W relative to WT en-
zyme (Figure 5C, Table 2). A defect is also apparent in the
Kwmgo+ value for nick sealing, with the affinity for the cat-
alytic magnesium ion being ~2-3-fold weaker for the mu-
The substantial decrease in catalytic efficiency and the tants as compared to WT (Figure 5D, Table 2). These re-
prevalence of abortive ligation at lower Mg>* concentra- sults indicate that the structural changes resulting from the

Single turnover ligation kinetics demonstrate that R641L and
R771W are compromised for both adenylyl transfer and nick
sealing
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Figure 5. LIG] clinical mutations weaken catalytic metal affinity in both the adenylyl transfer and nick-sealing steps. (A) After the adenylylated LIG1
enzyme binds to a nick site, the AMP moiety is transferred to the 5 phosphate during a step known as adenylyl transfer. Nick-sealing follows with
attack of the 3’ hydroxyl on the 5" phosphate, releasing AMP and the sealed DNA product. (B) Representative single-turnover ligation time courses for
R641L (lavender) and R771W (red) in the presence of | mM Mg2*. Data were fit to a two-step irreversible model in Berkeley-Madonna to determine the
microscopic rates of ligation. The rates of adenylyl transfer (C) and nick sealing (D) were determined from single-turnover experiments containing 800 nM
LIGI, 80 nM DNA and varying concentration of Mg?*. The maximal rates and Ky values for both steps were determined from hyperbolic fits to the
single-turnover data and the values are summarized in Table 2. All values are reported as the mean + S.D. (n > 3).

Table 2. Maximal rates and magnesium affinities for the individual chem-
ical steps of ligation

WT R641L R771W
kear (571) 0.69 & 0.10* 027 £ 0.05*  0.18 & 0.03 *
Ktransfer (571 30 £ 061 0.8 + 0.1 0.46 + 0.07
Kcal (s71) 16 + 41 53+ 03 70 £ 1.4
Knig (mM) 0.86 & 0.03 * 43 £ 1.5% 3.5+ 04%
KM transfer (MM) 0.10 & 0.03 1 3.9 + 0.4 6.1 + 1.0
KM seal (MM) 49 £ 21" 13+6 17+8

Rate constants for single-turnover ligation were measured using rapid
chemical quench (Figure 5). Values are the mean £+ SD (n > 3).*Values
for kcar and Kyjg are from (18). TValues for WT LIG1 are from (22).

R641L and R771W mutations are somehow impacting the
binding of the catalytic magnesium ion, causing a weaken-
ing of Mg?* binding during both adenylyl transfer and nick
sealing (Table 2). Additionally, the maximal rates of the two
chemical steps are reduced by ~3-fold for the mutants rel-
ative to the WT enzyme even at saturating concentration
of Mg?* (Table 2). Thus, the mutant enzymes bind the cat-
alytic Mg>* cofactor less tightly than the WT enzyme. This
suggests that dynamics of LIG1 ring closure and concomi-
tant active site alignment for catalysis is impaired in LIG1
syndrome mutants.

Removal of the HiFi Mg?*-binding site partially rescues the
defects of the LIG1 syndrome mutations

Given the evidence for structural rearrangements far from
the mutated residues R641L and R771W, and the defects in
cofactor binding and catalysis, it appears that LIG1 engages
its substrate via a cooperative network of interactions that
couple conformational rearrangements in both protein and

DNA to achieve the active enzyme structure. A unique fea-
ture of the reactive LIG1 structure is the HiFi Mg?* bind-
ing site, a structural Mg?*-binding site that enforces high
fidelity ligation by providing structural rigidity between the
protein and the 3’-hydroxyl strand of the DNA (23). Struc-
tures of the R641L and R771W mutants show perturba-
tions in the DNA conformation in the region of the HiFi
Mg?* binding site that is formed by E346 from the DBD
and E592 from the AdD (Figure 6A, B, Supplementary Fig-
ure S3c¢-f). We hypothesized that these propagated changes
in DNA conformation would create additional strain once
Mg?* is bound in the HiFi site and therefore that removal
of the HiFi site may rescue the catalytic defects in the LIG1
syndrome mutants. Consistent with this idea, it was previ-
ously demonstrated that the reduced fidelity LIG1 mutant
(E346A/E592A), lacking the HiFi Mg>" site, suppresses
abortive ligation and enhances ligase activity on improperly
base-paired oxidatively damaged DNA substrates (23).

To test this idea, we created triple mutants that com-
bined each LIG1 syndrome mutation with the previously
characterized E346A/E592A double mutation that ablates
the HiFi magnesium-binding site (Supplementary Figure
S5). Multiple turnover ligation kinetics demonstrate that
the triple mutants exhibit a significant decrease in the bur-
den of abortive ligation (Figure 6C, D) and 20-30-fold in-
creased catalytic efficiency (Figure 6E, Supplementary Ta-
ble S3) compared to the singly mutated enzymes. Whereas
it is easy to rationalize how the HiFi Mg>" site contributes
to the cooperativity between the rearranged R641 loop as
they are both on the 3’-hydroxyl side of the nick, we also ob-
served very similar rescue for the R771W mutation which is
located across the nick on the 5'-phosphate side. Therefore,
structural rearrangements in the LIG1 complex are able to
propagate across the nick and potentially tie recognition of
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Figure 6. Removal of the HiFi Mg?* site partially rescues the defects in the LIG1 syndrome variants. (A) Overlay of the DNA substrate from the WT
LIG1 crystal structure (blue) and the substrate from either the R641L (lavender) or R771W (red) crystal structure. R641L and R771W both cause helical
distortions that impact the positioning of the phosphodiester backbone proximal to the MgHFi site. (B) Schematic depicting the relationship between the
catalytic Mg?* and the DNA binding loops and the role of the HiFi Mg?* ion. (C) Representative steady-state ligation assays containing 5 nM [LIG1], 500
nM [DNA], 2 mM MgCl, (1 mM Mg?* ) and I mM ATP highlight the suppression of abortive ligation caused by the clinical mutants when the MgHiFi
ligands (E346 and E592) are absent. The E346A/ES92A variants of both R641L and R771W demonstrate decreased abortive ligation burden (D) and
enhanced catalytic efficiency (E) compared to LIG1 enzymes bearing the individual clinical mutations. (F) The addition of the E346A/ES92A mutations
to the R641L and R771W LIG1 enzymes causes a decrease in the Ky, values for both steady-state ligation and the individual chemical steps, indicating

that the triple mutants have a higher affinity for Mg+ compared to singly mutated LIG1 enzymes. Values are from Supplementary Table S3 and reflect the

mean + S.D. (n > 3).

both the 3'-hydroxyl end and the 5’-phosphate end together
in assembling the active site for catalysis.

We next examined the Mg?* dependence for multiple and
single turnover ligation kinetics (Supplementary Figure S5
and Table S3). Consistent with the emerging model for co-
operativity between DNA binding and active site assem-
bly, we observed 2-3-fold increases in the affinity for the
catalytic Mg?" in the triple mutants, relative to the LIG1
syndrome single mutations (Figure 6F). This suggests that
the structural rigidity of LIGI-DNA engagement enforced
by the HiFi site contributes to propagating rearrangements
along the DNA binding surface with catalytic interactions
in the active site, and further helps to explain why the triple
mutants almost completely suppress abortive ligation (Fig-
ure 6D). As previously shown, removal of the HiFi site did
not have a significant effect on the catalytic rates themselves
(23) and both Kyansfer and Kee,y are similar for the single and
triple mutants (Supplementary Table S3). In summary, the

connectivity between the HiFi-mediated recognition of the
3’-hydroxyl strand and LIG1 syndrome mutations at the
DNA-binding interface of the AdD (R641L) and the OBD
(R771W) emphasizes the cooperative remodeling of enzyme
and substrate that occurs in the final stages of DNA liga-
tion.

DISCUSSION

DNA ligase | deficiency in humans was first reported in
1992 with an individual who suffered from developmental
delays and immune deficiency (19,20). The immortalized fi-
broblast cell line 46BR.1G1 was established from this pa-
tient with homozygous R771W alleles of LIG1 (19), and
these cells show sensitivity to DNA alkylating agents and
delayed Okazaki fragment ligation consistent with inade-
quate DNA ligase activity (19,29-31). More recently, bial-
lelic LIG1 mutations were identified in individuals with
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a range of clinical symptoms from an early-onset Ig pro-
duction defect to severe combined B and T cell deficiency
requiring hematopoietic stem cell transplantation (18). It
is not yet clear why LIG] mutations cause immune defi-
ciencies or the degree to which specific alleles affect the
severity of disease symptoms. In the current work we have
probed the structural and biochemical consequences of two
of the LIG1 mutations identified in immunodeficient pa-
tients, including the R771W mutation associated with the
first case of LIGI deficiency syndrome. Although R641L
and R771W map to distinct regions of LIG1, they con-
fer markedly similar defects in enzyme function. Biochem-
ical characterization of these two variants reveal defects in
Mg?* cofactor binding, decreased catalytic efficiency, and
increased frequency of abortive ligation by the enzyme that
have critical implications for LIG1 syndrome patients.

High-resolution X-ray structures of the two variants al-
lowed us to identify altered conformations in key DNA
binding loops. The R641L mutation results in a marked
rearrangement of an AdD DNA binding loop structure.
The R641 loop shifts ~11 A away from the phosphodiester
backbone of the DNA substrate disrupting protein-DNA
contacts. Although this loop is far from the active site, the
R641L mutation has a large impact on both catalytic Mg>*
binding and ligation efficiency, as reflected by a 30-fold re-
duction in catalytic efficiency for the DNA substrate. It is
intriguing to note that the recently reported X-ray struc-
tures of the LIG4-DNA complexes show how the topolog-
ically equivalent R641 loop undergoes metamorphic con-
formational changes to mediate interactions with the DNA
substrate during the various catalytic events of the ligation
reaction (32). The corresponding loop of human LIG4 is
disordered in a DNA-bound, open enzyme conformation
in which the OBD partially disengages the DNA substrate
(Supplementary Figure S4a). This loop becomes structured
in an enzyme closed catalytically competent conformation
in which the core domains encircle the DNA substrate. In
LIG1, conformational remodeling of the R641 loop may
therefore influence the conformational changes associated
with DNA substrate binding and/or product release. How-
ever, we note that this loop adopts a distinct fold compared
to loops in LIG3 and LIG4 (Supplementary Figure S4a),
suggesting that the three mammalian ligases acquired dis-
tinct modes of DNA substrate interactions through evolu-
tion that mediate their specialized functions in distinct bi-
ological contexts, such as ligation of single-strand versus
double-strand DNA breaks.

The R771W mutation also causes perturbations in the
DNA binding surface, but compared to R641L, these are
more localized structural rearrangements. This region of the
OBD is structurally conserved among the human DNA lig-
ases (Supplementary Figure S4b), and thus is expected to
be critical for DNA ligase activity for LIG3 and LIG4. The
R771 loop located in the OBD is involved in the opening
and closure of the ring formed by the core enzyme domains
by engaging salt-bridging interactions with DBD residues.
This tryptophan substitution eliminates a key salt-bridge
interaction with D802, resulting in an intricate cascade of
protein-DNA complex alternations, including rearrange-
ments of a network of salt-bridge interactions that reinforce
the OBD-DBD junction of LIG1 in the encirclement of the
DNA substrate. Our data suggest that these rearrangements

compromise the stability of the ring-closed complex that is
necessary for tight DNA binding in the adenylylation and
nick sealing steps.

The substantial biochemical defects that we documented
for the R641L and R771W variants are belied by relatively
minor structural perturbations at the active site of the crys-
tallized LIG1eDNA complexes solved in the absence of
Mg?*. We suggest that binding of Mg>* to the HiFi site
strengthens the connectivity between the active site and dis-
tal parts of the DNA binding surface. Consistent with this
model, DNA rearrangements occur near the unoccupied
HikFi site in the structures of both variants (Figure 6A, Sup-
plementary Figure S3c—f). We further explored this con-
nectivity by combining mutations that eliminate the HiFi
Mg?* binding site with the LIG1 syndrome variants. The
biochemical parameters of these triple mutants reveal sub-
stantial (>20-fold)) rescue of the catalytic efficiency with
more modest, but significant (2-3-fold) rescue of catalytic
Mg?* binding (Figure 6E, F). It is reasonable to speculate
that the inherent flexibility in DNA ligases that require large
conformational rearrangements through the catalytic cycle
also permits remodelling in response to disruptive muta-
tions such as these clinical mutations. Indeed, a bacterial
DNA ligase has been shown to readily develop drug resis-
tance mutations that weaken binding of an active-site di-
rected inhibitor while retaining substantial DNA ligase ac-
tivity (33). If this speculative hypothesis is true, then we can
expect that more examples will be forthcoming as the eu-
karyotic DNA ligases and their disease-associated variants
are studied.

The implications of this work for LIGI1-catalyzed liga-
tion overall and for the molecular basis of LIG1 syndrome
specifically are summarized in Figure 7. In contrast to the
seamless remodelling of WT LIGI1 that occurs upon en-
gagement of a ligatable nick (Figure 7A, middle complex),
the R641L and R771W mutants disrupt this process (Fig-
ure 7B). In WT LIGI the encirclement of the DNA is stabi-
lized by interdomain interactions as well as protein-DNA
interactions both upstream and downstream of the nick.
The structural HiFi Mg?" is important for remodelling of
the 3’-hydroxyl strand toward an A-form-like structure and
discrimination against ligation of damaged or mismatched
substrates (23). In the case of a proper ligatable nick, the en-
zyme holds tightly onto the adenylylated intermediate and
achieves very high efficiency of ligation (22). In the case
of the R641L and R771W mutation, the closed conforma-
tion is destabilized which provides greater opportunity for
abortive ligation (Figure 7B). It is notable that both mutants
can be partially rescued by super-physiological concentra-
tions of Mg?* which suppresses abortive ligation and leads
to higher catalytic efficiency. The common biochemical fea-
tures of these LIG1 syndrome mutations has immediate and
long-term implications for the patients. Most directly, we
have shown that the R641L and R771W defects are strongly
sensitive to Mg”" in the physiological range. Therefore, it is
important that patients avoid dietary Mg?* deficiency which
is rare and can be easily treated by supplemental Mg”* in-
take.

More generally, we have shown that both clinical variants
release high levels of adenylylated intermediates and it is
notable that all recognized cases of LIG1 syndrome have
one of these two alleles represented. This raises the pos-
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or direct hydrolytic removal by APTX.

sibility that the physiological symptoms could be specific
to the abortive ligation itself, and are not simply explained
by diminished level of LIG1 catalytic activity. Adenylated
DNA adducts are presumably cytotoxic because they can
block DNA repair and replication (Figure 7B). Normally
adenylated DNA can be repaired by two distinct pathways.
Aprataxin (APTX) catalyzes the hydrolysis of adenylylated
DNA to directly restore the 5'-phosphate terminus (34,35)
and Flap endonuclease 1 (FENI) flap cleavage can gener-
ate a new ligatable DNA nick after strand displacement
synthesis (22). Elevated abortive ligation products gener-
ated by LIG1 syndrome mutants would require a high level
of APTX or FENI activity to maintain genomic stability.
Thus, the specific activity of a patient’s APTX and FEN1
repair pathways could be important modifiers of the sever-
ity of LIG1 deficiency syndromes. Currently the identified
LIGI syndrome patients are relatively young and it will be
important to monitor whether there is any connection be-
tween the primary immune deficiency experienced in youth
and the neurodegenerative symptoms caused by APTX defi-
ciency that typically manifest later in life (18). This hypoth-
esis also has implications for heterozygous individuals with
a single copy of the R771W or R641L variant, as even a
single hypomorphic allele may increase the risk for immune

diseases. More research is required to address this new hy-
pothesis that abortive ligation could be an important factor
in primary immune deficiency.
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