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Abstract

Background The ATP-dependent DNA ligase Lig E is present as an accessory DNA ligase in numerous proteobacterial
genomes, including many disease-causing species. Here we have constructed a genomic Lig E knock-out in the
obligate human pathogen Neijsseria gonorrhoeae and characterised its growth and infection phenotype.

Results This demonstrates that N. gonorrhoeae Lig E is a non-essential gene and its deletion does not cause

defects in replication or survival of DNA-damaging stressors. Knock-out strains were partially defective in biofilm
formation on an artificial surface as well as adhesion to epithelial cells. In addition to in vivo characterisation, we have
recombinantly expressed and assayed N. gonorrhoeae Lig E and determined the crystal structure of the enzyme-
adenylate engaged with DNA substrate in an open non-catalytic conformation.

Conclusions These findings, coupled with the predicted extracellular/ periplasmic location of Lig E indicates a role in
extracellular DNA joining as well as providing insight into the binding dynamics of these minimal DNA ligases.
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Introduction

The DNA ligase Lig E is the most recently-delineated
form of the diverse bacterial ATP-dependent DNA ligases
(b-ADLs) which are found in the genomes of many bacte-
rial species in addition to their replicative NAD-depen-
dent DNA ligase. The b-ADLs characterised to date are
auxiliary enzymes which join DNA breaks as part of sta-
tionary phase DNA-repair pathways. These structurally
diverse enzymes are categorised by both the composition
of their appending domains, some of which have autono-
mous catalytic functions and their operonic arrangement
with other pathway enzymes. The best-studied b-ADLs
Lig C and Lig D function in stationary-phase base
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excision repair and non-homologous end joining respec-
tively and are found adjacent to other genes that carry
out earlier nucleolytic, polymerase or DNA end-binding
steps [1-3]. Likewise, the co-localization of the Lig B
class of b-ADLs with a conserved Lhr-helicase and pair
of nucleases implies a role in genomic DNA repair [4, 5].
In contrast to these b-ADLs, Lig E does not exhibit
syntetic conservation with any repair-associated genes
and its biological function remains undefined [6, 7]. Lig
E is distinguished by having a minimal structure lacking
typical globular DNA binding domains or loop regions.
Despite this, in vitro characterisation of recombinant Lig
E enzymes from a range of bacteria have demonstrated
that they are fully-functional ATP-dependent ligases with
preferential activity on singly-nicked DNA and some,
albeit weaker, activity on cohesive ends [8-11]. Struc-
tures of Lig E bound to adenylated nicked DNA or as the
enzyme-adenylate without DNA show that it engages
this substrate through highly conserved basic residues
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in the oligonucleotide binding (OB) domain and the
inter-domain linker [9, 10]. The most intriguing struc-
tural aspect of Lig E however, is the N-terminal leader
sequence which is predicted to direct its localisation to
the periplasm. Removal of this sequence increases both
the stability and activity of the enzyme, and both Lig E
structures as well as most in vitro characterisation has
been undertaken on the mature leader-less form [11].

Examination of the phylogenetic distribution of Lig E
indicates it is widespread among, but restricted to pro-
teobacteria and is typically the only b-ADL found in a
particular species’ genome [7]. Notably, Lig E has been
annotated in genomes of several naturally competent,
biofilm-forming pathogenic bacteria, several of which
have acquired antibiotic resistance traits and present
potential multi drug resistance threats [6]. An example
is the obligate human pathogen Neisseria gonorrhoeae
which colonises and infects mucosal cells of the male and
female reproductive tracts and is the causative agent of
the sexually transmitted infection (STI), gonorrhoea.
One of the most concerning features of N. gonorrhoeae
is its ability to gain antibiotic resistance due to its natural
competence. Its propensity to take up conspecific DNA
is enhanced 20-100-fold by the presence of a 10 bp DNA
uptake sequence (DUS) which is common in the gono-
coccal genome and allows the bacterium to differentiate
species-specific DNA from other DNA in the environ-
ment [12, 13]. Gonorrhoea infection may cause urethri-
tis in men, cervicitis or pelvic inflammatory disease in
women and neonatal conjunctivitis if contracted dur-
ing birth; however, a high proportion of infections are
asymptomatic (approximately 50% in females and 40% in
males [14]) leading to its undetected spread and delayed
treatment [15]. N. gonorrhoeae readily forms a biofilm on
epithelial cells during infection which likely contributes
to this ability to evade the host immune system through
the help of a heterogeneous physical barrier or the poten-
tial subsequent induction of oxidative stress defence
mechanisms, and additionally can modulate the spread of
antibiotic resistance by horizontal gene transfer [16—19].
Extracellular DNA (eDNA) comprises a large fraction
of gonococcal biofilm which is produced by active DNA
secretion as well as contribution of genomic DNA from
lysed gonococcal cells [20-22].

Despite extensive in vitro characterisation of Lig E
from a range of pathogenic and environmental bacteria,
the biological function of Lig E remains unknown. How-
ever, the probable extracellular location of Lig E, coupled
with its presence in the genomes of bacteria known to be
competent for eDNA uptake and which can form eDNA-
rich biofilms suggest its involvement of this DNA ligase
in one or both of these processes. Here we report the
first in vivo study of the function of Lig E via generation
of a knock-out in N. gonorrhoeae. Although no impact
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was observed on planktonic growth rates, the deletion
mutant was partially defective in biofilm formation and
adhesion to epithelial cells as well as exhibiting aberrant
growth rates in the presence of DNA-damaging antibiot-
ics. In addition, we have characterised recombinantly-
produced N. gonorrhoeae Lig E in vitro and determined
the structure of the enzyme-adenylate in an open DNA-
engaged conformation.

Methods

N. gonorrhoeae strains and cultivation

All N. gonorrhoeae used in this study were generated
from the MS11 strain (ATCC: BAA-1833™ ). Gonococci
were grown at 37 °C and 5% CO, either on gonococ-
cal base (GCB) agar (Difco) or in gonococcal base liq-
uid (GCBL) media (15 g/L proteose peptone #3, 4.0 g/L,
K,HPO,, 1.0 g/L, KH,PO,, 1.0 g/L NaCl), both supple-
mented with 1% Kellogg’s supplement (22.22 mM glucose,
0.68 mM glutamine, 0.45 mM cocarboxylase, 1.23 mM
Fe(NO,)3) [23].

N. gonorrhoeae mutant construction

To generate different variants, constructs were designed
to introduce insertions and/or deletions into the MS11
genome (GenBank: CP003909.1) by homologous recom-
bination of flanking sequences. Briefly, the Ango-Lig E
mutant contained a disruption of the ngo-Lig E gene
(NGFG_01849) via a kanamycin resistance cassette,
while the ngo-Lig E-His mutant had a 6-His-tag at the
C-terminus of the intact ngo-Lig E gene as well as an
additional kanamycin resistance cassette behind the
gene. The opaB-ngo-Lig E mutant was generated at an
intergenic site between open reading frames NGFG_
RS14495 and NGFG_RS13185. Here, a codon-optimised
ngo-Lig E gene was used to avoid aberrant recombination
with the native ngo-Lig E copy while still encoding the
same amino acid sequence. This was inserted behind the
constitutive opaB promoter and included a 6-His-tag at
the C-terminus and a kanamycin resistance cassette for
selection. All DNA constructs were ordered as gene frag-
ments or clonal genes (Integrated DNA Technologies or
Twist Biosciences).

Strains were generated via spot transformation [23,
24]. Briefly, colonies determined to be piliated by obser-
vation under a dissecting microscope [23] were streaked
through 10 ng spots of the DNA constructs on GCB agar.
After a 24 h incubation, colonies growing at the spotted
locations were restreaked onto GCB plates with kana-
mycin (50 pg/mL) for selection. These mutants were
verified via PCR and sequencing analyses using prim-
ers detailed in Supplement 1. To ensure only the desired
changes were introduced, the Ango-Lig E and wt genomes
were re-sequenced using Oxford Nanopore technology
(Oxford Nanopore technologies, Oxford, UK). Genomic
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DNA was extracted using the Thermo Scientific GeneJet
Genomic DNA Purification kit (ThermoFisher Scientific)
and libraries were prepared using the Native Barcoding
Kit 24 V14 (SQK-NBD114.24, Oxford Nanopore technol-
ogies, Oxford, UK) following the manufacturer’s proto-
col. Sequencing was conducted on the Oxford Nanopore
MinION using the R10.4.1 flow cell compatible with Kit
14 chemistry, and basecalling and multiplexing were car-
ried out using Dorado V0.40 (https://github.com/nano-
poretech/dorado). Resulting reads were assembled via a
long-read consensus approach using Tricycler [25] and
compared in the Geneious software via the Mauve plugin
[25]. Sequencing data have been deposited with the iden-
tifier PRINA1051170.

Statistical methods for phenotypes and assays

Statistical analyses of phenotypic characterisation experi-
ments and enzyme assays were performed using the
GraphPad Prism 9 software. One-way analysis of vari-
ance (ANOVA) with Tukey’s multiple comparisons test
was used to compare the different measurements and P
values <0.05 were deemed statistically significant.

Growth experiments in liquid culture

Pilliated gonococci from a 24 h streak were lawned for
16 h before resuspension in GCBL media. Suspensions
with an ODg, of 0.05 were prepared and aliquoted into
12-well plates (1 mL per well, 3 replicates each), where
each 12-well plate corresponded to one time point.
Gonococcal cells were harvested at 1.5 h intervals by
scraping cells from the bottom of the well and vortexing
vigorously for 2 min. Growth was monitored by measur-
ing the ODy,, of the cell resuspensions before serially
diluting and plating onto GCB agar. The number of colo-
nies on the agar plates were counted after 48 h to obtain
colony forming units (CFUs).

H,0, oxidative stress assay

Oxidative stress assays were carried out as described
previously [26]. Pilliated gonococci from a 24 h streak
were lawned for 16 h before resuspension in GCBL
media. Suspensions with a OD, of 0.05 were prepared
and aliquoted into separate wells in 12-well plates. After
9 h of growth, the gonococci were subjected to 0, 2, 5,
10, 25 or 50 mM H,0, treatment for 20 min. Cells were
then scraped from the bottom of the wells, pelleted and
washed with 300 uL GCBL to remove excess hydrogen
peroxide, then resuspended in 1 mL GCBL before being
serially diluted and plated onto GCB agar. CFU read-
ings were obtained by counting the number of colonies
formed after 48 h.
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UV survival assay

Pilliated gonococci from a 24 h streak were lawned for
16 h before resuspension in GCBL media. Suspensions
with an ODg, suspension of 0.6 were prepared and seri-
ally diluted before plating onto GCB agar. The agar plates
were subjected to UV irradiation at 80 ] for 0, 5, 7.5 and
10 min using a BLX-254 crosslinker [27]. The plates were
then incubated for 48 h before counting to obtain CFU
readings.

Nalidixic acid treatment assay

Pilliated gonococci from a 24 h streak were lawned for
16 h before resuspension in GCBL media. Suspensions
with an ODyg, of 0.6 were prepared and serially diluted
before plating onto GCB agar with 1.25 mg/L nalidixic
acid (Nal-acid) [27]. The plates were incubated for 48 h
before counting to obtain CFU readings.

Cell infection and adhesion assays

The ME-180 (HTB-33™ endocervical cell line was used
for the host association assays and were maintained in
McCoy’s 5 A media (Gibco) supplemented with 10% foe-
tal bovine serum (FBS). Based on previously described
work [28], ME-180 cells were seeded in 12-well plates
48 h prior to use to achieve 80-100% confluency on the
day of the experiment. Pilliated, Opa negative (Opa")
gonococci from a 24 h streak were lawned for 16 h before
resuspension in GCBL media. The ODy, of the resuspen-
sions were measured and back-calculated to give units of
CFU/mL. The suspensions were then used to infect the
ME-180 cells at a multiplicity of infection (MOI) of 25 in
McCoy’s 5 A with 10% FBS for 6 h. All experiments were
done in triplicate.

For planktonic measurements, the supernatants were
aspirated and the wells were washed three times with 1
mL GCBL. The pooled supernatant and washes were vor-
texed (2 min), serially diluted and plated onto GCB agar.
To measure adhered cells, the remaining cell monolay-
ers were subjected to 0.5% saponin treatment (1 mL in
GCBL) for 20 min then scrapped and vortexed vigorously
for 2 min before serial dilution and plating onto GCB
agar. The number of colonies on the agar were counted
after 48 h to obtain CFU readings for planktonic and
adhered cells respectively. Gonococcal adherence and
planktonic growth were calculated as the proportions of
the total CFUs and expressed as percentages.

For invasion measurements, the media was aspirated
before treatment of infected ME-180 cells with 50 pg/
mL gentamicin for 1 h. The wells were then washed three
times with 1 mL GCBL before being subjected to 0.5%
saponin (1 mL in GCBL) for 20 min. The cells were then
scraped and vortexed vigorously for 2 min before serial
dilution and plating onto GCB agar. The number of colo-
nies on the agar were counted after 48 h to obtain CFU
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readings for cells that had invaded the cervical cell mono-
layer. The extent of invasion was calculated as a propor-
tion of the total number of cells.

Biofilm microtiter assays

Pilliated gonococci from a 24 h streak were lawned for
16 h before resuspension in GCBL media. Suspensions
with an ODg, of 0.05 were prepared and aliquoted into
separate wells in 96-well plates (100 pL per plate, 8 repli-
cates each). After 24 h, the wells were washed three times
with sterile water before staining with 125 pL 0.8% crystal
violet for 15 min. The wells were then washed four times
with sterile water before air-drying overnight. The dye
was resolubilised in 125 ul. 30% acetic acid and the solu-
bilised crystal violet solutions were transferred to a new
96-well plate. The extent of biofilm formed was deter-
mined by the absorbance at 560 nm as described [29].

RNA extraction and RT-qPCR

RNA was isolated from WT gonococci and the three
variant strains under planktonic and biofilm conditions.
Pilliated gonococci from a 24 h streak were lawned for
16 h before resuspension in GCBL media. Suspensions
with an ODg, of 0.05 were prepared and aliquoted into
separate wells in 12-well plates. After 24 h, the cells were
either harvested without scraping (planktonic fraction) or
harvested with scraping the wells (biofilm fraction). Total
RNA was isolated using the Direct-zol RNA Miniprep
Kit (Zymo Research). RNA concentration and quality
were measured using the DeNovix DS-11 spectropho-
tometer and the Denovix RNA quantification assay kit.
Reverse transcription was performed on 18 ng/pL RNA
(162 ng total) to obtain cDNA using the SuperScriptIII
First-Strand Synthesis System (Invitrogen). RT-qPCR was
performed on a Mic qPCR cycler using the Hot Fire Pol
DNA polymerase kit (Solis Biodyne) with specific probes
and primers for the Lig E gene and the 16s rRNA house-
keeping gene as listed in Supplement 2. Relative quanti-
fication of gene transcription was performed using the
comparative Ct method [30] after normalising to the 16s
rRNA gene.

Subcellular fractionation

Subcellular fractionation was performed on gonococcal
cells to separate cytoplasmic, cell-membrane, periplas-
mic and extracellular proteins [31]. Pilliated gonococci
from a 24 h streak were lawned for 16 h before resus-
pension in GCBL media. 30 mL cultures with an ODg,
of 0.05 were prepared with GCBL media and cultivated
overnight before harvesting by centrifugation (5000 xg,
15 min) to separate the pellet and supernatant. Extracel-
lular proteins were recovered from the supernatant by
precipitation with 20% trichloroacetic acid, incubation
for 1 h on ice and collection by centrifugation at 20,000
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xg. The resultant pellet was washed with ice-cold 90%
acetone three times before air drying and resuspension in
10 mM Tris (pH 8.0). The periplasmic fraction was iso-
lated from the pelleted cells by addition of 1 mL of buffer
1 (0.2 M Tris (pH 8.0), 0.1 M EDTA, 20% sucrose) before
incubation on ice (20 min) and centrifugation (20,000 xg
15 min, 4 °C). The pellet was resuspended in 1 mL buf-
fer B (10 mM Tris, 5 mM MgSO,, 0.2% SDS, 1% Triton
X100) before incubation on ice (20 min) and centrifuga-
tion (20,000 xg, 15 min, 4 °C). The resultant supernatant
was the periplasmic portion. To isolate cytoplasmic frac-
tion proteins, the remaining pellet was treated with 1
mL Bug Buster (Sigma-Aldrich) and agitated for 20 min
before centrifugation (10,000 rpm, 10 min, 4 °C). The
supernatant was re-centrifuged at maximum speed (1 h)
and the resultant supernatant was isolated as the cyto-
plasmic portion. To isolate the membrane fraction isola-
tion, the remaining pellet was resuspended in 0.01 M Tris
(pH 8), spun and the resultant pellet was isolated as the
membrane portion.

His-tagged protein detection

To enrich for His-tagged proteins, each subcellular frac-
tion was incubated with pre-washed Ni Sepharose High
Performance nickel resin beads (Cytiva) for 15 min. After
this time, the beads were sedimented by centrifugation,
washed twice with lysis buffer (50 mM Tris pH 8.0, 750
mM NaCl, 1 mM MgCl,, 5% glycerol) and electropho-
resed on 12% SDS-PAGE gels. Western blotting was
performed with nitrocellulose membranes. After pro-
tein transfer, membranes were blocked for an hour with
5% milk in Tris buffered saline- Tween 20 (TBST). The
membrane was probed with 1:500 anti-His-tag mouse
monoclonal (HIS.H8), sc57598 igG2b antibody (Santa
Cruz Biotechnology; 10 pg/mL) overnight, and 1:1000
goat anti-mouse polyclonal IgG antibody conjugated to
horseradish peroxidase ab97023 (Abcam; 1 mg/mL) for
1 h. The membranes were incubated with the SuperSig-
nal West Femto Maximum Sensitivity Substrate for 5 min
before imaging using the iBright Imaging System.

Recombinant expression of Ngo-Lig E
The position of the Ngo-Lig E N-terminal leader
sequence was predicted using Signal P [32]. Pre-cloned
constructs encoding mature native- and C-terminally
His-tagged Ngo-Lig in the pPDONR221 plasmid were syn-
thesised from Twist BioScience with codon optimization
for E. coli. Constructs were sub-cloned into the pDEST
17 and pHMGWA vectors using the Gateway system and
recombinant Ngo-Lig E was expressed and purified from
BL21(DE3)pLysS at 15 °C as described for other Lig E
proteins previously [11].

Briefly, native mature Ngo-LigE expressed from
pDEST17 with an N-terminal His tag was purified with
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a primary immobilised metal affinity chromatography
(IMAC) step on a 5 mL His trap HP column with buf-
fer A (50 mM Tris pH 8, 750 mM NaCl, 10 mM imidaz-
ole, 5% glycerol) and eluted with buffer B (50 mM Tris
pH 8, 750 mM NaCl, 500 mM imidazole, 5% glycerol).
After exchange into TEV cleavage buffer C (50 mM Tris
pH 8, 100 mM NaCl, 5% glycerol, 1 mM DTT) the N-ter-
minal His-tag was cleaved overnight with TEV protease
(0.1 mg/ml) and the de-tagged protein was recovered
by a reverse IMAC step. A final size-exclusion chroma-
tography (SEC) was carried out using a Hi Load 16/600
Superdex 75 column. Native mature Ngo-LigE and C-ter-
minally tagged mature Ngo-LigE expressed with N-ter-
minal His-MBP tags were purified in the same way, but
an additional chromatographic step was included after
size exclusion to separate residual His-MBP tag that had
carried over after cleavage. Pooled Ngo-Lig E/ Ngo-Lig
E-His were loaded onto an MBPTrap HP column in MBP
binding buffer (20 mM Tris pH 7.4, 200 mM NaCl, 1 mM
EDTA, 1 mM DTT) and eluted using a linear gradient of
MBP elution buffer (20 mM Tris pH 7.4, 200 mM NaCL,
1 mM EDTA, 1 mM DTT, 10 mM Maltose). All proteins
were evaluated as being purified to homogeneity by the
appearance of a single band on SDS-PAGE.

DNA ligation assays

Gel based endpoint assays were used to measure liga-
tion activity as described previously [6, 33]. Standard
assay conditions included 80 nM of fluorescently-labelled
nicked substrate, 1.0 mM ATP, 10 mM MgCl,, 10 mM
DTT, 50 mM NaCl and 50 mM Tris pH8.0. Ngo-Lig E
or Ngo-Lig E-His (0.1 puM) were incubated at 25 °C for
30 min before quenching with 95% formamide stop buf-
fer. Products were electrophoresed on 20% urea-PAGE
gels and fluorescence was detected using the iBright
imaging system and quantified using Image J [34]. The
assay was repeated with variations in the pH (Tris buffer
for pH 7.1-9.0; MES buffer for pH 5.5-6.2) and amount
of ATP used in the reaction buffer as well as different
combinations of substrate oligonucleotides to generate
different ligatable DNA breaks (Supplement 4 and Sup-
plement 5). Incubation conditions for the different DNA
substrates were 25 °C, 30 min for single nick, overhang
and mismatched substrates, and 15 °C overnight for blunt
ended and gapped substrates.

Crystallization and structure determination of the Ngo-Lig
E - DNA complex

Double-stranded nicked DNA for co-crystallization was
assembled as described previously [6, 9] using HPLC-
purified oligos purchased from IDT with the sequences
CAC TAT CGG AA (5P-phosphorylated strand); ATT
GCG ACC (3'OH-strand) and TTC CGA TAG TGG
GGT CGC AAT (complementary strand). His-tagged
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Ngo-Lig E (478.7 uM) was incubated with a 1.2 molar
excess of the nicked duplex DNA an additional 5 mM
EDTA for 1 h on ice prior to commencing crystalliza-
tion screening. Crystals with a plate morphology were
grown by hanging drop diffusion at 18 °C in 0.5 M potas-
sium thiocyanate, 0.1 M Bis Tris Propane pH 8.0 and
were mounted in cryoloops and directly flash frozen in
liquid nitrogen for data collection. Diffraction data to
2.44 A was measured at the Australian Synchrotron MX2
beamline [35] and integrated, scaled and merged using
XDS and Aimless [36, 37]. A model of Ngo-Lig E was
built using AlphaFold via the CoLab server [38] and pro-
cessed using the Process Predicted Model utility in the
Phenix suite [39]. The processed NTase and OB domains
were used as search models for molecular replacement
in Phaser-MR [40] together with iteratively-truncated
portions of double-stranded DNA from the Ame-Lig co-
crystal (6gdr). The initial model was improved by iterative
rounds of refinement using Phenix.refine [41] and man-
ual rebuilding in COOT [42]. Data collection and statis-
tics are listed in Table 1 and the structure was deposited
to the Protein Data Bank with the identifier 8U6X.

Results

Ngo-Lig E is not essential for gonococcal growth and
survival

To evaluate the importance of Ngo-Lig E for N. gonor-
rhoeae viability, physiology and stress survival, we con-
structed a knock-out of the ngo-Lig E gene (Ango-Lig E)
by interruption of the ngo-lig E open reading frame with
a kanamycin resistance cassette (Kan®) which removed
a stretch of 795 nucleotides from the centre of the gene
(Fig. 1A). A second construct was generated which
appended a 6-His-tag to the C-terminus of native Ngo-
Lig E and inserted a Kan® cassette behind the ngo-Lig E
gene (ngo-Lig E-His). The purpose of this was to provide
an immunogenic handle on natively-produced Ngo-Lig E,
and this construct additionally served as a control for the
knock-out with both strains containing equivalent Kan®
insertions in their genomes. A third construct (opaB-ngo-
Lig E) generated a constitutive high-expression genotype,
by inserting a second copy of His-tagged ngo-Lig E under
the control of the strong constitutive promoter opaB at
a separate location in the genome between a PLxRFG
(NGFG_RS14495) domain containing protein and a
hypothetical protein (NGFG_RS13185).

The resulting clones were sequenced to confirm the
correct genotypes. qPCR indicated a 89-fold upregu-
lation of mgo-lig E transcripts from the opa-ngo-Lig E
strain and confirmed that the ngo-Lig E gene expression
was eliminated from the Ango-Lig E strain (Supplement
6 and Fig. 2A). Growth in liquid culture measured by
both OD, and CFU counts showed no significant differ-
ence between wild-type N. gonorrhoeae (wt), Ango-Lig E,
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Table 1 Data collection and refinement statistics. Statistics for
the highest-resolution shell are shown in parentheses

Ngo-Lig E
(8U6X)
Wavelength 0.9537
Resolution range 43.67 —244
(2.527 —2.44)
Space group P21212
Unit cell 39.398167.68
51.15990 90 90
Total reflections 115,570 (11,213)
Unique reflections 13,286 (1269)
Multiplicity 8.7 (8.8)
Completeness (%) 99.86 (99.61)
Mean I/sigma(l) 11.88 (1.64)
Wilson B-factor 53.04
R-merge 0.1076 (1.08)
R-meas 0.1144 (1.146)
R-pim 0.03774 (0.3757)
CC1/2 0.997 (0.694)
cc 0.999 (0.905)
Reflections used in refinement 13,273 (1266)
Reflections used for R-free 1329 (127)
R-work 0.2301 (0.3423)
R-free 0.2809 (0.3688)
CC(work) 0.937 (0.764)
CC(free) 0.891 (0.577)
Number of non-hydrogen atoms 2295
macromolecules 2222
ligands 43
solvent 42
Protein residues 247
RMS(bonds) 0.003
RMS(angles) 0.51
Ramachandran favored (%) 95.92
Ramachandran allowed (%) 4.08
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 296
Clashscore 321
Average B-factor 61.64
macromolecules 58.78
ligands 66.12
solvent 44.75

ngo-Lig E-His and opa-ngo-Lig E which suggests that ngo-
Lig E is neither an essential gene, nor is its overexpression
deleterious to cell survival in planktonic culture (Fig. 1B
and C). Attempts were made to visualize Ngo-Lig E-His
expression by Western blot against the 6-His tag in both
ngo-Lig E-His and opa-ngo-lig E during different growth
stages; however despite evidence of gene expression by
qPCR, neither strain showed detectable immunologic
signal by this method (Supplement 7).
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Response to oxidative and DNA-damaging stressors

Given the role of DNA ligases in genomic DNA repair
and replication, we asked whether Ngo-Lig E plays a
role in surviving DNA damage or oxidative stress in N.
gonorrhoeae by subjecting the Ango-Lig E, ngo-Lig E-His
and opa-ngo-lig E strains and wt to genotoxic stressors.
No significant differences in survival were seen between
either the Lig E deficient Ango-Lig E strain, or the opa-
ngo-lig E over expresser when exposed to increasing con-
centrations of hydrogen peroxide or UV dosages (Fig. 3A
and B). As H,0, and UV are both expected to damage
chromosomal DNA, the absence of higher mortality in
either of these strains suggests that Ngo-Lig E does not
play a significant role in repair of chromosomal DNA
damage. A significant increase in survival was observed
for the Ango-Lig E mutant when treated with nalidixic
acid, with almost twice as many cells surviving at a
concentration of 1.25 mg/L relative to the wt (Fig. 3C).
Nalidixic acid induces double-stranded breaks in chro-
mosomal DNA, suggesting that although Ngo-Lig E may
not be involved directly in intracellular DNA repair pro-
cesses, it is still able to interact with chromosomal DNA.

Lig E deletion impacts biofilm formation and cell adhesion
Due to its predicted periplasmic location, we consid-
ered whether Ngo-Lig E could influence biofilm forma-
tion. Crystal violet quantification of strains cultivated for
24 h in 96 well plates indicated that deletion of Ngo-Lig
E decreased the extent of biofilm produced by Ango-Lig
E; however, upregulating the expression of Ngo-Lig E did
not increase biofilm production above that of the wild
type (Fig. 4A). qPCR indicated that transcription of ngo-
lig E was not upregulated in wt during biofilm formation
relative to liquid culture which suggests that although
deletion of Lig E diminishes biofilm it is not necessary to
upregulate expression to produce biofilm (Fig. 2).

Given this result, we further asked whether the absence
of Ngo-Lig E could influence the adhesion behaviour or
infectivity of N. gonorrhoeae to human epithelial cells.
Comparison of adhesion on endocervical cells indi-
cates that Ango-Lig E is impaired in its ability to attach
to the eukaryotic cell surface, with a significantly greater
portion of Ngo-Lig E knock-out cells remaining in the
planktonic fraction (Fig. 4B and C); however, increased
production of Ngo-Lig E did not enhance cell adhesion.
Conversely, the decreased adhesion of the Ngo-Lig E
deficient strain did not translate into defects in infectiv-
ity, however the strain over expressing Ngo-Lig E had
increased rates of cell invasion (Fig. 4D). There were no
significant differences in the behaviour of the His-tagged
ngo-Lig E-His strain compared to the wt for cell infection,
adhesion or biofilm formation.

To ensure only the ngo-Lig E gene was disrupted and
no unintended changes had occurred during mutant
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construction, both the Ango-Lig E and wt genomes were
re-sequenced. Alignment of the consensus sequences
confirmed the presence of the desired Lig E interruption
(Supplement 3) and also indicated there were no signifi-
cant differences between the two genomes outside of this
region. Particular attention was given to the 64 phase
variable genes which have been implicated in phenotypic
differences between N. gonorrhoeae strains [43] All were
found to be more than 99% identical between our dele-
tion and wild-type and none had evidence of recombina-
tion, rearrangements or other significant insertion and
deletions.

ATP-dependent nick-sealing activity and Structure of Ngo-
Lig E

To compare the substrate specificity of Ngo-Lig E to
that of other previously-characterised species, and to

examine whether the His-tag impacts activity, mature
Ngo-Lig E without the predicted N-terminal periplas-
mic leader sequence was recombinantly expressed and
purified. In vitro assays with 5° FAM labelled substrates
demonstrated that Ngo-Lig E has highest activity on sin-
gly-nicked DNA. It is also able to join double-stranded
breaks with 4 base-pair (bp) cohesive overhangs and has
detectable activity on substrates with a mis-matched
base-pair at the 3’OH end of the break (Fig. 5A and B).
Maximal activity was observed at pH 7.1 and while sig-
nificant joining was seen at higher pH, little to no activity
was observed below this maximum (Fig. 5C). Inclusion of
a C-terminal His-tag had no deleterious effect on Ngo-
Lig activity with nicked DNA substrates, and actually
appeared to enhance ligation efficiently (Supplement 8).
To enable structural comparison with other Lig E pro-
teins, Ngo-Lig E was crystalised in the presence of a 21
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base-pair (bp) piece of DNA with a centrally placed phos-
phorylated nick. The resulting structure shows Ngo-Lig E
in an open conformation bound to the DNA via interac-
tions with its OB domain only (Fig. 6A). Covalent adenyl-
ation at Lys 22 is present in the NTase domain, indicating
that we have captured a pre-step 2 state before complete
encirclement of the DNA which would position the nick
in the active site (Fig. 6B). Analysis of the Ngo-Lig E
structure confirms the presence of the disulphide bond
between Cys 176 and Cys 197 in the OB domain which
was previously predicted by computational modelling
(Fig. 6C and Supplement 10 A) [6]. Examination of the
linker region reveals a network of polar and electrostatic
interactions that stabilise the open conformation of the
domains including Lys 176 and Ser 170 from the linker
with Glu 141 from the NTase domain; Tyr 172, Tyr 179
and His 201 from the OB domain with Lys 165, Glu 8 and
Lys 10 of the NTase domain; Gln 171 of the linker with
Arg 230 of the OB domain (Fig. 6D).

Despite the use of a 21-mer DNA fragment in the crys-
tallization condition, only 6 base-pairs were visible in the
final structure. Examination of crystal packing (Supple-
ment 9) shows that the DNA forms a continuous filament
throughout the crystal with protein subunits arranged
along it. We suspect that, in the absence of the specific
interactions imparted by nick-binding from the NTase
domain, the Ngo-Lig E subunits have assembled non-
specifically along the DNA filament; thus the 6 bp frag-
ment in our structure represents a sample of the entire
21-mer piece. Key interactions with the DNA primarily

involve basic residues from the OB domain and linker
including Lys 239, Arg 205, Lys 185, Arg 215, Lys 211 and
Arg 187. These residues contact the backbone phosphates
of the ‘complement’ strand which is base-paired opposite
the nicked strand in other ligase-DNA structures (Fig. 6E
ii.). There are fewer interactions with the ‘nick’ strand
with the only contacts being Lys 239, GIn 171 and Ser 208
(Fig. 6E iii.). The electron density is continuous in this
region of the phosphodiester backbone which is consis-
tent with the ligase engaging an unbroken section of the
DNA in a non-specific manner (Supplement 10 B). The
nucleobases that are modelled in the structure represent
the 6-mer combination giving the lowest R-free value
during refinement and are in a region of the original
21-mer substrate before the nick; however, the density
between base pairs is more symmetrically-distributed
than would be expected for a well-ordered purine-pyrim-
idine pair, again supporting our suggestion that we have
sampled an average of the 21-mer sequence in the pres-
ent structure (Supplement 10 C). Comparison of the
Ngo-Lig E structure with Lig E from Alteromonas medi-
terranea (Ame-Lig E) in a DNA-bound closed confor-
mation shows the same conserved OB-domain residues
are involved in DNA binding, despite the differences in
overall conformation (Fig. 7A and B). Meanwhile super-
position of Ngo-Lig E with Lig E from Psychromonas sp.
SP041 (Psy-Lig E) which was crystalised in the open-state
shows the domains of both proteins are in an identical
configuration, despite the absence of DNA in the latter
(Fig. 7C).
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Discussion

Despite extensive in vitro characterisation of Lig E from
a range of pathogenic and environmental Gram-negative
bacteria [7-11, 44, 45] and the availability of structures
of Lig E in both DNA-bound and DNA-free states [9, 10]
little is known about its biological function. Here we have
examined the effect of knocking out Lig E in N. gonor-
rhoeae, as well as the impact of inserting a second copy
of Lig E under control of the strong constitutive Opa
promoter. Our results demonstrate that neither deletion
nor upregulation of Ngo-Lig E impacts N. gonorrhoeae
survival in liquid culture, or its planktonic growth rate.
The dispensability of Ngo-Lig E under these conditions
is counter to earlier studies which ascribed the inability
to generate a viable deletion in Haemophilus influenzae
to lig E being an essential gene [44]. Although the reason

for this discrepancy is not clear, all bacterial genomes
identified as possessing lig E also include the canonical
NAD-dependent /ig A DNA ligase responsible for chro-
mosomal replication and most highly-conserved DNA
repair pathways arguing for a non-essential function for
lig E [7].

Similarly, Ngo-Lig E does not appear to mitigate the
effects of oxidative stress and UV irradiation, both of
which are anticipated to damage chromosomal DNA.
Hydrogen peroxide treatment is a physiologically-rel-
evant stressor as reactive oxygen species are produced
during the host inflammatory response and by commen-
sal Neisseria in the urogenital tract [46]. Although UV
exposure is not a natural source of damage in the urogen-
ital mucous membranes that N. gonorrhoeae inhabits, this
serves as a convenient proxy for generic DNA damage.
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The lack of its participation in DNA-damage survival is
consistent with the predicted periplasmic location of
Ngo-Lig E based on its N-terminal leader sequence, indi-
cating that its primary substrate is not breaks or damages
in chromosomal DNA. The enhanced survival of the lig
E knock-out to treatment with nalidixic acid relative to
the wild-type is somewhat counterintuitive; however,
an equivalent but even starker example of this has been
reported with knock-outs of the phrB ortholog which
modulates DNA supercoiling [26]. There, the striking
7,000-fold increased survival of nalidixic acid treatment
was ascribed to mis-regulation of DNA topology by func-
tional PhrB in the presence of DNA breaks caused by the
treatment. In the case of ngo-Lig E deletion, we propose
that improper recruitment of functional Ngo-Lig E to
nalidixic acid-induced DNA breaks may interfere with
resolution of this damage by canonical repair mecha-
nisms. Previous in vitro studies have demonstrated that
Lig E has a high affinity for nicked double-stranded DNA
and we anticipate Ngo-Lig E will bind tightly to the dou-
bly-nicked chromosomal DNA caused by nalidixic acid-
poisoning of the gyrase B protein [9]. The difference in
the effect of nalidixic acid compared with UV and hydro-
gen peroxide may be due to their modes of action. UV
and hydrogen peroxide typically impact the nitrogenous
bases by oxidation or generation of dimerised photo-
products, but do not directly cause breaks in the phos-
phodiester backbone and therefore would not provide
high-affinity binding sites for Lig E prior to initiation
of repair pathways [47]. Appending a 6-His tag to the
C-terminus of native Ngo-Lig in the N. gonorrhoeae chro-
mosome had essentially no impact on the growth or sur-
vival characteristics, suggesting that neither the tag nor

the kanamycin selection cassette were deleterious to the
strains. The slightly elevated levels of nick-sealing activ-
ity in the recombinant His-tagged enzyme relative to its
untagged counterpart may be due to the increased posi-
tive charge in the C-terminal OB domain enhancing the
enzyme’s interaction with the DNA substrate, or from
minor differences in the purification protocol. It is not
entirely clear why the His-tagged Lig E expressed under
the Opa promoter was unable to be detected immuno-
logically in gonococcal cells, despite being transcribed at
elevated levels as demonstrated by qPCR. Other groups
have cited similar difficulties in detection of extracellular/
periplasmic gonococcal proteins using immunological
and enzymatic methods [22], which they ascribed poten-
tially being due to dispersion of the enzyme into the cul-
ture supernatant. It is possible that our His-tagged Lig E
is likewise diluted to undetectable levels in the culture
supernatant.

On the basis of Ngo-Lig E’s predicted periplasmic/
extracellular location, we investigated its impact on bio-
film formation. Extracellular DNA is an important struc-
tural component of gonococcal biofilm and is derived
from the N. gomnorrhoeae chromosome either secreted
through the T4SS system or released by autolysis [16,
19]. The role of the extracellular thermonuclease Nuc is
well established in modulating the properties of gonococ-
cal biofilm, with deletion of this gene resulting in thicker
higher biomass biofilm as well as inability to escape
chromatin-rich neutrophil extracellular traps (NETs) [22,
48]. Our results which indicate that Ngo-Lig E knock-
outs produce less biofilm suggests that Ngo-Lig E acts in
opposition to Nuc, potentially linking double-stranded
segments of DNA. Although Ngo-Lig E is incapable of
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joining blunt-end double-stranded breaks, it demon-
strated robust cohesive end joining as well as some activ-
ity on mismatched breaks, indicating it could potentially
link regions of microhomology.

In addition to decreased biofilm production, our results
indicate the Ngo-Lig E knock-out is less effective at
adhering to epithelial cells, although it is not impaired in
cell invasion. The cell adhesion process of N. gonorrhoeae
involves microcolony attachment to the host cell surface
via the Type IV pilus followed by interaction between N.
gonorrhoeae opacity (Opa) proteins and epithelial recep-
tors and other surface molecules [49-53]. Although the
rationale for Ngo-Lig E impacting cell adhesion is not
clear, this could also be related to defects in biofilm for-
mation as biofilm is suggested to play a role in cell-sur-
face colonisation [16, 19].

An emerging area of research in N. gonorrhoeae is the
impact of biofilm architecture on dissemination of anti-
biotic resistance genes. In particular, the age and density
of biofilm modulates the horizontal transfer of genes
with more rapid spread observed in early biofilm and

decreased dispersal in mature biofilms [17]. Biofilm is
also considered to provide a potential eDNA reservoir
as the mobility of DNA fragments through this matrix
is hindered by increasing DNA length and presence of
DUS, leading to accumulation of N. gomorrhoeae-spe-
cific eDNA [54]. In light of this, the potential of Lig E to
modify the mobility of transformable eDNA by modu-
lating biofilm properties, or potentially by acting on the
transformation substrate itself by increasing its length
or re-joining nicks resulting from nuclease or oxidative
damage, is of considerable interest. One of the earliest
studies of recombinant Lig E from Neisseria meningiti-
dis suggested a possible function in competence for Lig
E based on its periplasmic localisation signal and it has
been noted that the majority of Lig E possessing bacte-
ria are known to be competent in natural transforma-
tion and/or encode essential competence genes in their
genomes [7, 45]. Immunological detection in the present
study via an introduced His-tag was insufficient to define
the extracellular or periplasmic distribution, however it
is feasible that double-stranded DNA could serve as a
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substrate for periplasmically-localised Ngo-Lig E prior to
import across the plasma membrane.

Finally, our DNA-engaged open-conformation struc-
ture of Ngo-Lig E reveals the specific interactions made
between the OB domain and the DNA backbone, which
are independent of sequence or phosphodiester-back-
bone continuity. Ngo-Lig E, like other members of this
group of DNA ligases lacks any additional DNA bind-
ing domains or ‘latch’ regions such as those found in
Chlorella virus type ligases which allow the enzyme to
encircle the DNA duplex. Instead, Lig E ligases rely on
the well-structured positively-charged surface of the OB
domain for affinity. The conformation of the Ngo-Lig E
enzyme-adenylate is consistent with the scanning mech-
anism previously proposed for locating breaks in the
duplex [55]. Here, non-specific interactions rapidly inter-
rogate the substrate, and upon encountering a disconti-
nuity in the duplex the ligase-adenylate re-orients its core
domains about the linker region to position the active
site for subsequent catalysis. The Ngo-Lig E structure
suggests that in these minimal ligases, the OB domain is
responsible for localising the enzyme to DNA and con-
formational scanning, prior to productive binding.

Conclusions

Lig E is widely distributed among Beta-, Epsilon- and
Gamma proteobacteria including some of the most prev-
alent human and agricultural pathogens; several of which
are considered high-priority due to their emerging multi-
antibiotic resistance. Our demonstration of a physiologi-
cal role for Lig E in N. gonorrhoeae biofilm formation and
cell adhesion recommends this enzyme for further study
to understand its impact on virulence and pathogenicity,
as well as potential roles in among commensal and envi-
ronmental proteobacteria. Future directions will include
more detailed phenotypic studies of the impact of Ngo-
Lig E deletion on biofilm architecture and its interplay
with other biofilm-modulating enzymes and processes.
There is also the outstanding issue of the specific extra-
cellular location of Ngo-Lig E, as well as exploration of a
potential role in uptake and transformation of extracellu-
lar DNA which we anticipate will provide a more exten-
sive picture of the biological function of this enigmatic
DNA ligase protein.
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