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Neisseria gonorrhoeae encodes five lytic transglycosylases (LTs) in the core genome, and most gonococcal strains
also carry the gonococcal genetic island that encodes one or two additional LTs. These peptidoglycan (PG)-
degrading enzymes are required for a number of processes that are either involved in the normal growth of the
bacteria or affect the pathogenesis and gene transfer aspects of this species that make N. gonorrhoeae highly
inflammatory and highly genetically variable. Systematic mutagenesis determined that two LTs are involved in
producing the 1,6-anhydro PG monomers that cause the death of ciliated cells in Fallopian tubes. Here, we
review the information available on these enzymes and discuss their roles in bacterial growth, cell separation,
autolysis, type IV secretion, and pathogenesis.

Introduction

Neisseria gonorrhoeae, a Gram-negative obligate
human pathogen, causes the sexually transmitted dis-

ease gonorrhea, which is manifested as cervicitis in women
and urethritis in men. Each year over 88 million new gono-
coccal infections are reported worldwide.63 Because gonor-
rhea is asymptomatic in 50%–80% of infected women,43

many fail to seek treatment, often resulting in complications
such as pelvic inflammatory disease, chronic pelvic pain, and
ectopic pregnancy (Aral et al., 1988). Other possible outcomes
of untreated infections in men and women include sterility,
disseminated gonococcal infection, and arthritis. No vaccine
is available to protect against gonococcal infections, and
treatment of this disease is becoming more difficult due to
the development and spread of antibiotic-resistant strains.
Since the advent of antibiotic therapies, N. gonorrhoeae has
developed resistance to every drug used to treat gonococcal
infections (e.g., sulfanilamides, penicillin, tetracycline, and
ciprofloxacin).42 Currently, the cephalosporins are the only
remaining class of antibiotics to which N. gonorrhoeae has not
yet developed widespread resistance, though resistance is on
the rise in Asia.3,42 The development of new therapies is
critical to prevent a once-treatable disease from becoming
untreatable.

One target of numerous antibiotics, including the cepha-
losporins, has been the peptidoglycan (PG) layer of the cell
wall. Providing the cell with structural support and protec-
tion against osmotic stress, PG is a dynamic molecule that is
constantly remodeled to allow for cell expansion, division,
and the insertion of cellular structures (e.g., flagella, pili, and

secretion systems) within the cell wall.33,36 Three classes of
enzymes are involved in this remodeling: amidases, endo-
peptidases, and lytic transglycosylases (LTs). The focus
of this review is the LTs, which cleave the glycan back-
bone at the N-acetylmuramic acid-b-1,4-N-acetylglucosamine
(MurNAc-GlcNAc) linkages, resulting in the formation of
nonreducing 1,6-anhydro bonds on the MurNAc residues
(Fig. 1). A PG fragment containing one GlcNAc-1,6-anhydro-
MurNAc disaccharide unit linked to a peptide is referred to
as an anhydro PG monomer, while fragments containing
multiple disaccharide units are known as multimers. During
growth, gonococci release mostly anhydro PG monomers, in
addition to some anhydro PG multimers, and these frag-
ments have been shown to contribute to the pathogenicity of
the organism. Thus, an interest of our lab is the role of
gonococcal LTs in the formation of these toxic PG fragments.
Here, we review the LTs found in N. gonorrhoeae and discuss
their roles in the biology and virulence of this pathogen.

PG Fragments Released by N. gonorrhoeae
Contribute to Disease

During logarithmic growth of Gram-negative bacteria,
about half of the PG is degraded in each generation.22 In
Escherichia coli, most of the PG fragments are efficiently re-
cycled, with roughly 5%–8% released to the surrounding
milieu.23,25 In contrast, N. gonorrhoeae releases significantly
more PG fragments into its environment,47 despite having a
functional PG recycling system.18 These fragments, which
include 1,6-anhydro tetrapeptide monomer and 1,6-anhydro
tripeptide monomer, have been demonstrated to kill ciliated
cells when applied to Fallopian tube tissue in organ culture,
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replicating the damage observed in patients with pelvic in-
flammatory disease.40 In addition, when injected into rats,
both soluble, large PG fragments and PG monomers were
found to induce systemic arthritis,16 similar to the arthritis
observed in patients with disseminated gonococcal infection.
The large PG fragments gave the most potent response, and
PG isolated from a strain with O-acetylation at the C-6 po-
sition on the MurNAc of PG was more arthropathic than PG
from a strain that does not acetylate.16 Thus, both large
fragments released by autolysis and small fragments re-
leased during normal growth may generate the inflamma-
tion seen in various types of gonococcal infections.

The mechanism by which gonococcal PG induces these
inflammatory responses is not known. The inflammatory
response to the bacteria and bacterial products appears to be
responsible for most or all of the pathogenesis of gonococcal
diseases. The damage to Fallopian tube cells is particularly of
interest since it has been directly linked to PG fragments and
because the cell sloughing is responsible for tubal-factor in-
fertility resulting from gonococcal pelvic inflammatory dis-
ease.40 The mechanism of ciliated cell death in the Fallopian
tube may be the same as the ciliated cell death that occurs in
tracheal tissue during Bordetella pertussis infection. Studies
with B. pertussis demonstrated that 1,6-anhydro disaccharide-
tetrapeptide PG monomers were responsible for the ciliated
cell death, and this molecule was referred to as tracheal cy-
totoxin, TCT.21,50 Mechanistic studies using hamster tracheal
rings demonstrated that the cell death occurred through in-
flammatory cytokine induction.31 TCT triggered an inter-
leukin-1 (IL-1) response in epithelial cells, IL-1 induced nitric
oxide production, and the nitric oxide killed the more sen-
sitive ciliated cells.30 The receptor for TCT for initiating this
response is not known. Another possibility for the mecha-
nism of ciliated cell death in Fallopian tubes may be through
the PG receptor Nod1.20 In humans, Nod1 responds to di-
saccharide-tripeptide PG monomers and results in inflam-
matory cytokine production.37 Since studies examining the
effects of PG monomers on Fallopian tube cells used a mix-
ture of tripeptide and tetrapeptide PG monomers,40 either
one of these may be responsible for ciliated cell death.

Studies of cytokine induction by N. gonorrhoeae in Fallo-
pian tube tissue have shown increased IL-1b, IL-8, and tumor
necrosis factor (TNF)-a.38 TNF-a was also found to correlate

with the tissue damage seen during infection.39 Thus, these
studies suggest that tissue damage is mediated by the large
inflammatory response. An attempt to correlate Fallopian
tube damage with nitric oxide levels was not successful,19

suggesting differences between the Fallopian tube ciliated
cell damage and that seen in the hamster tracheal ring model
of pertussis.30 In addition to inflammatory cytokine induc-
tion in the Fallopian tubes and trachea, PG fragments are
known to induce similar responses in other tissues. Studies
of Shigella flexneri infections have demonstrated that the
Nod1 response to PG fragments in intestinal cells results in
IL-8 production.41 Similarly, human monocytes in blood
were shown to produce IL-6 and IL-1beta in response to PG
monomers.14 Since N. gonorrhoeae produces both the disac-
charide-tetrapeptide PG monomer (TCT) and the disaccha-
ride-tripeptide PG monomer that is the human Nod1 agonist,
and since a variety of cell types respond to one of these two
molecules, it is likely that PG fragments are involved in the
damaging inflammatory response that occurs in many forms
of gonococcal infection.

We plan to examine the mechanism of PG damage to
Fallopian tube cells using both purified PG fragments and
N. gonorrhoeae mutants affected in PG fragment release. As
we have performed multiple studies of PG fragment release
using gonococcal strain MS11,8–12,17,18,34,35 we have begun
our studies of damage to Fallopian tube tissue by deter-
mining whether strain MS11 would cause cell damage and
sloughing as has been seen with other gonococcal strains
(Fig. 2). Human Fallopian tubes in organ culture were in-
fected with strain MS11 for 18 hours. Examination of unin-
fected tissue by light microscopy showed actively beating
cilia. Upon examination by scanning electron microscopy,
the tissue appeared undamaged, and ciliated cells were
present in the epithelium (Fig. 2A). By contrast, examination
of infected Fallopian tube tissue showed no beating cilia.
Further, scanning electron microscopy showed that infection
had caused extensive sloughing of ciliated cells (Fig. 2B). A
few gonococci could be observed attached to the tissue.

Gonococci Have Five to Seven LTS

Since the toxic PG monomers released by gonococci have
the 1,6-anhydro bond,53 they must be produced by LTs (Fig.

FIG. 1. Lytic transglycosylases cleave the N-acetylmuramic acid-b-1,4-N-acetylglucosamine bond in peptidoglycan (PG).
The 1,6-anhydro PG monomers created by this reaction cause inflammation and cell death in several biological systems. The
peptide chains of PG may have a terminal meso-DAP or D-Ala.
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1). N. gonorrhoeae encodes between five and seven LTs, de-
pending on whether a given strain carries the gonococcal
genetic island (GGI), a 57-kb variable region of the chro-
mosome containing genes involved in type IV secretion.13,26

All sequenced strains of N. gonorrhoeae have the LT-encoding
genes ltgA, ltgB, ltgC, ltgD, and ltgE, which all have E. coli
homologues.10 Eighty percent of gonococcal strains carry the
GGI,13 and all forms of the GGI in N. gonorrhoeae encode
LtgX, a homologue of the F-plasmid geneX product
Orf169.26,35 Most versions of the GGI (79%) also carry the LT
gene atlA (66% of N. gonorrhoeae strains overall).13 AtlA is a
homologue of lamba endolysin (Table 1).

To identify the genes involved in PG monomer produc-
tion, each of the seven genes was systematically mutated,
and the mutants were analyzed for monomer release in
pulse-chase experiments. Briefly, the mutants were grown in
medium containing [3H]-glucosamine to metabolically label
the PG, and the released PG fragments were analyzed by
size-exclusion chromatography followed by scintillation
counting.8–10,34,35 Single mutations in ltgB, ltgC, and ltgE re-
sulted in levels of released PG monomers comparable to wild
type,9,10,34 whereas single mutations in ltgA and ltgD re-

duced monomer release to 62% or 38%, relative to the wild
type.8,10 A double mutant in ltgA and ltgD was completely
abolished in PG monomer production, highlighting the role
of LtgA and LtgD in generating these toxic PG fragments.10

LTS Involved in PG Monomer Release: LTGA and LTGD

In addition to releasing significantly less PG monomer, the
ltgA mutant released less free disaccharide but more PG
multimers.8 This mutant grew without any apparent growth
defects, having a doubling time comparable to that of the wild
type. Its colony and cellular morphologies were also similar to
those of the wild type, demonstrating that ltgA is not required
for growth or cell separation. Interestingly, the ltgA mutant
was also more resistant to cell death in stationary phase and
more resistant to autolysis under conditions that are favorable
for N-acetylmuramyl-L-alanine amidase activity.8,28 Not only
are LTs involved in cell separation and cell growth, but they
are also believed to be involved in autolysis; these findings
suggest that LtgA may be acting directly in cell lysis or indi-
rectly by facilitating the activity of other PG-degrading en-
zymes. Further support for the idea that the LTs act in
autolysis came from an examination of PG fragments released
during lysis under nongrowth conditions. Although most
fragments released during autolysis are large fragments of PG,
the second most abundant fragments are the PG monomers,
suggesting that LTs are active in autolysis.17 In addition, the
ltgA mutant was reduced in PG turnover during logarithmic-
phase and early stationary-phase growth, supporting the no-
tion that LtgA functions as an LT.

LtgA (NGO2135) is predicted to be 616-amino-acid long
with a molecular weight of 67.5 kDa. LtgA is 33% similar to
its E. coli homologue, Soluble lytic transglycosylase 70
(Slt70), a well-characterized exo-muramidase with a similar
fold to lysozyme.8,56 Slt70 cleaves macromolecular PG at the
b-1,4-linkages between MurNac and GlcNAc residues to
form 1,6-anhydromuropeptides.4 The exo-muramidase ac-
tivity of Slt70 has been demonstrated in vitro, and crystal
structures of this enzyme alone and in complex with the
inhibitor bulgecin or with a 1,6-anhydromuropeptide have
been solved.56,57,61 Three distinct domains, comprised mostly

FIG. 2. Human Fallopian tube tissue in organ culture either uninfected (A) or infected with N. gonorrhoeae strain MS11 (B).
Infected tissue shows many sloughed ciliated cells. A few gonococci can also be seen (arrows).

Table 1. Function of Lytic Transglycosylases

in Peptidoglycan Monomer Release

Gonococcal lytic
transglycosylase

Escherichia coli
homologue

Monomer
release by gonococcal

mutant (% of wt)

LtgA Slt70 62
LtgB MltC 96
LtgC MltA 83
LtgD MltB/Slt35 38
LtgE MltD 105

GGI-encoded lytic transglycosylases

LtgX F-plasmid Orf169
AtlA Lambda endolysin 111 (DGGI)

GGI, gonoccocal genetic island.
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of alpha helices, form a doughnut-like superstructure with
the active site situated in a deep groove within the C-
terminal domain. The active site contains a single catalytic
glutamate and a substrate binding site that can accommo-
date six N-acetylaminosugar units. A substrate requirement
of Slt70 is that the PG contains peptides linked to the glycan
strands; unsubstituted glycan strands lacking peptides are
not cleaved by Slt70. Most of the similarity between LtgA
and Slt70 is found in the C-terminal regions of the proteins,
with the C-terminus of LtgA containing the active site glu-
tamate and several other conserved residues involved in
substrate binding in Slt70.8 While Slt70 is a soluble, peri-
plasmic enzyme, LtgA is predicted to be a lipoprotein that is
inserted in the inner leaflet of the outer membrane, as the N-
terminus contains a predicted signal sequence cleavage site
as well as a near-consensus lipoprotein processing site.8 We
speculate that differences such as this may explain why go-
nococci release significantly more PG fragments than E. coli
do; that is, LtgA may be localized in a way that favors PG
monomer release over recycling.

To determine whether LtgA can function like its E. coli
homologue, soluble constructs of LtgA were made and ana-
lyzed for their ability to degrade macromolecular PG in vitro.
We found that LtgA had robust enzymatic activity, solubi-
lizing the majority of the macromolecular PG and forming
1,6-anhydro PG monomers as the major product (our un-
published data). PG that was O-acetylated at the C-6 hydroxyl
group of MurNAc was degraded to a much lesser extent than
unacetylated PG; like lysozyme and other LTs, LtgA may be
blocked by O-acetylation.6,11,49 Current studies are aimed at
determining whether LtgA can cleave other substrates such as
soluble PG fragments. The increase in released multimeric PG
fragments observed in the ltgA mutant suggests that these
might serve as additional substrates for LtgA.

Like the ltgA single mutant, the ltgD mutant released sig-
nificantly less PG monomer and free disaccharide but released
more PG multimers than the wild type.10 The ltgA ltgD double
mutant was completely abolished for PG monomer and free
disaccharide release, but it released significantly more PG
multimers than the wild type. The presence of these multi-
mers shows that the ltgA ltgD mutant could degrade macro-
molecular PG to soluble multimers but could not break them
down further into monomers. In addition, LtgA and LtgD
might be involved in producing free disaccharides, given the
absence of released free disaccharides by the ltgA ltgD mutant.
In order for free disaccharides to be released, both an LT and
the amidase AmiC are necessary17; it is possible that LtgA
and/or LtgD fulfill the role of the LT for this reaction. Another
possible explanation for the lack of released free disaccharide
by the ltgA ltgD mutant is that this mutant is unable to recycle
larger PG fragments and has an increased metabolism of free
disaccharide. Pulse-chase experiments were performed with
the ltgA ltgD mutant and the wild type, and the cytosol of
each strain was examined for radiolabeled UDP-MurNAc
pentapeptide, an indicator that PG fragments have been lib-
erated by the cell and transported back to the cytoplasm for
recycling.10 This precursor was only present in the cytoplasm
of the wild type, indicating that the ltgA ltgD mutant does not
recycle liberated PG fragments. Thus, LtgA and LtgD appear
to be involved in providing the cell with PG fragments, such
as monomers and free disaccharide, for recycling, a process
that allows a cell to recover nutrients and possibly sense its

growth state.44 Although LtgA and LtgD are required for
normal PG recycling, they are not required for growth or cell
separation, as ltgA, ltgD, and ltgA ltgD mutants grew without
any apparent growth or morphological defects.

LtgD (NGO0626) is predicted to be 363-amino-acid long
with a molecular weight of 38.5 kDa. LtgD is 52% similar to
its E. coli homologue, Membrane-bound lytic transglycosy-
lase B (MltB), a lipoprotein with exo-muramidase activi-
ty.10,15 Slt35 is a naturally occurring, enzymatically active,
soluble form of MltB in which the first 35 amino acids have
been proteolytically cleaved. The exo-muramidase activity of
Slt35 has been demonstrated in vitro,15 and crystal structures
of Slt35 alone and in complex with bulgecin or PG fragments
have been solved.58,60 Slt35 is an ellipsoidal protein com-
prised of three domains, with the catalytic core domain re-
sembling a lysozyme fold with an EF-hand calcium-binding
domain. This EF-hand was shown to be important for the
stability of Slt35, and it may also have a role in facilitating
protein-folding or protein–protein interactions.59 Crystal
structures of the catalytic core domain revealed a sugar-
binding site that can accommodate four N-acetylaminosugar
units and two peptide-binding sites, and these are located in
close proximity to the active site glutamate located within a
deep cleft formed by the alpha and core domains.60 The
catalytic residues, PG binding residues, EF-hand motif, and
amino acids lining the hydrophobic pocket of Slt35 are
conserved in the LtgD amino acid sequence.10,59

A predicted lipoprotein, LtgD, has a predicted signal se-
quence cleavage site and a conserved lipoprotein processing
site. A soluble form of LtgD lacking the leader sequence and
lipoprotein processing site was constructed and tested for its
ability to degrade macromolecular PG in vitro. Not surpris-
ingly, LtgD degraded insoluble PG to form 1,6-anhydro PG
monomers, though not to the extent that LtgA did [unpub-
lished data]. Like LtgA, LtgD solubilized acetylated PG to a
lesser extent than unacetylated PG, consistent with the no-
tion that O-acetylation may block the activity of these LTs.

The question remains why N. gonorrhoeae has two LTs
with apparently redundant functions. One speculation is that
LtgA is more efficient than LtgD at cleaving macromolecular
PG, while LtgD may preferentially act on soluble PG frag-
ments. Recently, a soluble form of MltB from E. coli was
shown to degrade both macromolecular PG and a synthetic
PG dimer,55 while none of the other 5 E. coli LTs examined
were capable of degrading the latter. Testing the ability of
LtgA or LtgD to degrade this PG dimer will likely yield
important insights into the specificities of these LTs. One
hypothesis is that these LTs work together, possibly in a
complex with each other or other PG-associated proteins,
with LtgA generating soluble fragments that serve as the
substrates for LtgD. Another scenario is that these LTs are
localized to different parts of the cell and function indepen-
dently (e.g., one is located at the septum while another is
located mid-wall or at the poles). Current work in our lab is
aimed at dissecting the process by which LtgA and LtgD
form and release PG monomers, important virulence factors
in gonococcal infections.

An LT Involved in Cell Separation: LTGC

Of the seven LTs, the only one shown to have a significant
effect on growth is LtgC. LtgC (NGO2048) is a predicted 46-
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kDa protein and exhibits 47% similarity to E. coli MltA. It has
a predicted signal sequence and lipoprotein processing site.9

The sequence characteristics suggest that LtgC should be an
outer membrane lipoprotein. In Neisseria meningitidis the
LtgC homologue was originally named GNA33 (Genome-
derived Neisseria antigen 33) as it was identified as a
possible vaccine candidate for N. meningitidis.45 It met the
criteria as a protein exported from the cytoplasm that elicited
an antibody response that was protective in serum bacter-
iocidal assays. Further investigation revealed that antibodies
directed at GNA33 also bound to porin PorA, and the bac-
teriocidal effects of the antisera were likely due to this cross
reaction, not to binding of GNA33.24 Interestingly, mutation
of gna33 in N. meningitidis led to an infection defect in infant
rats. The mutant was unable to establish bacteremia and was
cleared from the animals.1 The mutant showed a cell sepa-
ration defect similar to what is observed with the gonococcal
ltgC mutant.1,9 Transcription and translation of gna33 ap-
pears to be complex. Upstream of gna33 is a stem-loop
structure, and this structure reduced transcription of gna33.52

Factors affecting transcription have not been identified, but it
may be advantageous for Neisseria to produce LtgC only
after the septum has been formed.

Study of N. gonorrhoeae LtgC may shed light on these
phenotypes observed in meningococci. ltgC mutation leads
to lack of cell separation9 (Fig. 3). These cells have a single
cell wall that is shared by the bacteria in the clump of un-
separated cells.9 Also, these bacteria have a single outer
membrane covering the clump. This unusual growth char-
acteristic may make the outer membrane unstable and in-
crease the sensitivity of the bacteria to environmental
conditions and chemicals in the milieu as is seen in the other
gonococcal mutant defective in cell separation, the amiC
mutant.17 ltgC mutants are more autolytic than wild type
and release outer membrane proteins.1,9 The ltgC mutant was
not actually reduced in growth rate, since protein accumu-
lation in cells was the same as that of the wild type. Only the

way that the bacteria grew—in clumps—and the increased
degree of autolysis differed from wild type.9

The crystal structure of gonococcal LtgC (also known as
MltA) has been solved and compared to that of E. coli
MltA.46 Asp405 was identified as a likely catalytic residue
analogous to the glutamate residues that catalyze cleavage
by some other LTs, such as LtgA. The most striking differ-
ence between the structure of gonococcal LtgC and E. coli
MltA is the extra domain found inserted in LtgC. The func-
tion of this domain is unknown, but Powell et al. speculate
that this domain may participate in binding other PG syn-
thesis or degradation proteins.46

LTS of Unknown Function: LTGB and LTGE

In contrast to LtgA, LtgD, and LtgC, the functions of LtgB
and LtgE are not clear. Of the two enzymes, LtgB has been
more thoroughly investigated. LtgB (NGO1033) is a pre-
dicted 22.5-kDa protein with similarity to E. coli MltC.34 A
complete deletion of ltgB was made in N. gonorrhoeae, and the
mutant was not affected in PG fragment release.34 However,
the enzyme does appear to act in PG degradation. Expres-
sion of ltgB in E. coli resulted in cell lysis when the gene was
co-expressed with the lambda lysis genes S and Rz, showing
that the LtgB can functionally replace lambda’s LT gpR.
Using this E. coli lysis assay, mutations were characterized
for their effects on LtgB function. Surprisingly, substitution
of the predicted active site residue, E117A, had no effect on
LtgB function while substitution of a nearby glutamate,
E115N, led to loss of LtgB function.34 These results suggest
that there is more to learn about the mechanism of LtgB
activity and about its function in gonococci.

LtgE (NGO0608) is a predicted 72-kDa protein with 56%
similarity to E. coli MltD. An insertion mutation in ltgE had
no effect on PG monomer release, though PG multimer re-
lease appeared very slightly elevated.10 In Helicobacter pylori
the MltD homologue is thought to act as an endo-type
LT. Also, an mltD mutant showed decreased autolysis in
stationary-phase culture.7 It is unknown whether the gono-
coccal ltgE mutant is affected in these processes.

LTS Involved in Type IV Secretion: ATLA and LTGX

AtlA was the first LT identified in N. gonorrhoeae and was
initially characterized as a possible autolysin, thus explaining
its name, autolysin A (AtlA).12 An atlA mutant showed re-
duced death in late stationary-phase culture, after 32 hours in
liquid culture. It should be noted that the major autolytic
events still occurred in this mutant with over 90% of bacteria
dying by 24 hours, but the remaining 10% of cells died more
slowly than in the wild type.12 It seemed possible that this
slight reduction in autolysis might also result in a reduction
in DNA donation for natural transformation, since it was
assumed that DNA donation occurred by autolysis and
death of the donor. However, in coculture transformation
assays, it was discovered that differences in DNA donation
were not delayed until late stationary-phase autolysis, but
rather DNA donation was seen to occur in log-phase cul-
ture.13 The atlA mutant was found to differ in DNA dona-
tion, showing a 500-fold reduction in DNA donation for
natural transformation in coculture (Fig. 4). atlA was found
to be in an operon with type IV secretion genes, and muta-
tions in these genes also gave defects in DNA donation.27

FIG. 3. This thin section electron micrograph demonstrates
that mutation of ltgC causes a defect in cell separation. Wild-
type gonococci grow as single cocci or diplococci (not
shown), but ltgC mutants show decreased cell separation and
grow in clumps that share a single, connected cell wall.
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Subsequent analysis demonstrated that AtlA is necessary for
the secretion of chromosomal DNA by the gonococcal type
IV secretion system.13,26,35

AtlA (NG5025) is a predicted 20.5-kDa protein with 56%
similarity to lambda endolysin, gpR.12 Lambda endolysin
has been studied extensively and has been shown to be an
LT.5 Similarly, AtlA was purified as a fusion protein with
maltose binding protein and was shown to function as an LT
in vitro, digesting gonococcal sacculi and generating 1,6 an-
hydro PG monomers.35 A point mutation causing a substi-
tution at the putative active site residue, E48A, resulted in a
nonfunctional protein in vitro and in vivo. An interesting
difference between AtlA and the phage lysins is that AtlA
carries an N-terminal extension of 28 amino acids. This se-
quence does not have the characteristics of a signal sequence.
A deletion within this region (delta 2-26) eliminated DNA
secretion during gonococcal growth.35 We speculate that the
N-terminal extension is either necessary for AtlA interaction
with another type IV secretion protein or for localization.

The type IV secretion gene cluster in the GGI also contains
a second LT gene, ltgX. LtgX (NG5004) is similar to LTs
found in other type IV secretion systems, including Orf169,
the geneX product encoded in the E. coli F-plasmid.26 LtgX is
a predicted 17-kDa protein with 58% similarity to Orf169.
Little is known about the function of LtgX, except that it is
required for type IV secretion by gonococci. Deletion of ltgX
in N. gonorrhoeae resulted in a strain that did not secrete
detectable levels of DNA into the medium during log-phase
growth.35

Several questions remain regarding the function of LTs in
type IV secretion. LTs are speculated to cause a localized
break in the PG in order to allow assembly of the apparatus
or passage of substrates, but no one has been able to dem-
onstrate this function directly.36 No type IV secretion system
other than the N. gonorrhoeae system has been found to re-
quire two LTs. It is unclear why gonococci would need two
LTs. If the purpose is to punch a hole in the cell wall, then is
one hole not enough? Could it be that one LT facilitates as-
sembly of the apparatus and the second opens the passage-
way for substrates? Other possibilities were considered in the

study by Kohler et al.,35 including the possibilities that AtlA
was directly lysing cells that produced it or that AtlA acted
in allolysis,54 lysing other cells in the population in order to
harvest their DNA for natural transformation. Using a sen-
sitive measure of autolysis, release of [3H]-labeled RNA,
Kohler et al. found that AtlA did not act to lyse cells that
produced it or to lyse other cells in the population to harvest
their contents. Autolysis was found to occur to a measurable
degree during growth in a portion of the population whether
AtlA was present or not.35 These and earlier studies failed to
find any association of lysis with AtlA during the growth
period when DNA is secreted.13,26 Further, studies demon-
strating that DNA secreted by the gonococcal type IV se-
cretion system is single-stranded indicate that autolysis is not
the method of DNA release.51 Thus, it appears that AtlA and
LtgX must be acting in the assembly and/or function of the
type IV secretion system, and determination of their specific
roles will require further experimentation.

Model for Function of LTS and Areas for Further Study

The study of LTs in N. gonorrhoeae has allowed us to assign
functions to these proteins and to begin to understand their
roles in various cellular processes. This situation is somewhat
different from the study of E. coli LTs. Because of the larger
number of LTs and their ability to substitute for each other in
function, multiple mutations are necessary to observe a
phenotype in E. coli.29 Except for mutations in ltgB and ltgE,
we have a phenotype for each of the LT mutants in PG
fragment release, cell separation, or type IV secretion. Even
in the case of LtgA and LtgD, where both proteins function
in PG fragment production, each mutation gave a reduction
in fragment release.8,10 Thus, it appears that gonococcal LTs
each have their own role and they do not effectively substi-
tute for each other. The model (Fig. 5) illustrates the roles
determined for several of the gonococcal LTs. LtgA and LtgD
act in breakdown of the cell wall. They are likely bound to

FIG. 4. A wild-type donor strain ( JD1545, cnp::mTnCm3
recA6) efficiently donates the chloramphenicol resistance
marker to a wild-type recipient strain (MS11 Spc) when the
two strains are grown together, yielding over 10,000 trans-
formants per milliliter of log-phase culture (left plate). An
atlA mutant ( JD1543, cnp::mTnCm3 recA6 atlA::ermC) dona-
tes the chloramphenicol resistance marker very poorly in
coculture with recipient strain MS11 Spc, yielding sometimes
10 or 100 transformants. No transformants were obtained in
this experiment (right plate).

FIG. 5. Model for the function of lytic transglycosylases in
Neisseria gonorrhoeae. Lytic transglycosylases LtgA and LtgD
are responsible for production and release of the toxic PG
monomers. LtgC may make a small contribution to PG
monomer production. LtgC acts along with AmiC to split the
septum after division thus facilitating cell separation. AtlA is
required for type IV secretion and may act to create a lo-
calized break in the cell wall to allow assembly of the type IV
secretion system.
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other PG-synthesizing and PG-degrading enzymes as part of
a complex of proteins that act in PG metabolism, as proposed
by Höltje.32 They may even be bound in complex with one
another. Their location relative to the septum, mid-wall, or
pole is unknown. LtgC is required for normal cell separation
and may interact with other PG degradation proteins, such
as amidase AmiC, which is also required for this process.17

LTs are also required for assembly and function of secretion
systems, and in gonococci, LtgX and AtlA are required for
type IV secretion. AtlA is hypothesized to introduce a lo-
calized break in the cell wall to allow assembly of the type IV
secretion system. This system pumps single-stranded chro-
mosomal DNA out of the cell where it can be taken up by
other gonococci through natural transformation.51

Although the study of LTs has been fruitful for under-
standing the functions of these enzymes, several questions
remain or have arisen in these studies. With regard to LtgA
and LtgD and the production of toxic PG fragments, it is not
clear why gonococci release larger amounts of PG monomers
than E. coli or other commensal species. Do LtgA and LtgD
localize to the outer membrane as predicted and does the
location of these enzymes favor PG fragment release instead
of recycling? Are LtgA and LtgD part of a protein complex
that facilitates export of PG fragments across the outer
membrane? For cell growth, are LtgA and LtgD localized to a
growth zone at the septum of these cocci, or are they found
elsewhere or throughout the periplasm? Similarly, is LtgC
part of a protein complex involved in septum splitting and cell
separation? Since meningococcal ltgC (gna33) mutants are
defective in infection,1 could inhibitors of cell separation be
used as novel antibiotics? Questions about the type IV secre-
tion LTs are listed in the previous section, but the big question
about these is what is their actual role in facilitating secretion
system assembly and function? For all the LTs, it is not known
how their functions are controlled or regulated. Gonococci
acetylate their PG at the C-6 hydroxyl group of MurNAc for
approximately half of the MurNAc residues,48 and we have
found that LtgA and LtgD are inhibited by acetylation as
expected. However, mutations in the PG acetylation genes
pacA, pacB, or the O-acetyl PG esterase ape1 (NGO0532)62 do
not lead to growth defects, and a pacA mutant analyzed for
PG fragment release showed no differences in amounts or
types of PG monomers released.11 PG from this pacA mutant
could be fully digested by lysozyme, showing that it lacked
acetylation. An explanation for the fragment release data is
that Ape1 is part of the complex of PG degradation proteins
and deacetylates PG before the LTs digest it. However, it does
not appear that the acetylation is protecting the cell wall from
uncontrolled breakdown by the LTs or that deacetylation is
necessary for cell growth. Control of LTs may occur partly by
transcriptional and translational regulation as was observed
for LtgC homologue GNA33 by Serruto.52 Also, localization
and binding to the degradation/synthesis complex may limit
LT activity to its appropriate place and conditions.
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