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Abstract

Lytic transglycosylase A in Neisseria gonorrhoeae cleaves the -1,4-glycosidic bond between peptidoglycan (PG) monomers
to liberate 1,6-anhydro-PG fragments that are either recycled or released as cytotoxic fragments. To gain further insight into
the effect of LtgA on cellular processes in Neisseria gonorrhoeae, we performed a proteomic analysis comparing wild-type
and an isogenic /tgA null mutant strain. Proteins were separated by two-dimensional gel electrophoresis and identified by
MALDI-TOF mass spectrometry, which revealed several proteins that were increased in their level of expression upon loss
of LtgA. The most notable changes corresponded to enzymes related to aminosugar and pyrimidine metabolism. Quantitative
real-time RT-PCR of mRNA from a /tgA null strain confirmed increased transcription of genes encoding enzymes involved
in UDP-N-acetylglucosamine (UDP-GIcNAc) synthesis, a major precursor in PG and lipooligosaccharide (LOS) synthesis,
during normal growth conditions and following exposure to penicillin. We also found that the /tgA mutant strains were more
susceptible to B-lactam antibiotics, vancomycin, and the human-cathelicidin antibacterial peptide, LL-37, than their cor-
responding wild-type parental strains. Our results suggest that increased expression of enzymes responsible for production
UDP-GIcNACc is an adaptive response due to inactivation of /tgA and/or exposure to penicillin.
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Neisseria gonorrhoeae is a Gram-negative, strict human
pathogen that causes the sexually transmitted infection
gonorrhea. Several determinants, such as demographics [1],
social behavior [2], and biological factors [3, 4], contribute
to the prevalence of gonorrhea. Individuals infected with N.
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gonorrhoeae have an increased likelihood of both transmit-
ting and acquiring HIV [5]. With over 106 million infections
worldwide per year [6], the treatment and prevention of gon-
orrhea is an enormous economic burden of global concern,
especially with the emergence of antibiotic-resistant strains.
Many inexpensive antibiotics traditionally used to treat gon-
orrhea, e.g. penicillin, tetracycline, fluoroquinolones, and
macrolides, are no longer effective because of resistance
mechanisms [7]. While most gonococcal infections can be
resolved by the current antibiotic regimen (dual therapy with
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ceftriaxone and azithromycin or doxycycline in the U.S.)
[8], these antibiotics are expensive, not always available in
poorer countries, and their minimum inhibitory concentra-
tions have increased markedly in the past decade, especially
in the Western Pacific Region countries [9]. If gonococcal
infections are left untreated, more invasive forms of the dis-
ease can develop, resulting in pelvic inflammatory disease,
ectopic pregnancy, infertility, or disseminated gonococcal
infections.

Peptidoglycan (PG), a major component of the cell wall
and the target of several antibiotics, is an important biologi-
cal factor that has been implicated in gonococcal pathogen-
esis [10, 11]. PG is composed of glycan strands containing
alternating aminosugars, N-acetylmuramic acid (MurNAc)
and N-acetylglucosamine (GIcNAc), connected by a 3-1,4-
glycosidic bond, with tetrapeptides or pentapeptides linked
to the carboxylate moiety of each MurNAc residue. In
mature PG, the peptides from two adjacent glycan strands
are cross-linked to one another, conferring rigidity, mainte-
nance of cell shape, and resistance to osmotic pressure. The
PG layer is continuously remodeled during growth, caus-
ing PG fragments to be either recycled or released [12]. A
multi-enzyme complex composed of lytic transglycosylases
(LTs), murein hydrolases, and synthases has been proposed
for PG synthesis and remodeling during bacterial growth
[13, 14]. It is possible that the regulation of these enzymatic
activities is under strict control to avoid lysis while allowing
cellular growth, suggesting that a delicate balance must be
maintained between PG turnover and cell wall synthesis [15,
16]. PG remodeling is accomplished in part by the activity of
lytic transglycosylases, which are a subclass of murein lyases
that cleave the p-1,4-glycosidic bonds between MurNAc and
GlcNc, with the concomitant formation of 1,6-anhydromu-
ramic acid residues at the terminal position [17].

The gonococcus has several well-characterized lytic
transglycosylases that are involved in PG release and recy-
cling [18, 19], cell separation [20], and chromosomal DNA
secretion via a type IV secretion system [21, 22]. Cloud-
Hansen et al. [19] determined that the lytic transglycosy-
lases LtgA and LtgD are responsible for the liberation of PG
fragments for both recycling and release, with each enzyme
producing about half of the released PG fragments. Interest-
ingly, LtgC, which is involved in cell separation, was the
only other lytic transglycosylase in N. gonorrhoeae shown to
produce a slight decrease in PG monomer release compared
to wild-type [20]. 1,6-anhydro-PG monomers released by N.
gonorrhoeae are identical to peptidoglycan-derived cytotox-
ins (PGCTs) in other Gram-negative bacteria that cause cel-
lular damage [23] and induce inflammatory cytokines [24,
25]. Lytic transglycosylases have been implicated in viru-
lence [10, 26] and in modulating expression of certain cellu-
lar processes [15, 27, 28]. Several studies have reported that
Gram-negative bacteria with mutations in murein hydrolases
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have reduced cytoplasmic PG monomer pools owing to
changes in PG recycling [19, 29, 30], and specific cytoplas-
mic proteins have been identified that respond to fluctuations
in the level of cytoplasmic UDP-MurNAc-pentapeptide and
anhMurNAc-tripeptide in some species [15, 27, 28, 31, 32].
However, it is unclear what changes occur in protein and
gene expression in response to changes in PG recycling and
release in N. gonorrhoeae.

Since LtgA is responsible for the release of approximately
40-50% of PG in N. gonorrhoeae [19], we compared the
protein expression profiles following normal growth of wild-
type and an isogenic /rgA mutant to identify those proteins
whose expression was altered. We identified 7 proteins
whose expression increased upon loss of /tgA; four of these
are involved in maintaining UDP-GIcNAc levels important
for PG and LOS synthesis. Our data further demonstrated
that gene transcription of enzymes involved in aminosugar,
and pyrimidine metabolism increase markedly in an /tgA
mutant strain during stationary phase under normal growth
conditions and in both wild-type and mutant /zgA strains fol-
lowing exposure to a sub-lethal concentration of penicillin.
We also determined that MS11 lacking /7gA was more sensi-
tive than the parental strain to certain 3-lactam antibiotics,
to vancomycin, and to a human antibacterial peptide, LL-37,
that N. gonorrhoeae encounters during infection.

Materials and Methods
Bacterial Strains and Growth Conditions

All experiments were carried out with non-piliated gono-
coccal variants except when used for transformation experi-
ments, as piliation is required for competence. N. gonor-
rhoeae strains FA19 and MS11, and their respective isogenic
ltgA deletion strains (Table 1), were grown in 30 ml of GC
base liquid (GCBL) medium (1.5% proteose peptone no.
3, 0.4% K,HPO,, 0.1% KH,PO,, 0.1% NaCl, 0.1% starch;
pH 7.2) containing Kellogg’s supplements [33] and 0.042%
NaHCO; with aeration or on GC agar plates (Difco) contain-
ing supplements in 5% (v/v) CO, at 37 °C. MS11 and its
isogenic strains, KC100 (MS11 AltgA) and KH599 (KC100
complemented with wild-type lrgA at a second site in the
chromosome), were kindly provided by Dr. Joe Dillard (Uni-
versity of Wisconsin).

Construction of FA19 AltgA

Gene-specific primers for ltgA (Table S1) were designed
based on the genome sequence of FA1090 (GenBank acces-
sion no AE004969) and used to amplify /tgA from FA19
genomic DNA. The 1848 bp amplified fragment was cloned
into the vector pBAD-TOPO (Invitrogen, Carlsbad, CA).
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Table 1 Strains and plasmids used in the present study

Strains or plasmid ~ Relevant characteristics References
Plasmids
pBAD-TOPO-T/A pUC-derived expression vector,  Invitrogen
Ap"
DW2135 ItgA disruption plasmid (Kan"/ This study
Ap)

FA19 N. gonorrhoeae wild-type strain  [36]
LW9279 FA19 transformed with DW2135 This study
MS11 N. gonorrhoeae wild-type strain  [18]
KC100 MS11 /tgA deletion mutant [18]
KH599 KC100 (complemented with Dillard, J. P.

ltgA wt (unpub-
lished)
KH560 MS11 ltgA and ltgD deletion [19]
mutant

The resulting plasmid was digested with Clal, the overhangs
filled-in with T4 DNA Polymerase, and the Smal-digested
aphA-3 kanamycin-resistance (kanA) cassette from plasmid
pUCI18K was ligated into the digested vector. This construct
(designated DW2135; Table 1) was transformed into gono-
coccal strain FA19 to create mutant LW9279 (IrgA::KmP).
LW9279 was confirmed by PCR (data not shown) using
ltgA- and kanA-specific primers (Table S1) and verified by
sequence analysis (data not shown).

Two-Dimensional Gel Electrophoresis (2DGE)

Gonococcal strains FA19 and LW9279 were grown in GCBL
to mid-log or stationary phase and harvested by centrifuga-
tion at 4000 X g. A modified 2DGE procedure was performed
on proteins isolated from strains. Briefly, cells at the indi-
cated growth phase were resuspended in lysis buffer (10 mM
Tris, pH 7.4, 0.3% SDS). An equal volume of urea sample
buffer (9.5 M urea, 2% Nonidet P-40, 5% beta-mercaptoetha-
nol, and 2% ampholines consisting of 1.6% pH 5-7 and 0.4%
pH 3.5-10) was added to samples prior to 2DGE analysis
(Kendrick Laboratories, Inc; Madison, WI). The difference
between two corresponding spots was calculated by dividing
spot density by the total density of all measured spots. Five
spots that were most increased in expression in LW9279
relative to FA19 were excised from the silver-stained gel and
identified by mass spectrometry (Protein Chemistry Core
Facility, Columbia University).

Antibiotic Susceptibility Assays

Epsilometer (E-test; Biomérieux, Durham, NC) strips were
used to evaluate the susceptibility of gonococcal FA19 and
MSI11 wild-type and isogenic mutant strains to antibiotics.
Strains were grown on GC agar plates containing Kellogg

supplements at 37 °C, 5% (v/v) CO, overnight and then
inoculated into GCBL-medium. The cells were harvested
between an optical density 550 nm (ODs5,) of 0.3-0.5,
spread onto GC agar plates, and incubated for 30 min.
KH599 was spread onto GC agar plates containing 1 mM
Isopropyl p-d-1-thiogalactopyranoside (IPTG) to induce
expression of the wild-type copy of /7gA located at a second
site within the chromosome. E-test strips were applied to
the surface of the plated cells and incubated for 24 and 48 h.
Plates containing E-test strips were read under a dissecting
microscope by two independent viewers. All assays were
carried out in triplicate and the averages of several assays
were calculated for penicillin, ampicillin, amoxicillin, van-
comycin, and erythromycin.

Antibacterial Peptide Susceptibility Assay

Gonococcal strains were grown to mid-log phase in
GCBL with Kellogg’s supplements and 0.042% NaHCO;
and with 1 mM IPTG when appropriate, diluted 100-fold
into GCBL medium without Kellogg’s supplements and
0.042% NaHCOj, and 90 pl aliquots of the diluted culture
were mixed with 10 pl of the cationic antibacterial peptide
LL-37 (provided by Dr. William Shafer, Emory University)
and incubated in a 96-well polyproplylene microtiter plate.
LL-37 (1 mg ml™") was serially diluted in twofold incre-
ments into 0.01% (v/v) acetic acid and 0.2% bovine serum
albumin (E-media) [34] before being added to the diluted
culture. Two microliters of diluted culture from each well
and a positive control (gonococci without LL-37) were
incubated for 1 h and then spotted onto GCB agar plates
and incubated overnight at 37 °C, 5% CO, to determine the
minimal growth inhibitory concentration (MGIC). All assays
were performed twice in triplicate to confirm results. Data
are reported as standard error of the mean (SEM) and the
statistical significance was determined by a Student ¢-test.

RNA Isolation from Bacterial Cultures

MS11 and FA19 wild-type and their respective isogenic
ItgA mutant stains, KC100 and LW9279, respectively, were
grown under normal conditions and harvested at mid-log
or stationary phase. Additionally, MS11 and KC100 were
grown in the presence or absence of a sub-lethal concentra-
tion of penicillin (0.3 pg ml~') and harvested at mid-log
phase. For growth experiments done in the presence or
absence of N-acetyl-D-glucosamine (UDP-GIcNAc), MS11,
KC100, and KH599 were grown to ODss, of 0.2, split into
equal culture volumes, treated with and without 50 mM
UDP-GIcNAc, and allowed to grow to mid-log phase before
cells were harvested for RNA isolation. Total RNA from
each experiment was isolated using the Ambion RiboPure-
Bacteria kit (Applied Biosystems, Carlsbad, CA) following
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the manufacturer’s protocol. The quantity and quality of the
RNA was determined by spectrophotometry and gel electro-
phoresis, respectively. RNA samples were checked for con-
taminating genomic DNA (gDNA) in a separate PCR reac-
tion using ribonuclease B RNA (rnpB) primers (Table S1)
but in the absence of reverse transcriptase; the rnpB primers
were also used to amplify cDNA for the endogenous control
in subsequent quantitative real-time PCR (qQRT-PCR) experi-
ments as described below.

Quantitative Real-Time PCR

Total RNA was reverse-transcribed to complementary DNA
(cDNA) using the high-capacity cDNA Reverse-Transcrip-
tion kit (Applied Biosystems, Carlsbad, CA) according to
the manufacturer’s protocol. Briefly, 1 ug of total RNA was
mixed with 2 pl of 10X reverse transcription buffer, 0.8 pl
25X dNTPs (100 mM), 2 pl 10X random primers, 1 pl
RNase inhibitor, and 1 pl MultiScribe reverse transcriptase
(RT). Each reaction was incubated at room temperature for
10 min and then at 37 °C for 120 min before heat inactiva-
tion at 85 °C for 5 s. The resulting cDNA and gene-specific
qRT-PCR primers (Table S1) were diluted to 300 ng and
5 pM, respectively, in a 25 pl reaction. Amplification was
carried out in 96-well plates containing cDNA, qRT-PCR
primers, and Sybr Green (Applied Biosystems, Carlsbad,
CA). Differences in gene expression between mutant and
wild-type were determined with the relative quantification
method. All transcripts were assayed in triplicate on at least
three or more independent biological samples with appro-
priate negative controls (minus RT to check for gDNA con-
tamination) unless specified. The fold difference between
mutant and wild-type for each transcript was determined
by converting the differences in thresholds to fold change
between strains based on the constitutively expressed rnpB
gene (endogenous control). Thus, ACt values were normal-
ized to rnpB.

Purification of Radioactively Labeled LOS and PG

MS11, the isogenic ltgA mutant strain in MS11 (KC100),
and the complemented strain of KC100 (KH599) were
grown to mid-log phase (ODss, of 0.6 to 0.8) in GCBL-
medium containing Kellogg’s supplements [33] and 0.042%
(w/v) NaHCO; with aeration and then centrifuged for 5 min
at 1700 x g. Cells were washed twice in 30 mls of pre-
warmed GCBL containing 0.4% pyruvate in place of glucose
as an energy source (GCBL-PMG) and then resuspended to
an ODss, of 0.2 in 20 mls of GCBL-PMG. Cultures were
allowed to grow for 2 h (ODssg, 0.6 to 0.8), at which time
[6—3H]g1ucosamine was added to each culture at final con-
centration of 2 uCi/ml. After a further 2 h of growth, aliquots
from each culture were removed and used to determine the
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total amount of [6->H] glucosamine incorporated into cells
and total protein levels. The remaining culture was split into
two equal volumes, which were used to isolate LOS and PG.
Labeled LOS was purified using a modified procedure
[35]. Briefly, pellets were washed in 1 ml of 1X PBS and
then resuspended in 500 pl of 1X PBS. Fifty microliters
of an LOS lysis buffer was added to 200 pl of the [6->H]
glucosamine-labeled cells and the mixture was boiled for
10 min. Afterwards, samples were equilibrated to 60 °C for
15 min before adding 10 pl of 2.5 mg/ml Proteinase K and
digesting for 1 h. For determination of overall radioactive
incorporation, aliquots (2 pl) of the Proteinase K digest
were removed and counted in a scintillation counter. The
relative amounts of radioactivity incorporated into LOS in
the different strains was determined by running the digests
on a 16.5% Tricine-SDS-PAGE mini-gel at 105 V for 10 h,
soaking the gel in EnHance, drying it on a gel dryer, and
exposing the gel to film for 2-3 days. To purify PG, cells
were resuspended in 4 ml of 50 mM sodium acetate (pH
5.0) and boiled for 30 min after adding 4 ml of 8% SDS. The
boiled samples were ultracentrifuged at 25,000 rpm (Ti70
rotor) for 30 min. Then pellets were washed with 8 ml of
molecular grade water and centrifuged for 30 min 4X before
being resuspended in a final volume of 500 pl of water. The
amount of [6->H] glucosamine-labeled PG for each strain
was determined by counting 2 ul in a scintillation counter.

Results
Characterization of FA19 AltgA (LW9279)

In Neisseria gonorrhoeae, LtgA is one of the primary lytic
transglycosylases responsible for release of peptidoglycan-
derived cytotoxins [18]. Recently, it was reported that strains
lacking /zgA showed a 50% reduction in the release of PG
monomers and free disaccharides, with a concomitant
increase in release of PG multimers, as well as a reduction
in autolysis as cells entered stationary phase [19]. How N.
gonorrhoeae responds at the cellular level to changes in PG
release and recycling due loss of /tgA [18] is unclear. To
address this question, we explored the effects on protein and
gene transcription following deletion of /tgA under normal
growth conditions in FA19. We insertionally inactivated lzgA
(designated LW9279; Table 1) using a kanamycin-resistance
cassette (kanA) and identified proteins whose expression was
altered compared to the parental strain during exponential
and stationary phase growth. We also examined the conse-
quences of [/tgA inactivation in MS11 (designated KC100;
Table 1) because the effects of LtgA on PG recycling and
release have been well-characterized in this strain. As pre-
viously reported for MS11 and KC100 [18], there were no
differences in growth rate or colony morphology between
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FA19 and LW9279 under normal growth conditions (data
not shown).

LW9279 has an Altered Protein Expression Profile

We determined the effect of insertionally inactivating LtgA
on protein expression by identifying protein spots (Table 2)
and comparing the 2DGE protein profiles of strains FA19
(Fig. 1a) and LW9279 (Fig. 1b) during exponential and

stationary phase growth. Comparative image analysis of the
2DGE gels revealed numerous proteins whose expression
was either increased or decreased during exponential and
stationary phase growth. Protein spots that were determined
qualitatively and quantitatively to be altered in expression
were selected and submitted to mass spectroscopy analysis.
We analyzed 14 protein spots from the 2D gel and iden-
tified 8 proteins (Table S2). Mass spectrometry revealed
that spot 1 (Fig. 1, top panels), which migrates close to the

Table 2 Proteins that were increased in LW9279 and their predicted functions

Spot Identified protein NCBI/ Gene MW Predicted function
swissprot# (kDa)
1 L-glutamine: D-fructose-6P amidotranferase® QI9K1P9 glmS 66.4 Aminosugar metabolism
la orf NG0373 (putative glutamine transporter)” 15,793,954 NGO0373 28.8 Amino acid transport
N-acetylglucosamine 1-phosphate uridyltransferase® 2,494,017 glmU 48.8 Aminosugar metabolism
3 Uracil phosphoribosyltransferase® QI9K048 uprT 22.7 Nucleotide metabolism

Protein (s) isolated during mid-log (*) and stationary (°) to represent protein expression during stationary phase

Fig.1 Two-dimensional gel of
proteins isolated from expo-
nential and stationary phase
gonococcal cultures. Panels

are sections from the total
protein profile image generated.
Circled spots indicate proteins
that were altered in expression
between FAI9 wild-type (panel
a) and LW9279 (panel b) dur-
ing exponential and stationary
phase. The circled spots were
identified by mass spectrometry
(Table 2 and S2)

FA19Al1gA (LW9279)

Exponential Phase
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29 kDa standard, produced peptide matches to two pro-
teins, GImS (66,400 Da; designated Protein 1 in Table 2),
an L-glutamine:D-fructose-6-P amidotransferase [37], and
open reading frame (orf) NG0373 (28,800 Da; designated
Protein 1a in Table 2), a putative glutamine transporter [38].
Whereas the molecular mass of orf NG0373 is consistent
with its mobility on 2DGE, the molecular mass of GImS is
much higher than the observed protein molecular mass on
the 2D gel. This discrepancy was most likely due to proteo-
lytic cleavage of GImS during preparation of the proteins
for 2DGE. Spot 2 (Fig. 1, middle panels) was identified as
GImU, a N-acetylglucosamine 1-phosphate uridyltransferase
[39], while spot 3 (Fig. 1, lower panels) was identified as
UprT, a uracil phosphoribosyltransferase [40]. GImS, orf
NGO0373, and GImU were identified from cells in stationary
phase growth, while UprT was identified from cells in mid-
log phase growth.

Intriguingly, the sequential enzymatic activities of these
four proteins are involved in the synthesis of the key meta-
bolic precursor, UDP-GlcNAc, which is needed for synthe-
sis of LOS, PG, and other macromolecules. GImS converts
Fru-6-P to glucosamine-6-phosphate (GlcN-6-P) using glu-
tamine (provided by orf NG0373) as an ammonia source.
Once GIcN-6-P has been converted to GIcN-1-P (by GImM),
GImU and UprT are responsible for the final conversion of
GIcN-1-P to UDP-GIcNAc (Fig. 2).

LtgA Regulation of Cell Wall Synthesis Genes in N.
gonorrhoeae

To ascertain if the increase in expression of these four pro-
teins was due to changes in mRNA levels, we carried out
qRT-PCR using gene-specific primers (Table S1) and total
RNA extracted from exponential and stationary phase cul-
tures of FA19 and LW9279. For comparison purposes, we
also examined levels of these transcripts in strain MS11,
KC100 (as MS11 but AltgA) and KH599 (as KC100 but
complemented with wild-type ltgA) (Table 1). In station-
ary cultures of LW9279, the levels of glmS and glmU

Fru-6-P
Glutamine
Glmsl

Glu-6-P A_) GIcN-6-P

. GImS
Uridine GlmM
PRPP

UprT GlcNAc-1-P GlcN-1-P

GImU
UMP — UTP
GlmU

UDP-GIcNAc

Fig.2 Biosynthetic pathway for production of UDP-GIcNAc
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transcripts were approximately fivefold higher than those
in the parental strain FA19, while transcription of NG0373
was ~ threefold higher (Fig. 3a). In stationary cultures of
KC100 (like LW9279, but in the MS11 background), RNA
levels of gimU, glmS, and NG0373 were all increased to
the same extent (~ fourfold) relative to MS11 (Fig. 3b). In
the ltgA-complemented strain, KH599, addition of IPTG to
induce expression of the complementing /fgA gene restored
the mRNA levels of the three genes to near wild-type levels
(Fig. 4a). These data suggest that the loss of /rgA is associ-
ated with increased levels of orf NG0373, gimS, and glmU
transcripts. Although UprT was not detected by 2DGE in sta-
tionary phase cultures (Fig. 1), we decided to examine uprT
transcript levels because of its role in UDP-GlcNAc produc-
tion. qRT-PCR analysis indicated that the levels of uprT
transcripts were approximately 2-fold higher in LW9279 and
KC100 (Fig. 4b) during stationary phase compared to their
respective parental strains but decreased to near wild-type
levels in the complemented strain KH599 (Fig. 4a).

To enhance our understanding of how PG recycling and
release affect UDP-GIcNAc gene expression, we examined
the levels of glmS and uprT transcripts as representatives of
the aminosugar and pyrimidine biosynthesis pathways in a

7 ] (a) (P=0.016)
g 6 o (P=0.013)
—
g 5]
Z (P=0.0004)
S 44 OFA19
a2
g3 = LW9279
2
Z 2
s
g 11
0 r
NG0373 glmS glmU
6 o (P<0.0001)
(b) (P<0.0001)
351
E (P=0.012)
= 4 9
2
é’_ 3 9 o Msi1
= EKC100
o 2 4
2
=
g 17
0
NG0373 glmS glmU

Fig.3 Expression of orf NG0373, gimS, and glmU in strains, a
LW9279 (FA19AltgA) and b KC100 (MS11AI/rgA), during stationary
phase. Transcript levels were measured by gRT-PCR and indicate a
change in expression levels in mutant relative to its respective parent
strain. P values and SEM were determined from results of three or
more independent experiments
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Fig.4 a Expression of a putative ABC transporter (NG0373), gims,
glmU, and uprT during stationary phase in KC100 (MS11AltgA)
relative to MS11 wild-type. Orf NG0373 and glmU mRNA-transcript
levels were restored back to wild-type level whereas glmS and uprT
mRNA-transcript levels were restored back to a near wild-type level
in strain KH599 (lzgA complement strain). A P value of <0.0001 was
determined and the SEM calculated from results of one representative
experiment. b uprT expression during stationary phase in FA19 and
MS11 wild-type strains and isogenic mutant /rgA strains (LW9279
and KC100, respectively). Transcript levels for uprT were measured
by gqRT-PCR and indicate the relative change in expression of uprT
in mutant /gA strains relative to wild-type. A P value of <0.0001 was
determined and SEM calculated from two independent experiments

double-knock strain of ltgA and ltgD (designated KH560).
Strain KH560 has significantly reduced PG recycling,
increased PG multimer release, and a complete loss of PG
monomer release [19]. These characteristics allowed us to
determine if changes PG recycling affects genes involved
in UDP-GIcNAc synthesis in N. gonorrhoeae. qRT-PCR
experiments revealed 2- and 2.8-fold increases in glmS and
uprT mRNA, respectively, in KH560 relative to MS11 (Fig.
S1), which suggests that PG recycling also, may affect genes
involved in UDP-GIcNACc synthesis.

Effect of UDP-GIcNAc on Aminosugar and Pyrimidine
Gene Expression

mRNA-transcript levels of orf NG0373, glmS, gimU, and
uprT are each markedly increased in gonococcal strains
lacking ltgA (Figs. 3 and 4), potentially to maintain

50
45
40
35
30
25
20
15
10 1

5

0=

B-galactosidase activity
(nmolesONPG hydrolyzed/mg protein)

FA19

LW9279

Fig.5 Expression of ponA in a mutant /fgA strain. There was a 3.5-
fold (P=0.0194) increase in B-galactosidase activity in LW9279
(FA19 AltgA) relative to FA19 wildtype. The results are shown as the
average values with a calculated stand error of the mean (SEM) deter-
mined from four independent assays

UDP-GIcNAc levels for synthesis of PG and LOS. A previ-
ous study showed that treatment of S. aureus with exogenous
GlcNAc significantly decreased glmsS promoter activity and
protein levels compared to only a slight decrease in GImS
expression when treated with glucosamine (GlcN) [41].
Additionally, it has been reported GlmS is expendable in
E. coli when exogenous GIcNAc is available [42]. This sug-
gested that an exogenous GlcNAc may modulate expression
of genes involved in de novo synthesis. To determine if the
differences in expression of these genes in wild-type and
mutant /frgA strains is due to a decrease in UDP-GIcNAc,
mRNA levels of the four genes were determined in log phase
cultures of MS11 and KC100 treated with exogenous UDP-
GlcNAc or vehicle. The addition of 50 mM UDP-GIcNAc
to KC100 decreased mRNA levels of NG0373, glmsS, gimU,
and uprT in mutant /tgA even below those in wild-type
MSI11 levels (Fig. 5) but had no obvious effect on growth
(data not shown). Although, we do not know whether exog-
enous UDP-GIcNAc has a direct effect on UDP-GIcNAc
synthesis genes, these results suggest that changes in PG
recycling (due to inactivation of /rgA) [18] cause a shift from
salvage of UDP-GIcNAc from recycled PG fragments to de
novo synthesis in order to maintain levels of UDP-GIcNAc
essential for PG and LOS biosynthesis.

Transcription of PBP 1 is Increased in an LtgA
Mutant

Because loss of lgA increases expression of genes involved
in synthesis of UDP-GIcNAc, we investigated the effects of
loss of /tgA on the expression of peptidoglycan synthesizing
enzymes. Penicillin-binding protein 1 (PBP 1) encoded by
the ponA gene is a bifunctional transglycosylase/transpepti-
dase that is responsible for the majority of new peptidogly-
can added during cell growth, and its expression has been
shown to be modulated by the MtrR transcriptional regulator

@ Springer
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Fig.6 Relative expression levels of ponA in mutant ltgA. qPCR
results show that ponA mRNA-transcript levels were increased in
strain LW9279 relative to FA19 wildtype. A P value of 0.04 indicates
a significant difference in expression levels. The results are shown as
the average values with a calculated stand error of the mean (SEM)
determined from four independent assays
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Fig.7 The effect of N-acetyl-D-glucosamine (UDP-GIcNAc) on orf

NGO0373, glmS, glmU, and uprT mRNA-transcript levels. The addi-
tion of 50 mM UDP-GIcNAc to KC100 (+DP-GIcNAc) restored
gene expression to a near wild-type levels. P values (located above
bar) were determined-based replicates of three for each gene of at
least two or more independent experiments

[43]. Interestingly, ponA shares an overlapping promoter that
regulates a divergently transcribed operon encoding several
pilus biosynthesis proteins, like PilO, which was identified
as a protein spot altered in expression in strain LW9279
(Table S2 and Fig. 1). FA19 and LW9279 were transformed
with constructs comprising the promoter and start codon of
ponA fused to p-galactosidase [43] and the cultures tran-
scriptional fusion grown in culture to mid-log phase. The
cells were lysed and assessed for B-galactosidase activity
(Fig. 6). As with the four genes involved in UDP-GIcNAc
synthesis, the ponA gene was upregulated in the /zgA knock-
out strain relative to the parental. These results were also
confirmed by isolating mRNA from FA19 and LW9279 and
performing RT-PCR (Fig. 7).

@ Springer

Incorporation of GIcNAc into PG and LOS
in Wild-Type and Mutant IltgA

Based on the capacity of exogenously added UDP-GIcNAc
to restore the mRNA levels of enzymes involved in synthesis
of UDP-GIcNAc to wild-type levels (Fig. 5), we next exam-
ined whether GIcNAc was used preferentially for PG or LOS
synthesis in cells lacking /tgA. MS11 and KC100 (MS11
AltgA) were metabolically labeled with [6->H]glucosamine
in the presence of pyruvate as a carbon source (the change in
carbon source did not affect glmS mRNA transcription; data
not shown). After two hours of labeling, equivalent amounts
of cultures were used to purify LOS and PG to determine
if there was a difference in the amount of [6->H] glucosa-
mine incorporated during synthesis between wild-type and
mutant /tgA. There was no difference in [6->H] glucosamine
incorporation into LOS or PG (Fig. S2) between MS11 and
KC100 on a per weight basis, suggesting that the levels of
the UDP-GIcNAc pool in both MS11 and KC100 are very
similar, with the increased expression of orf NG0373, gimsS,
glmU, and uprT in KC100 collaborating to maintain normal
levels of the UDP-GIcNAc pool to ensure that an adequate
precursor supply is available for both LOS and PG synthesis.

Penicillin Treatment Increases Expression
of Aminosugar and Pyrimidine Biosynthesis Genes

While we have shown that the loss of /7gA leads to increased
mRNA-transcript levels of genes responsible for produc-
tion of UDP-GIcNAc (Fig. 3), it remained unclear whether
changes in mRNA levels were an adaptive response as a
result of changes in PG recycling due to loss of /tgA [18].
Sinha et al. [44] showed that treatment of N. gonorrhoeae
RD; with penicillin G accelerated PG turnover and con-
comitant release of [°’H]glucosamine-containing fragments.
Therefore, we determined whether treatment of MS11 and
KC100 with a sub-lethal concentration of penicillin G
(0.3 pg/ml) would produce an adaptive response in N. gon-
orrhoeae and whether such a response would be additive
with that induced by loss of I1gA.

The levels of glmS and uprT mRNA were quantified in
MSI11 cells grown for 1 h in the presence or absence of
a sub-lethal concentration of penicillin. mRNA transcripts
of glmS and uprT increased 3.6- and fourfold, respectively,
in penicillin-treated cells relative to untreated MS11 cells
(Fig. 8a, b), which was like the adaptive response observed
in KC100 without penicillin (Fig. 8a, b). To determine if the
effects of penicillin on mRNA transcription were additive
with those due to loss of LtgA, we quantified the levels of
glmS and uprT mRNA transcripts by growing KC100 for 1 h
in the presence or absence of the same sub-lethal concentra-
tion of penicillin as above. Levels of glmS and uprT mRNA
increased 9- and sevenfold, respectively, in penicillin-treated
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Fig. 8 Relative expression levels of (a). glmS and (b). uprT for peni-
cillin (+PEN) treated strains relative to MS11-untreated (—PEN).
Transcript levels were measured by qRT-PCR and indicate the rela-
tive change in gene expression between strains. A P value of 0.014
and 0.001 was calculated for g/mS and uprT, respectively. Values and
the SEM were calculated from the results of three independent exper-
iments

KC100, which was twofold higher than that of penicillin-
treated MS11 and untreated KC100 (Fig. 8a, b). These data
indicate that the gonococcus undergoes adaptive responses
both to changes in cell wall remodeling (i.e., from loss of
LtgA) and to inhibition of normal PG synthesis (i.e., from

sub-lethal penicillin treatment) by increasing expression
of genes responsible for UDP-GIcNAc synthesis, and the
resulting increases in transcription of g/mS and uprT in the
two conditions are additive.

Mutant ItgA Strains Show Increased Sensitivity
to Antimicrobials

Mutants of murein hydrolases have been reported to increase
susceptibility to antimicrobials [27, 45]; therefore, we deter-
mined if loss of LtgA increases susceptibility to antimicro-
bials in MS11, FA19, and their respective isogenic ltgA
mutant strains. KC100 was 2- to 3-fold more susceptible to
p-lactam antibiotics compared to the parental MS11 strain,
whereas the differences between LW9279 and FA19 were
less obvious (Table 3). Moreover, the complemented strain
KH599 showed p-lactam susceptibilities similar to wild-
type, but only in the presence of IPTG to induce expression
of LtgA. Unexpectedly, both mutant /7gA strains (LW9279
and KC100) showed an increased sensitivity to vancomy-
cin, an antibiotic normally ineffective against Gram-negative
bacteria due to its inability to cross the outer membrane bar-
rier; thus, the [tgA strains appear to be more permeable than
the parental strains. There were no significant differences
in susceptibility to erythromycin among the tested strains.
FA19 and MS11 wild-type strains were ~2-fold less suscep-
tible to LL-37 compared to isogenic LW9279 and KC100,
respectively (Table 3). Studies in other Gram-negative bac-
teria have shown that mutations in multiple hydrolases are
necessary for a higher degree of antimicrobial susceptibility
[27, 45], but for N. gonorrhoeae, altered susceptibility was
observed following deletion of only LtgA.

The increased susceptibility of KC100 to LL-37 and van-
comycin suggests that loss of LtgA alters the cell envelope
to make it more permeable, perhaps by altering its structure.

Table 3 Susceptibility

. Strain Description Minimum growth inhibitory concentrations (MGIC, pg ml™")

of gonococcal stains to

antimicrobials PEN® AMP®  AMX®  ERY' VAN®  LL-37f
FA19 Wild type >0.016 0.023 0.032 0.25 8 7.25(+1.05)
LW9279 FA19 ltgA:Kan® >0.016 0.023 0.016 0.25 4 3.1
MS11 Wild type 1 1 1 2 24 1.5
KC100 MS11 ltgA deletion 0.5 0.5 0.38 2 12 .78
KH599¢ KC100 complement 1 ND 0.75 2 24 ND
KH599" KC100 complement ND ND 0.38 ND ND ND

PEN?, penicillin; AMPP, ampicillin; AMXC, amoxicillin; ERYY, erythromycin; VAN®, vancomycin; LL-37",

human-cathelicidin
ND, not done

*P<0.0001, P values were determined using Two-way ANOVA. Assays were done in triplicate two or
more times with a standard deviation (SD) equal to+0.000 unless otherwise reported

gwith IPTG
hwithout IPTG
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Therefore, we determined whether there was a difference in
membrane permeability due to changes in LOS. Examina-
tion of LOS from MS11 and KC100 showed that the two
preparations were indistinguishable with respect to LOS
amount and its migration rate and migration distance on
SDS-PAGE (Fig. S3).

Discussion

The aim of this study was to identify changes in protein
and gene expression in Neisseria gonorrhoeae due to loss
of /tgA. We observed a coordinated increase in protein and
mRNA transcripts for four genes involved in UDP-GIcNAc
synthesis (orf NG0373, glmS, uprT, and gIlmU) under normal
growth conditions and exposure to sub-lethal concentrations
of penicillin in two distinct strains of N. gonorrhoeae lack-
ing LtgA. This study is the first to examine the effects of
PG turnover and antibiotic-induced PG degradation in N.
gonorrhoeae on the synthesis of UDP-GIcNAc, a precursor
for both PG and lipooligosaccharide (LOS) synthesis.

While our data showed changes in transcription of UDP-
GIcNAc synthesis genes due to loss of lfgA, it remains
unclear whether the increase is in direct response to changes
in PG recycling and release, or to a general stress response
to a possible defect in cell wall assembly. It is plausible that
the loss of LtgA activity may lead to decreased PG fragment
recycling and subsequent reduction of intracellular pools
of salvaged precursors, directly impacting transcription
of genes responsible for UDP-GIcNAc synthesis through
the action of an unknown regulator. Recycled PG frag-
ments have been shown to regulate gene expression in other
Gram-negative bacteria [46]. Alternatively, the increase in
mRNA-transcripts of enzymes involved in UDP-GIcNAc
synthesis in mutant /fgA strains could reflect the capacity
of N. gonorrhoeae to detect disruption of its cell wall. Loss
of LtgA could exert stress by incomplete removal of older
PG due to reduced PG turnover in the /7gA mutant strain,
which might produce gonococci with weakened cell walls
and cause cells to be more susceptible to environmental
changes during growth [47]. Also, this may explain why
ItgA mutants are more susceptible to antimicrobials. Inter-
estingly, the expression of glmS was significantly increased
in /tgA mutants and reduced by exogenous UDP-GIcNAc,
which was also shown to be modulated by PG components in
other bacteria [41]. This suggests a physiological reason why
the cell would need to modulate GlmS activity and why a
delicate balance must be maintained between UDP-GIcNAc
de novo synthesis and PG recycling [48].

Studies have shown that some bacteria respond to changes
in cell wall integrity and/or altered levels of intracellular
PG fragments [46]. Our findings suggest that, like deletion
of ltgA, a sub-lethal amount of penicillin G added during

@ Springer

log phase growth may decrease intracellular pools of UDP-
GIcNAc by decreasing recycling, which increases expres-
sion of genes involved in UDP-GIcNAc synthesis. Alter-
natively, gonococcus may be capable of sensing changes in
the cross-linking of cell wall peptides when treated with
penicillin, which may be important for maintaining a bal-
ance between PG synthesis and degradation or sensing
environmental changes that might be detrimental during
growth. The mechanisms by which most bacteria moni-
tor intracellular levels of peptidoglycan (PG) precursors
remain largely unknown. Recent findings indicate that tran-
scriptional regulation in N. gonorrhoeae responds to amino
sugar levels [49]. The phenotypes of PG recycling mutants
suggest that N. gonorrhoeae can regulate sugar metabolism
based on intracellular levels of PG fragments. For instance,
an ampD mutant, unable to degrade PG fragments beyond
the anhydro-MurNAc-tripeptide, showed increased uptake
and metabolism of free disaccharides [28, 31, 50]. Similarly,
ltgA ltgD double mutants, which do not produce anhydro-
PG monomers, the major substrate for PG recycling, also
consume free disaccharides, indicating upregulated uptake
and degradation factors for PG-derived sugars [19]. Unlike
Escherichia coli and many other bacterial species, Neisseria
gonorrhoeae lacks a homolog of AmpR [15, 27, 31], making
it unclear if they can regulate transcription based on the lev-
els of recycled PG fragments or PG biosynthetic precursors.
However, in this study, findings suggest that transcriptional
regulation in N. gonorrhoeae responds to amino sugar levels
and/or changes in the cell envelope. The phenotypes of PG
recycling mutants suggest that N. gonorrhoeae can regulate
sugar metabolism based on intracellular levels of PG frag-
ments. In Escherichia coli, deletion of several lytic trans-
glycosylases resulted in increased sensitivity to antibiotics
that are typically ineffective against gram-negative bacteria.
In contrast, the single LT deletion (ltgA) in N. gonorrhoeae
affects its sensitivity to antibiotics and antibacterial peptides.
The increased sensitivity to the p-lactam antibiotics may be
related to a delicate balance between cell wall degradation
by LTs and synthesis by penicillin-binding proteins during
growth. These findings underscore the complex interplay
between PG recycling, cell wall synthesis, and antibiotic
resistance in bacteria, emphasizing the importance of under-
standing these processes for developing effective antimicro-
bial strategies.

Conclusion

The findings of this study highlight a significant adap-
tive mechanism, where the increase in mRNA-transcripts
for UDP-GIcNAc synthesis genes in mutant [fgA serves
as a response to cell wall stress and/or penicillin-induced
treatment. Induced changes in mRNA-transcript levels for
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UDP-GIcNAc synthesis genes highlights a potential link
between cell wall stress and antibiotic resistance mecha-
nisms. This adaptive response ensures the maintenance
of adequate UDP-GIcNAc levels necessary for lipooligo-
saccharide (LOS) and peptidoglycan (PG) synthesis. By
favoring the salvage pathway for UDP-GIcNAc synthesis,
bacteria may be able to circumvent the inhibitory effects of
antibiotics on cell wall biosynthesis, thereby contributing
to their survival and resistance. Additionally, a decrease
in cytoplasmic pools of UDP-GIcNAc may be the primary
driver of this transcriptional change, as evidenced by the
restoration of gene transcript levels upon the addition of
UDP-GIcNAc. The ability of bacteria to adapt their meta-
bolic pathways in response to due loss of /tgA and/or anti-
biotic-induced stress suggests that targeting these adap-
tive mechanisms could be a viable strategy for developing
new antimicrobial therapies. Understanding the interplay
between metabolic adaptation and antibiotic resistance
can inform the design of drugs that disrupt these adaptive
responses, potentially enhancing the efficacy of existing
antibiotics and reducing the emergence of resistant strains.
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