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ABSTRACT

Key steps in bacterial cell division are the synthesis and subsequent hydrolysis of septal peptidoglycan (PG), which allow efficient
separation of daughter cells. Extensive studies in the Gram-negative, rod-shaped bacterium Escherichia coli have revealed that
this hydrolysis is highly regulated spatially and temporally. Neisseria gonorrhoeae is an obligate Gram-negative, diplococcal
pathogen and is the only causative agent of the sexually transmitted infection gonorrhea. We investigated how cell separation
proceeds in this diplococcal organism. We demonstrated that deletion of the nlpD gene in strain FA1090 leads to poor growth
and to an altered colony and cell morphology. An isopropyl-beta-p-galactopyranoside (IPTG)-regulated nlpD complemented
construct can restore these defects only when IPTG is supplied in the growth medium. Thin-section transmission electron mi-
croscopy (TEM) revealed that the nlpD mutant strain grew in large clumps containing live and dead bacteria, which was consis-
tent with deficient cell separation. Biochemical analyses of purified NIpD protein showed that it was able to bind purified PG.
Finally, we showed that, although NlpD has no hydrolase activity itself, NlpD potentiates the hydrolytic activity of AmiC. These
results indicate that N. gonorrhoeae NlpD is required for proper cell growth and division through its interactions with the ami-
dase AmiC.

IMPORTANCE

N. gonorrhoeae is the sole causative agent of the sexually transmitted infection gonorrhea. The incidence of antibiotic-resistant
gonococcal infections has risen sharply in recent years, and N. gonorrhoeae has been classified as a “superbug” by the CDC.
Since there is a dearth of new antibiotics to combat gonococcal infections, elucidating the essential cellular process of N. gonor-
rhoeae may point to new targets for antimicrobial therapies. Cell division and separation is one such essential process. We iden-

tified and characterized the gonococcal nlpD gene and showed that it is essential for cell separation. In contrast to other patho-
genic bacteria, the gonococcal system is streamlined and does not appear to have any redundancies.

Peptidoglycan (PG) is an essential component of most bacterial
cell walls. PG is a polysaccharide polymer that is composed of
repeating units of N-acetylglucosamine (GlcNAc) and N-acetyl-
muramic acid (MurNAc) linked by a 3-1-4 glycosidic bond. Pep-
tide side chains attached to the MurNAc sugar form interpeptide
cross-links and reinforce the PG structure, which is important for
protecting the bacterial cell from osmotic lysis and for regulating
cell size and shape. PG is a dynamic structure that undergoes con-
stant remodeling to accommodate cell growth and division (1).
Accordingly, bacteria contain a variety of peptidoglycanases that
cleave the cell wall at specific locations and times.

Much of what is known about the intricacies of cell division
comes from the model organism Escherichia coli, and compara-
tively less is known about cell division in other Gram-negative
bacteria, particularly coccal organisms (2). During cell division in
E. coli, the cell envelope (outer membrane, inner membrane, and
peptidoglycan [PG]) undergoes a coordinated constriction at the
midcell, which is orchestrated by the divisome (3). The divisome
consists of cytoskeletal proteins, PG hydrolases, and associated
regulatory proteins. PG hydrolases are required for septal splitting
and for the final separation of daughter cells. This septal split-
ting and cell separation occurs through the action of three re-
dundant PG amidases, AmiA, AmiB, and AmiC (4), which hy-
drolyze the amide bond between MurNAc and L-alanine. These
amidases are specifically activated by the regulatory proteins
EnvC and NlpD (5).
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EnvC and NlpD are classified as lysostaphin-like metallopro-
teases (LytM proteins), which belong to the M23 peptidase family
of proteins (6). The LytM domain was first identified in the auto-
lysin lysostaphin of the Gram-positive bacterium Staphylococcus
aureus (7). Although lysostaphin cleaves the pentaglycine cross-
bridges found exclusively in staphylococcal PG, LytM proteins
have PG hydrolase activities with a range of cleavage specificities,
and some LytM proteins have no detectable PG hydrolase activity.
In E. coli, these LytM-like proteins have been shown to regulate the
amidases AmiA to AmiC, to contain a degenerate LytM domain
possessing only two of four LytM active sites, and to have no PG
hydrolytic activity themselves (5). The rod-shaped bacterium
Vibrio cholerae also contains a single amidase, AmiB, which is
controlled by NlpD and EnvC (8). Haemophilus influenzae con-
tains three LytM-like factors, YebA, NlpD, and Env (9).

Significantly less is known about the process of cell division
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TABLE 1 Primer sequences

Primer Sequence (5'-3") Reference or source
NlpD-13 GGCATTAATTAACATGAAGGTTATCTTATGTTG This work
NlpD-11 CATGGAATTCTTGCAAACGGAAAGTCAGAACGCG This work
NlpD-12 GATCTTAATTAACAGGCTATATATCGGAACATGAAGG This work
NlpD-10 CATGGCTAGCATGGCTCTGTTGGGCGGTTGCGCC This work
NlpD-9 GATTCCATGGAAGCTCTGTTGGGCG This work
NIpD-8 GATTCCATGGAAATGTTGAAACAAACG This work
NlpD-7 GATTCCATGGAAATGCGGCGCAGG This work
NlpD-3 GACCGAAGCCTATCTGATGGG This work
NlpD-4 CTGAAAGACAGGACAAGCATTG This work
NlpD-1 GGGGACGGATTTTGGTGAATGCG This work
NlpD-2 AAAGACAGGACAAGCATTGTTCCG This work
SP3A CCGGAACGGACGACCCCG 16
PILRBS GGCTTTCCCCTTTCAATTAGGAG 16

and separation in coccal bacteria (2). The diplococcal Gram-neg-
ative bacterium Neisseria gonorrhoeae divides in two planes,
whereas rod-shaped bacteria divide in only one. The Min system
of N. gonorrhoeae functions to regulate cell division, and minCD
gonococcal mutants are heterogeneously sized with multiple,
sometimes incomplete, septa (10). Gonococcal minCD mutants
have reduced viability compared to E. coli minCD cells, suggesting
that the Min system may be more important for N. gonorrhoeae
than it is for E. coli. Finally, although E. coli has three redundant
amidases, N. gonorrhoeae strain FA1090 is predicted to contain
only the AmiC amidase, and a gonococcal amiC mutant shows a
defect in cell separation (11).

We previously showed that the mpg gene product of N. gonor-
rhoeae (also called NGO1686) is a LytM protein and a bifunctional
M23 metallopeptidase, possessing and exhibiting endopeptidase
as well as carboxypeptidase activities on PG (12). Although an mpg
mutant has no defects in cell separation, we demonstrated that
Mpg alters gonococcal resistance to polymorphonuclear leuko-
cyte (PMN)-mediated oxidative and nonoxidative killing mecha-
nisms through its activity in type IV pilus expression (13). Muta-
tion of the predicted M23 active sites revealed that only two of the
four M23 active sites are important for Mpg-associated pheno-
types and activities. Specifically, a mutation in the predicted cata-
lytic histidine residue has no effect on phenotypes conferred by the
Mpg protein (12). In this current work, we have characterized an
Mpg paralog, NIpD (NG1056; E value, 2e—12). We show that a
gonococcal nlpD mutant grows poorly, has an altered colony and
cellular morphology, and is defective in cell separation. Purified
NlpD binds to PG and does not hydrolyze PG itself, but rather it
potentiates the activity of the amidase AmiC. We conclude that
gonococcal NlpD has a similar interaction with AmiC as it does in
E. coli; however, N. gonorrhoeae has a more streamlined system,
since it contains only one amidase, AmiC.

MATERIALS AND METHODS

Bacterial strains and growth medium. All N. gonorrhoeae strains were
derivatives of FA1090. Gonococcal strains were grown at 37°C on solid GC
medium base (GCB; Difco) plus Kellogg supplements I and II [22.2 mM
glucose, 0.68 glutamine, 0.45 mM cocarboxylase, and1.23 mM Fe(NO,),]
(14), all from Sigma at 37°C in 5% CO,. N. gonorrhoeae strains were
grown in GCB liquid (GCBL) medium (1.5% proteose peptone no. 3
[Difco], 0.4% K,HPO,, 0.1% KH,PO,, and 0.1% NaCl) with 0.042%
sodium bicarbonate (all from Sigma) and Kellogg supplements I and II at
37°C with rotation. E. coli strain TOP10 (Invitrogen) was used to propa-

616 jb.asm.org

Journal of Bacteriology

gate plasmids and was grown in Luria-Bertani (LB) broth or agar at 37°C.
Antibiotics (Sigma) were used at the following concentrations for N. gon-
orrhoeae: erythromycin (Erm), 0.75 pg/ml; kanamycin (Kan), 40 pg/ml;
and tetracycline (Tet), 0.2 wg/ml. For E. coli, the following concentrations
were used: Kan, 40 pg/ml; Erm, 275 pg/ml; and chloramphenicol (Cam),
25 pg/pl. Isopropyl-B-p-1-thiogalactopyranoside (IPTG) (Diagnostic
Chemicals) was supplied at I mM in solid agar or liquid medium.

DNA manipulations and analysis. Standard procedures were per-
formed as described previously (15). Plasmid DNA was isolated from E.
coli using Qiagen plasmid kits. DNA was isolated from agarose gels using
QIAquick gel extraction kits (Qiagen). All DNA restriction and modifica-
tion enzymes were used according to the manufacturers’ instructions
(Promega and New England BioLabs). E. coli strain TOP10 was trans-
formed using heat shock according to the manufacturer. E. coli strain
BL21(DE3) (Novagen) was transformed using the Gene Pulser II electro-
poration system (Bio-Rad Laboratories) according to the manufacturer’s
specifications. pilE sequences of FA1090 and derivatives were determined
by amplifying pilE from the chromosome with primers PILRBS and SP3A
(16) using GoTaq polymerase (Promega) and sequencing the resulting
PCR product with SP3A. Sequencing products were analyzed on an ABI
3730 sequencer.

Transformation of Neisseria. Gonococcal strains were transformed
with plasmids by coculture of DNA and N. gonorrhoeae on a solid medium
(spot transformation). The strain to be transformed was plated on GCB,
and ~5 to 10 pg of plasmid DNA was added to a 20-pl total reaction
mixture of GCBL [containing supplements I and II and 5 mM Mg(SO,)]
and was spotted on individual areas of the plate. After coincubation for 18
to 20 h at 37°C, colonies from the spotted areas were collected with a
Dacron swab, resuspended in GCBL, and plated on a medium containing
an antibiotic to select for transformants.

Construction of a nonvarying FA1090 (RM11.2, ) strain. FA1090
RM11.2,,, was constructed by transforming strain RM11.2 recA6 (17) with
the pVD300 plasmid construct (18) containing the recA gene under the
control of its endogenous promoter. Colonies were screened for those that
varied in the absence of IPTG and were Tet®. The pilE sequence was veri-
fied to be RM11.2. Strains were subsequently transformed with the G4
point mutant construct (19) and were screened for colonies that lost the
ability to vary in the presence of IPTG (thus designated with a subscript
“nv” for nonvarying). DNA sequencing verified the presence of the G4
mutation and the retention of the RM11.2 pilE sequence.

Insertional inactivation of nlpD. To disrupt nlpD, the entire gene
except for the last 3’ 29 bp was deleted, and a cat resistance gene cassette
was inserted in its place. Primer pairs NlpD-3/NIpD-5 and NlpD-4/
NlpD-6 (Table 1) were used to amplify the regions upstream and down-
stream of nlpD, respectively. The ~460-bp product of NlpD-3/NlpD-5
and the ~410-bp product of NlpD-4/NlpD-6 were gel-purified and li-
gated separately to pCR-Blunt (Invitrogen). Sequencing confirmed that
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no mutations were introduced. The cat gene encoding Cam" from plas-
mid pHSS6/Cat2-9 was excised with a NotI digest, treated with T4
DNA polymerase to yield blunt ends, gel purified, and ligated to the
EcoRV-digested pCR-Blunt construct containing the downstream re-
gion of nlpD. Cam" colonies were selected on solid medium. A clone
containing the cat gene in the same orientation as the nlpD gene was
linearized with NotI and blunted with T4 polymerase. The nlpD up-
stream fragment was released from the pCR-Blunt construct with an
EcoRI digest, blunted with T4 polymerase, and excised from an aga-
rose gel. The fragment containing the upstream region of nlpD was
subsequently ligated to the cat-containing downstream nlpD region.
Proper orientation of the nlpD construct was determined by restric-
tion enzyme digest and was confirmed by sequencing.

Regulatable nlpD complementation construct (in Neisseria). The
product of the primer pair NlpD-3 and NlpD-4 (Table 1) was used to
amplify the nlpD region, which was subsequently used as a template for
the PCR using primers NlpD-13 and NlpD-11 (Table 1) with KOD poly-
merase (Novagen). This second PCR product contains the nlpD coding
region as well as the associated ribosome binding site (RBS) and intro-
duces a Pacl site into the 5" end of the product with primer NlpD-13. The
~1,050-bp PCR product was cloned into vector pCR-Blunt and was se-
quenced for accuracy. Next, this construct was linearized with BamHI and
was treated with T4 DNA polymerase to create blunt ends, and the nlpD-
containing sequence was then released with a Pacl digest at the 5" end of
the gene. The resulting fragment was gel purified using the QIAquick kit,
was ligated overnight to Pacl/Pmel-digested and ciprofloxacin (CIP)-
treated vector pGCC4, and was used to transform E. coli TOP-10 cells
(Invitrogen). Erm" transformants were selected and sequenced using the
primer taclac 5’ to verify that the 5" junction of the nlpD gene was intact.
The resulting IPTG-inducible construct pGCC4-nlpD was spot-trans-
formed into strain FA1090 AnlpD (RM11.2,, and 1-81-S2, pilE se-
quences), and colonies were selected on GCB with Erm.

NlpD overexpression and purification. The nlpD gene lacking the
predicted signal sequence was amplified from N. gonorrhoeae chromo-
somal DNA by PCR using primer NlpD-10, which introduces an Nhel
site, and primer NlpD-11 (Table 1) and was cloned into pCR-Blunt. Two
clones with inserts of the predicted size were sequenced to verify that no
mutations had been introduced. The nlpD insert was excised from pCR-
Blunt with an Nhel/BamHI digest and was cloned into an Nhel/BamHI-
digested pET28a overexpression vector (Novagen) to yield pET/His-
NlpD. The 5" junction of the insert and vector was sequenced to ensure the
reading frame was maintained.

To overexpress the His-NIpD protein, the clone described above was
transformed into E. coli BL21(DE3) cells (Novagen). Cells were grown at
37°C in 250 ml LB medium containing kanamycin. When the optical
density at 600 nm (ODy,) reached ~0.6, protein expression was induced
by the addition of 1 mM IPTG for 3 h at room temperature (RT). Cells
were pelleted by centrifugation and were resuspended in 25 ml of cold
His-protein purification buffer (50 mM sodium phosphate [pH 7.4], 300
mM NaCl, 10% glycerol). Cells kept on ice were disrupted by sonication
using a Sonic Dismembrator (Fisher Scientific) at 25% duty cycle for 10-s
intervals, with 10 s of rest in between for a total of 2 min, followed by
centrifugation (10,000 X g) for 20 min to clarify the supernatant. Super-
natant was passed through a 0.45-pm-pore-size filter to avoid clogging
the resin. Imidazole (10 mM) was added to the cell-free supernatant and
incubated with 1.5 ml Zinc Chelating Resin (G Biosciences) for 1 h with
gentle shaking. Resin was collected by centrifugation, loaded on a column,
and washed with protein purification buffer containing 10 mM imidazole.
Protein was eluted by stepwise additions of purification buffer containing
increasing amounts of imidazole (20, 40, 60, 100, and 250 mM). Fractions
containing the NIpD protein, as determined by SDS-PAGE with Coomas-
sie blue stain, were dialyzed separately against 3 changes of buffer (50 mM
sodium phosphate [pH 7.4], 50 mM NaCl, 10% glycerol) containing 1
mM dithiothreitol (DTT) at 4°C and were concentrated in a Centriplus
10,000 MWCO column (Amicon). Recombinant NIpD protein was
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judged to be 95% pure by Coomassie gel. Fractions were frozen on liquid
nitrogen.

AmiC overexpression and purification. To purify 6XHis-tagged
AmiC, plasmids constructed in TAM1 E. coli were purified and trans-
formed into E. coli BL21 Star (DE3) cells (Invitrogen). Single colonies of
each strain were grown overnight in 30 ml of LB broth containing ampi-
cillin at 37°C, and each culture was used the following day to seed one
1-liter culture/strain. One-liter cultures were grown at 37°C for ~2.5 h
until an ODy,, of ~0.6 to 0.8 was reached. The addition of 0.3 mM IPTG
was used to induce protein production, and growth was continued for 5 h
at 37°C. At the conclusion of growth, cells were centrifuged (8,000 X g for
10 min at 4°C) and washed once with cold phosphate-buffered saline
(PBS) and were centrifuged again as portions representing 500 ml of the
original culture for storage at —80°C. For protein purification, pellets
were suspended in 20 ml purification buffer (20 mM sodium phosphate
[pH 6], 500 mM NaCl, 10% vol/vol glycerol) and were disrupted by three
passes through a cold French pressure cell (1,000 1b/in®). Unbroken cells
were removed by centrifugation (20,000 X g for 30 min at 4°C), and
cleared lysate was batch-bound to 500 pl of preequilibrated His-Select
nickel affinity gel (Sigma) plus 20 mM imidazole for 60 min at 4°C with
gentle shaking. Lysate and resin were loaded on a column, and flow-
through was collected, followed by four washes with 5 ml of purification
buffer plus 20 mM imidazole. Protein was eluted in 1-ml fractions by
stepwise additions of purification buffer containing increasing amounts
of imidazole (40, 60, 90, and 120 mM). Samples of flowthrough, wash, and
elution fractions were evaluated on a Coomassie-stained (and destained)
12% SDS-polyacrylamide gel to determine purity (>95%) and yield. Elu-
tion fractions were pooled and dialyzed into 500 ml of purification buffer
(without imidazole) for 4 h and then again into 500 ml of fresh buffer
overnight to remove all imidazole. Protein was stored in aliquots mixed
1:1 with 100% glycerol to produce 50% glycerol stocks for storage at
—20°C.

Live/dead assay. To examine the percentage of live versus dead bac-
teria in cells expressing or not expressing the nlpD gene, we employed the
BacLight (Molecular Probes) viability stains SYTO9 (green) and pro-
pidium iodide (red), which stain viable and nonviable bacteria, respec-
tively. Briefly, IPTG-inducible nlpD cells were grown on GCB plates either
with or without IPTG. At ~18 to 24 h, cells were collected by swab and
were added to a GCBL medium to an ODyg, of 0.5. One milliliter of the
mixture was pelleted in a Microfuge (3 min, 8,000 rpm), washed in 1 ml
buffer (0.1 M morpholinepropanesulfonic acid [MOPS], 1 mM MgClL,,
pH 7.2), and pelleted again. Cells resuspended in 1 ml MOPS bufter were
exposed to 3 wlofa 1:1 dye mixture and were mixed well and incubated at
room temperature (RT) in the dark for 15 min. Five microliters of the
cell-dye mixture was added to a microscope slide, mounted with a cover-
slip, and sealed with nail polish. Slides were visualized within 30 min of
mounting using a Nikon Eclipse 90i microscope. A minimum of 4 visual
fields were examined for each strain, and experiments were repeated on
two separate days.

Transmission electron microscopy. Transmission electron micros-
copy (TEM) of whole mounted cells was performed as described previ-
ously (17). Grids were viewed using a JEOL JEM-1220 transmission elec-
tron microscope. Thin-section TEM was performed on freshly grown (20
h) gonococci that were swabbed from plates (GCB = IPTG), washed with
PBS, and fixed with 2% paraformaldehyde for 30 min at room tempera-
ture. Cells were kept in paraformaldehyde at 4°C until use. Cell culture
samples were fixed in 0.1 M sodium cacodylate buffer (pH 7.3) containing
2% paraformaldehyde and 2.5% glutaraldehyde and were postfixed with
2% osmium tetroxide in 0.1 M sodium cacodylate buffer. They were then
rinsed with distilled water, en bloc stained with 3% uranyl acetate, rinsed
a second time with distilled water, dehydrated in ascending grades of
ethanol, transitioned with propylene oxide, embedded in the resin mix-
ture of the EMbed 812 kit, and cured in a 60°C oven. Samples were sec-
tioned on a Leica Ultracut UC6 ultramicrotome. Seventy-nanometer thin
sections were collected on 200 mesh copper grids and were poststained
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signal LysM domain degenerate LytM domain
sequence (PG binding) (has 2/4 M23 active sites)
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FIG 1 Domain structure of N. gonorrhoeae NlpD protein. The cartoon depicts
the predicted domain architecture of the gonococcal NlpD protein.

with 3% uranyl acetate and Reynolds lead citrate and viewed on an FEI
Tecnai Spirit G2 TEM. Digital images were captured on an FEI Eagle
camera. Samples were processed for TEM by the Center for Advanced
Microscopy at Northwestern University Feinberg School of Medicine.

PG purification and zymogram analysis. PG was purified from N.
gonorrhoeae with modifications as described previously (12). Zymogram
analysis was performed as described previously (12, 20). E. coli BL21(DE3)
cell extracts carrying pET/His-NIpD were electrophoresed on a 12% SDS
gel containing 0.1% (wt/vol) N. gonorrhoeae murein sacculi using 75 V at
4°C. Following electrophoresis, gels were rinsed with water twice for 30
min at room temperature with gentle shaking to remove SDS. Gels were
transferred to renaturing buffer (0.5% Triton X-100 and 25 mM Tris-HCl
[pH 7.4]) twice for 30 min, and renaturing was continued overnight (~16
h) at room temperature followed by 2.5 h at 37°C. Gels were stained with
0.1% methylene blue dissolved in 0.01% KOH for 60 min and were
destained with water to visualize zones of PG clearing. Gels were subse-
quently stained with Coomassie brilliant blue to visualize protein bands
on the gel.

PG binding assays. PG binding assays were conducted as described
previously (21). Briefly, 7.5 g of purified protein was incubated for 2 h at
4°C with or without PG in binding buffer (30 mM Tris [pH 6.8], 50 mM
NaCl, 10 mM MgCl,) in a total volume of 100 pl. Samples were centri-
fuged for 20 min (14,000 X g) at 4°C. The resulting pellets were washed
twice in 150 pl of binding buffer, resuspended in 40 pl 2% SDS, and
incubated for 1 h. Supernatants of the binding and washing steps and the
resuspended pellets were analyzed by SDS-PAGE.

RBB labeling of PG. Gonococcal PG sacculi were incubated overnight
at 37°C with 20 mM Remazol brilliant blue (RBB; Sigma) in 0.25 M NaOH
as described previously (5, 22). The reaction was neutralized by addition
of an equal amount of 0.25 M HCI. RBB-labeled sacculi were pelleted by
centrifugation (21,000 X g for 20 min) and were repeatedly washed with
water and pelleted by centrifugation until the supernatant was clear. The
final RBB-labeled PG pellet was resuspended in water containing 0.02%
sodium azide and stored at 4°C.

Dye release assay for PG hydrolysis. A volume of 7.5 .l of RBB-
labeled (gonococcal) sacculi was incubated with 4 WM purified pro-
teins at 37°C for various amounts of time in a total volume of 125 pl of
assay buffer (50 mM sodium phosphate and 50 mM NaCl [pH 7.4]), a
protocol modified from reference 5. Ten-microliter samples were re-
moved from the reaction mixtures at various time points, and reac-
tions were terminated by incubation for 5 min at 95°C. Samples were
spun for 30 min (14,000 X g) at room temperature in a microcentri-
fuge. Immediately after spinning, 5 ul of the supernatant was removed,
and its absorbance at 595 nm was measured with a NanoDrop spec-
trophotometer.

RESULTS

Genetic analysis of the nlpD ortholog of Neisseria gonorrhoeae.
(i) Identification of the nlpD ortholog of N. gonorrhoeae. We
previously identified and characterized the Mpg virulence factor
of N. gonorrhoeae, an M23 peptidase (LytM protein) that exhibits
dual carboxypeptidase and endopeptidase activities (12) and that
plays a role in PMN-mediated killing and in H,O, sensitivity (23).
An Mpg paralog, NG1056, was identified in the N. gonorrhoeae
FA1090 genome (GenBank accession number AE004969) as the
gonococcal ortholog of NlpD. To verify this designation, we per-
formed a tblastn search using the amino acid sequence of the E.
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coli NIpD (GenBank accession number POADA3) to search the
FA1090 genome. We confirmed that NG1056 is the only open
reading frame (ORF) showing significant similarity to the E. coli
NlpD protein, sharing 30% identity and 42% similarity with the E.
coli NlpD over the entire length of the protein (data not shown),
and we will therefore refer to NG1056 as nlpD for the remainder of
this paper. The gonococcal NlpD is predicted to be a 337 amino
acid, 34.5-kDa protein with a signal peptide from residue 1 to 26
and a cleavage site thereafter (http://www.cbs.dtu.dk/services
/SignalP/). Moreover, the gonococcal NIpD contains a LysM do-
main (PG binding) from residue 106 to 148 (E value, 2.3e—13)
and a LytM domain associated with PG cleavage containing a de-
generate peptidase active site (E value, 1.5e—39) (Fig. 1), which is
identical to the domain organization of the E. coli NIpD (data not
shown).

(ii) Mutation of nlpD results in a growth defect and altered
colony morphology and the nlpD mutation can be comple-
mented. We insertionally inactivated the nlpD gene by inserting a
cat resistance gene cassette in place of the coding sequence. The
strain FA1090,,, (the subscript “nv” in the strain name indicates
that a strain cannot undergo pilin antigenic variation [24]) used in
this study contained either 1-81-S2 or RM11.2 pilE variant se-
quences. Each of the FA1090 variants were transformed with the
mutant AnlpD::cat allele construct (here designated AnlpD) by
spot transformation, and Cam"® colonies were selected on Cam
plates. Cam" colonies were analyzed by PCR to verify replacement
of the parental allele with the mutant allele and to verify elimina-
tion of the parent allele (data not shown).

The AnlpD mutant colonies grew very slowly and exhibited a
small and nonuniform colony morphology relative to the parent
strain when viewed with a stereomicroscope (Fig. 2B and D). Se-
rial passage of the mutant colonies was difficult since few colonies
grew from these mutant colonies, indicating a loss of cell viability
(datanot shown). To complement the AnlpD mutation, we cloned
the nlpD gene under lac regulatory sequences and introduced it
into the NICS locus on the chromosome of N. gonorrhoeae AnlpD.
When cultures were grown on GCB medium containing IPTG,
ectopically expressed nlpD restored wild-type (FA1090) colony
morphology to the AnlpD deletion mutant (Fig. 2E). In the ab-
sence of IPTG, the same strain containing the IPTG-inducible
copy of nlpD resembled the AnlpD deletion mutant (Fig. 2F).
Therefore, we conclude that the lack of nlpD is responsible for the
changes in colony morphology and that we can complement the
morphology defect by providing nlpD at an ectopic locus under
the control of the lac promoter.

To quantify the growth defect of the AnlpD mutant and subse-
quent growth restoration in the complemented strain, we per-
formed a 6-h growth curve analysis of plate-grown cells by deter-
mining the mean CFU per colony of strains FA1090,,,
FA1090,,AnlpD, and FA1090, ,AnlpD::nlpD with and without
IPTG (Fig. 2G). The strains lacking NIpD showed a large reduc-
tion (2 to 4 logs) of CFU per colony relative to the parent strain.
The parental strain and the complemented strain (with IPTG)
showed nearly identical growth curves. The AnlpD strain and the
complemented strain (without IPTG) showed decreased growth
compared to that of the parent strain (Fig. 2G). The increase in
growth over time observed in the complemented strain (without
IPTG) is likely due to the lac promoter’s leaky expression, which
we have observed previously (12).

To probe whether the reduction of CFU per colony in the
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FIG 2 Inactivation of nlpD affects colony morphology and cell growth and
viability. Representative stereomicroscope images show parental (A and C),
AnlpD mutant (B and D), and complemented strain in the presence (E) or
absence (F) of IPTG to regulate nlpD expression after 22 h of growth. Addition
of IPTG recapitulates the parental colony morphology. (G) Growth curve of
FA1090, AnlpD, and AnlpD::nlpD complemented strain with or without IPTG
grown on a solid medium and measured as CFU per colony at the indicated
times for six independent colonies of each strain. Error bars represent the
standard error of the mean. Representative micrographs of NlpD+ (G) and
NIpD— (H) subjected to BacLight live/dead stain. Red cells are dead, green
cells are alive, and cells that appear yellow are likely two cells (one live, one
dead) on top of one another in the visual field.
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FIG 3 Inactivation of nlpD affects cell separation. (A and B) Representative
transmission electron micrographs (TEM) of whole-cell mounts of FA1090,,,,
and the AnlpD mutant. Thin-section TEM images show complemented strain
AnlpD::nlpD with IPTG (C and E) and without IPTG (D and F). Cells not
expressing nlpD grow as large aggregates (B, D, and F), whereas the parental
strain and complemented strain expressing nlpD grow as either monococci or
diplococci (A, C, and E). The scale bars are as follows: 2 pm (A), 5 wm (B), 1
pm (C and D), and 500 nm (E and F).

NIpD— strain was due to decreased viability, we performed live/
dead assays on the complemented strain grown with or without
IPTG to regulate nlpD expression. After 18 h of growth, the
NlpD+ strain showed ~17% dead cells, whereas the NlpD—
strain showed between 50% and 75% dead cells. After 20 h of
growth, the NlpD+ strain showed ~8% dead cells, whereas the
NIpD— strain showed >50% dead cells (all of which were found
in large clumps). These data suggest that the cell masses in the
NlpD — strain are largely composed of dead cells, but the presence
of live cells indicate that that death is downstream of the cell sep-
tation defect.

To examine the cellular defects of the nlpD mutant, we per-
formed transmission electron microscopy (TEM) on whole-
cell mounts of FA1090 and the AnlpD mutant. The FA1090
parent strain exhibited the typical monococcal or diplococcal
cell morphology (Fig. 3A). In contrast, the AnlpD mutant
formed large masses of cells that appeared to be unable to sep-
arate (Fig. 3B). To more closely examine the cellular morphol-
ogy of the nlpD mutant, we performed thin-section TEM on the

jb.asm.org 619


http://jb.asm.org

Stohl et al.

BL21(DE3) cells
carrying pET28/His-NIpD

marker

FIG 4 Zymogram analysis of NIpD interactions with PG. (A) E. coli cell ex-
tracts of BL21(DE3) carrying pET28/His-NIpD before (f,) and 1 and 2 h after
(t, and t,) induction with IPTG were separated on an SDS-PAGE zymogram
gel containing gonococcal PG and were renatured and stained with methylene
blue. Negative image of zones of clearing created by NlpD and lysozyme (seen
as dark bands) are indicated with arrows. (B) Subsequent (positive) staining of
the same gel with Coomassie shows migration of overexpressed NlpD and
lysozyme added for cell lysis (dark bands) indicated by arrows.

IPTG-inducible complemented strain in the presence and ab-
sence of IPTG. The cells that expressed nlpD (with IPTG)
showed mostly diplococci and monococci (Fig. 3C and E),
whereas the cells that lacked nlpD (without IPTG) contained
large cell masses resembling rosettes composed of ~25 cells
(Fig. 3D and F). We conclude that the loss of nlpD does not
allow separation of cells after division and that this results in
the decreased cell viability observed in the AnlpD mutant
(Fig. 2G).

Biochemical analysis of NlpD function. (i) Zymogram anal-
ysis of NlpD. E. coli NlpD has been shown to function indirectly in
daughter cell separation by regulating the PG hydrolysis catalyzed
by the AmiC protein (5). To begin to determine the mechanism by
which NlpD affects cellular processes in N. gonorrhoeae, we con-
ducted a zymogram analysis of the NlpD protein (Fig. 4). E. coli
BL21(DE3) cells containing the pET28a/His-NlpD construct were
grown and were induced at an ODg,, of ~0.5 with 1 mM IPTG,
and samples were taken immediately before addition of IPTG and
after 1 and 2 h. We observed a zone of clearing on the zymogram
(Fig. 4A) at the site where the overexpressed NIpD protein mi-
grated on the gel (determined by subsequent Coomassie blue
staining of the gel) (Fig. 4B). Since the zone of clearing may be due
to either NIpD binding the PG or NlpD causing PG hydrolysis (5,
25), we performed experiments to address each of these possibil-
ities.

(ii) NlpD binds PG in vitro. NlpD contains a characteristic
LysM (PG-binding) domain. To test whether purified NlpD is able
to bind PG in vitro, we performed a series of PG pulldown exper-
iments (Fig. 5). We incubated NIpD with and without exogenous
PG for 2 h at 4°C in 100 .l of PBS buffer and collected the super-
natant after centrifugation. We then performed two successive
washes with PBS buffer at 4°C and analyzed each of these fractions
along with the remaining pellet by SDS-PAGE. Much more NlpD
protein was present in the pelleted fraction containing PG than
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FIG 5 NIpD binds PG in vitro. Ten micrograms of purified NIpD protein was
incubated in binding buffer with or without PG for 2 h at 4°C. Supernatant was
collected by centrifugation at 14,000 X g for 20 min at 4°C (lanes 1). Two wash
steps followed by centrifugation (lanes 2 and 3) and the remaining pellet (lanes
4) were analyzed by SDS-PAGE followed by staining with Coomassie blue.

that found in the control reactions where no PG was added (Fig.
5). Moreover, control reactions using purified E. coli RecA and
bovine serum albumin (BSA) revealed no increase in these control
proteins in reaction mixtures containing PG compared to reaction
mixtures lacking PG (data not shown), indicating that the inter-
action between NlpD and PG is specific.

(iii) NlpD requires AmiC to degrade PG in vitro. To further
characterize the function of NIpD, we tested the ability of purified
NIpD protein to degrade PG using a dye release assay (22) (Fig. 6).
Gonococcal PG was covalently labeled on its sugar moieties with
the colorimetric dye RBB. Purified NIpD protein was incubated
with RBB-labeled PG. NIpD hydrolytic activity was monitored
over time by measuring the amount of color (dye) present in the
supernatant after terminating the reaction and centrifugation to
pellet the intact PG. No hydrolase activity was observed for NIpD,
even after 20 h of incubation (Fig. 6 and data not shown).

In E. coli, the NlpD protein acts in conjunction with the AmiC
protein to effect PG hydrolysis. Our currently observed AnlpD
mutant phenocopies a previously described amiC mutant in N.
gonorrhoeae (11). Therefore, we sought to determine whether the
NlpD and AmiC proteins were functional partners in N. gonor-
rhoeae as they are in E. coli. To do this, we performed an RBB-
release assay incubating labeled PG with the two proteins individ-

0.10-
oos8!{ A  a_____
0 4
30-06 . --=..NIpD alone
< 0.041 ,+/ -e-AmiC alone|
g ~—NIpD/AmIC
0.02 —v—mock
0.00- -.T.’-.:'.‘.;‘. ....... T-_-r ‘..."1..’.':.'1

0 10 20 30 40 50 60
time (min)

FIG 6 NIpD itself does not cleave PG but rather potentiates PG cleavage by
AmiC. Data shown are from an RBB dye release assay measuring PG hydrolysis
by NlpD, AmiC, NlpD and AmiC, and mock treatment. Reaction mixtures
containing a 4 WM concentration of each indicated protein (or no protein)
were incubated at 37°C for the indicated amounts of time. Samples were re-
moved, heat inactivated at 95°C for 5 min, and centrifuged at 14,000 X g for 30
min. The absorbance of the supernatants was measured at 595 nm. The error
bars represent the standard error of the mean from three experiments.
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ually and together. With the addition of AmiC and NIpD to the
reaction, we observed the largest amount of PG hydrolysis; how-
ever, AmiC alone exhibited modest PG hydrolysis (Fig. 6). There-
fore, we conclude that the function of NlpD in the gonococcal cell
is to potentiate the hydrolytic activity of AmiC.

DISCUSSION

Cell division and separation are fundamental processes; however,
the present knowledge of bacterial separation stems largely from
studies on rod-shaped bacteria. Several recent articles have fo-
cused on the relatively complex process of cell separation and its
spatiotemporal regulation (5, 26, 27) by LytM factors. We sought
to investigate one of these genes, nlpD, from N. gonorrhoeae. The
gonococcal nlpD gene was cloned, insertionally inactivated, and
found to profoundly affect viability, growth rate, and colony and
cell morphology, all of which likely stem from a defect in cell
separation. Further experiments revealed that, although NlpD
binds PG, it has no hydrolytic activity by itself, but it can stimulate
AmiC’s PG hydrolytic activity. This work clearly shows that NlpD
acts to potentiate the activity of the amidase AmiC in cell separa-
tion in N. gonorrhoeae.

The purified NlpD protein has no hydrolytic activity by itself
on PG. However, even in the absence of NIpD, AmiC is able to
hydrolyze quite a bit of PG in vitro (Fig. 6). Interestingly, although
AmiCis present in the AnlpD mutant neisserial cells, the cells have
a large defect in cell separation, which phenocopies the defect in
cell separation identified previously in an amiC mutant (11). This
demonstrates that AmiC exhibits activity in vitro that it lacks in the
neisserial cell. The E. coli AmiC was also able to hydrolyze PG in
the absence of its activator NIpD (5). One possible explanation for
this is that the autoinhibitory helix at the C terminus of AmiC,
which NlpD displaces in E. coli (21), does not have the same degree
of autoinhibition in vitro as it does inside the bacterial cell.

The rod-shaped bacteria E. coli, V. cholerae, H. influenzae, and
Yersinia pestis all exhibit various degrees of functional redundancy
of septal PG cleavage enzymes and their activators, and differing
phenotypes result from inactivation of nlpD in these four bacteria.
E. coli contains three amidases, AmiA, AmiB, and AmiC, which
are regulated by NlpD (AmiC) and EnvC (AmiA and AmiB) (27).
The situation is slightly more streamlined in V. cholerae, which has
asingle amidase, AmiB, which is regulated by NlpD and EnvC (8).
Because of the redundancy of these regulatory genes in E. coli and
V. cholerae, deletion of nlpD has only minor, if any, effects on
cellular morphology (8, 27, 28). A recent report on LytM proteins
in H. influenzae showed that an nlpD mutant not only exhibited
defects in cell separation and growth rate but also showed in-
creased outer membrane vesicle release, indicating a role for NlpD
in membrane stability (9). In contrast, we did not observe an in-
crease in vesicle release in the gonococcal AnlpD strain (data not
shown). Finally, although an nlpD mutant of Y. pestis exhibited
normal growth, it showed defects in cell separation and was atten-
uated in virulence in mice (29). In N. gonorrhoeae, inactivation of
nlpD alone is sufficient to cause gross changes in cell separation,
and the nlpD mutant phenocopies the amiC mutant (11). Thus, N.
gonorrhoeae has the most streamlined cell separation system that
has been described to date, consisting only of AmiC, NlpD, and
LtgC (11, 30). Further work will determine whether other coccal
organisms also exhibit this pared-down cell separation machinery
and will also identify the genes required for cell separation.

Although N. gonorrhoeae has an EnvC homolog (NGO571),
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deletion of the gene had no effect on cellular or colonial morphol-
ogy (data not shown). However, several gonococcal genes have
been identified whose products affect the degree of cell separation
as well as other assorted phenotypes. The tpc, rdgC, and minD
mutants in N. gonorrhoeae all result in defects in cell separation
(10,31, 32) The minD mutant shows an aberrant cell morphology,
with cells of many sizes growing in clumps, and is deficient in
growth and viability (10). Although growth of the fpc mutant is
not affected, it shows a specific tetracoccal form (two diplococci
fused together), where the outer membrane appears to surround
the entire tetracoccal structure. This mutant also shows defects in
transformation competence and epithelial cell invasion, which are
virulence-associated traits (31). rdgC mutants (32) are negatively
affected in growth or cell viability and have subtle defects in cell
separation. The rdgC mutant also shows decreased pilin antigenic
variation, a Neisseria-specific process whereby the amino acid se-
quence of the main pilus component, pilin, is altered.

Elucidating the details of cell division in the pathogenic Neis-
seria spp. will provide essential information about this process in a
coccal bacterium. Studies of cell division in additional coccal or-
ganisms will further elaborate the differences and similarities be-
tween coccal and rod-shaped bacteria and will enrich our under-
standing about this fundamental cellular process.
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