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AniA of the pathogenic Neisseria is glycosylated in its C-terminal repeat region by the pilin glycosylation
(pgl) pathway. AniA appears to be unique among bacterial nitrite reductases as it contains an N-terminal
extension that includes a lipid modification site as well as a C-terminal extension that is glycosylated.
Immunising with various glycoforms of the AniA protein demonstrated a strong humoral immune
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/G\lY/C\OSVIa“O“ of AniA, completely lacking the glycosylated C-terminal region, the antibody response was directed
nL

against AniA regardless of the glycosylation state of the protein. Immuno-SEM confirmed that AniA is
expressed on the cell surface in Neisseria gonorrhoeae. Antisera generated against a truncated, non-glycos-
ylated, recombinant form of the AniA protein are capable of blocking nitrite reductase function in a whole
cell assay. We propose that recombinant modified AniA has potential as a vaccine antigen for N.
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gonorrhoeae.
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1. Introduction

The pathogenic Neisseria species consist of Neisseria meningiti-
dis, which causes bacterial meningitis and sepsis, and Neisseria gon-
orrhoeae, the causative agent of the sexually transmitted disease
gonorrhoea. Currently there is no vaccine to prevent infection by
N. gonorrhoeae, and there are now reports of N. gonorrhoeae strains
that are resistant to the last remaining first-line treatment option
for gonorrhea, the third-generation cephalosporin ceftriaxone [1],
highlighting the pressing need for the development of gonoccocal
vaccines.

In recent studies, we have identified an additional outer mem-
brane glycoprotein in pathogenic Neisseria, the copper-containing
nitrite reductase AniA, formerly known as Pan 1 [2,3], that is gly-
cosylated in its C-terminal region by the pgl pathway [4]. Both N.
gonorrhoeae and N. meningitidis contain the internal enzymatic
steps of the denitrification pathway in which nitrite is reduced to
nitric oxide (NO) by AniA [2], and nitric oxide is reduced to nitrous
oxide (N,0) by the nitric oxide reductase, NorB [5]. AniA is the ma-
jor anaerobically induced outer membrane lipoprotein in N. gonor-
rhoeae [3,6] and is essential for the growth and survival of N.
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gonorrhoeae under oxygen-limiting conditions [2]. It has also been
demonstrated that a strong immune response is generated against
AniA in patients with various gonococcal infections [7]. N. gonor-
rhoeae has been shown to form biofilms in vitro and in vivo during
cervical infection which may be associated with persistent gono-
coccal infection in asymptomatic women [8]. Expression of AniA
is highly upregulated during biofilm growth of the gonococcus
and anaerobic respiration mediated by AniA is essential to normal
biofilm formation and is widespread in the substratum of gonococ-
cal biofilms [9,10]. The cellular localisation of AniA is controversial
with one model suggesting it is directed towards the periplasm
[11], while a second model proposes that AniA is directed to the
outside of the cell [12].

In this study we investigate the localisation of the AniA protein
and examine the impact of glycosylation on the immune response
to AniA as an adjunct to assessing its vaccine potential.

2. Materials and methods
2.1. Bacterial strains, plasmids and growth conditions
All bacterial strains and conditions used in this study are listed

in Supplementary Table 1 and associated text in Supplementary
Experimental Procedures.
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2.2. Construction and purification of glycoforms of FLAG-tagged AniA
from N. meningitidis C311 strains

Strains expressing FLAG-tagged glycoforms of AniA were con-
structed as described in [4] with details provided in Supplemen-
tary Experimental Procedures.

2.3. Production of polyclonal antisera against glycoforms of AniA

Groups of 5 BALB/c mice were immunised on days 0, 21 and 28
with 5 pg of either FLAG-tagged AniA glycosylated with the DATDH
monosaccharide, non-glycoslyated FLAG-tagged AniA or truncated
FLAG-tagged AniA lacking the C-terminal glycosylation region. Fol-
lowing this immunisation schedule, terminal bleeds were collected
and the serum from each mouse was harvested. These antisera
were analysed by western blotting and ELISA as described in Sup-
plementary Experimental Procedures.

2.4. Expression and purification of His-tagged truncated AniA proteins

DNA sequences encoding AniA with various truncations of the
N- and C-terminal regions (Antigens 1-8) were amplified from N.
gonorrhoeae 1291 genomic DNA using the primers described in
Supplementary Table 2. Primers were designed based on the aniA
sequence from the N. gonorrhoeae 1291 genome sequence (Broad
Institute NGAG_01981). Digested PCR products were cloned into
pPET-15b (Novagen) to create the expression plasmid constructs de-
scribed in Supplementary Table 1. Escherichia coli BL21 (DE3) cells
were transformed with the plasmid constructs and the His-tagged
proteins were expressed and purified using TALON Metal Affinity
Resin (Clontech) according to the manufacturer’s instructions.

2.5. Production of polyclonal antisera against recombinant His-tagged
AniA proteins

8 New Zealand white rabbits were immunised on days 0, 21, 42
and 63 with 100 pg of each of the purified His-tagged truncated
AniA proteins (Antigens 1-8). Following this immunisation sche-
dule, terminal bleeds were collected and the serum from each rab-
bit was harvested.

2.6. Isolation of outer membrane proteins

Outer membrane proteins were isolated essentially as described
by [13].

2.7. Immuno-Scanning Electron Microscopy (SEM) analysis

N. gonorrhoeae 1291 cells used for immuno-SEM were grown
anaerobically with 2 mM NaNO,. Samples were incubated with
pre-immune rabbit serum (1:1000 dilution) or anti-AniA poly-
clonal rabbit serum (raised against recombinant His-tagged AniA
- Antigen 5) (1:1000 dilution) followed by incubation with anti-
rabbit gold conjugated antibody. The images were collected by
scanning EM on the Hitachi S4800.

2.8. Trypsin digestion of surface exposed proteins
Surface exposed proteins of N. gonorrhoeae 1291 were digested

according to Rodriguez-Ortega et al. [14], with modifications as
described in Supplementary Experimental Procedures.

2.9. Nitrite utilisation assays

Antisera raised against recombinant His-tagged AniA proteins
(Antigens 1-8) were used in nitrite utilisation assays as described
in Supplementary Experimental Procedures.

3. Results

3.1. Investigation of the immunogenicity of the AniA glycoforms in N.
meningitidis C311

Typically bacterial nitrite reductases are periplasmic soluble en-
zymes [15]. The core region of the AniA nitrite reductase from N.
meningitidis C311 is homologous to other characterised bacterial
nitrite reductases, containing a number of conserved residues
essential to the function of the enzyme, while the N- and C-termini
of this protein appear to be distinct (Supplementary Fig. 1). The N-
terminal region of AniA from N. meningitidis and N. gonorrhoeae
contains a lipoprotein signal peptidase II-processing site (ALAAC)
and regions of homology to two other Neisseria outer membrane
lipoproteins, Lip/H.8 and Laz [3] (Supplementary Fig. 2A - under-
lined). This suggests that AniA from these Neisseria species, similar
to Lip/H.8 and Laz, is an outer membrane protein anchored via this
lipid modified N-terminus. AniA has been identified as a glycopro-
tein and the C-terminus encompasses the glycosylated serine res-
idues which are present within the sequence AASAP [4]
(Supplementary Fig. 2A).

To investigate the role of the glycosylation of AniA in the im-
mune response to this protein, mice were immunised with AniA
proteins purified from different pgl mutant strains and the reactiv-
ity of the resulting antisera was analysed against outer membrane
proteins isolated from the wild-type strain, as well as selected pgl
mutants (Fig. 1A). Mice were immunised with AniA purified from
C311 pglA, which was glycosylated with a truncated glycan con-
sisting of the 2,4-diacetimido-2,4,6-trideoxyhexose (DATDH)
monosaccharide, with non-glycosylated AniA purified from C311
pglL, as this mutant is missing the pglL oligosaccharyltransferase,
and with a truncated form of AniA completely lacking the C-termi-
nal glycosylated region. Antisera raised against AniA glycosylated
with the DATDH monosaccharide were the most reactive with
AniA from the pglA mutant strain (Fig. 1B). Antisera generated
against non-glycosylated AniA (Fig. 1C) and against the truncated
form of AniA, lacking the C-terminal glycosylation region
(Fig. 1D), were found to react equally with all glycoforms of AniA.

The reactivity of antisera from individual mice immunised with
the different glycoforms of AniA was assessed in an ELISA against a
recombinant, truncated form of AniA expressed in E. coli, lacking
both the N-terminus and the glycosylated C-terminus (See Supple-
mentary Fig. 2B - Antigen 5). Mice immunised with the truncated
form of AniA were found to have the highest mean titre against the
truncated AniA protein whereas those mice immunised with AniA
glycosylated with the monosaccharide were found to have the low-
est mean titre (Fig. 1F). The difference between the mean titres of
these two groups was statistically significant (p value = 0.0433).

3.2. AniA is expressed on the cell surface of N. gonorrhoeae

It has been shown that AniA is required for the growth and sur-
vival of N. gonorrhoeae under oxygen-limiting conditions [2] and is
essential for optimal biofilm formation in this species [9]. Further-
more, antibodies against AniA have been detected in patients with
various gonococcal infections [7]. While 34% of N. meningitidis clin-
ical isolates contain a frame-shift mutation within the AniA coding
sequence resulting in loss of expression, 100% of N. gonorrhoeae
strains examined were predicted to express full length AniA
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[4,16]. These findings taken together suggest that AniA of N. gonor-
rhoeae is expressed in vivo and may be important to the survival of
the gonococcus in the human host. Therefore, we focused on AniA
of N. gonorrhoeae for the remainder of this study and investigated
the potential of AniA as a vaccine antigen for N. gonorrhoeae.

To confirm that AniA is on the surface of the cell, immuno-SEM
was conducted and showed surface labelling of N. gonor-
rhoeae 1291 cells grown anaerobically with anti-AniA polyclonal
antiserum indicating that AniA is surface exposed (Fig. 2B). In fur-
ther studies whole, intact N. gonorrhoeae 1291 cells grown anaero-
bically were treated with the protease tryspin. AniA was found to
be susceptible to digestion with trypsin (Fig. 2C) verifying that
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Fig. 1. Analysis of the immunogenicity of the glycoforms of AniA. (A) Structure of
the N. meninigitidis O-linked trisaccharide molecule Gal (p1-4) Gal (a1-3) 2,4-
diacetamido-2,4,6-trideoxyhexose (DATDH). The arrows indicate the truncations of
the trisaccharide structure in pglA and pglL mutant strains. (B) A typical result from
western blot analyses of antisera from mice immunised with AniA glycosylated
with the DATDH monosaccharide against outer membrane proteins from C311
(AniA glycosylated with a trisaccharide molecule), C311 pglA (AniA glycosylated
with a monosaccharide) and C311 pglL (non-glycosylated AniA). AniA is detected at
approximately 51 kDa in C311 and at slightly lower molecular weights in C311 pglA
and in C311 pglL due to glycosylation with the monosaccharide and loss of the
glycan, respectively. (C) A typical result from western blot analyses of antisera from
mice immunised with non-glycosylated AniA against outer membrane proteins
from C311, C311 pglA and C311 pglL. (D) A typical result from western blot analyses
of antisera from mice immunised with truncated AniA lacking the C-terminal
glycosylation region (1:100) against outer membrane proteins from C311, C311
pglA and C311 pglL. (E) Western blot analysis of outer membrane proteins from
C311, C311 pglA and C311 pglL using an anti-AniA mAb to show that equal amounts
of the AniA protein were present in each sample. (F) Immunisation with AniA
lacking the C-terminus elicits a greater antibody response against the non-glycan
epitopes of the protein. The reciprocal of the antibody titres from mice immunised
with AniA glycosylated with the monosaccharide (AniA pglA-), non-glycosylated
AniA (AniA pglL-) and AniA lacking the C-terminus (Truncated AniA) against
recombinant truncated AniA (Antigen 5) are shown. Error bars represent 1
standard deviation from the mean. A statistically significant difference was
detected between the mean antibody titre of the group immunised with AniA
pglA- and the group immunised with Truncated AniA (p = 0.0433).

AniA is exposed on the cell surface in N. gonorrhoeae. Treatment
of cells with trypsin did not affect cell viability, as assessed by
the determination of CFUs/ml before and after trypsin digestion
(Supplementary Table 3).

3.3. Polyclonal antisera raised against truncated, recombinant AniA is
capable of functional blocking

Based on our findings that the removal of the AniA glycan gen-
erated an antibody response that was independent of the glycoys-
lation state of the protein, we created a series of recombinant AniA
proteins with various truncations of the N- and C-terminal regions
in an E. coli host (Supplementary Fig. 2B) to determine the mini-
mum antigen required to elicit a functional blocking humoral im-
mune response, directed at regions that are essential to the
function of this enzyme, such as the type I and type II copper cen-
tres, or by inhibiting electron donation.

The ability of these antisera to block AniA nitrite reductase aci-
tivity in N. gonorrhoeae was assessed in nitrite utilisation assays.
Antiserum raised against Antigen 1 showed inhibition of AniA
activity (Fig. 3). Antisera raised against the remaining antigens
did not show inhibition of AniA activity (data not shown). These
data suggest that by removing the C-terminal region of AniA, anti-
bodies can be generated that are directed against the core, catalytic
domain of the protein that are capable of inhibiting nitrite reduc-
tase activity.

4. Discussion

In contrast to most other characterised bacterial nitrite reduc-
tases, which are soluble periplasmic enzymes, the copper-contain-
ing nitrite reductase from the pathogenic Neisseria species, AniA,
contains a lipid-modified N-terminal region, which is homologous
to the meningococcal and gonococcal outer membrane proteins
Lip/H.8 and Laz [3]. It has been shown that a proportion of N. men-
ingitidis strains have lost expression of AniA due to a frame-shift
mutation resulting in premature termination of the protein [4]
and that various amino acid point mutations, insertions and dele-
tions are present in the AniA sequences from a range of clinical iso-
lates, some of which may affect the catalytic regions and thus the
function of the protein [16]. N. meningitidis is dependent on the
presence of oxygen for growth and cannot grow under strictly
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Fig. 2. AniA is expressed on the cell surface in N. gonorrhoeae 1291. Examination of N. gonorrhoeae 1291 cells grown anaerobically immunolabelled with (A) pre-immune
rabbit serum or (B) anti-AniA polyclonal rabbit serum using SEM. Scale bars indicate 500 nm. (C) Western blot analysis of whole, intact anaerobicaly grown N. gonorrhoeae
1291 cells treated with increasing concentrations of trypsin using anti-AniA polyclonal rabbit serum. ** = Full-length AniA, * = Digested AniA. No significant differences
between the CFUs/ml at t0 and at 60 min for each of the samples were detected (Supplementary Table 3).
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Fig. 3. Polyclonal rabbit serum raised against Antigen 1 is able to block AniA nitrite
reductase activity of N. gonorrhoeae 1291 cells. Bars represent AniA activity
expressed as the mean reaction rate (nmoles of nitrite reduced/min/ODggp) from
triplicate samples over the course of a nitrite utilisation assay. Samples include
1291 cells pre-incubated with 1:10 baby rabbit serum (BRS) (1291 + BRS), 1291
cells pre-incubated with 1:10 pre-immune rabbit serum (1291 + pre-immune),
1291 cells pre-incubated with 1:10 polyclonal rabbit serum raised against Antigen
1 (1291 + Antigen 1 final) and 1291 aniA::kan cells pre-incubated with 1:10 BRS
(1291 aniA::kan + BRS). Error bars represent +1 standard deviation from the mean.
The reaction rate for cells pre-incubated with polyclonal rabbit serum raised against
Antigen 1 was significantly lower compared to cells pre-incubated with either BRS
(**p = 0.0443) or with pre-immune rabbit serum (*p = 0.0144).

anaerobic conditions [17]. Although some strains may use denitri-
fication of nitrite to nitric oxide to supplement a limited supply of
oxygen as a respiratory electron acceptor [17], it appears that AniA
nitrite reductase activity is not essential to the survival or patho-
genesis of N. meningitidis. Thus it has been proposed that N. menin-
gtidis is evolving into a species that no longer requires the
reduction of nitrite by AniA to supplement growth and is better

suited to a more aerobic environment [18]. This is in contrast to
the situation in N. gonorrhoeae where AniA seems to be essential.
Expression of aniA is maintained in all strains surveyed thus far
[4,19]. The differences in the requirement for AniA in the meningo-
coccus and the gonococcus may be due to the distinct niches colon-
ised by these two human pathogens [18]. N. meningitidis colonises
the more oxygen rich epithelium of the upper respiratory tract
while N. gonorrhoeae colonies the mucosal epithelium of the hu-
man urogenital tract, which is presumed to be an oxygen-limited
environment. A number of findings suggest that N. gonorrhoeae
encounters anaerobic conditions during colonisation including
the frequent isolation of gonococci with facultative and obligate
anaerobes [20] and the strong antibody response generated against
AniA in patients with various gonococcal infections [7]. AniA
expression is tightly regulated by oxygen availability and is
virtually undetectable in gonococcal cells grown aerobically [21].
Therefore it appears that the ability to adapt to and grow in an oxy-
gen-depleted environment is an important aspect of N. gonorrhoeae
colonisation, and this ability is dependent on AniA nitrite reductase
activity [2]. For these reasons we focused on AniA of N. gonorrhoeae
in this study.

Two models have been proposed for the localisation of AniA:
one arguing that AniA is directed towards the periplasm [11], while
the second suggests that AniA is directed to the outside of the cell
[12]. We have demonstrated by immuno-SEM and trypsin diges-
tion of whole, viable cells that AniA is on the cell surface in N. gon-
orrhoeae. However, the possibility remains that there is a
population of AniA that is directed towards the periplasm as tryp-
sin digestion of surface exposed proteins failed to completely di-
gest all of the AniA protein. This may indicate that a proportion
of AniA is directed towards the periplasm and is protected from
trypsin cleavage. Alternatively, particular residues of AniA may
be inaccessibile to digestion with trypsin due to higher order pro-
tein structure. This is commonly observed for proteins in their na-
tive state [22] and it has been shown that the soluble domain of
AniA from pathogenic Neisseria exists as a homotrimer [23]. The
fact that we were able to inhibit a significant proportion of AniA ni-
trite reductase activity with Anti-AniA antiserum suggests that if a
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population of AniA is directed towards the periplasm it may not be
functional.

Another unique feature of the AniA nitrite reductase from Neis-
seria is the glycosylated C-terminus. Interestingly, we found that
the antibody response was directed primarily towards the basal
monosaccharide of the AniA glycoprotein when it is presented to
the immune system, with minimal antibodies being produced
against the remainder of the protein, suggesting that this glycan
is immunodominant. These findings are consistent with our previ-
ous study [24], as well as that of others [25], demonstrating an im-
mune response to the Neisseria O-linked glycan. This antibody
response was found to be glycan-specific with antisera raised
against AniA glycosylated with the DATDH monosaccharide react-
ing strongly with AniA glycosylated with the DATDH monosaccha-
ride and only weakly with AniA glycosylated with the trisaccharide
molecule. These findings support the hypothesis that a function of
AniA glycosylation may be to provide an immune evasion mecha-
nism whereby the glycan acts as an immunological ‘decoy’ to re-
duce the relative antibody response generated against the
functional polypeptide region of AniA. The pathogenic Neisseria
species have the ability to display a variety of O-linked glycans
due to the presence or absence of pgl genes encoding glycosyl-
transferases including pglIB, pgIC and pgID and due to the phase-
variable expression of pglA, pglE, pgll and pglH. This can result in
strains that are capable of expressing at least 13 different glyco-
forms [24,26-28]. Switching between the expression of various
glycoforms of AniA may provide the bacteria with a mechanism
to escape glycan specific antibodies developed by the host.

Moreover, we showed that by removing the glycan of AniA, as
well as the entire C-terminal glycosylated region, a non-native im-
mune response was elicited against the core region of the protein
regardless of the glycosylation state. The flexible, C-terminal gly-
cosylated region of AniA may serve to ‘shield’ the functional region
of the protein from immune exposure and by removing the glycan
that typically ‘masks’ the conserved epitopes of AniA an immune
response can be generated against the functional protein core that
would not normally occur. We were able to demonstrate this fur-
ther by producing functional blocking antibodies directed against
the core region of the AniA protein by immunising animals with
a recombinant form of AniA completely lacking the glycosylated
C-terminus.

In summary, we find that AniA is surface exposed, that the
monosaccharide of the AniA glycan is immunodominant and that
removal of this glycan generates a non-native immune response
against the core of the protein that produces antibodies capable
of functional blocking. As AniA is essential for the growth and sur-
vival of N. gonorrhoeae under oxygen-limited conditions [2] and for
biofilm formation [29], we therefore propose that modified AniA
has potential as a vaccine antigen for N. gonorrhoeae and warrants
further investigation.
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