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FIG. 7. GATDH-based glycans are antigenically distinct from
DATDH-based forms. Western blots of N400 (pg/B), N400 pglByicss,
and N400 pglB2y,,5 in different pgl backgrounds were incubated with
the npgl, npg2, and npg3 monoclonal antibodies. The strains used
were KS141 (N400 pglA), KS306 (N400 pglBycss pglA), KS309 (N400
PglB2g,5 pglA), KS100 (N400), KS305 (N400 pglBycss), KS308 (N400
PglB2g4,5), KS142 (N400 pglE,,,), KS307 (N400 pglByicss PSIE ), and
KS310 (N400 pglB24,5 pglE ,,,)-

with one or two PE moieties. These findings confirm the pre-
viously described association of PgIB2 with GATDH synthesis
and demonstrate for the first time that PglA and PgIE are
necessary for synthesizing di- and trisaccharides having
GATDH at the reducing end. Furthermore, the Hex-GATDH
glycoform is susceptible to O acetylation, although there were
significantly lower levels of this form than there were in the
DATDH-expressing background (2). Somewhat surprisingly,
signals indicative of O acetylation were not detectable in the
Hex-Hex-GATDH-expressing background.

Using strains expressing defined glycoforms in a single back-
ground, MAD reactivity was examined (Fig. 7). First, the pat-
terns of reactivity exhibited by the strains expressing endoge-
nous and MC58 PgIB were identical for the three MAbs. This
included detection of low levels of modified PilE with mono- and
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trisaccharide-recognizing MAbs in the disaccharide-expressing
strains and of low levels of modified PilE with mono- and disac-
charide-recognizing MADbs in the trisaccharide-expressing strains.
For the trisaccharide reactivity in the disaccharide-expressing
strains and the disaccharide reactivity in the trisaccharide-express-
ing strains, this could have been due to the presence of pglE phase
variants that arose in the populations. For the monosaccharide
reactivity in the disaccharide- and trisaccharide-expressing strains,
it was unlikely due to a minor population of pgl4 phase-off vari-
ants as the allele in this background is not predicted to be subject
to phase variability. Therefore, microheterogeneity in these cases
may have reflected instances in which lipid-linked DATDH was
flipped across the membrane prior to its modification by PglA.

The results for the GATDH-expressing backgrounds were
strikingly distinct, and the levels of MAb reactivity were
dramatically reduced. Nonetheless, weak PilE reactivity was
seen for the monosaccharide-expressing strain with the
monosaccharide-specific MAb and for the disaccharide-ex-
pressing strain with the disaccharide-specific MAb. It is
noteworthy that moderate PilE reactivity was detected for
the GATDH-based trisaccharide-expressing strain with the
trisaccharide-specific MAb.

Immunochemical analysis of GATDH-based saccharides.
To examine GATDH immunogenicity and antigenicity, PilE
bearing the GATDH monosaccharide (in the form of purified
pili) was used to immunize rabbits, and the response was mon-
itored by immunoblotting with the full suite of N. gonorrhoeae
strains and recombinants (Fig. 8). The response observed was
specific, and reactivity was detected only with the GATDH-
expressing strain. In this case, four major immunoreactive pro-
teins were detected, and three of them were identified as the
AniA nitrite reductase and the Ng1494 and Ng1043 lipopro-
teins (data not shown). To compare this pattern with those
observed for the other glycan-expressing strains, the same im-
munoblot filter was probed sequentially with the MAbs. Taking
into account the minor shifts in mobilities associated with the
different chain lengths of the glycoforms, the overall patterns
of glycosylated proteins were remarkably similar. Moreover,
npg3 detected an antigen pattern in the Hex-Hex-GATDH
background analogous to that seen in the other strains, al-
though the intensity was lower. Along with data for reactivity
with the equivalently modified PilE, this confirms that npg3 has
a diminished but specific ability to recognize an epitope asso-
ciated with Hex-Hex-GATDH glycan. Taken together, the re-
sults show that protein-linked GATDH glycan is immunogenic
and antigenic and that at least the GATDH and Hex-Hex-
GATDH glycoforms can act as donor substrates in general,
broad-spectrum protein glycosylation.

Glycan epitopes are exposed on type IV pili. Modeling based
on structural data suggested that the glycan attached at Ser63
of PilE is exposed on the pilus polymer surface (15). We
directly tested this hypothesis using the MAbs and strains ex-
pressing DATDH-based glycans in transmission immunoelec-
tron microscopy. Transmission electron micrographs demon-
strated that decoration of pili with the MAbs occurred in a
glycan-specific manner, with the caveat that in the case of the
di- and trisaccharide-reactive MAbs the reactivity was dramat-
ically increased in the absence of O acetylation (in the pgil
background) (Fig. 9).
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FIG. 8. Protein-associated GATDH monosaccharide is both immu-
nogenic and antigenic. An immunoblot of whole-cell lysates from
strains with defined pgl/ backgrounds was first incubated with pGADb, a
polyclonal antiserum raised against pili bearing the GATDH monosac-
charide. The same filter was subsequently reprobed with the npgl,
npg2, and npg3 MAbs with washing and developing steps between
exposures. The strains used all had a 4/3/1 background, in which pilE
was conditionally repressed, and were KS105 (4/3/1 pglC), KS122 (4/3/1
pglA), KS101 (4/3/1), KS127 (4/3/1 pglE,,), KS312 (4/3/1 pglB24;5
pglA), KS311 (4/3/1 pglB2g,5), and KS313 (4/3/1 pglB2g,5 pglE ,y)-

DISCUSSION

Pathogenic Neisseria species express a large number of cell
surface components that are subject to intrastrain antigenic
and phase variation. The evolution of the genetic systems un-
derlying diversification of these surface molecules is likely
driven by selection imposed by host adaptive and innate im-
munity. Previous studies have suggested that PilE-associated
glycans might be immunogenic, as well as antigenically variable
within a strain and between strains. Until now, however, the
evidence for this has been somewhat limited as it has been
obtained primarily with modified PilE as the immunogen and
antigen and thus the specific contributions of polypeptide and
glycan to the epitopes involved have been difficult to differen-
tiate. Using neisserial glycoproteins modified with defined car-
bohydrates and immunization of rabbits, we demonstrated
here that protein-linked glycans are both immunogenic and
antigenic. In addition, the immune response was quite specific
despite the use of structurally related glycans. The fact that the
npg2 and npg3 MADb reactivities were dramatically enhanced
by both the pgll null allele and chemical treatment strongly
suggests that the epitopes recognized are sterically masked by
O acetylation. As the pglI allele in N. gonorrhoeae N400 is not
predicted to give rise to phase-off variants (70), the weak sig-
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FIG. 9. Glycan MAbs react specifically with intact pili as deter-
mined by immunoelectron microscopy. Immunogold labeling and
transmission electron microscopy using the monoclonal antibodies
(npgl, npg2, and npg3) against different N400 pgl strains demonstrated
their specificity by binding to pili of the corresponding strains. The
strains used were KS100 (N400) (wild type [wt]), KS141 (N400 pgl4),
KS104 (N400 pgIC), KS142 (N400 pglE,,), KS144 (N400 pglI), and
KS304 (N400 pglE ., pgll). Note that for the npg2 and npg3 MAbs, the
levels of immunoreactivity were dramatically enhanced in the pgll
background, in which glycan O acetylation was not present.
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TABLE 2. Protein glycosylation genotypes and phenotypes

Strain Genotype Predicted glycan based Main glycan identified”
pglA PSIE pgll psiB on genotype

N400 On, 4G* Off, 14x° On, 6G” pglB Ac-Hex-DATDH Ac-Hex-DATDH
FA1090 On, 11G On® On, 6G* pglB Ac-Hex-Hex-DATDH DATDH
MCs8 On, 11G Off, 34x On, 13G pglB Ac-Hex-DATDH Ac-Hex-DATDH
H44/76 On, 11G Off, 23x On, 10G pslB Ac-Hex-DATDH Ac-Hex-DATDH
72491 On, 14G On, 25x On, 10G pglB Ac-Hex-Hex-DATDH Ac-Hex-DATDH
8013 Off, 8G Off, 39x On, 10G pglB2 GATDH
FAM18 Off, 11G Off, 29x Off, 14G pgiB2 GATDH
BZ 10 Off, 12G Off, 24x Off, 9G pglB2 Hex-GATDH
BZ 198 On, 8G Off, 22x Off, 11G pgiB2 Hex-GATDH
ST-3787 On, 8G On, 16x On, 12G pslB Ac-Hex-Hex-DATDH DATDH
ST-640 Off, 10G On, 25x On, 15G pglB DATDH DATDH

“ See Fig. 2.

® Not phase variable.
¢ x indicates the presence of a CAAACAA repeat.

nals seen in di- and trisaccharide-expressing backgrounds with
these MAbs thus likely reflect microheterogeneity due to in-
complete O acetylation. Together, the results of this work
prove that a single N. gonorrhoeae strain can express at least
five distinct antigenic glycoforms: DATDH, Hex-DATDH,
Hex-Hex-DATDH, and O-acetylated variants of the latter two
glycoforms.

The MADbs recognizing defined glycan epitopes made it pos-
sible to probe other fundamental aspects of neisserial protein
glycosylation. Most importantly, broad-spectrum, general O-
linked protein glycosylation appears to be a common feature in
the three species of Neisseria most important for humans and
is not limited to N. gonorrhoeae strain N400. Given its presence
in the nonpathogenic species N. lactamica, general O-linked
protein glycosylation does not appear to be a virulence factor
per se. Second, changes in glycan structure are manifested
globally, as shown by the conservation of glycoprotein patterns
in pgl variants and mutants of N. gonorrhoeae N400 and N.
gonorrhoeae FA1090, as well as N. meningitidis MCS58. Third,
the overall repertoire of predominant glycoproteins appears to
be more similar within a species than between species. Anal-
yses of more isolates of all three species are warranted in order
to corroborate and extend these findings.

Although the association between PglB2 and synthesis of the
basal GATDH sugar is well established, it is not clear what
effect the GATDH moiety has on glycan diversification and
glycan-associated phenotypes. The pg/B2 allele has been doc-
umented only for N. meningitidis strains and likely arose via
import into a pglB background (48). Together with the pres-
ence of this allele in approximately 50% of isolates, it seems
plausible that the prevalence of GATDH reflects the influence
of positive selection. Perhaps most important in this regard is
the finding that the GATDH moiety can be further modified by
PglA and PgIE glycosyltransferases, yielding Hex-GATDH and
Hex-Hex-GATDH oligosaccharides. Since all three of these
forms are antigenically distinct from the forms bearing the
basal DATDH sugar, as shown by their lack of MAb reactivity,
the introduction of pglB2 into N. meningitidis strains and its
spread may have been due to immune selection. In addition,
our data suggest that GATDH may have a negative impact on
acetylation of hexoses linked to it or may promote lability of
the acetate bonds. Given the manner in which the strains were

constructed, we cannot formally rule out the possibility that the
unique O-acetylation phenotypes are not related directly to the
pglB2 allele but result from the altered gene organization and
composition 3’ of pglB2. Together with the variable O acety-
lation of the GATDH disaccharide form, single N. meningitidis
strains can express either four distinct GATDH glycoforms or
five DATDH glycoforms.

Predicting the glycosylation phenotype based solely on the
genotype is notoriously difficult (14). Despite this, there was a
surprising degree of concordance between gene content and
glycan phenotype as determined by both MADb reactivity and
MS. Not only did reactivity with the MAbs correlate with the
presence of pglB, pglA, and pglE, but minor levels of reactivity
with the trisaccharide-recognizing MADb also correlated with
the presence of phase-off alleles of pglE. Nonetheless, signifi-
cant exceptions were found (Table 2). For example, on the
basis of its pglB, pglA,,, and pglE_, genotypes, FA1090 would
have been predicted to have expressed predominantly the
DATDH-based trisaccharide and thus have an immunoblot
pattern similar to that observed for the N400 pglE,, back-
ground. Instead, it has a reactivity pattern consistent with a
mixture of DATDH-based monosaccharide and trisaccharide
forms. In addition, a similar pattern was seen for N. lactamica
strain ST-3787, which, based on its genotype, would be ex-
pected to express the DATDH-based trisaccharide. Together
with the reactivity with the trisaccharide MAb in FA1090 and
ST-3787, this microheterogeneity likely reflects reduced PglA
activity, which could be due to either an altered PglA structure
or the presence of an alternative activity that competes with
PglA for the lipid-linked DATDH substrate. Also, these two
scenarios are not mutually exclusive. Furthermore, the pgiB
P8IA ., PSIE o genotype of N. meningitidis strain Z2491 resulted
in the prediction that it should have an MAb reactivity pattern
identical to that of MC58 and H44/76. However, unlike the
results for the other two strains, no reactivity with the trisac-
charide recognizing MADb was seen for Z2491 even though pglE
is phase on in this strain. Further studies are needed to resolve
the basis for these discrepancies.

The finding that immunization with glycosylated Tfp from N.
gonorrhoeae produces a humoral immune response specific to
the glycan moiety is interesting in a number of ways. First, a
large number of studies in the 1960s to 1990s examined the
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immunogenicity and antigenicity of N. gonorrhoeae pili in order
to assess their potential as a gonococcal vaccine component (8,
30, 42, 60). Together with analogous studies of N. meningitidis
pili, these studies provided serological evidence for pilus anti-
genic diversity, which was subsequently interpreted as a reflec-
tion of wholesale changes in pilin primary structure resulting
from gene conversion-like events involving multiple pilin gene
copies (55, 74). Although not appreciated at the time, it seems
very likely that glycosylated pili were used in these studies and
that antiglycan antibodies may have influenced at least some of
the observations made. In this context, it is also worth noting
that although a large number of MAbs and sera (including
those raised against pilin-based peptides) have been used to
define conserved and variable domains on pili, the surface-
exposed epitopes involved have been precisely defined in only
a very few instances (17, 55, 65, 66, 68). We suggest that glycan
modification at a site in pilin which is both surface exposed and
constrained at the level of primary structure may directly mask
conserved epitopes at two levels. First, the glycan may physi-
cally block accessibility of polypeptide-directed antibodies.
Second, the glycan may perturb antigen processing and peptide
presentation such that humoral responses to conserved do-
mains are diminished and instead directed toward the glycan,
which is antigenically variable itself.

Glycan-directed antibodies might also exert an effect through
glycoproteins other than PilE. In this context, it is interesting that
other studies have reported evidence indicating that some of the
glycoproteins identified in N. gonorrhoeae and now in N. menin-
gitidis are exposed at the bacterial surface. These glycoproteins
include a putative peptidyl-prolylisomerase (NGO1225) (38),
GNA1946 (45), Agd73 (NGO1043) (28), and the nitrite reductase
AniA (NGO1276) (37). It is also worth mentioning that the orig-
inal evidence that AniA is expressed in vivo was derived from
detection of AniA-reactive antibodies in diseased patients but not
in normal human sera (12). Based on our findings, it is possible
that the reactions observed for AniA reflect a more general an-
tiglycan response rather than a specific AniA response.

In summary, these studies lay the foundation for detailed
elucidation of the genotype-phenotype relationships underly-
ing protein glycan diversity in important neisserial species.
Given the high degree of pgl gene polymorphism and the pres-
ence of uncharacterized genes linked to known pgl-related loci,
we hypothesize that the total repertoire of protein glycans may
be significantly larger than that identified so far. In fact, the
protein-associated glycan diversity may exceed that docu-
mented for neisserial lipooligosaccharides and meningococcal
capsular polysaccharides. The findings of this study and the
reagents used should also facilitate efforts to evaluate the po-
tential presence of glycoproteins in outer membrane vesicle
(OMYV)-based vaccines currently in use or being tested (25)
and to evaluate whether humans generate either humoral or
innate immune responses to the protein glycan moieties during
carriage or disease.
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