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ABSTRACT The lipooligosaccharide from Neisseria gon-
orrhoeae (GC), consists of lipid A, an oligosaccharide core and
three branches, «, 3, and y. We report the cloning of the gene
(IgtG, lipooligosaccharide glycosyl transferase G) encoding
the glucosyl transferase of GC that initiates the 8 chain which
consists of a lactosyl moiety. This gene contains a homopoly-
meric tract of cytidine [poly(C)] and we demonstrate that
changes in the number of Cs in poly(C) account for the
variation of B chain expression in different GC strains.
Biochemical analyses and mass spectrometry clearly attribute
the reactivity of mAb 2C7 to the presence of the lactosyl 8
chain. In addition, we demonstrate that in the absence of the
lactosyl group, a phosphoethanolamine is added to generate a
new antigenic epitope as evidenced by the gain of reactivity to
mADb 2-L1-8. These results show that, like the « chain, the 3
chain of lipooligosaccharide is subject to antigenic variation.

About 62 million cases of gonorrhea, caused by Neisseria
gonorrhoeae [gonococcus (GC)], occurred worldwide in 1996
(1) and an estimated 800,000 cases occur every year in the
United States (2). In case of inadequate treatment, 10-15% of
women infected with gonorrhea develop pelvic inflammatory
disease (PID) and at least 15% of infertility is due to tubal
damage caused by PID.

The cell wall lipooligosaccharide (LOS) from GC is much
smaller than its lipopolysaccharide counterparts in enteric
pathogens like Escherichia coli and Salmonella typhimurium.
However, like the LOS of another mucosal pathogen, Hae-
mophilus influenzae, GC LOS is able to undergo manifold
phase variations which play a critical role in the process of
infection (3-5). Several GC LOS biosynthetic genes contain
poly(G) tracts of 10 or more bases. These tracts increase or
decrease with a frequency of 1072 to 1073 and produce
frameshifts to turn the genes off or on (6-11). Depending on
the on/off status of different LOS glycosyl transferases (prod-
ucts of gt genes), different biosynthetic pathways are used to
generate different LOS structures that likely provide the
pathogen with selective advantage in different niches of the
human body (4).

The prototype LOS of GC is depicted in Fig. 1. It consists
of a core and three branches (5, 12, 13). The LOS core is
relatively invariable between different strains and is synthe-
sized following a pathway similar to that of enteric lipopoly-
saccharide (14-18). The longest branch, « chain, is attached to
the first heptose (Hepl) of the core. B and vy chains are both
attached to the second heptose of the core (Hep2). The genes
encoding the glycosyl transferases of the « chain had been
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cloned and characterized to explain the variability of this chain
(69, 19). The invariable vy chain consists only of a GIcNAc
which is attached to C2 of Hep2.

The B chain comprises a lactosyl group with Glc being
attached to C3 of Hep2. This chain is absent in some strains
(12, 20) and present in others (5), but phase variation of this
structure has not been reported previously. It has been sug-
gested that the mAbs 2C7 and 3G9 react with $ chain (21, 22).
IgtE, the galactosyl transferase that attaches a Gal to the first
Glc of the « chain, was also shown to play a role in linking the
Gal with the B chain Glc (19). However, the B-glucosyl
transferase adding the a1-3 bond between the Glc and Hep2
had not been identified previously.

We report cloning of the gene (/gtG) encoding the glucosyl
transferase that forms the «l1-3 link between the Glc and
Hep2. Furthermore, by molecular genetic, biochemical, and
mass spectrometric characterization, we established unequiv-
ocally that the B chain of gonococcal LOS is the 2C7 epitope
and elucidated additional aspects of the chemistry of LOS
synthesis, its variation, and antigenicity.

MATERIALS AND METHODS

Chemicals, Enzymes, Bacterial Strains, and Plasmids. All
chemicals were obtained from Sigma and all enzymes were
purchased from New England Biolabs, if the source is not
mentioned. Bacterial strains and plasmids used are listed in
Table 1. In solid and liquid media, GC was grown using
conditions described previously (6, 23) and 2 pg/ml erythro-
mycin was added for selection when needed.

Recombinant DNA Methods. A library of GC 15253 was
constructed by ligating ~2- to 4-kb T’sp5091 partial digestion
fragments of genomic DNA into EcoRI-digested AZaplI vec-
tor (Stratagene). The phage library was screened by hybrid-
ization with a random prime-labeled PCR product generated
by oligonucleotide pair LgtG-1 and LgtG-2 (Fig. 2). One
positive clone was converted to its corresponding pBluescript
SKII(+) phagemid, pLgtG7 (Table 1), by using the manufac-
turer’s in vivo excision protocol.

Another library from strain 4318 (Table 1) was made into
the Accl site of pK18 (Table 1) by cloning 2- to 4-kb genomic
DNA fragments isolated following partial digestion with
HinPl, Taql, and Hpall.

The IgtG knockouts were constructed either by introducing
an ermC' (erythromycin resistance marker) cassette into pL-

Abbreviations: [gtG, lipooligosaccharide glycosyl transferase G; GC,
Neisseria gonorrhoeae; LOS, lipooligosaccharide; PEA, phosphoeth-
anolamine; HPAE, high pH anion exchange chromatography; PAD,
pulse amperometric detection; MALDI, matrix-assisted laser desorp-
tion ionization; ToF, time-of-flight; RBS, ribosome-binding site.
Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession no. AF076919).

§To whom reprint requests should be addressed. e-mail: ecg@
rockvax.rockefeller.edu.
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F1G. 1. Structure of LOS from GC. Alternative LOS structures are
indicated by dotted lines. The genes that show phase variation are
underlined. The positions of bond formation on the sugars are given
in small font. “n” denotes a yet undetermined position of bond
formation. The epitopes for mAbs used in this study are also shown.
The “?” next to IgtE indicates that it is not known whether it plays a
direct or indirect role in that particular galactosyl bond formation.

gtG7 or by deleting 94 bp (from 538 to 632 bp in Fig. 2) by
digesting pK18-LgtG18 with Ndel. The resulting plasmids were
designated as pLgtG7-erm and pK18-LgtG18ANdel (Table 1),
respectively. pLgtG7-erm DNA was spot transformed (24) into
piliated bacteria of strains F62, FA1090, and 15253 and the
transformants were selected on GC agar containing 2 ug/ml
erythromycin. The ANdel deletion was introduced nonselec-
tively into the chromosome of F62A8-1(3G9+). The nonse-
lective knockout was verified by loss of mAb 3G9 activity and
Southern blot hybridization experiments that showed the
incorporation of the specific deletion.

Gel Electrophoresis of LOS. The tricine/SDS-PAGE was
performed according to published protocols (6, 19). Two
hundred to 400 ng LOS was loaded per lane.

Colony Immunoblots and Immunological Dot Blots. After
overnight growth, colonies were transferred to a nitrocellulose
membrane (Schleicher & Schuell) and screened (25) for
reactivity to mAb 3G9 (26). mAb 3G9 and mAb 2C7 (used
below) have essentially the same epitope specificity.

Table 1. A list of strains and plasmids used
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Dot blot was performed following a published protocol (6)
on LOS isolated (19) from GC by using, in addition to mAb
2C7, mAbs 2-1-L8 (27) 1B2 and TH2 (28) which were gen-
erously provided by W. Zollinger (Walter Reed Army Institute
for Research, Washington, DC), ATCC (T1B-189), and S. I.
Hakamori (Pacific Northwest Research Foundation, Seattle,
WA), respectively.

Analysis of Sugar Composition. Sugar analyses were per-
formed by high pH anion exchange chromatography (HPAE)
using a CarboPac PA10 column in a DX-500 (Dionex) HPAE
system with pulse amperometric detection (PAD) (5, 19). Two
hundred micrograms of purified LOS was hydrolyzed following
the HPAE-PAD monosaccharide analysis protocol suggested
by the manufacturer. The solvent system used was 18 mM
NaOH for 35 min at a rate of 1 ml/min. By measuring the peak
area of a standard 2.0 nmol mixture of monosaccharides
(Dionex), area per nanomole values for GIcN, Gal, and Glc
were determined. The value for GlcN was multiplied by 1.613
to account for loss during hydrolysis (19).

O-Deacylation of LOS. To 0.5-2.5 mg of lyophilized LOS,
100-225 wl of anhydrous hydrazine was added. The suspension
was incubated at 37°C for 25 min. Five-tenths to 1.25 ml of
chilled (—20°C) acetone was added dropwise. The precipitated
O-deacylated LOS was centrifuged (16,000 X g) for 25 min at
4°C, washed with chilled acetone, resuspended in 1 ml of
deionized distilled water, and lyophilized overnight.

Mass Spectrometry. O-deacylated LOS was analyzed by
matrix-assisted laser desorption ionization (MALDI) accord-
ing to the methods of Gibson et al. (29). For MALDI analysis,
O-deacylated LOS (0.5 mg in 100 ul of water) was desalted
with cation exchange resin, AG 50W-X8 (Bio-Rad), using
compact reaction columns (United States Biochemical). The
LOSs were mixed with 2,5-dihydroxybenzoic acid (0.1 M in
acetonitrile and water, 1:1, vol/vol) and analyzed by a Voyag-
er-DE STR Biospectrometry Workstation, MALDI time-of-
flight (ToF) mass spectrometer (PerSeptive Biosystems, Fra-
mingham, MA). Negative ion mass spectra were collected and
calibrated using the manufacturer’s default calibration.

RESULTS

The IgtG gene (Fig. 2) was identified independently by two of
the collaborating laboratories using different strategies and

FA1090

Full LOS. Complete « and B chains. Functional IgtG with 11 C poly(C)

Strains/plasmids Relevant genotype/phenotype/description Source
N. gonorrhoeae strains

Fo62 Full LOS « chain but no B chain. Defective /gtG with 12 C poly(C) 12,36

F62igtG F62 mutant® with ermC’(6) inserted in IgtG This work

F62A5 IgtA-D deleted F62. Truncated lactosyl a chain 6

F62A8-1 239-bp Apol fragment deleted in /gtA. Truncated lactosyl « chain This work

F62A8-1(3G9+) Spontaneous mutant of F62A8-1 that reacts with mAb 3G9 This work

F62A8-1(3G9+)lgtG F62A8-1(3G9+) with [gtG deletion. Also see Fig. 3 This work

M. Cohen’ and (36)

FA1090/gtG Ndel fragment (538-632 in Fig. 2) deleted in FA1090 /gtG. No B chain This work
15253 Full B but truncated lactosyl « chain. [gtB-D deleted and defective IgtA 5,19, 37
15253IgtG 515253 without B chain due to ermC’ disruption in lgtG This work
15253IgtE lgtE mutant of 15253. Both « and B chain contain only one Glc each 19
1291 No B but full « chain. Similar to F62 LOS. 12 C poly(C) in lgtG 36
MSI11 No B but full « chain like F62 and 1291. 10 C poly(C) in lgtG J. Swanson? and ref. 37
4318 Reacts with mAb 3G9. B chain present P. F. Sparling?
Plasmids

pLgtG7 2.3-kb Tsp5091 insert with 15253 IlgtG in EcoRI site of pBluescriptIl SK(+) This work
pLgtG7-erm Klenow enzyme-treated Notl fragment carrying ermC’ of pHSS6-erm (6)

ligated with BstBI digested and T4ADNA polymerase-treated pLgtG7 This work
pK18 GC uptake sequence cloned into Bg/II site of E. coli vector pK18 (38) 38
pK18-LgtG18 pK18 with DNA fragment isolated from strain 4318 This work
pK18-LgtG18ANdel 94-bp Ndel deletion (538-632 of Fig. 2) in IgtG of pK18-LgtG18 This work

*All mutants are isogeneic.
TUniversity of North Carolina, Chapel Hill, NC.
#Rocky Mountain Laboratory, MT.
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-357 -10?7 RBS1 196-1040R
AACATCGCCGCACAGCTATTBAGEEAMTGGAACTCGTCCCCGERTITAAMGGATAMMGG 60
START 1 —_—
CAAMAIGCCGTTTGAAACCCGCCGGCGECTTCAGGCGGCAT TGCCGCAACAAMACGGCAAC 120

CGTATTCCGGCACACAGCGCATTACCCTACCCCCTCACGCACAAATCCCGCCCCGACAGG 180
RBS2 START2
CGCGGGACGCAACCATAAAGGAACAATGAIGAAGCTCAAAATAGACATTGCAACCAACAA 240
CTTCAAACACGGCGGCGGCACGGAACGCTACACATTGGATTTGGTAAAGGGTCTGAACAG 300
ACAAAACATCACACCGGCCGTTTATGCGACGAAATTTGATCACGGCATTCCCGAATACGE 360

LgtG-1
CATGATCGAACCCCATCTTGTCGATCAACGCCGBAGGC TGARAARACTACGLTCGTTCCT 420
CTTTTCAAGCCGGCTCGCTCAAACCAGAAAAAACAGTGCCGCCAAACTGATTGCCTGCCA 480
CCACGCCGATTACGCCGACCTCCTCATCTGCGRCGGCACGCACTTGGGCTACCTGCACCA 560
Ndel TF-2
TATGECGCAMMCCGARCTEC TCGACCGCCTCGCCATACGECGAACCGEAGCAACTA. 600

CGCCACCGCCAAACTGATTGTGGCGCATTCCCATATGATGCGGCGCGAACTGGTCGGACT €60

ATACGGCGTTCCCCCCGAAAGAATCCAAGTC%CCAGAMCGGAACGCTT 720
CTTTCCACAACZGAAAC TGCCGCCCTGCGCGCCAAATACGGTTTTGCCGACCATGA 780
AACCGTTTTCCTAT TCCCATCGACCGGCCACACGCGCAAAGGCCTGGAACijthgCZGCCGA 840
iy ﬁ:‘OBGl‘)L;CAAACCGAAC TGCCCGTCAAGCTCGCCGTTGCCGGTTCACCGCTTCCCCG 900

CCCGAAAACG TCGTCGGACTGGGCTTCTGCACCGATATGCCCGAACTCTACCGLGC 9680

CGCCGACTTTACCATTATGGCATCCCTGTACGAACCCTTCGGGCTGGTCGETGTCGAATC 1020
7R-1

CGCCCTATGCGGEACACGCGTCGTCCTCTCCGAAAACATGGCATGTACAGAGGTCATGAA 1080

CGAAGAAGCCGGATTCTTTTTCTCACGACAAAACCCGGAAACCCTCGCGCAAGCCGTTGE 1140

CCGGGCCGTCAGCCTTAAAAAACAGGGCGGACACCGCCTGTCCGACCCGATGCGGGCGET 1200

GAACTACAACCCGTCCCTGTCGCACCACATCGACCGACTGACCGACATGCTGGCATCCGT 1260

STOP 1

CAAAATGCCGTCTGAACGGGTTTTCAGACGGCATTTTCGCAACCGTTGCAGCCGTG 1320
196-1530F

CGGCAAAAAGCTAACGGGCAA 1341

—

FiG. 2. DNA sequence of /gtG locus from GC strain 15253. RBS
1 and RBS 2 indicate two possible ribosome-binding sites (marked by
double underlines) corresponding to two alternative translational
starts (thick underlines), START 1 and START 2, respectively.
poly(C) (black box) indicates the phase variable 11 consecutive Cs. The
FA1090 sequence has 11 Cs also. The number of Cs in F62 and 1291
is 12 and the ORF terminates at STOP 2 instead of STOP 1, the
putative translational terminator (white box) in 15253/FA1090. In
MS11, 10 Cs are present and translation terminates at STOP 3. The
locations of the relevant PCR primers are underlined by arrows. The
ermC' cassette was introduced into the indicated BstBI restriction
enzyme site (italic font) for insertional inactivation of [gtG ORF. The
Ndel sites were used to create pK18-LgtG18ANdel. —10? and —307?,
possible —10 consensus and —30 consensus of ¢7%-binding site (gray
boxes).

when this was recognized it was decided to present the results
together. One method relied on the identification of the gene
responsible for the expression of the carbohydrate epitope
reactive with mAb 3G9Y. The other strategy was to query the yet
incomplete genomic sequence of GC for a homolog of the E.
coli rfaG known to catalyze the addition of Glc to position 3
of Hep2.

Analyses of LOS Obtained from F62A8-1(3G9+), a Variant
of Strain F62 That Can React with mAb 3G9, and Its Deriv-
atives. When colonies of N. gonorrhoeae F62 were tested for
their ability to react with mAb 3G9, a background haze of mAb
reactivity was always seen, suggesting that the expression of the
mAb 3G9-reactive LOS might also be subject to variable
expression (data not shown). To test this hypothesis, lawns of
F62 and various isogeneic LOS mutants were prepared and
tested for their ability to react with mAb 3GY. Individual mAb
3G9Y-reactive colonies were identified at a frequency of about
1/3000 colonies examined (data not shown). A derivative of
F62 that was defective in Igt4 expression, F62A8-1 (Table 1
and Fig. 34), produced colonies with the most robust mAb 3G9
reactivity. One of these F62A8-1-derived 3G9 reactive colo-
nies, F62A8-1(3G9+), was saved for further analysis.

Furthermore, using F62A8-1 as the host, we screened a
genomic library from mAb 3G9-reactive GC 4318 (Table 1) to
obtain a plasmid clone, pK18-LgtG18, that possessed the
ability to transform F62A8-1 to 3G9 reactivity. This plasmid
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contained about 2.6 kb of gonococcal DNA which included the
entire IgtG sequence.

To verify that pK18-LgtG18 possessed the ability to trans-
form F62A8-1 to mAb 3G9 reactivity, a site-specific deletion
of pK18-LgtG18 was made by re-ligating the larger of the two
DNA fragments that were produced by digesting this plasmid
with Ndel. The resulting plasmid, designated as pKI18-
LgtG18ANdel (Table 1), lacked segments 538-632 of the
sequence shown in Fig. 2. This deletion was introduced non-
selectively into the chromosome of F62A8-1(3G9+) by a spot
transformation procedure (24). All transformants that had
acquired the deletion, namely, F62A8-1(3G9+)lgtG, failed to
bind mAb 3G9. To verify that the change in LOS expression
was due to this deletion, several F62A8-1(3G9+)lgtG bacteria
were retransformed with pK18-LgtG18 (Table 1). Each of
these F62A8-1(3G9+)lgtG organisms transformed with pK18-
LgtG18 regained the original mAb 3G9 reactivity along with
the complete IgtG locus. Based on these observations, we
concluded that IgrG was responsible for the variation seen in
LOS expression. An example of the LOS profiles produced by
each of these strains is shown in Fig. 34.

Changes in the Poly(C) Tract Are Responsible for 3 Chain
Variation. PCR was used to isolate variants of pK18-LgtG18
that contained differing numbers of cytosines in the poly(C).

A B

#ofCs
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12
e o
z .',;'-c sl 4
L : <4+ .~ Control
L} . - -

F1G. 3. Involvement of [gtG and its poly(C) tract on LOS biosyn-
thesis of GC. (4) SDS-PAGE analysis of LOS isolated from F62A8-1
and its derivatives. The lanes represent LOS isolated from: 1, F62A8-1;
2, F62A8-1(3G9+); 3, F62A8-1(3G9+)IgtG; and 4, F62A8-
1(3GY9+)igtG transformed with pK18-LgtG18 (Table 1). (B) DNA
sequencing gel containing the C lanes of the three derivatives of
pK18-LgtG18. (C) Photoreproduction of the region of a GC-agar plate
containing spots of various F62A8-1-derived cells. The small dots
inside the spots represent actual colonies after 24 hr of growth. Rows
1 through 3 represent cells that were transformed with constructs that
contained 10 Cs, 12 Cs, and 11 Cs, respectively, in poly(C). Row 4
represents cells that were transformed with N. gonorrhoeae strain 4318
(Table 1) chromosomal DNA. (D) Colony immunoblot of the cells
shown in C using mAb 3G9.
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Jennings et al. (10) showed that Tag-polymerase frequently
makes errors when replicating polymeric strings of cytosines/
guanines. Using oligonucleotide primers 196-1040R and 196-
1530F (Fig. 2), we isolated variants of pK18-LgtG18 that
contained differing numbers of Cs. We then tested to see
whether each of these plasmids could transform F62A8-1 into
reactivity with mAb 3G9. The data presented in Fig. 3 B—-D
indicate that the only construct capable of transforming this
strain to mAb reactivity was the one that contained 11 Cs.

A GC ORF with Homology to E. coli rfaG. In E. coli, addition
of aGlc to position 3 of Hep2 is catalyzed by the enzyme
encoded by rfaG. A BLAST (30) search of the GC strain
FA1090 Data Bank at the University of Kansas (Norwalk, KS),
yielded a potential homolog of E. coli rfaG with a score of
~34% identity and ~52.5% homology. This region was named
IgtG (LOS glycosyl transferase G) following the nomenclature
of other neisserial LOS glycosyl transferases (6). lgtG mapped
to contig 249 (as of June 15, 1998, caution: the contig numbers
keep changing because the genome sequence is not yet com-
plete). PCR oligonucleotides LgtG-1 and LgtG-2 (Fig. 2) were
designed based on the data bank sequence. Using the LgtG-
1/LgtG-2 amplicon as a probe, the genomic library from GC
strain 15253 (known to have B chain) was screened to obtain
pLgtG7 (Table 1) that contained a ~2.3 kb insert. The insert
was sequenced and the part containing the /gtG ORF is shown
in Fig. 2. The IgtG ORF in strain 15253 contains a poly(C) of
11 Cs roughly in its middle. There are two possible start sites
(Fig. 2), of which, the first ATG is less likely to be used due to
its larger (10 bp) distance from the corresponding ribosome-
binding site (RBS) and also because the RBS overlaps with a
potential —10 ¢7° consensus.

We compared the IgtG sequence from strain 15253 with the
lgtG sequence from the genome project of GC FA1090 (Uni-
versity of Kansas, Norwalk). These two sequences are almost
identical. The 15253 IgtG ORF (Start 2 to Stop 1 of Fig. 2)
matches bp 17194-18249 of contig 249 from strain FA1090 of
University of Kansas, Norwalk. Both of the strains produce the
B chain and both contain 11 Cs in poly(C). We also sequenced
the IgtG region of strains F62, MS11, and 1291 which lack the
B chain. F62 and 1291 contain 12 Cs and MS11 has 10 Cs. The
premature terminations induced by these frameshifts are
shown in Fig. 2.

Knockout of the IgtG in GC with B Chain Results in a
Smaller LOS That Fails to React with mAb 2C7 while Gaining
Reactivity to mAb 2-1-L8. pNGLgtG7-erm (Table 1) contain-
ing a /gtG knockout was transformed into GC strains F62,
FA1090, and 15253 to obtain erythromycin-resistant transfor-
mants. The resulting /grtG mutants were confirmed by PCR
reaction using 7F-2/7R-1 primer pair (Fig. 2). The LOS from
the /gtG mutants of F62, FA1090, and 15253 were examined by
SDS-PAGE (Fig. 44). LOS from 15253/gtG and FA1090igtG
showed increased mobility compared with their wild-type
counterparts. Also, the 15253/grG LOS had a mobility similar
to F62A5 (Table 1) which has a lactosyl « chain (6). The IgtG
knockout in F62 did not produce any observable difference in
its LOS.

LOS from the [gtG mutants and their wild-type parents were
tested with several anti-LOS antibodies (Fig. 4B). The reac-
tions are very similar for « chain-specific antibodies TH2 and
1B2. However, there was a clear loss of 2C7 reactivity due to
IgtG knockout in strains FA1090 and 15253. This loss of
reactivity is marked by a simultaneous gain in 2-1-L8 reaction
by FA1090I/gtG and 15253IgtG. Also, a Western blot (data not
shown) showed that 2-1-L8 reacted only with the smaller (the
lower band in Fig. 44) of the two LOS isoforms of the
FA1090lgtG. This LOS isoform appears to be of the same
molecular weight as that of F62A5 and 15253IgtG LOS, both of
which react with 2-1-L8.

Monosaccharide Composition Analysis Indicates a Loss of
a Glc and a Gal in 15253IgtG. The chromatograms obtained
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Fi1G. 4. Comparison of size, immunoreactivity, and monosaccha-
ride composition of LOSs from /grG mutants with that from their
parent strains and other mutants. (4) Silver-stained SDS-PAGE of
different LOS preparations as indicated. (B) Immunoblot of LOSs
from wild-type GC strains and their /[gtG mutants. mAbs are in
columns and GC strains are in rows. The epitopes for the mAbs are
indicated in Fig. 1. (C) Monosaccharide analysis of GC LOS by
HPAE-PAD. The top chromatogram is of a standard mixture of
monosaccharides containing 2 nmol of each component. The other
chromatograms are hydrolysates of indicated GC LOSs.

from the HPAE-PAD monosaccharide analysis is given in Fig.
4C and the corrected monosaccharide molar ratios obtained
from these chromatograms are shown in Table 2. For
15253IgtG, a clear decrease in Glc and Gal with respect to GIcN
was evident. Based on these chromatograms, roughly, 1:2:2 and
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Table 2. Molar ratios of GIcN, Gal, and Glc in gonococcal LOS

GIcN Gal Glc
15253wt 1.14 1.79 2
15253lgtG 1.06 0.89 1
15253IgtE 1.23 - 2

1:0:2 Glc:Gal:GIeN ratios (Table 2) were obtained from the
15253wt and 15253IgtE LOS, respectively. These values match
well with previously published results (19). However, for
15253gtG, Glc:Gal:GleN ratio is 1:1:1. This observation is
consistent with the loss of one Glc and one Gal that would
result from the loss of the lactosyl B chain in 15253lgtG.

Mass Spectrometry of 15253IgtG LOS Indicates Loss of Two
Hexoses and Gain of a Phosphoethanolamine (PEA) as a Result
of IgtG Knockout. Molecular masses of O-deacylated LOS pre-
pared from 15253wt and 15253/gtG were measured by mass
spectrometry to analyze the LOS structure changes introduced by
lgtG mutation. The 15253wt LOS reveals two major (M-H)~
peaks at m/z of 2750.1 and 2626.9 (Fig. 54). Molecular mass of
2751.1 Da, derived from the peak of 2750.1, was consistent with
the calculated mass (M;) of 2752.5 Da for the hydrazinolyzed
15253wt LOS containing Glc,Gal,G1cNAc;Hep,KDO,PEA;
oligosaccharide (5) and an O-deacylated lipid A. Another peak at
2626.9 indicated the formation of a second LOS fragment with
one less PEA. This observation conforms to the characteristic
easy fragmentation of PEAs during mass spectroscopy. Similar +
PEA peaks were also observed in MALDI-TOF analysis of
Haemophilus ducreyi LOS by Gibson et al (29).

The 15253IgtG mass spectrum demonstrated a predominant
(Ma-H)™ peak at m/z 2550.4 (Fig. 5B). The mass difference
(199.7 Da) between this peak and the (Ma-H)™ peak of
15253wt (Fig. 5A4) implied that the O-deacylated LOS of
15253IgtG mutant contains two less hexose residues and one
more PEA (162.1 X 2-123.1 = 201.1). The calculated molec-
ular mass for 15253lgtG LOS is 2551.3 Da, matching the
measured molecular mass of 2551.4 Da. The peak correspond-
ing to lipid A fragment was observed at m/z 952 in both spectra,
which indicated no structural change in lipid A due to the lgtG
knockout. These results suggested that the oligosaccharide
present in 15253IgtG is GlciGal;GlcNAc;Hep,KDO,PEA,.
The existence of the two PEA moieties was confirmed by the
two additional peaks, (Mp-H)~ and (Mc-H) ™, at m/z of 2427.9
and 2304.3 (Fig. 5B). These two peaks corresponded to the
fragments having one and two PEAs less respectively than the
main glycoform peak (Ma-H)~. Three PEA peak spectral
patterns were also observed previously in MALDI-TOF anal-
ysis of H. ducreyi LOS that contained two PEAs (29). The mass
spectrometric data, along with the monosaccharide analyses,
indicated that knockout of [gtG in 15253 produced a loss of the
lactosyl B chain as well as a concurrent gain of one PEA
molecule.

To further confirm this finding, we analyzed the O-deacylated
LOS prepared from the [gtE mutant of 15253 (Fig. 5C), which was
known to lack two Gals from the 15253wt LOS (19). 15253/gtE
yielded a =PEA mass spectral pattern (Fig. 5C) similar to that of
15253wt (Fig. 54), indicating only one PEA. The two major peaks
at m/z 2429.3 (Ma-H)~ and 2305.8 (Mp-H)~ suggest that each of
these fragments contains two less Gals compared with their
corresponding 15253wt peaks. In 15253IgtE LOS, the truncation
of B chain by one Gal did not introduce any additional PEA. In
contrast, the lack of synthesis of the whole B chain in 15253/gtG
LOS resulted in addition of a PEA. These data corroborate the
fact that the lgrtG mutation leads not only to a loss of the B chain
but also to a simultaneous gain of a PEA.

DISCUSSION

In this report, we describe the cloning of a GC LOS biosyn-
thetic gene encoding the glucosyl transferase that forms the «
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Fi1G. 5. Negative ion MALDI-TOF-MS spectra of O-deacylated
LOS from wild-type (A4), lgtG knockout (B), and IgtE (C) mutants of
GC 15253. Measured masses (m/z) for all of the major peaks are given
in the spectra. Peaks corresponding to major intact O-deacylated LOS
glycoforms are denoted as their deprotonated ions (M-H ™). Several
less abundant glycoforms were also observed in the spectra and they
have either one less ketodeoxyoctulosonate (K,), one more phosphate
group (Pn), one more hexose (Hy,), one more phospho-PEA (PE,), or
addition of both phosphate and hexose moieties (PH,) to the major
glycoforms. Peaks labeled with (@) and (*) are water loss peaks and
sodium-cationized peaks, respectively.

glycosidic linkage between C3 of Hep2 and Cl1 of the Glc of 3
chain. In E. coli and Salmonella typhimurium, this
aGlc(1—3)aHep2 bond is formed by the glucosyl transferase
encoded by rfaG. However, in spite of displaying sequence
similarity with E. coli rfaG, the GC gene fails to complement
the rfaG mutant of S. typhimurium (data not shown). Since the
GC gene does not add glucose in the appropriate S. typhi-
murium rfaG LOS core, we designated this gene not as rfaG but
as IgtG following the generic nomenclature of other GC LOS
glycosyl transferases (6). The structure of the enteric LOS core
is considerably different from that of GC. In enterics, Hep2
does not contain a GIcN but a oHep at position 7 and a
phosphate in position 4 (31). Additionally, in GC, Hep1 bears
a phosphoethanolamine, whereas the enteric Hepl has either
a phosphate or a diphosphorylethanolamine. These differ-
ences in substrate LOS structures might explain why GC IgtG
does not complement the enteric rfaG mutants.
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It is noteworthy that one of the approaches that allowed
identification of the gene depended on the availability of raw
sequence data from the GC genome project supporting the
value of early release of such data. A BLAST (30) search of
GenBank/European Molecular Biology Laboratory database
using the GC LgtG peptide (352 aa) yields the best score (44%
identity) with the yet uncharacterized H. influenzae ORF3
peptide (350 aa) (32). ORF3’s strong homology with GC IgtG
suggests its involvement in aGlc(1—3)aHep2 bond formation
in H. influenzae. In further support of this hypothesis, ORF3
sequence is not present in the genome sequencing project’s H.
influenzae Rd strain (33), which is known to have only a core
LOS and lacks the aGlc(1—3)aHep2 bond.

The analysis of the serological reactivity performed in this
study as well as elaborate biochemical characterization of
several defined mutants and different natural isolates indicate
that GC IgtG can be turned off and on. This variation is due
to the presence of a hypermutable poly(C) tract in this ORF
that encodes three consecutive proline residues. This mecha-
nism is analogous to the previously described instances of
mutability of a chain glycosyl transferases which involve
poly(G) tracts. However, the protein structural consequences
of having three prolines in a row can be distinctly different
from having glycines in a row as is the case with poly(G).
Whether mutant LgtG structures could tolerate fewer or more
prolines remains to be answered.

Like previous examples of LOS phase variation, this on-off
switch gives rise to alternate LOS structures. However, this
particular variation involves an exchange of the lactosyl moiety by
a nonsugar moiety, PEA. It seems likely that the PEA molecule
occupies C3 of Hep2, but our data does not exclude the possibility
that the PEA may be linked to another acceptor site of the LOS
core region. Nevertheless, it is clear that the PEA for B chain
exchange leads to substitution of the 2C7 epitope by the 2-1-L8
epitope.

The 2C7 epitope present on the majority of GC evokes a strong
immune response following vaccination and natural infection. In
addition, unlike « chain epitopes, it fails to react with human
glycosphingolipid antigens. By virtue of these attributes, the 2C7
epitope was proposed to be a candidate for potential vaccine (21).
Future development of this vaccine approach will need to take
into consideration the demonstration that the 2C7 epitope is
subject to high frequency variation.

Finally, in spite of being a good target for the host antibod-
ies, the LOS B chain is present in 90% of the strains (21). This
implies an important role of this LOS moiety in the patho-
genesis of GC. However, B chain is not an absolute require-
ment for producing the disease because both MS11 (34, 35)
and 1291 (E.C.G., unpublished data) can cause infections and
the re-isolates still do not express the B8 chain. Further work is
needed to unravel the complex biology of LOS synthesis and
the role of the various glycoforms in the host-parasite rela-
tionship.
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