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Biosynthesis of the variable core domain of lipooligosaccharide (LOS) in Neisseria gonorrhoeae is mediated
by glycosyl transferases encoded by lgtABCDE. Changes within homopolymeric runs within lgtA, lgtC, and lgtD
affect the expression state of these genes, with the nature of the LOS expressed determined by the functionality
of these genes. However, the mechanism for modulating the amount of multiple LOS chemotypes expressed in
a single cell is not understood. Using mutants containing polar disruptions within the lgtABCDE locus, we
determined that the expression of this locus is mediated by multiple promoters and that disruption of
transcription from these promoters alters the relative levels of simultaneously expressed LOS chemotypes.
Expression of the lgtABCDE locus was quantified by using xylE transcriptional fusions, and the data indicate
that this locus is transcribed in trace amounts and that subtle changes in transcription result in phenotypic
changes. By using rapid amplification of 5� cDNA ends, transcriptional start sites and promoter sequences
were identified within lgtABCDE. Most of these promoters possessed 50 to 67% homology with the consensus
gearbox promoter sequence of Escherichia coli.

Neisseria gonorrhoeae is an obligate human pathogen that
causes diseases of mucosal surfaces (see reference 32 for a
review). Because the gonococcus is capable of proliferating in
different physiological milieus, it has developed a variety of
mechanisms for adapting to these environments. Lipooligosac-
charide (LOS) is indispensable for disease pathogenesis. It is
immunogenic, highly pyrogenic, and responsible for the local-
ized inflammation and scarring characteristic of gonococcal
infections and for the septic shock that results from dissemi-
nated disease (21–23, 31, 39, 45; H. M. Harper, A. L. Padmore,
W. D. Smith, M. K. Taylor, and R. Demarco de Hormaeche,
unpublished results [presented at the Tenth International
Pathogenic Neisseria Conference, Baltimore, Md.]). In addi-
tion, specific chemotypes of LOS confer complement resis-
tance (34) and facilitate intracellular invasion (47). LOS mol-
ecules are heterogeneous, with a single cell often
simultaneously expressing two or more chemotypes in various
proportions (2, 3, 11, 46). LOS also undergoes phase variation,
and distinct LOS chemotypes are favored for survival of the
gonococcus within different regions of the human body and at
various points during the pathogenic process (15, 32, 49, 53,
55). We believe that the expression of the correct LOS che-
motype(s) by the gonococcus at the correct time during infec-
tion is essential for establishing and maintaining infection.

Our understanding of the regulatory mechanisms that affect
LOS biosynthesis and expression remains incomplete. Biosyn-
thesis of the variable oligosaccharide portion of LOS is medi-

ated by seven LOS glycosyl transferase (lgt) genes (7, 13, 20).
Strand slippage in homopolymeric tracts within the coding
sequence of lgtA, lgtC, lgtD, and lgtG during DNA replication
leads to reading frameshifts in these genes. These changes
result in the production of inactivate glycosyl transferases, thus
altering the LOS chemotype(s) that is expressed by a given cell
(7, 11, 13, 56). Gonococcal LOS expression can be further
modified by specific environmental stimuli, suggesting that reg-
ulated gene expression occurs. Gonococci grown under anaer-
obic conditions or in the presence of lactate, which is normally
present in the female genital tract, produce an altered LOS
profile (16, 30). Gonococci grown under acidic and alkaline
conditions also express different LOS profiles (35). Finally,
gonococci grown at different growth rates express different
LOS epitopes and possess different serum sensitivities (33).
The present study investigates the transcriptional organization
of the lgtABCDE genes.

MATERIALS AND METHODS

Bacterial strains, plasmids, oligonucleotides, and culture conditions. All bac-
terial strains, plasmids, and oligonucleotide primers used in the present study are
listed in Tables 1, 2, and 3. N. gonorrhoeae strains were grown in phosphate-
buffered gonococcal medium (Difco) supplemented with 20 mM D-glucose and
growth supplements (54) either in broth with the addition of 0.042% sodium
bicarbonate or on agar where they were incubated in a 37° CO2 incubator. All
Escherichia coli strains were grown in Luria-Bertani medium (43). Kanamycin
was used in growth media at a concentration of 30 �g/ml, ampicillin was used at
60 �g/ml, spectinomycin was used at 50 �g/ml, and X-Gal (5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside) was used at 35 �g/ml. The optical densities of
gonococcal and E. coli cultures were determined by using a Klett-Summerson
colorimeter fitted with a green filter. One Klett unit corresponds to a culture
density of ca. 107 CFU/ml. We used the DNA sequence numbering for the F62
lgtABCDE region, as described in the National Center for Biotechnology Infor-
mation database under accession number U14554 to orient our constructs, pro-
moter mapping, etc., to the literature.
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Chemicals, reagents, and enzymes. Restriction enzymes and T4 DNA ligase
were purchased from New England Biolabs (Beverly, Mass.). PCR buffers and
enzymes and buffers for 5� rapid amplification of cDNA ends (5�-RACE) were
purchased from Invitrogen (Carlsbad, Calif.) and Roche Molecular Biochemicals
(St. Louis, Mo.). All chemicals used for the present study were reagent grade or
better and purchased from Sigma Chemical Co. (St. Louis, Mo.) unless otherwise
specified. The monoclonal antibodies (MAbs) 2-1-L8 and 17-1-L1 were gener-
ously provided by Wendell Zollinger of the Walter Reed Army Institute of

Research, Washington, D.C. MAb 1B2 was a gift from J. McLeod Griffiss,
University of California, San Francisco.

DNA and RNA isolation procedures. Chromosomal DNA was isolated as
described by Rodriguez and Tait (41). Plasmid DNA was isolated by the method of
Birnboim and Doly (8). RNA was purified chromatographically from gonococci
grown to a Klett reading of 100, by using the High-Pure RNA isolation kit (Roche).

PCR. The PCR was generally performed by using Platinum PCR Supermix
(Invitrogen) or the Expand Long-Template PCR kit (Roche) according to the

TABLE 1. Plasmids used in this study

Plasmid Relevant phenotype, genotype, or description Source or
reference

pGEM7Zf(�) Cloning vector Promegaa

pK18 Cloning vector 38
pHP45� Source of the � interposon 37
pXYLE20 pK18 containing the xylE gene from Pseudomonas putida 48
pCLB2 pGEM2 with a PstI-to-AgeI chromosomal DNA fragment containing lgtABCDE

from N. gonorrhoeae FA19
11

pCLB2�1 The 5� region between PstI and BsmI in pCLB2 is deleted This study
pCLB2�1 lgtDfix#4 pCLB2D1 containing an engineered NruI site within the polyguanine run of

lgtD; primers LgtDfix-F and LgtDfix-R were used with a pCLB2�1 template
in a PCR; the PCR amplicon was purified, digested with NruI, and self-
ligated

This study

pCLB2�1
lgtDfix#4�NruI

The � interposon was liberated from pHP45� by SmaI digestion and inserted
into the NruI site of pCLB2�1

This study

pCLB2�1
lgtDfix#4�EcoRV

The � interposon was liberated from pHP45� by SmaI digestion and inserted
into the EcoRV site of pCLB2�1 lgtDfix#4

This study

pLgtDE(EcoRI) Primers IgtDE-F and IgtDE-R were used to introduce an EcoRI site into
pCLB2D1 lgtDfix#4; the PCR amplicon was purified, digested with EcoRI,
and self-ligated

This study

pLgtDE�EcoRI pCLB2�1 lgtDfix#4 was digested with EcoRI and mixed with � interposon
that had been liberated from pHP45� by EcoRI digestion and subsequently
purified from an agarose gel; the mixture was ligated

This study

pDCB3 A 5,243-bp amplicon containing the lgtABCDE locus was generated by Expand
Long-Template PCR (Roche) with primers JL-50 (contains a 5� EcoRI site)
and JL-51 (contains a 5� BamHI site) and was cloned into the EcoRI and
BamHI sites of pK18

This study

pDCB7 The 5,243-bp fragment of pDCB3 containing the lgtABCDE region was cloned
into the EcoRI and BamHI sites of pGEM7Zf(�)

This study

pDCB7�ClaI Primer ABC was used to amplify the � interposon (adds AscI, BsrGI, and ClaI
sites onto the ends of the � interposon), and this fragment was cloned into
the ClaI site of pDCB7

This study

pDCB7�AscI Primer ABC was used to amplify the � interposon (adds AscI, BsrGI, and ClaI
sites onto the ends of the � interposon), and this fragment was cloned into
the AscI site of pDCB7

This study

pDCB9 A 1,487-bp amplicon corresponding to bp 4316 to 5803 of the lgtABCDE
region as described earlier (20) was amplified by using primers LgtDE-F
(containing a 5� EcoRI) and Got 5803-R (containing a 5� BamHI) and
cloned into the EcoRI and BamHI sites of pGEM7Zf(�)

This study

pDCB10 Primers PostLgtE-F (containing a 5� KpnI and HindIII sequence) and
PostLgtE-R (containing a 5� KpnI sequence) were used with a pDCB9
template in a PCR to introduce a KpnI site in pDCB9

This study

pDCB10xylE Primers XylE-F and XylE-R were used to amplify the xylE gene from
pXYLE20 and cloned into the KpnI and HindIII sites of pDCB10

This study

pDCB17 Primers DCB17b-F (containing a 5� KpnI-HindIII sequence) and DCB17b-R
(containing a 5� KpnI sequence) were used to introduce a KpnI site in
pDCB7

This study

pDCB17xylE Primers XylE-F and XylE-R were used to amplify the xylE gene from
pXYLE20 and cloned into the KpnI and HindIII sites of pDCB17

This study

pDCB19 A �4,000-bp amplicon amplicon corresponding to bp 1650 to 2364 of the
lgtABCDE region as described earlier (20) was amplified using primers
DCB19b-F (contains a 5� EcoRI) and DCB19b-R (contains a 5�BamHI) and
cloned into the EcoRI and BamHI sites of pGEM7Zf(�)

This study

pDCB19�BsrGI Primer ABC was used to amplify the � interposon (adds AscI, BsrGI, and ClaI
sites onto the ends of the � interposon), and this fragment was cloned into
the BsrGI site of pDCB19

This study

pDCB19xylE Primers XylE-F and XylE-R were used to amplify the xylE gene from
pXYLE20 and cloned into the KpnI and HindIII sites of pDCB19�BsrGI

This study

a Promega, Madison, Wis.
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manufacturers’ directions. Primers were purchased from Bioserve Biotechnolo-
gies (Laurel, Md.) or from Integrated DNA Technologies (Coralville, Iowa).
PCRs were resolved on agarose gels containing 500 �g of ethidium bromide/ml
in Tris-borate-EDTA running buffer (43).

Transformation. Competent cells of E. coli DH5	-MCR were prepared by the
method of Inoue et al. (27). Recombinant DNA transformation of E. coli was
done according to the standard heat shock protocol (43). Transformants were
verified by digestion of recovered plasmid DNA with the appropriate restriction
enzymes. Recombinant DNA transformation into N. gonorrhoeae F62 was done
by either the tube or the spot transformation method of Gunn and Stein (24).

Purification of LOS and SDS-PAGE. Gonococcal LOS was prepared from
plated cultures as described by Hitchcock and Brown (25) and diluted 1:25 in
lysing buffer. The suspension was boiled for 10 min immediately before 5 �l was
loaded onto a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel. After electrophoresis, the gel was fixed overnight in a solution of
40% ethanol–5% acetic acid and then oxidized in 0.83% periodic acid for 5 min.
The gel was washed for 2 h in multiple changes of H2O every 20 min, stained for
5 min in silver staining solution (22.5 mM NaOH, 0.42% NH4OH, 47 mM
AgNO3), and rewashed for 2 h in multiple changes of H2O every 20 min. The gel
was developed (100 ml of 0.005% citric acid–0.007% formaldehyde) until the
bands became sufficiently visible and then photographed.

Immunological methods. Colony blots were performed by transferring cells
grown overnight on GCK agar onto nitrocellulose filters. The filters were air
dried for 10 min and blocked with filler solution (20 mM Tris, 150 mM NaCl, 2%
nonfat dry milk, 0.2% NaN3, 0.002% phenol red [pH 7.4]) for 30 min. Filters
were blotted with Whatman 3MM paper to remove cellular debris prior to
incubation in primary antibody (MAb 2-1-L8 or 17-1-L1) with gentle shaking for
2 h or longer. Filters were washed with Tris-buffered saline (TBS; pH 7.4) three
times for 10 min each time. Membranes were incubated in filler solution con-
taining goat anti-mouse immunoglobulin G conjugated with horseradish perox-
idase for 2 h. Filters were washed three times for 10 min each time in TBS, and
the membranes were developed by incubating them in 50 ml of 50 mM Tris-
HCl–1% 4-chloro-1-naphthol–0.86% H2O2 (pH 8.0).

XylE assay. Qualitative screening for XylE� colonies was performed by spray-
ing plates with 50 mM catechol, followed by incubation at 37°C for as short as 1
min to as long as 1 h to allow for color development. The presence of a yellow
color indicated XylE activity. Quantitative assays were performed by inoculating
cells into 20 ml of gonococcal broth plus supplements, with growth to a Klett
reading of 100 (indicating an approximate density of 109 CFU/ml). Cells were
harvested by centrifugation, washed once in 10 ml of 50 mM potassium phos-
phate (pH 7.5), and resuspended in 2.5 ml of 100 mM potassium phosphate–20
mM EDTA–10% (vol/vol) acetone (pH 7.2). Cells were then disintegrated with
six 10-s pulses from a sonicator (Heat Systems, Inc.) set at 40% output; during
this process, the tube containing the sample was kept submerged in ice water.
The resulting crude lysate was clarified of cell debris with two rounds of centrif-
ugation, first in a swinging bucket centrifuge at 4,000 
 g for 5 min and then in
a microfuge at 10,000 
 g for 10 min. The clarified lysate was stored at �80°C.
Assays were performed by diluting cell extracts in assay buffer (100 mM potas-
sium phosphate, 0.2 mM catechol) such that a linear change in absorbance at 375
nm was seen over time. XylE activity was calculated by linear regression of the
slope over six time points. One microunit of XylE activity corresponds to the
formation of 1 nmol of 2-hydroxymuconic semialdehyde per min at 22°C. XylE
activity was normalized against total protein concentration, as determined by the
method of Bradford et al. (10), with bovine serum albumin (New England
Biolabs, Beverly, Mass.) as the standard.

5�-RACE. RACE analyses were performed essentially as described by Fro-
hman et al. (18). Synthesis of cDNA was performed with 2 �g of total RNA
template, 12 pmol of antisense primer, and 1 U of avian myeloblastosis virus
reverse transcriptase (Roche) in reaction buffer supplied by the manufacturer.
The reaction was carried out for 1 h at 55°C, followed by 10 min of incubation at
65°C. cDNA was purified on a Qiagen spin column according to the manufac-
turer’s directions, eluted in 50 �l of 10 mM Tris-Cl (pH 8.0), and polyadenylated
with 0.5 U of terminal transferase (Roche)/�l using the manufacturer’s reaction
buffer supplemented with 1.5 mM CoCl2 and 6.25 �M dATP. Three microliters
of polyadenylated cDNA was used in a PCR with the d(T) forward primer (see
Table 3) and a gene-specific antisense primer. The resulting products were

TABLE 2. Bacterial strains used in this study

Strain Relevant phenotype, genotype, or description Source or
reference

E. coli DH5	MCR F� mcrA �(mrr-hsdRMS-mcrBC) endA1 supE44 thi-1 recA1 gyrA relA1
�(lacIZYA-argF)U169 deoR�80dlac�(lacZ)M15

BRLa

N. gonorrhoeae
F62 P. F. Sparlingb

F62�lgtA 239-bp ApoI deletion in lgtA; this strain produces L8LOS 47
F62�lgtA�lgtE 622-bp BspEI-to-AgeI deletion in lgtE of the parent strain F62�lgtA 47
F62�BsrGI F62 containing the � interposon at the BsrGI site between the stop codon

of glyS� and the start codon of lgtA
This study

F62�AscI F62 containing the � interposon within the AscI site of lgtB This study
F62�ClaI F62 containing the � interposon within the ClaI site of lgtC This study
F62�NruI F62 containing the � interposon within an engineered NruI site in the

polyguanine region of lgtD
This study

F62�EcoRV F62 containing the � interposon within the EcoRV site of lgtD This study
F62�EcoRI F62 containing the � interposon within an engineered EcoRI site between

lgtD and lgtE; the termination codon of lgtD contains part of the EcoRI
recognition sequence, and the last base of the recognition sequence is
18 bp from the lgtE start codon

This study

F62LgtA(xylE) F62 with the xylE reporter gene inserted at the BsrGI site 58 bases before
the start codon of lgtA

This study

F62LgtE(xylE) F62 with the xylE inserted into lgtE This study
F62LgtE(xylE)�BsrGI F62LgtE(xylE) containing the � interposon at the BsrGI site 58 bases

before the start codon of lgtA
This study

F62LgtE(xylE)�AscI F62LgtE(xylE) containing the � interposon within the AscI site of lgtB This study
F62LgtE(xylE)�ClaI F62LgtE(xylE) containing the � interposon within the ClaI site of lgtC This study
F62LgtE(xylE)�NruI F62LgtE(xylE) containing the � interposon within an engineered NruI

site in the polyguanine region of lgtD
This study

F62LgtE(xylE)�EcoRV F62LgtE(xylE) containing the � interposon within the EcoRV site of lgtD This study
F62LgtE(xylE)�EcoRI F62LgtE(xylE) containing the � interposon within an engineered EcoRI

site between lgtD and lgtE
This study

a BRL, Bethesda Research Laboratories.
b University of North Carolina, Chapel Hill.
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subjected to a second round of PCR with the anchor primer and a nested reverse
primer and then resolved on 3% low-melting-temperature agarose gels. The
transcriptional start site was determined by DNA sequence analysis of the RACE
products.

RESULTS

Analysis of transcriptional linkage by interposon mutagen-
esis. The organization of the genes found in the lgt gene cluster
suggested that they would be transcribed as an operon. Anal-
ysis of the DNA sequence (up to 500 bp) upstream of the
putative lgtA start codon failed to identify any sequences with
homology to known F 70-like promoters. This analysis did
identify a DNA sequence that might form a rho-dependent
termination sequence in the intergenic region between glyS
stop codon and the putative lgtA start codon (see Fig. 1).
However, if this stem-loop structure (26 bp upstream of the
putative lgtA start codon) was functioning as a transcriptional

stop signal, it was unclear what DNA sequence could be pro-
moting the expression of the lgt gene cluster.

In order to determine whether the stem-loop was function-
ing as a transcription termination signal, we introduced a
strong transcriptional stop site 6 bp upstream from the start of
the stem-loop structure by inserting the � interposon into a
BsrGI site and analyzed the effect of its insertion on LOS
expression. The location of the insertion event in each trans-
formant was verified by PCR amplification of the appropriate
region and restriction digestion of the PCR products. The data
indicate that all transformants analyzed incorporated the �
interposon sequence at the appropriate chromosomal location
(data not shown). LOS was purified from 10 individual trans-
formants and analyzed by SDS-PAGE, and the bands visual-
ized by silver staining the gels. Each of the � interposon-
derived mutants exhibited an altered LOS phenotype that
possessed the same SDS-PAGE profile. A representative of

TABLE 3. Oligonucleotide primers used in this study

Primer Site(s) Source or
reference

Anchor GACCACGCGTGAATTCEcoRIGTCGAC This study
CB-4 TATTGCGCGCACCGATGCCGACGA 11
CB-5 GCCGGCATCGAGGACGTGGAACCTGA This study
d(T) GACCACGCGTGAATTCEcoRIGTCGAC[T]16V This study
DA-1 CAATCATTGGCCGCCGTAGTGGGGCAGACTTGGCGCA 50
DA-5 GCCGTAAACTTTCTCAAGCTCCGCCT This study
DCB13-F GATC GGTACCKpnIGATC AAGCTTHindIIIGGGAGAGTAAATTGCAGCCTT This study
DCB13-R TCGA GGTACCKpnI GATAATTTGATGCCGCCTGAAGGC This study
DCB14-F2 GATC GAATTCEcoRI AGGATAATTTCCAATCCCCGC This study
DCB15-F GATC GAATTCEcoRI AGCGGCCCATCCCGATACGGA This study
DCB15-R TCGA GGATCCBamHI AGCTGATAACGTGGTTTTGCA This study
DCB16-F GATC GGTACCKpnI GATC AAGCTTHindIII GAACAGGATAAATCATGCAAAACC This study
DCB16-R TCGA GGTACCKpnI GGTTTCAATAGCTGCGGTATTTCC This study
DCB17b-F GATC GGTACCKpnI GATC AAGCTTHindIII GTATCGGAAAGGAGAAACGGATTG This study
DCB17b-R TCGA GGTACCKpnI CCGTCAATAAATCTTGCGTAAGAA This study
DCB19b-F GATC GAATTCEcoRI CTCCTTACCGAAGAACTCCCG This study
DCB19b-R ATGC GGATCCBamHI GCCGCAAATACGATGTCCATC This study
Got (�180) GATTCAGACGGCATTCGACA This study
Got 310-R AGGCGGTTCAGCAGGTTCAGGCGG This study
Got 660-R CGGAATTTTGAGCTTGTGCA This study
Got 1020 ACACCGAGCGGGATTGGGCGGAAG This study
Got 1576-R GATC GGATCCBamHI GCCAAGCTGATAACGTGGTTTTGC This study
Got 3240-R TGCGCCATCTTTGAAGCATACA This study
Got 3742-R CAATGGCGGCAAGCACGCTT This study
Got 3869-F GTTCGATCCAGCCTATATCCAC This study
Got 3891-R GTGGATATAGGCTGGATCGAAC This study
Got 3997-R TGGAAGAAGTCTGGTCTTGA This study
Got 4232-R AGCAAATCGGTCAAAGAATAC This study
Got 5803-R AGCCCG GGATCCBamHI GCGAACGCTGCATCGTCC This study
Got F AGCT GAATTCEcoRI CTGCAGGCCGTCGCCGTATTCAAACAACTG This study
JL-9 ACCACGTTATCAGCTTGGCT This study
JL-12 AGCGGCCCATCCCGATAC 50
JL-50 CT GAATTCEcoRI GGCCGACATCGCGCTTTTGGGCG 47
JL-51 AT GGATCCBamHI GGG GCGATTTTACCTAGCAGATGAA 47
LgtDE-F GGAAATACCGCAGCTATTGAATTCEcoRI CGA 50
LgtDE-R GCATGATTTATCCTGTTCGAATTCEcoRI AAT 50
LgtDfix-F GGA TCGCGANruI GAACCGATGCCGACGATATTGCCT This study
LgtDfix-R GGTTC TCGCGANruI TATATTCTCCACCTCCGCCA CCCGACTTTGCCATTCGTCCAGCCCGAT This study
OmegaABC TCAGAT GGCGCGCCAscI TGTACABsrGI TCGATClaI GGTGA TTGATTGACGAAGCTTTATGC This study
PostLgtE-F GATC GGTACCKpnI AAGCTTHindIII CAGAAATGGACACACTGTCATTCC This study
PostLgtE-R TCGA GGTACCKpnI TGATTTTAATCCCCTATATTTTACAC This study
XylE-BSR-F GATC TGTACABsrGI AGGAGGARBS TGACGTCATGAAC This study
XylE-BSR-R TCGA TGTACABsrGI TCAGGTCAGCACGGTCAT This study
XylE-F GATC GGTACCKpnI AGGAGGARBS TGACGTCATGAAC This study
XylE-R TCGA AAGCTTHindIII TCAGGTCAGCACGGTCAT This study
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the SDS-PAGE profile of one of these mutants (F62�BsrGI)
is shown in Fig. 2, lane 3.

The lgtE gene is the most downstream gene in the lgtABCDE
locus, and yet it mediates the first biochemical step in the
assembly of a growing LOS molecule. If the lgtABCDE locus is
an operon driven by a single promoter, then an � interposon
insertion at the BsrGI site should produce a strain whose LOS
phenotype resembles the LOS of strains deleted in lgtE (pro-
duces LOS that will be referred to as �LgtE LOS). The data
presented in Fig. 2 indicate that F62�BsrGI produces an LOS
that is larger than the �LgtE LOS chemotype, suggesting that
this strain possesses LgtE activity.

Western blot analysis of LOS expressed by F62�BsrGI in-
dicated that the single band seen in Fig. 2, lane 3, reacted with
MAb L1-1-17 (data not shown), an MAb that binds to an
alternate LOS chemotype in neisserial LOS, one that is pro-
duced when LgtA is nonfunctional and LgtC is functional.
From the data obtained in the analysis of LOS expressed by
F62�BsrGI, we concluded that transcription of lgtA must ini-
tiate 5� of the BsrGI. These data also indicate that the potential
rho-dependent termination sequence still allows for the tran-
scription of sufficient message such that the amount of LgtA
present in in vitro-grown cells is not limiting. Because
F62�BsrGI was able to produce an LOS that requires tran-
scription of lgtC, we concluded that a promoter must exist 3� of
the BsrGI site. These data indicate that the overall transcrip-
tional organization of the genes contained within this gene
cluster must be driven from multiple promoters.

In order to localize promoter containing regions, we created
a family of isogenic strains of N. gonorrhoeae F62 containing
the � interposon inserted at different points within the
lgtABCDE locus and observed the resulting LOS phenotypes.

The plasmids used to make the various gonococcal constructs
are described in Table 2. LOS was purified from 10 to 12
individual transformants for each construct and visualized af-
ter separation on SDS-PAGE gels (data not shown). Each of
the � interposon mutants exhibited an altered LOS phenotype
that was consistent across all of the individual transformants of
each mutant that was analyzed, indicating that the change in
LOS phenotype did not occur due to phase variation. We
verified that the � interposon had inserted into the correct
region by PCR amplification of the lgtABCDE locus of each of
these mutants, with subsequent restriction digestion analysis of
the amplicons. The expected restriction pattern was generated
on an agarose gel from the amplicons generated from each of
the mutants, indicating that the � interposon had been incor-
porated into the correct sites (data not shown).

The data presented in Fig. 2 indicate that all strains contain-
ing � interposon insertions within lgtABCDE continued to
produce LOS chemotypes that require LgtE activity, except
when the S interposon was inserted into an engineered EcoRI
site immediately upstream of the lgtE ribosome-binding site
(F62�EcoRI; Fig. 2, lane 9). Analysis of these results in detail
allowed us to map the location of potential promoters. Strain
F62�AscI (lane 4) produced two LOS components: one that
possesses a mobility consistent with a �LgtB LOS (which cor-
responds to an LOS structure made when LgtB is nonfunc-
tional) and one that possesses a mobility that corresponded to
�LgtE LOS. The LOSs expressed by this strain failed to bind
MAbs 1B2, 1-17-L1, and 2-1-L8. That this strain does not
produce L1 LOS suggests that lgtC transcription has been
inhibited. By combining these two results (data shown in Fig. 2,
lanes 2 to 4), we could map a promoter region to between the
BsrGI and AscI sites.

FIG. 1. Genomic organization of the lgt gene region. This diagram is derived from the DNA sequence of the lgt gene cluster as originally
published by Gotschlich (20), with the NCBI accession number U14554. The sequence numbers given in the figure correspond to those described
in this accession. The features identified in this figure are indicated as follows: a1, glyS stop codon; a2, lgtC stop codon; b, BsrGI restriction site;
c, potential stem-loop structure than could function as a transcriptional terminator; d, putative ribosome-binding site; e1, putative lgtA start codon;
and e2, putative lgtD start codon.
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Simultaneous expression of at least two LOS components is
seen in four mutant strains (see Fig. 2, lanes 5 and 7 to 9). In
these strains, a mixture of the �LgtE LOS and a second LOS
chemotype that binds MAb 1B2 (Western blot data are not
shown) is produced. Since the � interposon is placed more
proximal to the start codon of lgtE, a proportionally greater
amount of �LgtE LOS is produced. In fact, the shift in the
proportions between these two LOS components occurs in a
stepwise fashion, suggesting the presence of multiple promot-
ers.

Additional promoter regions were mapped by analyzing
changes in the proportion of the two chemotypes that are
produced. F62�ClaI (Fig. 2, lane 5) produces a roughly 60:40
proportion of 1B2 LOS (LOS chemotype made when strain
expresses a functional LgtA, and a nonfunctional LgtC and
LgtD) and �LgtE LOS chemotypes, indicating inhibition of
lgtD transcription and decreased transcription of lgtE versus
that of the parental strain. Strain F62�NruI (Fig. 2, lane 7)
produces a roughly 40:60 proportion of 1B2 LOS and �LgtE
LOS. Strain F62�EcoRV (Fig. 2, lane 8) expresses less 1B2
LOS and more �LgtE LOS than strain F62�NruI. Strain
F62�EcoRI mutant (Fig. 2, lane 9) only expresses �LgtE LOS.
Altogether, the introduction of the � interposon in successive
sites between ClaI and EcoRI results in stepwise increases in
the amount of �LgtE LOS that is produced, suggesting a
corresponding decrease in LgtE production. These data sug-
gest the existence of promoters between each of the � inter-
poson insertion sites, except between AscI and ClaI, and sup-
port a model of multiple, weak promoters existing throughout
the lgtABCDE locus. This further suggests that the cumulative
contribution of each of these promoters defines the nature of
the LOS that is expressed.

Quantitation of gene expression. In order to quantitate the
level of gene expression within the lgtABCDE locus, we con-

structed three xylE transcriptional fusions. The xylE gene was
inserted immediately upstream of lgtA [F62LgtA(xylE)], at the
beginning of lgtD [F62LgtC(xylE)], and immediately down-
stream of lgtE [F62LgtE(xylE)]. Analysis of the LOS profiles of
these strains by SDS-PAGE and colony blotting (data not
shown) showed that the transformants expressed the expected
wild-type LOS profile when the xylE gene was inserted before
or after the lgtABCDE locus and the �lgtD LOS when the xylE
gene was inserted into lgtD (Fig. 3).

We assayed these xylE fusion strains for catechol-2,3-dioxy-
genase (XylE) activity (Table 4). The assays showed a differ-
ence in XylE activity among the three strains. XylE activity was
sevenfold higher in F62LgtA(xylE) than in F62LgtE(xylE) and
F62LgtC(xylE). These data indicate that the different genes
within the lgtABCDE gene locus can be expressed at different
levels due to different mRNA concentrations. They further
indicate that most transcription through this region terminates
before it extends through the entire region.

Positional effects of the � interposon insertion on XylE
activity in F62LgtE(xylE). The data presented above suggest
the presence of multiple promoter sequences located within

FIG. 2. Phenotypic analysis of LOS produced by � mutants. (A) lgtABCDE gene locus. Inverted triangles represent � insertion points. The
names above the triangles refer to the names of the F62 insertion mutants. (B) Silver-stained SDS-PAGE gel of LOS isolated from various mutants.
Lanes 1, 6, and 10 are an LOS ladder derived from LOS isolated from F62, F62�lgtA, and F62�lgtE. The four bands show the mobilities of the
MAb 1-1-M, 1B2, and L8 reactive LOSs and the �LgtE LOS chemotype. The remaining lanes represent LOS species from strains F62 (lane 2),
F62�BsrGI (lane 3), F62�AscI (lane 4), F62�ClaI (lane 5), F62�NruI (lane 7), F62�EcoRV (lane 8), and F62�EcoRI (lane 9).

TABLE 4. XylE activity of selected mutants

Strain XylE activitya

(�U)

F62............................................................................................ 0.2
F62LgtA(xylE) ........................................................................ 220
F62LgtC(xylE)......................................................................... 31.6
F62LgtE(xylE)......................................................................... 32.8
F62RfaF(xylE)b ....................................................................... 15,400

a One microunit of XylE activity corresponds to the formation of 1 nmol of
2-hydroxymuconic semialdehyde per min at 22°C.

b This strain possesses a xylE insertion at the start of the gonococcal rfaF gene
(14).
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the lgtABCDE locus. In order to quantify the relative contri-
bution that these sequences might play in overall gene expres-
sion, we introduced the � interposon into various chromo-
somal locations in F62LgtE(xylE). Each transformant was
analyzed by PCR amplification of the region of interest, with
subsequent restriction digestion analysis to verify that the in-
sertion had incorporated into the correct chromosomal loca-
tion. In addition, the SDS-PAGE profiles of each isogenic pair
[i.e., F62LgtE(xylE)::�BsrGI compared to F62�BsrGI] were
identical, indicating that the interposon incorporation was ex-
erting the same phenotypic modulation in each pair of strains.
The data presented in Fig. 4 indicate that insertion of the �
interposon at the BsrGI site did not result in a change in XylE
expression. This further supports the data presented above
that indicated that transcription terminates within the
lgtABCDE region. Insertions that occurred within the coding
sequence reduced but did not eliminate XylE expression com-
pared to the isogenic parent strain lacking the interposon in-
sertion [F62LgtE(xylE)]. As the insertion site of the � inter-
poson neared the lgtE coding sequence, the level of
transcription decreased. Insertion of the � interposon in the
engineered EcoRI site allowed for XylE activity, suggesting
that weak promoter sequences were located within the lgtE
coding sequence. Overall, these data suggest that multiple pro-
moter sequences must occur within the lgtABCDE coding se-
quence.

Identification of transcriptional start sites. Initial attempts
to identify the size of transcripts produced from the lgtABCDE
region by Northern hybridization experiments were unsuccess-
ful. However, the XylE expression data described above sug-
gest that the reason for this failure is due to the low level of
mRNA that would correspond to this region. Therefore, we
used RACE, a more sensitive approach, to identify putative
transcriptional start sites.

RACE products were analyzed on an agarose gel (Fig. 5). In
most of the lanes, multiple DNA fragments were generated by

the RACE reactions. These fragments represent transcrip-
tional start sites (TS) within the lgtDE region or RNA poly-
merase pause sites. The sequence of the RACE products was
determined, and the upstream DNA sequences were analyzed
for homology to known promoter sequences. Six of the seven
sites identified by RACE corresponded to upstream sequences
that showed between 50 and 79% homology with the consensus
gearbox promoter sequence of E. coli (1, 9, 29). The sequence
upstream of the seventh fragment (TS-3626) showed overlap-
ping sequences with 58 and 75% homology to the �70 consen-
sus of Neisseria spp. and the �28 consensus of E. coli, respec-
tively (Fig. 6) (4, 6). In light of the fact that promoters with less
homology have frequently been shown to have high expression
levels, these results indicate that the identification of these
sites as promoters is realistic.

Due to the extensive homology between lgtA and lgtD and
between lgtB and lgtE, we hypothesized that promoters found
in lgtDE may have homologous counterparts in lgtAB. We
examined the lgtAB sequence for homology within the identi-
fied regions. Of the seven promoter sequences identified
within lgtDE, only TS-3626 had an identical counterpart within
lgtAB. Two other sequences showed homology with a two-base
mismatch (corresponding to TS-4267 and TS-4493). The re-
maining regions had counterparts in which three or more bases
mismatched in a manner which gave them less homology to the
consensus promoter sequence.

DISCUSSION

The lgtABCDE gene cluster encodes most of the genes
needed to make the gonococcal 	-oligosaccharide (20). Our
data indicate that a complex transcriptional control mechanism
is responsible for regulating the expression of lgtABCDE. First,
we demonstrate that multiple promoter regions exist through-
out this cluster. Second, we show that the lgtABCDE genes are
transcribed at minute levels relative to the transcriptional ex-

FIG. 3. (A) Phenotypic analysis of LOSs produced by xylE fusion strains. The dark triangles represent xylE insertion points within the lgtABCDE
gene cluster. (B) Silver-stained SDS-PAGE gel of LOSs isolated from these strains. Lanes 1 and 5 represent an LOS ladder derived from LOS that
has been isolated from strains F62, F62�lgtA, and F62�lgtE. The four bands show the mobility of the MAb 1-1-M, 1B2, and L8 reactive LOSs
and the �LgtE LOS chemotype. Lane 2 represents LOS isolated from F62LgtA(xylE), lane 3 represents LOS isolated from F62 lgtC (xylE), and
lane 4 represents LOS isolated from F62 lgtE (xylE).
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FIG. 4. Catechol-2,3-dioxygenase activity of xylE fusion strains. Enzymatic activity was detected biochemically by a spectrophotometric
procedure that detects the appearance of 2-hydroxymuconic semialdehyde. Activity is measured in microunits (nanomoles per minute per
milligram). Error bars indicate the standard error between triplicate assays.

FIG. 5. RACE products and associated transcriptional start sites. (A) Diagram showing elements of the 5�-RACE experiment. Vertical arrows
represent the locations of putative promoters, named according to the relative position of the transcriptional start sites. Open arrows represent
putative gearbox promoters, and the closed arrow represents the single putative �70 promoter. Horizontal arrows represent the location of the
reverse primers which were used. (B) Agarose gel electrophoresis of RACE products. DNA was resolved on an agarose gel. Lanes 1 and 5, 100-bp
ladder (New England Biolabs). Major bands, from top to bottom, represent PCR products that initiate at cDNA 5� ends (transcriptional start sites),
as follows: lanes 2 and 3, TS-4267, TS-4055, and TS-3939; lane 4, TS-3939; lane 6, TS-4267, TS-4493 and unknown; lane 7, TS-4267; lane 8, TS-4055;
lane 9, TS-3626; lane 10, TS-3492 and unknown.
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pression of lsi-1 (rfaF) glycosyl transferase (see Table 4). Sub-
tle differences in the level of transcription appear to modulate
the LOS phenotype in terms of the identity and relative
amounts of each of the chemotypes that are simultaneously
surface expressed.

The � interposon is a spectinomycin cassette (aadA) flanked
by rho-independent transcriptional terminators derived from
bacteriophage T4. The introduction of the � interposon in
either orientation results in at least a 1,000-fold reduction in
transcription, causing polar mutations (17, 18). This interposon
cassette has been used to determine linkage relationships and
to map the location of promoters in a number of organisms,
including N. gonorrhoeae (12, 17, 37, 42). Using � interposon
insertions within the lgtABCDE region, we were able to gen-
erate evidence that supports the presence of multiple promot-
ers.

As the � interposon is placed more proximal to lgtE, a
greater number of transcripts are terminated at the � inter-
poson insertion site and overall transcription of lgtE is reduced,
hence also the lower amounts of LgtE. When lgtE is tran-
scribed in limiting amounts, not enough LgtE is produced to
process all of the LOS precursors before they are surface
expressed. Using xylE as a reporter gene for measuring lgtE
transcription indicated that the overall level of transcription of
this gene cluster is quite low. The level of XylE expression at

all insertion points within this region is very low. This can be
seen when we compared the level of expression of XylE to that
seen when this gene was linked to another LOS biosynthetic
gene, rfaF (14). Expression of this gene is almost 1,000 times
greater than what is seen for the two lgt (xylE) insertions. Our
data show that lgtE transcription (Fig. 4) and LgtE activity
(Fig. 2) decreases if the � interposon is inserted within
lgtABCDE. The amount of the decrease is more if the � in-
terposon is inserted closer to the start codon of lgtE. This
decrease in LgtE activity is seen as an increase in the propor-
tion of �LgtE LOS between any two � interposon insertion
mutants, which occurs between five of the six mutants exam-
ined. Therefore, promoter activity originates between each
pair of adjacent � interposon insertion sites (see Fig. 2).

Seven potential transcriptional start sites were identified be-
tween the ClaI and EcoRI � interposon insertion sites by using
RACE analysis. Each of these transcriptional start sites con-
tained �10 and �35 upstream regions that possessed between
50 and 79% homology to consensus E. coli and Neisseria pro-
moter sequences (see Fig. 5 and 6). Three of these TS had
homologous promoter sequences within the lgtAB region. The
location of these putative promoters identified by RACE to be
within lgtDE is consistent with the phenotypes and reporter
gene activities of the F62 lgtE (xylE) � interposon insertion
mutants. The identification of a transcriptional start site within

FIG. 6. Putative promoters identified by sequence homology. Putative transcriptional start sites were examined for potential homology to
known consensus E. coli and Neisseria promoter sequences by calculating the percent identity between sequence upstream of TS and known
consensus promoter sequences. The spacing between the �10 and �35 sequences was required to be within 3 nucleotides of the consensus
spacing; this requirement is not reflected in the homology percentages. Nucleotides in boldface represent putative TS identified by RACE.
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the lgtE coding sequence (TS-4493) indicates a promoter
which, without further rationalization, appears to serve no
biological function in this strain. However, the existence of this
promoter within lgtE is logical in terms of evolutionary descent
because extensive homology exists found between lgtB and
lgtE. Any existing promoters are likely to be shared between
these two genes. It has been demonstrated that intergenic
recombination occurs between lgt genes, giving rise to recom-
binant lgt loci (5, 28). Therefore, the putative promoter up-
stream of TS-4493 may have had biological function in the
context of lgtB transcription.

The identification of six out of seven putative promoter
regions as gearbox promoters is consistent with recent studies
and with data from the present study. In N. gonorrhoeae, the
gearbox promoter has been implicated in the expression of two
virulence factors, AniA (26) and Tpc (19). Gearbox promoters
generally express at a strength that is inversely proportional to
growth rate (52), a finding consistent with our observations
that transcription of lgtE (xylE) increases fourfold between the
mid-logarithmic and early stationary phase (data not shown).

Most significantly, we demonstrated here that limiting the
transcription of lgtE leads to simultaneous production of two
LOS chemotypes in a balance that is contingent upon the level
of transcription. Assays of the xylE fusion strains allowed us to
correlate visible proportions of LgtE� and �LgtE LOSs with
measured levels of transcriptional expression (Fig. 2 and 4). In
addition, these results show that the lgtABCDE genes are tran-
scribed at very low levels, demonstrating that subtle changes in
transcription are likely to incur significant phenotypic changes.

The transcriptional fusion data also support an earlier study
that demonstrated that a strain of N. gonorrhoeae FA19 with
lgtA frameshifted to the “off” position, continued to produce
trace amounts of LgtA� LOS (11). Burch et al. speculated that
transcriptional and/or translational strand slippage was occur-
ring at a frequency just high enough to allow for visible
amounts of LgtA� LOS. Transcriptional strand slippage by the
RNA polymerase holoenzyme would result in a small amount
of in-frame lgtA transcript, whereas translational strand slip-
page of out-of-frame mRNA by the ribosomes would allow for
the production of in-frame LgtA protein. Since the present
study demonstrates that small changes in the amount of LgtE
dramatically impact the nature of the expressed LOS, it is
feasible that a low level of transcriptional or translational
strand slippage of lgtA mRNA could result in sufficient LgtA to
account for the LgtA�-LgtA� mixed phenotype of these
strains.

From our data, we are able to formulate a logical explana-
tion for why N. gonorrhoeae F62 normally produces a mixture
of the 1-1-M and 1B2 LOS chemotypes. The LgtD glycosyl
transferase facilitates the addition of GalNAc to the terminal
Gal of the 	 chain, converting the 	 chain from the 1B2
chemotype to the 1-1-M chemotype. Our data show that the
lgtD gene is transcribed at a level �1,000-fold less than that of
lsi-1 (rfaF) (14). The low level of lgtD transcriptional expres-
sion is such that a distribution of both LgtD� (1-1-M) and
LgtD� (1B2) LOS chemotypes are produced. If transcriptional
expression of lgtD were to be increased, then we would predict
a phenotypic shift toward producing a greater proportion of
the 1-1-M chemotype.

Control of LOS phenotype by limiting transcription is the

likely mechanism in spontaneous L1-reactive phase variants of
N. gonorrhoeae F62. These variants typically express a mixture
of immunotype L1 (LgtC�) and other (LgtC�) LOS chemo-
types (D. C. Stein, unpublished data). The data from the
present study suggests that in this strain, lgtC is transcribed in
amounts such that insufficient LgtC is being produced to cat-
alyze all its available substrate. It is also possible that lgtC is
transcribed and translated in strains that fail to make the L1
LOS but that the enzyme is outcompeted for substrate by
LgtA.

Sequence analysis of the lgtABCDE region using the Neural
Network algorithm (40) revealed 29 sequences that share sig-
nificant homology with the �70 promoter consensus of E. coli
and Neisseria spp. Remarkably, the polyguanine regions of the
lgtA, lgtC, and lgtD genes were among the highest scorers,
suggesting that the polyguanine tracts may affect promoter
functions. These regions all had clearly identifiable �35 and
�10 regions, but the spacing between these regions was too
long to suggest that these sequences were functional in these
genes. There are other examples of promoter regions spanning
homopolymeric runs in the pathogenic neisseriae. The porA
and opc genes of N. meningitidis, respectively, contain a
polyguanine and polycytosine run between the �35 and �10
consensus s70 sequence (44, 51). Frameshifting in these runs
alters the spacing between the �35 and �10 sequences and
leads to phase shifting between high, low, and intermediate
transcriptional levels. It is feasible that this same mechanism
may be occurring within the lgtABCDE locus and that these
promoters are up- or downregulated based upon heritable
changes to their sequence.

Our model is consistent with observations made by research-
ers who have shown that LOS expression is modulated by these
environmental stimuli: growth rate, pH, aerobic versus anaer-
obic conditions, and carbon source (glucose versus lactate ver-
sus pyruvate) (16, 30, 33, 35). At present, the genetic mecha-
nism that mediates this variation in expression is unknown.
Most of these promoters identified by the present study are
gearbox promoters, which exhibit expression at levels inversely
proportional to growth rate. Since environmental changes can
either increase or decrease the growth rate, changes in the
environment would influence the level of expression from
these promoters. Alternatively, additional epistatic factors may
interact with these promoters and contribute to LOS expres-
sion in response to environmental conditions.

Our cumulative understanding of LOS phase variation in N.
gonorrhoeae can be summarized as follows: N. gonorrhoeae
regulates LOS biosynthesis and phase variation via a variety of
disparate mechanisms. The specific LOS components pro-
duced by a particular strain are defined by on-off strand slip-
page of homopolymeric tracts within the lgtA, lgtC, lgtD, and
lgtG genes (7, 13). Simultaneous production of multiple LOS
epitopes is mediated by production of limiting amounts of the
LgtA, LgtD, or LgtE. This occurs via transcriptional or trans-
lational strand slippage (11), via regulation of transcriptional
expression (the present study), and via the low kinetic efficien-
cies of specific glycosyl transferases (36). In addition, recom-
bination between glycosyl transferases is seen in some strains
of Neisseria and these recombinant loci may consequently in-
voke one or more of the above mechanisms of phase variation
(5, 36).
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