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and LMSF, Rocky Mountain Laboratories, Hamilton, Montana 59840-29992

Received 8 August 1995/Accepted 14 September 1995

In searching for the gonococcal sialyltransferase gene(s), we cloned a 3.8-kb DNA fragment from gonococcus
strain MS11 that hybridized with the oligonucleotide JU07, which was derived from the conserved C terminus
of the sialyl motif present in mammalian sialyltransferases. Sequencing of the fragment revealed four putative
open reading frames (ORFs), one of which (ORF-1) contained a partial sialyl motif including the amino acid
sequence VGSKT, which is highly conserved among sialyltransferases. The gene was flanked by two inverted
repeats containing the neisserial DNA uptake sequence and was preceded by a putative s54 promoter.
Database searches, however, revealed a high degree of homology between ORF-1 and the N-acetylglucosamine
1-phosphate uridyltransferase (GlmU) of Escherichia coli and Bacillus subtilis and not with any known sialyl-
transferase. This homology was further established by the successful complementation of an orf-1 mutation by
the E. coli glmU gene. Enzyme assays demonstrated that ORF-1 did not possess sialyltransferase activity but
mimicked GlmU function catalyzing the conversion of N-acetylglucosamine 1-phosphate into UDP-N-acetyl-
glucosamine, which is a key metabolite in the syntheses of lipopolysaccharide, peptidoglycan, and sialic acids.

The lipopolysaccharide (LPS) of the pathogenic Neisseria
species is unique in that it can undergo external modification
through the addition of sialic acids (for a review, see reference
42). This process involves the covalent transfer of sialic acid
from the external substrate cytidine 59-monophospho N-acetyl-
neuraminic acid (CMP-NANA) towards terminal galactose
moieties on the LPS. The reaction is catalyzed by a membrane-
bound bacterial sialyltransferase (26). The substrate CMP-
NANA is present in human secretions and biological fluids,
and LPS sialylation has been demonstrated to occur in vivo
during the natural infection (1). The LPS sialylation event
seems to have great impact on the virulence of the bacterium.
Sialylated gonococci are resistant against killing by antibodies
and complement (9, 34, 41, 47) and are poorly ingested by
professional phagocytes (16, 37). Furthermore, LPS sialylation
may reduce the immune response towards the bacterium be-
cause of the molecular mimicry of host sialic acids and a mask-
ing of bacterial surface antigens (25). The ability of the bacte-
rium to change its LPS structure and switch to a nonsialylated
phenotype lacking the acceptor sites for sialic acid provides the
bacterium with a flexibility to optimally adapt its surface com-
position to the changing microenvironment in the host. A non-
sialylated bacterial phenotype may be particularly useful at
those stages in the infection where intimate bacterium-host cell
contact and bacterial entry into host cells are advantageous
(41).
Despite the apparently important function of bacterial LPS

sialyltransferase in the pathogenesis of neisserial disease, our
knowledge about this sialyltransferase is still scanty. The en-
zyme appears to be surface exposed and conserved among
meningococcal and gonococcal strains (26). In Neisseria men-
ingitidis the LPS sialyltransferase catalyzes the formation of an

a2,3 linkage between the sialic acid molecule and terminal
galactose residues on the LPS (27, 49). These characteristics
clearly distinguish the enzyme from the a2,8-polysialyltrans-
ferase that is involved in the synthesis of the polysialic capsule
in group B and C meningococci (8, 10). The genes for these
enzymes are absent in gonococci, and these enzymes are not at
the bacterial cell surface. In the present study we aimed to
identify the gene(s) encoding the gonococcal a2,3-LPS sialyl-
transferase, taking advantage of a highly conserved DNA se-
quence that is present in mammalian sialyltransferases. This
sequence, encoding the amino acids DVGSKT, is located at
the C-terminal part of the so-called sialyl motif that is likely to
be involved in the recognition of the substrate CMP-NANA
(6). This approach resulted in the identification of a gene that
contains a putative CMP-NANA binding site but does not
possess sialyltransferase activity. In contrast, detailed genetic,
biochemical, and functional analyses identified the gene as the
gonococcal glmU homolog encoding the enzyme N-acetylglu-
cosamine 1-phosphate (GlcNAc 1-P) uridyltransferase (also
called uridine diphosphoglucosamine pyrophosphorylase; EC
1.7.7.23). This enzyme catalyzes the synthesis of UDP-GlcNAc,
which is a key precursor in the biosynthesis of LPS, peptidogly-
can, and sialic acids.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Neisseria gonorrhoeaeMS11-A42 and
MS11-F3 are highly piliated variants of the progenitor variant MS11A (33). The
Escherichia coli strain DH5a [F2 FF80dlacZDM15 D(lacZYAargF)U169 deoR
recA1 endA1 phoA hsdR17 (rK2 mK1) supE44 l2 thi-1 gyrA96 relA1; Gibco] was
used as a host strain for cloning with the Hermes and Bluescript SK1 plasmids.
E. coli GC7 [MDU supE44 (recA-srT)306 hsdR2M1 thi-1 lac] was used for
Southern hybridizations. Gonococcal strains were routinely grown (378C, 5%
CO2) on a Gc agar base supplemented with 1% vitamins. Gonococcal recombi-
nants were grown on plates containing either 7 mg of erythromycin per ml (for
MS11 ptetM::glmU_Ec and MS11 ptetM::orf-1) or 7 mg of erythromycin per ml,
10 mg of chloramphenicol per ml, and 0.1 mM IPTG (isopropyl-b-D-thiogalac-
topyranoside) (for MS11 ptetM::glmU_Ec/Dorf-1cat and MS11 ptetM::orf-1/Dorf-
1cat). E. coliDH5a and its derivatives were grown (378C) on Luria-Bertani plates
supplemented with erythromycin (250 mg/ml) or ampicillin (100 mg/ml) to main-
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tain the Hermes 11 and the pBluescript SK1 vectors, respectively. Chloramphen-
icol (100 mg/ml) and/or IPTG (0.1 mM) was added when appropriate. For
measurements of bacterial enzyme activities, MS11 and E. coli strains were
grown on a rotatory shaker (150 rpm) in 40 ml of Proteose Peptone medium
enriched with 1% vitamins, erythromycin, and IPTG for a period of 2 h (378C).
Cloning of the glmU gene of N. gonorrhoeae and E. coli. Southern analysis to

identify JU07 (Table 1)-hybridizing DNA fragments was performed as described
by Maniatis et al. (28). Nylon blots were incubated overnight at 428C with
digoxigenin-labeled JU07 and washed twice in 13 SSC (0.15 M NaCl plus 0.015
M sodium citrate) at 458C prior to development. A cDNA clone carrying the
porcine Galb1,3GalNAc a2,3-sialyltransferase gene (12) was generously pro-
vided by J. C. Paulson. The sialyl motif of this gene, which served as a positive
control in the Southern analysis, was PCR amplified with the oligonucleotides
JU05 and JU07 (Table 1) and cloned into pBluescript SK1. The JU07-hybrid-
izing gonococcal EcoRI-BclI-DNA fragment was purified from a 0.8% TAE (40
mM Tris-acetate, pH 7.5, plus 1 mM EDTA)-agarose gel by electroelution and
cloned into the pBluescript vector. Transformants were selected on ampicillin
plates and checked by Southern hybridization. The oligobinding site was mapped
by PCR with the M13 reverse primer of pBluescript (Table 1) and JU07. The
PCRs were done in a Perkin-Elmer Cetus thermal cycler in a final volume of 100
ml containing 100 pmol of primers, 100 ng of template DNA, and 1 U of VentR
polymerase (New England Biolabs), with 25 cycles of 1 min at 948C, 30 s at 608C,
and 1 min 30 s at 728C. The E. coli glmU gene was PCR amplified (30 cycles of
1 s at 948C, 5 s at 608C, and 1 min 30 s at 728C) from strain DH5a with 50 pmol
of the primers JU10 and JU11 (JU10 and JU11, positions 10824 to 10850 and
12322 to 12347 of the unc operon [42], respectively) (Table 1), 100 ng of template
DNA, and 1 U of VentR polymerase. The presence of BamHI and HindIII
restriction sites in JU10 and JU11, respectively, served to facilitate cloning of the
gene into the plasmids. PCR products were purified on a 0.8% TAE-agarose gel
and separated from the gel matrix with Geneclean (Bio 101, La Jolla, Calif.).
Enzymes and buffers for DNA restriction, ligation, and blunt ending (T4 poly-
merase) were from Boehringer Mannheim and were used according to the
manufacturer’s protocols.
DNA sequencing. For sequencing, subclones (300 to 500 bp) of a 2.5-kb

ClaI-EcoRI fragment of pSK::ST1 containing the JU07 oligobinding site were
constructed in pBluescript SK1 (Stratagene) and sequenced with an Applied
Biosystems model 373 automated sequencer. Sequences were analyzed with the
programs TFASTA, BESTFIT, and GAP from the Genetics Computer Group
software package (7). The isoelectric point was calculated by the CHARGPRO
program (PC Gene; IntelliGenetics, Inc.).
Expression of glmU in E. coli. The expression and shuttle vector pHermes 11,

carrying either the E. coli glmU gene or gonococcal orf-1 under the control of an
IPTG-inducible promoter, was introduced into E. coli DH5a by electroporation
of 50 ng of DNA with a Bio-Rad Gene Pulser (capacitance, 25 mF; voltage, 2.5
kV; resistance, 200 V). Transformants were selected on Luria-Bertani plates
containing erythromycin (250 mg/ml). The expression of the gonococcal gene was
analyzed by sodium dodecyl sulfate-polyacrylamide electrophoresis (SDS-
PAGE) (21) of cytosolic and membrane fractions of E. coli harboring either the
plasmid pHermes 11::orf-1 or the vector alone (pH11) after growth in Luria-
Bertani medium in the presence of 0.2 mM IPTG for 30 min. Cells were frac-
tionated by sonication with a Branson Sonifier (settings, 60% duty cycle, position
5, 5 min, and 48C) followed by centrifugation (15,0003 g, 15 min). Proteins were
visualized by silver staining (3). The pHermes 11 vector was generously provided
by Thomas F. Meyer (Max-Planck-Institut für Biologie, Tübingen, Germany).
The construction of the Hermes vectors has been described elsewhere (18, 19).
Construction of gonococcal glmU mutants. The MS11 strains with defective

chromosomal copies of orf-1 were constructed in two steps. First, gonococcal
orf-1 or E. coli glmU was cloned into the shuttle vector pHermes 11 under the
control of an IPTG-inducible promoter and was transformed into gonococcus
strain MS11-A42, with erythromycin resistance used as a marker for integration
of the cloned genes into the endogenous gonococcal plasmid ptetM25.2. Gono-
coccal transformation was carried out as described previously (38). In the next

step, these strains (MS11 ptetM::orf-1 and MS11 ptetM::glmU) were transformed
with plasmid pSK::ST1Dorf-1cat. This plasmid was constructed by performing
BsmI digestion of pSK::ST1, blunt ending the overhanging ends with T4 poly-
merase, and introducing a blunt-ended cat (chloramphenicol acetyltransferase)
marker gene under the control of an opa promoter (19). Transformants defective
in the chromosomal copy of orf-1 were selected on erythromycin-, chloramphen-
icol-, and IPTG-containing plates. The mutagenesis was verified by Southern
hybridizations with peroxidase-labelled cat or orf-1 as probes. The filters were
washed twice in 0.1 SSC at 558C and developed with the ECL detection system
(Amersham).
Assay for GlcNAc 1-P uridyltransferase activity. Cell extracts for the enzyme

assays were prepared from 2- to 3-h exponentially grown 40-ml cultures. Bacteria
(5 3 108/ml) were then collected by centrifugation (7,5000 3 g, 30 min, 48C),
resuspended in 400 ml of 50 mM Tris-HCl buffer (pH 8.0), and disrupted by
sonication for 5 min on ice (with a Branson Sonifier set at position 4). Enzymatic
activity was measured by analysis of the formation of [32P]UDP-GlcNAc from
GlcNAc 1-P after addition of 10 ml of bacterial extract (0.5 mg of protein) to 40
ml of prewarmed (378C) 50 mM Tris-HCl buffer (pH 8.0) containing 4 mM
GlcNAc 1-P (Sigma), 3 mM UTP, 8 mMMgCl2, 20 mM sodium fluoride, and 0.2
mM [a-32P]UTP (specific activity, 3,000 Ci/mmol; Amersham). When appropri-
ate, 1.25 mM CMP-NANA was included in the mixture. The enzymatic reaction
was linear for up to 30 min but was usually stopped after 1, 3, 6, and 10 min by
transferring 10-ml aliquots of the mixture into 5 ml of 0.33 M formic acid
containing 5 mM unlabelled UDP-GlcNAc (Sigma). Reaction products were
separated on 0.1-mm-thick, 20-cm-long polyethyleneimine cellulose thin-layer
chromatography plates (Merck) with a mixture of borate buffer (0.5 M, 70 ml)
and ethylene glycol (25 ml) as described by Randerath and Randerath (36). The
plates were then exposed to X-ray film for up to several hours. Enzyme assays run
without the substrate GlcNAc 1-P and the thin-layer chromatography migration
of unlabelled UDP-GlcNAc (Sigma), which can be visualized under UV light,
served to identify the reaction products. The enzymatic reaction was also quan-
titated by liquid scintillation counting of the various spots on the thin-layer
chromatography plate.
Sialyltransferase assay. Bacterial sialyltransferase activity was determined in

100 ml of imidazole buffer (25 mM imidazole, pH 6.5, 10 mM MgCl2, 150 mM
NaCl, 10% glycerol, and 0.1% Triton X-100) containing 20 ml of stock solution
of asialofetuin (Fluka) (20 mg/ml), 1 ml of CMP-[14C]NANA (269 mCi/mmol, 25
mCi/ml; Amersham), and 79 ml of bacterial extract. After 60 min of incubation
(378C), 100 ml of acetone was added and the proteins were pelleted (15,000 3 g,
15 min), washed once with 100 ml of 50% acetone, and pelleted again. The pellet
was dissolved in 50 ml of distilled water, and incorporated radioactivity was
counted in a Beckman liquid scintillation counter. Under these conditions, the
incorporation of sialic acid into asialofetuin was linear for up to 2 h. Extracts
prepared from gonococcal strain MS11 galE (38), which lacks the LPS acceptor
site for sialic acid, served as a positive control. All bacterial extracts were
prepared by sonication for 30 s on ice (with a Branson B15 Sonifier set at position
5 and 60% duty cycle) of bacteria (107 CFU/ml) suspended in imidazole buffer.
LPS sialylation of gonococcal strain MS11 ptetM::glmU_ Ec/Dorf1-cat was de-
termined by resuspending 106 bacteria in 100 ml of phosphate-buffered saline
(PBS) containing 1 ml of 1 mM CMP-[14C]NANA, incubating the mixture
for 15 min at 378C, and separating the bacteria and the label by centrifugation
(5,000 3 g, 5 min). After two additional washes with 100 ml of PBS to remove
free CMP-[14C]NANA, the bacterial pellet was resuspended in 100 ml of H2O
and radioactivity was determined in a liquid scintillation counter. In this exper-
iment, the LPS galE mutant served as a negative control.
Nucleotide sequence accession number. The sequence reported in this study is

available in the EMBL data library under accession no. Z50023.

RESULTS

Cloning and sequence analysis of a gonococcal gene con-
taining a putative sialic acid binding motif. In our search for
the gonococcal a2,3-sialyltransferase gene, we designed a de-
generate oligonucleotide (JU07) (Table 1) encompassing the C
terminus of the sialyl motif, which is highly conserved among
mammalian sialyltransferases and supposedly acts as a recog-
nition site for the substrate CMP-NANA (6). Southern blots
with digoxigenin-labelled JU07 as a probe demonstrated strong
hybridization of JU07 with a single, approximately 4.5-kb DNA
ClaI-fragment of gonococcus strain MS11-F3 and with the
sialyl motif of the Galb1,3GalNAc a2,3-sialyltransferase gene,
which served as a positive control (Fig. 1). Under the same
stringent washing conditions, no hybridization was observed
with DNA isolated from E. coliGC7 that lacks a2,3-sialyltrans-
ferase activity (Fig. 1). To further analyze the hybridizing gono-
coccal DNA fragment, the appropriate band was isolated from

TABLE 1. Oligonucleotides used in this study

Oligo-
nucle-
otide

Sequence

M13 re-
verse

59-AACAGCTATGACCATG-39

JU05a 59-TGCCGYCGYTGCGCVGTHGTHGG-39
JU07a 59-GTNGTTTTGCTRCCDACRTC-39
JU08 59-GCGGGATCCACAGGAAAACGCTATGCCGC-39
JU09 59-GCGACATCTAAGCTTGGTTTGCCGTCCTTATCG-39
JU10 59-GCGGGATCCGTCAGGACGCGTATGTTGAATAATGC-39
JU11 59-GCGAAGCTTCATTGTCGGTCAACCTGTATGCCC-39

a Presented in the standard ambiguous assignment code for nucleotides.
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EcoRI- and BclI-digested gonococcal DNA by electroelution
and was ligated into the vector pBluescript SK1 to form
pSK::ST1 (Fig. 2a). Transformation of this plasmid into E. coli
DH5a and selection for ampicillin resistance resulted in sev-

eral stable JU07-positive transformants, as was confirmed by
Southern hybridization and PCR with the M13 reverse primer
of pBluescript SK1 and JU07 (data not shown). For sequence
determination, subclones of a 2.5-kb fragment containing the
oligonucleotide binding site were constructed in pBluescript
and sequenced (Fig. 3). Computer-aided analysis of the se-
quence revealed four open reading frames (ORFs) (ORF-1 to
ORF-4). The largest one (ORF-1) consisted of 1,368 bp (Fig.
3) and was predicted to encode a protein of 456 amino acids
with a molecular mass of 48.8 kDa and a pI of 6.9. A putative
Shine-Dalgarno site for translation initiation was located 7 bp
upstream of the putative ATG start codon, and a potential s54
promoter with an unusual 11-bp spacing between the 212 and
224 regions was identified 84 bp upstream of the coding region
(Fig. 3). Between the putative ribosomal binding site and the
promoter and also immediately downstream of ORF-1, two
inverted repeats of approximately 30 bp that contained the
neisserial DNA uptake sequence (13) were present. ORF-1
also contained a 33-amino-acid polypeptide with 15 identical
and 8 conserved amino acid residues common to the mamma-
lian sialyl motif, including the sequence VGSKT, which served
as the basis for the oligonucleotide JU07 (Fig. 4). A second
incomplete ORF (ORF-2) was transcribed in the same direc-
tion away from ORF-1 (Fig. 3). The first 79 amino acids of this
putative protein showed 66% identity (73% similarity) at the
amino acid level with the product of the phnA gene of the
alkylphosphonate operon of E. coli (5). In the opposite direc-
tion, two further ORFs, encoding putative proteins of 158
amino acids (ORF-3) and 187 amino acids (ORF-4) were iden-
tified. No significant sequence homologies were found for
these ORFs in the databases, and these potential genes were
not further analyzed.

FIG. 1. Southern blot demonstrating the hybridization of oligonucleotide JU07
on ClaI- and PvuII-digested chromosomal DNA of gonococcus strain MS11-F3 and
on pBluescript carrying the sialyl motif (S-motif) of the porcine Galb1,3GalNAc
a2,3-sialyltransferase gene. No hybridization was observed with EcoRI-digested
DNA of E. coli DH5a which lacks a2,3-sialyltransferase activity.

FIG. 2. Schematic representation of plasmid constructs used in this study. (a) Restriction sites of pSK::ST1 and positions of oligonucleotides used in this study. The
sequenced part of pSK::ST1 contains four ORFs (ORF-1 to ORF-4). JU07 indicates the binding site for this oligonucleotide in ORF-1. JU08 and JU09 are
oligonucleotides used to PCR amplify and clone ORF-1 into pBluescript and pHermes 11, generating pSK::orf-1 and pH11::orf-1, respectively. Insertion of a
chloramphenicol resistance cartridge into the AatII site in orf-1 generated the plasmid pSK::orf-1Dcat, which was initially used to create an orf-1 mutant (see text). (b)
Map of pH11::orf-1. Shown is the position of the IPTG-inducible orf-1 between two ptetM sequences enabling integration of the inducible element into the
endogenously gonococcal ptetM25.2 plasmid via reciprocal recombination. The Ptrc promoter is repressed by the lacIq gene product and is active in the presence of
IPTG. Popa is a gonococcal opacity protein promoter which is active in E. coli and N. gonorrhoeae. erm is an erythromycin resistance gene enabling selection for
recombination of the cloned genes into the conjugative plasmid ptetM25.2 (19). (c) Restriction map of pSK::ST1Dorf-1cat. In this construct the complete DNA region
between the BsmI sites of pSK::ST1 is deleted and replaced by a chloramphenicol resistance cartridge (cat). This plasmid was used to mutagenize the chromosomal
copy of orf-1. Abbreviations for restriction enzymes: P, PvuII; C, ClaI; Bs, BsmI; N, NcoI; Hi, HindIII; A, AatII; E, EcoRI; B, BamHI; H, HincII.
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Homology of ORF-1 with bacterial GlmU. Using the pro-
gram PILEUP (Genetics Computer Group software), we com-
pared the deduced amino acid sequence of ORF-1 with data in
the SwissProt data bank, and this comparison revealed 70%
similarity (54% identity) with the uridyltransferase (GlmU) of
E. coli (30) and 59% similarity (41% identity) with the corre-
sponding enzyme of B. subtilis (15) (Fig. 5). This homology was
found over the entire length of the sequence. Significant ho-
mology of ORF-1 with known sialyltransferases was not found,
though an incomplete sialyl motif was identified in the GlmU
protein of E. coli but not in that of B. subtilis. All three proteins
contained incomplete tandem hexapeptide repeats with the
consensus sequence (L/I/V)(G/X)XXXX (Fig. 5), which ap-
pears to be a characteristic of bacterial acetyl- and acyltrans-
ferases (40). In E. coli, the glmU gene product has been dem-
onstrated to catalyze both the acetylation of glucosamine
1-phosphate (31) and the subsequent conversion of the formed
GlcNAc 1-P into UDP-GlcNAc (31). UDP-GlcNAc is a key

FIG. 3. Oligonucleotide and deduced amino acid sequences of the orf-1 region. orf-1 is positioned between nucleotides 194 and 1562. orf-2 is located downstream,
starting at position 1639. The putative start codons are given in boldface letters; Shine-Dalgarno consensus sequences are indicated by lines above the sequence. An
asterisk marks the stop codon for orf-1. The putative s54 promoter of orf-1 is underlined; inverted repeats containing the neisserial DNA uptake sequence are marked
by arrows. The N and C termini of the putative sialyl motif in orf-1 are boxed.

FIG. 4. Alignment of the putative bacterial sialyl motif in ORF-1 with the
sialyl motif in 10 mammalian sialyltransferases. Boldface capital letters and
asterisks mark well-conserved amino acids (present in at least three of the other
sequences). Boldface lowercase letters and open circles indicate equivalent
amino acids (present in at least three sialyltransferases). The following residues
were defined as equivalent: FYW, MLVI, ATSG, KR, NDEQ (4). Abbrevia-
tions: S1, GM3 a2,8-sialyltransferase (39); S2, Galb1,3GalNAc a2,3-sialyltrans-
ferase (12); S3, Galb1,3GalNBAc a2,3-sialyltransferase (23); S4, Galb1,3(4)
GlcNAc a2,3-sialyltransferase (46); S5, GalNAc a2,6-sialyltransferase (20); S6,
Galb1,4GlcNAc a2,6-sialyltransferase (45); S7, Galb a2,6-sialyltransferase (14);
S8, sialyltransferase of unknown specificity (24); S9, Galb1,3GalNAc a2,3-sia-
lyltransferase (22); S10, Galb1,3GalNAc a2,3-sialyltransferase (17); SX, ORF-1
of N. gonorrhoeae.
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intermediate in the biosyntheses of peptidoglycan, LPS, and
CMP-NANA, the last of which is a precursor in the formation
of polysialic acid capsules in E. coli and N. meningitidis (11, 29,
35).
Expression and enzyme activity of the orf-1 gene product in

E. coli. In order to enable functional analysis of the orf-1 gene
product, the gene, including its putative ribosomal binding site
and putative terminator sequences, was PCR amplified from
pSK::ST1 with the oligonucleotides JU08 and JU09 (Fig. 2)
and cloned into the expression vector pHermes 11 (Fig. 2b).
The resulting construct (pH11::orf-1) was then introduced into
E. coli DH5a by transformation, and recombinants were se-
lected for erythromycin resistance. SDS-PAGE analyses of iso-
lated cytosolic and membrane fractions of the transformants
(DH5a pH11::orf-1) and of the parental strain harboring the
vector alone (DH5a pH11) demonstrated the presence of an
additional protein with an apparent molecular mass of approx-
imately 50 kDa in DH5a pH11::orf-1 only (Fig. 6). This size
corresponds to the predicted molecular mass of 48.8 kDa for
the orf-1 gene product and strongly suggests that orf-1 was
transcribed in E. coli.
To determine the enzymatic activity of the orf-1 gene prod-

uct, we prepared crude extracts of the recombinant E. coli
strains and measured their abilities to convert GlcNAc 1-P into
UDP-GlcNAc in the presence of [a-32P]UTP. The labelled pro-
ducts were separated by polyethyleneimine-cellulose thin-layer
chromatography and visualized by autoradiography. The reac-
tion was also quantitatively followed by scintillation counting
of the formed product. The formation of [32P]UDP-GlcNAc was
confirmed by its comigration with unlabelled UDP-GlcNAc,
which can be visualized under UV light, and by reactions in the

FIG. 5. Alignment of the deduced amino acid sequence for N. gonorrhoeae ORF-1 (ORF1_Ng) with the uridyltransferases of E. coli (GlmU_Ec) and B. subtilis
(GlmU_Bs). Amino acids identical to the ORF-1 sequence are indicated by boldface letters. Glycines (G) (or equivalent alanines [A]) at positions 2 and 4 of the
incomplete hexapeptide repeat motif are marked with open circles above the sequence; Val (V), Leu (L), or Ile (I) residues that often precede a glycine are marked
with asterisks. The repetitive structure of the sequence is particularly apparent in the C-terminal part of the protein.

FIG. 6. SDS-PAGE demonstrating the expression of orf-1 in E. coli. Lanes:
M, molecular mass markers; A, DH5a harboring the orf-1 gene on the Hermes
11 vector (DH5a pH11::orf-1); B, DH5a carrying the plasmid without insert
(DH5a pH11). Both strains were grown in the presence of 0.1 mM IPTG. The
induced protein is marked with an arrow.
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absence of the substrate GlcNAc 1-P. The results of the ex-
periments are summarized in Table 2. The level of GlmU
activity in the recombinant E. coli strain expressing the orf-1
gene product (DH5a pH11::orf-1) was only about 1.6-fold
higher than that measured for the recipient strain harboring
the vector alone (DH5a pH11). In contrast, when the E. coli
glmU gene was amplified by PCR, cloned into the same vector,
and expressed in the same E. coli recipient strain (generating
DH5a pH11::glmU_Ec), a 7.7-fold increase in the level of
enzyme activity was measured. These data indicate that the
gonococcal ORF-1 may carry GlmU activity but that the E. coli
homolog is much more active in the E. coli background. DH5a
pH11::orf-1 did not possess detectable LPS sialyltransferase
activity (data not shown).
Functional complementation of a gonococcal orf-1 mutant

by the E. coli glmU gene. The possible functional homology
between the gonococcal ORF-1 and E. coli GlmU was further
established by the construction and complementation of a
gonococcal mutant with a defect in orf-1. First we attempted to
disrupt ORF-1 function by transforming gonococcus strain
MS11-A42 with a gonococcal suicide plasmid which carries a
chloramphenicol resistance cartridge into the AatII site of the
orf-1 gene so that the promoter was oriented downstream
(plasmid pSK::orf-1Dcat). However, gonococcal null mutants
could not be established by this method. In several attempts a
few chloramphenicol-resistant transformants were obtained,
but in all these cases allelic replacement of the chromosomal
orf-1 by the defective copy had not occurred and the resistance
cassette was located in a gene other than the target gene (data
not shown). These data indicate a strong negative selection for
the sought mutation and suggest that orf-1 may have a vital
housekeeping function, which is in agreement with its possible
function as a GlmU.
To avoid this problem, we then applied the strategy of mu-

tagenesis of orf-1 in a gonococcal strain carrying either an
intact copy of orf-1 or the E. coli glmU gene on the endogenous
gonococcal ptetM25.2 plasmid under the control of an IPTG-
inducible promoter (Fig. 2b). These genes were introduced
onto this plasmid with the pHermes 11 shuttle vector (18). This
vector can replicate in E. coli but not in Neisseria spp. How-
ever, because of the presence of ptetM sequences flanking the
plasmid insert, the vector can be used to introduce genes onto
the endogenous gonococcal ptetM25.2 plasmid via reciprocal
recombination. Selection of transformants for erythromycin

resistance serves as an indicator of the recombination event
(18). This procedure resulted in the generation of two strains,
MS11 pH11::orf-1 and MS11 pH11::glmU_Ec, that carry the
gonococcal orf-1 and the E. coli glmU gene, respectively, on the
ptetM plasmid. To ensure directed mutagenesis of the chro-
mosomal copy of orf-1 in these strains, we constructed the
plasmid pSK::ST1Dorf-1cat (Fig. 2c), in which the complete
orf-1 coding region was deleted and replaced with a cat car-
tridge. This forced genetic recombination to occur via the
flanking regions of orf-1 that are present on the chromosome
but absent from the ptetM plasmid (Fig. 2b). This strategy of
mutagenesis with complementation in trans resulted in several
erythromycin- and chloramphenicol-resistant transformants,
irrespective of whether an intact copy of orf-1 (MS11
ptetM::orf-1/Dorf-1cat) or the E. coli glmU gene (MS11pH11::
glmU_E/Dorf-1cat) was present on the ptetM plasmid. PCR
analyses and hybridization experiments confirmed that this
time the chromosomal copy of orf-1 was replaced by the cat
cartridge (Fig. 7). The successful rescue of gonococcal orf-1
mutants by complementation with the glmU gene located on
the ptetM25.2 plasmid strongly suggests that ORF-1 shares
GlmU functions.
UTP transferase enzyme activity in N. gonorrhoeae. To un-

equivocally identify the orf-1 gene product as the gonococcal
glmU homolog, we measured GlcNAc 1-P uridyltransferase
activities in extracts of the gonococcus MS11-A42 and the
constructed recombinants. As illustrated in Table 2, the level
of enzyme activity in the orf-1mutant carrying an intact copy of
the gene on the ptetM25.2 plasmid (MS11 ptetM::orf-1/
Dorf-1cat) exceeded that of the parent strain about fivefold,
indicating that the cloned gene catalyzes the formation of
UDP-GlcNAc. Remarkably, when the mutant carrying the
E. coli glmU gene on the ptetM plasmid (MS11 ptetM::
glmU/Dorf-1cat) was included, an even 6-fold higher level of
enzyme activity was measured, resulting in a 30-fold increase
of enzyme activity compared with the parental strain.

FIG. 7. Southern hybridization demonstrating the successful deletion of the
chromosomal copy of orf-1 in gonococcus strain MS11 carrying the E. coli glmU
gene on the ptetM plasmid. ClaI-digested DNAs of strains MS11
ptetM::glmU_Ec (lanes A) and MS11 ptetM::glmU_Ec/Dorf-1cat (lanes B) were
blotted onto nylon membranes and hybridized with the peroxidase-labelled uri-
dyltransferase genes of E. coli (glmU_Ec) and N. gonorrhoeae (orf-1), and the
gene encoding the chloramphenicol acetyltransferase (cat). The E. coli glmU
gene was detected on the ptetM plasmid (.20 kb) of both MS11
ptetM::glmU_Ec and MS11 ptetM::glmU_Ec/Dorf-1cat. The deletion of the orf-1
locus in the latter recombinant strain was demonstrated by the lack of hybrid-
ization of this mutant (lanes B) with the orf-1 probe and the positive signal
obtained with the cat marker. The smaller size of the cat-positive DNA fragment
corresponds with the replacement of the orf-1 gene with the smaller cat marker.

TABLE 2. GlmU activities of the various wild-type and mutant
strains of E. coli and N. gonorrhoeaea

Strain and plasmid
Amt of UDP-GlcNAc
formed (nmol min21

mg of protein21)

Amplification
(fold)

E. coli DH5a
pH11 69 1.0
pH11::orf-1 110 1.6
pH11::glmU_Ec 530 7.7

N. gonorrhoeae MS11
ptetM 8.4 1.0
ptetM::orf-1/Dorf-1cat 44.4 5.3
ptetM::glmU_Ec/Dorf-1cat 266.0 31.7
ptetMb 4.4 0.6

a Strains were exponentially grown in broth in the presence of 0.1 mM IPTG
at 378C for 3 h. Cell extracts were prepared and enzyme activities were deter-
mined as described in Materials and Methods. Results are the means of three
experiments.
b Plus 1.25 mM CMP-NANA.
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Thus, the E. coli gene appears to be expressed better or has a
much higher intrinsic enzyme activity than its gonococcal coun-
terpart. This may explain why only a moderate increase in
GlmU activity was measured when the gonococcal gene was
expressed in E. coli. It may be noteworthy that mutagenesis of
orf-1 did not result in a sialyltransferase-negative gonococcal
phenotype. However, gonococcal GlmU activity in strain MS11
was inhibited up to 40% by 1.25 mM CMP-NANA (Table 2).
This may explain the presence of a putative sialyl motif in
ORF-1.

DISCUSSION

We identified a gonococcal gene encoding the enzyme
GlcNAc 1-P uridyltransferase (EC 1.7.7.23) that catalyzes the
conversion of N-acetylglucosamine 1-phosphate into UDP-N-
acetylglucosamine, which is a key intermediate in the biosyn-
thesis of LPS, peptidoglycan, and CMP-NANA. We propose
naming this gene glmU in accordance with the nomenclature of
the corresponding uridyltransferase in E. coli. The gene was
identified as a glmU homolog on the basis of its extensive
protein sequence homology with the uridyltransferases of
E. coli and B. subtilis, the successful functional complementa-
tion of a gonococcal glmU mutation by the E. coli glmU gene,
and measurements of GlcNAc 1-P uridyltransferase activity.
The gonococcal glmU homolog was identified as a result of

our search for genes that contain DNA regions that are highly
conserved among mammalian sialyltransferases and that par-
ticipate in the recognition of the substrate CMP-NANA (6).
The gonococcal glmU gene apparently falls into this category.
The bacterial sequence contains a 33-amino-acid polypeptide
sequence that has 15 identical and 8 conserved amino acid
residues in common with the mammalian sialyl motif, including
the highly conserved C-terminal sequence VGSKT. Despite
this considerable homology, the gonococcal protein does not
possess a2,3-sialyltransferase activity, as was demonstrated by
the absence of such enzyme activity in E. coli expressing the
gonococcal glmU gene and the unaltered LPS sialylation in the
gonococcal glmU mutant complemented in trans with the E.
coli glmU gene. Thus, the putative CMP-NANA binding site
probably serves a different function. One possibility is that
CMP-NANA is not the substrate for this enzyme but has a
regulatory function. In E. coli the product UDP-GlcNAc forms
the branchpoint in the synthesis of LPS, peptidoglycan, and
N-acetylmannosamine, the last of which is converted into
CMP-NANA (11, 35). CMP-NANA inhibits GlmU activity in
E. coli (48). A similar allosteric inhibition of enzyme activity
was observed for the gonococcal GlmU (Table 2). However, in
contrast to E. coli and N. meningitidis, the gonococcus does not
endogenously synthesize CMP-NANA, and thus we can only
speculate that the presence of this putative regulatory cycle is
not functional in gonococci. In meningococci, feedback inhibi-
tion of GlmU activity by CMP-NANA may affect the synthesis
of polysialic capsule.
The gonococcal GlmU protein sequence shows a peculiar

six-residue periodicity built around glycine residues. The se-
quence contains 44 glycine residues, of which 29 (65%) are
located within one residue of a distance proportional to 6 and
another 8 are found in the combination GXG. A similar six-
residue periodicity is found for L, I, or V residues that often
precede a glycine residue. Incomplete tandem hexapeptide
repeats containing the sequence (L/I/V)(G/X)X(G/X)XX ap-
pear to be a characteristic of a number of bacterial acetyl- and
acyltransferases (40). Whether the gonococcal GlmU enzyme
has an additional function as an acetyltransferase has not been

determined. In E. coli, the homologous enzyme catalyzes both
the acetylation of glucosamine 1-P and the subsequent conver-
sion of GlcNAc 1-P into UDP-GlcNAc.
In E. coli the glmS gene is located immediately downstream

of and may be cotranscribed with the glmU gene (43). glmS
encodes the enzyme glucosamine 6-phosphate synthetase,
which catalyzes the formation of glucosamine 6-phosphate,
which is then converted into glucosamine 1-P, which is the
substrate for the glmU gene product. The glm genes are posi-
tioned between the unc operon and the pst operon which starts
with phoS (43). This operon contains genes involved in the Pi
uptake machinery and is regulated by the PHO regulon which
is controlled by PhoR and/or PhoB (44). In the gonococci, the
situation is different. At the C terminus, the gonococcal glmU
gene is not followed by a glmS homolog but is flanked by an
ORF that has extensive sequence homology to the first gene
(phnA) of another member of the PHO regulon: the alkylphos-
phonate (Pn) operon which is involved in the uptake and
utilization of carbon-phosphor compounds as a phosphate
source (5, 32). Furthermore, upstream of glmU no ORF was
detected within the first 150 bp of the putative start codon.
Instead, the gonococcal glmU gene is flanked at its boundaries
by inverted repeats containing the neisserial DNA recognition
sequence, which are often components of transcriptional ter-
minator sequences (13). The location of copies of the DNA
uptake sequence between the putative promoter and the struc-
tural gene is unusual but has previously been reported (2).
Neisserial glmU is an essential housekeeping gene as dem-

onstrated by the fact that glmU mutants could only be estab-
lished in gonococci that were complemented with an intact
copy of either the gonococcal or the E. coli glmU gene on the
ptetM25.5 plasmid and that were grown in the presence of
IPTG. Without derepression of the promoter activity, the bac-
teria carrying orf-1 on the plasmid grew much more slowly,
probably because of a shortage in the formation of the cell wall
precursor UDP-GlcNAc. The requirement of IPTG for growth
was much less pronounced for the mutant expressing the E.
coli glmU gene. A possible explanation for this may be the
finding that the level of E. coli enzyme activity was consistently
higher than that of gonococcal GlmU activity, irrespective of
whether the genes were expressed in the E. coli or gonococcal
background. Whether this apparently higher level of enzyme
activity is of biological significance with respect to, for instance,
the growth rate of the bacteria is unknown, though the avail-
ability of UDP-GlcNAc may be a limiting factor in bacterial
cell wall synthesis.
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