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Glycosylation is a common modulation of protein function in eukaryotes and is biologically important.
However, in bacteria protein glycosylation is rare, and relatively few bacterial glycoproteins are known. In
Escherichia coli only two glycoproteins have been described to date. Here we introduce a novel member to this
exclusive group, namely, antigen 43 (Ag43), a self-recognizing autotransporter protein. By mass spectrometry
Ag43 was demonstrated to be glycosylated by addition of heptose residues at several positions in the passenger
domain. Glycosylation of Ag43 by the action of the Aah and TibC glycosyltransferases was observed in
laboratory strains. Importantly, Ag43 was also found to be glycosylated in a wild-type strain, suggesting that
Ag43-glycosylation may be a widespread phenomenon. Glycosylation of Ag43 does not seem to interfere with its
self-associating properties. However, the glycosylated form of Ag43 enhances bacterial binding to human cell
lines, whereas the nonglycosylated version of Ag43 does not to confer this property.

Glycosylation is an important covalent modification of pro-
teins. In eukaryotes a plethora of glycoproteins are known, and
generally addition of sugar moieties is used for modulation of
protein function. Until a few decades ago, the accepted dogma
was that protein glycosylation simply did not take place outside
the eukaryotic kingdom. This view has dramatically changed,
and it is now a well-established fact that protein glycosylation
does take place in prokaryotes, particularly in cell surface-
associated and secreted molecules (reviewed in reference 6).
In gram-negative bacteria only a few glycoproteins are known,
and these are generally either bona fide virulence factors or
suspected virulence factors, e.g., type 4 pilin of Neisseria spe-
cies and Pseudomonas aeruginosa and flagellin of Campylo-
bacter species (41, 44, 45). In Escherichia coli only two glyco-
proteins have been characterized so far, both of which are
putative virulence factors. These are the AIDA-I and TibA
adhesins associated with diarrhea-causing E. coli strains. Both
proteins are glycosylated by addition of heptose residues, a
task performed by specific heptosyl transferases (5, 27). The
precursor substrate, ADP-glycero-manno-heptopyranose, is
recruited from the lipopolysaccharide (LPS) biosynthetic path-
way (5). By virtue of their glycoprotein status, AIDA-I and
TibA are adhesins and target selected mammalian cells; in
contradistinction, the nonglycosylated forms are unable to bind
to such cells (5, 28).

An essential step in the pathogenesis of disease-causing E.
coli is the initial recognition of and attachment to host tissue
surfaces. Without this pivotal initial step, subsequent tissue
colonization, cell invasion, or biofilm formation simply will not
occur (26). Bacterial attachment is generally provided by spe-
cific protein adhesins that protrude from the surface. Usually
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the receptor target is a specific molecular motif on the surface
of epithelial cells, for example, a specific saccharide. Antigen
43 (Ag43) is exceptional in being a self-recognizing adhesin
(17, 22, 23). Ag43 is a surface protein that confers bacterial
cell-cell aggregation, which can be visualized macroscopically
as flocculation and settling of cells from static liquid suspen-
sions; hence, the name flu was originally coined for the corre-
sponding genetic locus by Diderichsen (11). In an independent
study, a major E. coli outer membrane antigen was investigated
because of its aggregative properties and was termed antigen
43 (32). Later, Ag43 was identified as the product of the flu
gene (17, 20). Ag43 is a member of the autotransporter protein
family. This family is now the largest group of exported pro-
teins in gram-negative bacteria and encompasses many viru-
lence factors. Autotransporters are characterized by the fact
that the proteins contain all information required for traver-
sion of the bacterial membrane system and final routing to the
bacterial cell surface (reviewed in reference 19). Ag43 is
present in ~50,000 copies per cell (33). It is produced as a
precursor of 1,039 amino acids, which subsequently undergoes
extended posttranslational modifications. It is processed by
removal of a signal peptide and further processed, presumably
by autocatalytic action, into a C-terminal translocator domain
and an N-terminal passenger domain, each constituting about
half of the protein. The translocator moiety forms a B-barrel
porin in the outer membrane and via this the passenger moiety
gains access to the surface (20, 21, 24). The passenger domain
remains attached to the cell surface via interaction with the
translocator domain, but it can be detached by brief heat treat-
ment (20). Apart from autoaggregation, Ag43 has been found
to induce a frizzy colony morphology (18). Ag43-mediated cell
aggregation takes place via an intercellular Ag43-to-Ag43
handshake mechanism. The interaction involves the N-termi-
nal one-third of the passenger domain, and ionic interactions
seem to be involved (24). Like its distant relative pertactin of
Bordetella pertussis, the Agd3 passenger domain has been pre-
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TABLE 1. Bacterial strains

E. coli strain Relevant characteristics Reference
Or source

536 Uropathogenic strain (06:K15:H31) 8

536DM 536 A orfS2yy; Aorfd7,, 3

H10407 Enterotoxigenic strain 27

2787 Enteropathogenic strain (0126:H27) 4
MG1655 K-12 reference strain 2

MS427 MG1655 Aflu 22

LH56 MS427, pACYC184 38

LH57 MS427, pKKJ128 This study
0S64 MS427, pKKJ128 + pOS28 This study
0S101 MS427, pOS37 38

OS111 MS427, pKKJ128 + pOS38 This study
OS116 MG1655, pOS37 This study
08123 MG1655, pPKL331 This study
OS135 MG1655, pPRMV5 This study
RMV135 UTI536, pKKJ143 This study
RMV136 UTI536 DM, pAGN3 This study
RMV137 UTI536 DM, pAGN5 This study
RMV165 UTI536 DM, pOS29 This study

dicted to fold as an extended B-helix (24). Expression of Ag43
dramatically enhances biofilm formation in bacteria (10, 22, 23,
37). Conversely, lesions in the flu gene causing abolishment of
Ag43 expression in many cases result in cells with a very limited
ability to form a biofilm (23, 37). Ag43 is found in most E. coli
strains, and, interestingly, it is expressed by many pathogenic
strains. Also, many strains possess duplex or multiple copies of
the gene, as seems to be the case in many enteropathogenic
and enterohemorrhagic strains (24, 35, 43). Ag43 exhibits
~25% sequence identity to the AIDA-I and TibA glycopro-
teins. With this background, we have probed this interesting
protein for possible glycosylation.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains, plasmids, and
primers used in this study are described in Tables 1, 2, and 3 respectively. Cells
were grown at 37°C on solid or in liquid Luria-Bertani (LB) medium (30)
supplemented with the appropriate antibiotics unless otherwise stated. Genes of
interest were cloned by PCR amplification using the primers listed in Table 3.
Primers contained restriction enzyme sites which were subsequently used for
cloning in pBADmyc-HisA, pACYC184, or pMW119 vectors; for example, the
aah gene was cloned by PCR amplification (primers 460 and 461) from E. coli
2787 and subsequently cloned in the pBAD vector, resulting in plasmid pOS28.
Details of construct preparation are in Table 2.
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DNA manipulations and genetic techniques. Isolation of plasmid DNA was
carried out using the QIAprep Spin Miniprep kit (QIAGEN). Restriction endo-
nucleases were used according to the manufacturer’s specifications (Biolabs). Chro-
mosomal DNA purification was done using the GenomicPrep Cell and Tissue DNA
isolation kit (Amersham Pharmacia Biotech Inc.). All PCRs were performed with
the Expand high-fidelity polymerase system (Roche) essentially as previously de-
scribed (40). The primers used are listed in Table 3. Amplified products were
sequenced to ensure fidelity of the PCR (MWG Biotech, Germany).

Electrophoresis, Western blotting, and detection of glycoproteins. Electro-
phoresis of proteins was performed under denaturing conditions using a previ-
ously described method (40). Cultures grown overnight and of equal optical
density were harvested by centrifugation at 10,000 X g for 2 min. Passenger
domains were released and partly purified as previously described (24). Samples
were prepared for electrophoresis by resuspension in 25 wl of 5X sodium dodecyl
sulfate (SDS) treatment buffer and 25 pl water. Samples were then boiled at 95°C
for 3 min, and 10-pl aliquots were loaded on SDS-polyacrylamide gels.

For Western blotting, samples were subjected to SDS-polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene difluoride microporous membrane
filters as described previously (40). Serum raised against the passenger domain of
Ag43 was used as primary serum, and the secondary serum was a peroxidase-
conjugated anti-rabbit immunoglobulin. Tetramethyl benzidine was used as the
substrate.

For glycoprotein staining, samples were electrophoresed and transferred to
nitrocellulose filters as described above. Staining was carried out by using
method B of the Roche Molecular Biochemicals digoxigenin glycan detection kit
according to the manufacturers’ instructions.

Colony morphology and cell aggregation. The colony morphology and cell
aggregation phenotype was assayed by employing a Carl Zeiss Axioplan epi-
fluorescence microscope, and digital images were captured with a 12-bit cooled
slow-scan charge-coupled-device camera (KAF 1400 chip; Photometrics, Tucson,
Arizona) controlled by PMIS software (Photometrics).

Mass spectroscopy. Trypsin-digested Ag43, coexpressed with heptosyl trans-
ferase Aah or TibC or from the UTI536 strain, was analyzed on a matrix-assisted
laser desorption ionization—-time-of-flight (MALDI-TOF) mass spectrometer
(ReflexIII; Bruker, Bremen, Germany). Analysis was carried out essentially as
previously described (42). The matrix used in these experiments was 2,5-dihy-
droxybenzoic acid (Sigma-Aldrich). The apparatus was calibrated using a stan-
dard mix containing angiotensin II, bombesin, adrenocorticotropic hormone
amino acids 18 to 39, and somatostatin, with molecular masses (monoisotopic) of
1,046.5423 Da, 1,619.8229 Da, 2,465.7027 Da, and 3,147.4640 Da, respectively.

Ag43 preparations were subjected to SDS-polyacrylamide gel electrophoresis
on an 8% gel, and protein bands were cut out and subjected to tryptic digestion
overnight. The resulting peptides were extracted from the gel slabs and concen-
trated using PorosBeads. The peptides were eluted from the beads with 25%
acetonitrile followed by 75% acetonitrile, mixed with 2,5-dihydroxybenzoic acid
matrix, and applied to the sample plate (anchor chip). Spectra were obtained by
collecting an average of 300 shots. Spectra were analyzed and peaks annotated in
the program M/Z, freeware edition, from Proteometrics, LCC. The resulting
masses were compared to a theoretical digest performed with the online program
ProteinProspector found at http://prospector.ucsf.edu/. The program GPMAW
6.21 from Light House Data was used to compare the theoretical and measured
masses and for identification of glycosylated peptides.

TABLE 2. Plasmids used in this study

Plasmid Relevant genotype or phenotype ]sz:(:z:‘;:
pKKJ128 flu gene from E. coli MG1655 in pACYC184 22
pKKJ143 flu gene from E. coli MG1655 in pBADmyc-HisA 21
pMW119 Low-copy-number cloning vector Nippon Gene
pOS28 aah gene amplified with primers 460 and 461 and cloned in pPBADmyc-HisA as an Xhol-Kpnl fragment This study
pOS29 aidA gene amplified with primers 466 and 467 and cloned in pBADmyc-HisA as an XhoI-Kpnl fragment This study
pOS38 tibC gene from E. coli H10407 on pBADmyc-HisA 39
pOS37 aah gene on pACYC184 38
pPKL331 aah gene amplified with primers 537 and 461 and cloned on plasmid pMW119 as a BamHI-Kpnl fragment This study
pAGN3 orf52yy; from E. coli strain 536 amplified with primers AglllIforward and Aglllreverse and cloned on plasmid This study
pGEM T-Easy

PAGNS orf47,, from E. coli strain 536 amplified with primers AgVforward and AgVreverse and cloned on plasmid This study
pGEM T-Easy

pRMV5 tibC gene amplified with primers 573 and 579 and cloned on pACYC184 as a BamHI-Xmalll fragment This study
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TABLE 3. Primers used in this study

Primer Sequence

460 5'-CGCGCTCGAGATAATAAGGAATGACTTTCTTATC
ACCA-3’

461 5'-CGCGCGGGTACCTTAAATGATCCTGTCATGA-3'

460 5'-CGCGCTCGAGATAATAAAGGATCATTTAATGAAT
AAGGCCTAC-3'

467 o 5'-CGCGCGGGTACCTCAGGAGCAAGAGTAATCCGC
Cc-3

537 s 5'-CGCGGGATCCATAATAAGGAATGACTTTCTTATC
ACCA-3'

S 5'-CGCGCGGCGGCCGTTAAATGATCCTGTCATGA-3'

ST3 s 5'-CGCGGGATCCATAATAAGGATCATTTAATGTCAA
CGCTGAAG-3'

579 s 5'-CGCGCCCGGCCGTTCATTGCTTACTCCTT-3’

AgllIforward........5'-TGCTCTAGACTGAGTCTGCTCACAAAAG-3’

AgllIreverse..........5'-CCCAAGCTTGGGCTGATGGGG GAAATGAATG-3’

AgVforward...........5'-TGCTCTAGATGCCTGATTACATTGCGTTA-3'

AgVreverse............ 5'-CCCAAGCTTCAGGTTCAAAATTCCAGCAC-3'

Cell binding assay. HEp-2 epithelial cells were maintained in RPMI 1640
medium (29) containing 10% (vol/vol) fetal bovine serum, 2 mM L-glutamine,
and 100 pg ml~! gentamicin. The cell lines were grown at 37°C in a 6% CO,
atmosphere. For measurement of attachment to cells by recombinant E. coli, the
cells were maintained and monolayers were prepared in RPMI medium. To
measure adherence of E. coli to cell monolayers, bacterial cells were grown to
mid-exponential phase or overnight in LB broth at 37°C. Cells were washed in
phosphate-buffered saline, resuspended in RPMI medium containing 0.5% (wt/
vol) methyl-a-pD-manno-pyranoside, and incubated for 10 min at room temper-
ature. Approximately 1 X 107 CFU was added to the monolayers and incubated
for 3 hours at 37°C in a 6% CO, atmosphere. Following incubation, the mono-
layers were extensively washed with phosphate-buffered saline, fixed with ice-
cold 70% methanol, and stained with 10% Giemsa stain. Cells were examined by
phase-contrast microscopy for observation of adhered cells.

RESULTS

The passenger domain of Ag43 can be glycosylated by hep-
tosyl transferases. The AIDA-I and TibA autotransporters of
diarrheagenic E. coli strains are so far the only glycoproteins
known to exist in E. coli. The AIDA-I and TibA adhesins are
glycosylated by the Aah and TibC heptosyl transferases, re-
spectively (5, 28). In order to probe whether the Aah and TibC
heptosyl transferases would accept Ag43 as substrate, we made
a series of constructs on compatible plasmid vectors that con-
tained the relevant genes, i.e., flu, aah, and tibC, as well as
appropriate controls (Table 1). Plasmids were expressed in a
flu mutant derivative of E. coli K-12, i.e., MS427 (22). To
determine if the Ag43 protein was glycosylated when coex-
pressed with Aah or TibC protein, the Ag43 passenger do-
mains from the relevant strains were isolated and subjected to
SDS gel electrophoresis, Western blotting with antiserum
raised against the passenger domain of Ag43, and glycoprotein
detection using the Roche glycan detection kit. The Western
blot of the passenger domains revealed bands with apparent
molecular masses of ~50 kDa, as expected (Fig. 1A). Strain
MS427, like other E. coli K-12 strains, is unable to glycosylate
proteins, and consequently the passenger domain of Ag43 does
not react in a glycoprotein blot when expressed in this strain
background (LHS57) (Fig. 1B). Meanwhile, when Ag43 was
coexpressed with the Aah heptyltransferase (OS64), a promi-
nent signal was seen in the glycoprotein blot (Fig. 1B). Also,
the combination of Ag43 plus TibC (OS111) yielded a good
response in this assay (Fig. 1B). Taken together the data indi-
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FIG. 1. Glycosylation of the Ag43 passenger domain by the Aah
and TibC heptosyl transferases. (A) Western blotting, with antiserum
against the Ag43 passenger domain, of a domains liberated from E.
coli MS427 hosts by brief heat treatment. (B) Glycan detection. Lanes:
1, LH56 (vector control); 2, LH57 (Ag43™); 3, 0S64 (Aah™ Agd3™); 4,
OS111 (TibC*" Agd3™).

cate that the passenger domain of Ag43 can be glycosylated by
the two heptosyl transferases, Aah and TibC, whose natural
targets, AIDA-I and TibC, respectively, are only distantly re-
lated to Ag43.

In wild-type strains, the Ag43 and the TibC proteins are
expressed from genes located on the chromosome and the Aah
protein is expressed from a gene located on large low-copy-
number plasmids (4, 11, 14). In order to eliminate the possi-
bility that the observed glycosylation of Ag43 was an artifact
due to high-copy plasmids, we investigated the phenomenon in
a low-copy-number scenario (Fig. 2). The results suggested
that glycosylation of Ag43 is qualitatively independent of the
copy number of the implicated genes.

Glycosylation of Ag43 does not affect self-recognition. Ad-
dition of sugars is known often to affect the properties of a
protein. As mentioned above, an important property of Ag43 is
self-recognition; both receptor-target and receptor recognition
are provided by peptide segments in the passenger domain
(24). We speculated on whether addition of sugar moieties
would block Ag43 self-recognition by shielding sectors of the
protein involved in this faculty. In order to test this, we in-

OS116 OS135
Aah+ TibC+

MG1655 OS123
Aah+
(A)

Western —— —.  s—— ’.?_ 50kDA

Blot

(B) " ’
Glycan -*_ SO0kDA

Detection sz

FIG. 2. Glycosylation of Ag43 is qualitatively unaffected by copy
number. The product of the chromosomally located flu gene in strain
MG1655 is glycosylated by heptosyl transferases encoded by low- or
high-copy-number plasmids. (A) Western blotting of passenger do-
mains liberated from E. coli host cells by brief heat treatment and
detected with antiserum raised against the Ag43 passenger domain.
(B) Glycan detection. Lanes: 1, MG1655; 2, OS123 (Aah™) on low-
copy plasmid; 3, OS116 (Aah™) on medium-copy plasmid; 4, OS135
(TibC*) on medium-copy plasmid.
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(A)

LH56
Vector

(B)

LHS7

Agd3+

©)

0S64
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Agd3+

FIG. 3. Glycosylation of Ag43 does not affect Ag43-Ag43 interac-
tion and the associated cell aggregation. (A) LH56 (vector control);
(B) LH57 (Agd3™); (C) OS64 (Aah™ Agd3™).

spected the ability of E. coli cells expressing Ag43 and glyco-
sylated Ag43 to aggregate and settle from liquid suspensions.
The results show that strains expressing glycosylated Ag43
aggregated and settled in the same way as cells expressing
unmodified Ag43 (Fig. 3). Another characteristic phenotype
associated with Ag43 expression is a frizzy colony type (18);
similarly, glycosylation did not interfere with this phenotype
(data not shown). Taken together, the data indicate that the
important self-recognition ability of Ag43 is not affected by
sugar addition, suggesting that the peptide segments involved
in Ag43-Ag43 interaction are not glycosylated.

Mass spectrometric analysis of glycosylated segments in the
Ag43 passenger domain: glycosylated positions and nature of
the sugar side chains. To corroborate the glycoprotein blotting
results, the glycosylated Ag43 passenger domain was purified
from strain OS64, digested with trypsin, and subjected to
MALDI-TOF mass spectrometry (Fig. 4). Twenty-four indi-
vidual peptides were identified, corresponding to 68% cover-
age of the passenger domain. Eleven of these were observed in
glycosylated forms (Fig. 4 and 5). The Aah and TibC glycosyl
transferases have been suggested to confer O glycosylation
(27). No consensus sequence(s) for bacterial glycoproteins has
yet been identified, but at least it is known that serine and
threonine are required (6, 36). Incorporating this into the
analysis of Ag43, a picture with potential glycosylated serine
and threonine side chains emerges (Fig. 5). The analysis also
revealed that the added sugar moieties were heptoses. Taken
together, the mass spectrometric analysis indicates that the
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Ag43 passenger can be decorated by added sugars. Glycosyla-
tion of the protein with heptosyl residues takes place at several
different positions, presumably involving S and T side chains.

Glycosylated wild-type variant of Ag43. Having demonstrated
that the passenger domain of Ag43 can exist as a glycoprotein, we
proceeded to probe for the existence of naturally occurring gly-
cosylated forms of Ag43. To this end, a number of wild-type
uropathogenic E. coli strains were screened for the presence of
surface-located glycoproteins that behaved like Ag43, i.e., pro-
teins that could be released from the bacteria by brief heat treat-
ment, were recognized by anti-Ag43 serum, and, importantly,
reacted in the glycoprotein assay. In several cases proteins that
fulfilled the criteria of our initial screening process were observed
(data not shown). We decided to further investigate one of these
candidate strains, namely, the uropathogenic E. coli strain 536
(UTI536). This strain has been extensively characterized (8, 12).
It can express two variants of Ag43, viz., Ag43-1II and Ag43-V,
encoded by ORF52 on pathogenicity island IIl5;, and ORF47 on
pathogenicity island V5, respectively (3). Both of these proteins
are expressed in a phase-variable manner; however, the Ag43-111
variant is better expressed and was chosen for this study. Western
blotting with antiserum raised against the passenger domain of
Ag43 showed clear signals of this protein in the UTI536 strain
(Fig. 6A). Moreover, a clear signal originating from the glyco-
sylated Ag43 passenger domain was observed in the glycopro-
tein stain (Fig. 6B). Importantly, these signals are missing in
heat extracts from a double knockout mutant of UTI536, i.e.,
strain 536 AORF47,, AORF52,;; (UTI536 DM). Meanwhile,
reintroduction of plasmids carrying flu genes corresponding to
Ag43-1IT and Ag43-K12 into UTI536 DM resulted in reappear-
ance of signals (Fig. 6). In effect, this makes Ag43 the third
known glycoprotein of E. coli. Mass spectroscopy of the Ag43
passenger domain isolated from a UTI536 background corrob-
orated the glycoprotein blotting data and identified the pres-
ence of heptosyl side chains. However, contamination with
small amounts of capsule material hampered this analysis (data
not shown).

As shown in this work, Ag43 can be glycosylated by the heptosyl
transferases Aah and TibC, belonging to the AIDA and TibC
systems, respectively. We investigated whether the glycosyl trans-
ferase of UTI536, capable of glycosylating Ag43, would accept
AIDA-I as a target. To this end a plasmid, pOS29, carrying the
aidA gene (but not aah) was introduced into UTI5S36 DM. When
heat-released protein from this strain was subjected to glycan
blotting, a signal could be seen. Also, the apparent molecular
weight of AIDA-I is known to change considerably when it is
glycosylated, which is exactly what we observed (data not shown).
Taken together, the results indicate that the unknown glycosyl
transferase of UTIS36, like its functional homologues, Aah and
TibC, accepts a spectrum of proteins as targets for glycosylation.

Glycosylated Ag43 mediates adhesion of E. coli to HEp-2 epi-
thelial cells. The nonglycosylated form of Agd3 from E. coli K-12
promotes efficient bacterial aggregation, but it does not mediate
binding to human cell line cells (Fig. 7). We speculated on
whether glycosylation of Ag43 by heptosyl transferases would
change this. Strain 536 is capable of expressing numerous ad-
hesins and cannot be used directly as a background strain for this
purpose, and the glycosylase modifying Ag43 in UTI536 is un-
known. Thus, for the purpose of these studies, strain OS64, which
in addition to Ag43 also produces the Aah heptosyl transferase,
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LOVDAGGTATNVTLK
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GTALKLTGSTVLNGAID
QGGALVTSTAATVTGINR
GRLQVDAGGTATNVTLK
QGGALVTSTAATVTGINR
EGDALLQGGSLTGNGSVEK
GGTLAGTTTLNNGAILTLSGK
VNPGGSVSDTVISAGGGQSLQGR
GSSFTLNAGDTATDTTVNGGLFTAR
ADNVVLENGGRLDVLTGHTATNTR

NGGTATTVSMGNGGVLLADSGAAVSGTR

AVNLNEGTLTLNDSTVTTDVIAQR
QGGALVTSTA ATVTGINRLGAFSVVEGK
AVNTTLNGGEQWMHEGAIATGTVINDK

TVNNDTLTIREGDALLQGGSLTGNGSVEK
AVNLNEGTLTLNDSTVTTDVIAQRGTALK
LQVDAGGTATNVTLKQGGALVTSTAATVTGINR
EGDALLQGGSLTGNGSVEKSGSGTLTVSNTTLTQK
ADNVVLENGGRLDVLTGHTATNTRVDDGGTLDVR

VDDGGTLDVRNGGTATTVSMGNGGVLLADSGAAVSGTR

SDGKAFSIGGGQADALMLEKGSSFTLNAGDTATDTTVNGGLFTAR

5000

TVNNDTLTIREGDALLQGGSLTGNGSVEKSGSGTLTVSNTTLTQK

J. BACTERIOL.

FIG. 4. MALDI-TOF mass spectroscopy. (A) Trypsin-digested Ag43 passenger domain isolated from a host strain unable to perform
glycosylation. (B) Representative enlarged segment of spectrum of trypsin-digested Ag43 passenger domain isolated from a host strain capable of
performing protein glycosylation. The indicated peaks correspond to the same peptide with and without heptose. The mass difference represents
heptose minus water. Values in angle brackets indicate average masses; all other masses are represented as monoisotopic. Masses are presented
as M + H. The asterisk indicates three heptose residues.
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VNPGGSVSDTVISAGGGQSLQGR
LDVLTGHTATNTRVDDGGTLDVR
QGGALVTSTAATVTGINRLGAFSVVEGK
LOVDAGGTATNVTLEKQGGALVTSTAATVTGINR
VDDGGTLDVRNGGTATTVSMGNGGVLLADSGAAVSGTRSDGK
TVNNDTLTIREGDALLQGGSLTGNGSVEK

FIG. 4—Continued.

was employed. In contrast to the control strains that produced
either Ag43 or Aah, OS64 was demonstrated to bind to cells of
the human cell line HEp-2 (Fig. 7). This suggests that glycosyla-
tion of Ag43 can modify its binding characteristics to target to
human cells.

DISCUSSION

E. coli is a versatile pathogen capable of causing a range of
diseases, such as diarrhea, bladder and kidney infections, pneu-
monia, and meningitis. The versatility of E. coli stems from the
fact that different strains have acquired different sets of viru-
lence genes through acquisition of pathogenicity islands, plas-
mids, etc. Different sets of virulence-related genes permit in-
fection and survival in different host tissues. In addition a small
group of virulence factors seem to be able to fulfill more than
one function; e.g., flagella can in some cases mediate not only
motility but also adhesion (16).

Ag43 seems to be such a multipurpose virulence factor.
Ag43 confers efficient bacterial aggregation via intercellular
self-recognition. It has become clear that the ability to form
aggregates seems to be a common trait among many bacterial

pathogens. Such aggregates are known to be able to resist
various host defenses, e.g., complement attack and phagocyto-
sis, more efficiently than solitary bacteria (7, 15, 31). Bacteria
expressing the Ag43 aggregating phenotype may exist as tight
communities of cells encompassing all of the beneficial aspects
of this type of existence. In this respect it is interesting to
speculate that the autoaggregating function of Ag43 may be a
tool used to aid survival of the organism on route to a mam-
malian host. Aggregation may also assist transfer of bacteria
across the gastric barrier on the way to the intestines. It is
noteworthy that the ability to aggregate greatly enhances the
infectivity of Vibrio cholerae (47). These observations lend
strong support to the notion that aggregation is an important
virulence mechanism. In contrast to aggregation systems based
on polymeric structures that reach far out from the bacterial
surface, such as fimbriae and curli, Ag43 is anchored directly to
the outer membrane. Thus, Ag43-mediated aggregation results
in a more intimate cell-cell contact than is seen with other
systems. Recently, Ag43 was shown to be expressed by uro-
pathogenic E. coli in vivo during formation of intracellular
bacterial aggregates or pods in bladder cells (1).
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(A)

(Peptide 1. (2143.0743 MI) VNPGGSVSDTVISAGGGOSLOGR
Glycosylated with one heptose.

Peptide 2. (3631.9192 AVG) GWOVVKPGTVATDTVVNTGAEGGPDAENGDTGQFVR
Glycosylated with one heptose, also found with no glycosylation.

Peptide 3. (4175.7593 AVG) LOVDAGGTATNVTLKQGGALVTSTAATVTGINRLGAFSVVEGK
Glycosylated with two heptoses or a di-heptose.

Peptide 4. (3187.6003 AVG) LOVDAGGTATRVTLEOGGAILNVTSTAATVTGINR
Glycosylated with one heptose, also found with no glycosylation. This peptide is the left part of peptide 3.

Peptide 5. (1716.9244 MI) QGGALVTSTAATVTGINK
Glycosylated with one heptose, also found with no glycosylation. This peptide is the middle of peptide 3.

Peptide 6. (2704.4634 MI) OGOAINVTSTAATVTGINRLGAFSVVIEGEK
Glycosylated with one heptose, also found with no glycosylation. This peptide is the right part of peptide 3.

Peptide 7. (3954.259 AVG) VDDGGTLDVRNGGTATTVSMGNGGVLLADSGAAVSGTRSDGK
Glycosylated with one heptose, also found with no glycosylation.

Peptide 8. (2426.2276 MI) LDVITGHTATNTRVDDGGTLDVR
Glycosylated with one heptose. This peptide is the left part of peptide 7.

Peptide 9. (2521.256 MI) NGOTATTVSMONGGVLLADSGAAVSG TR
Glycosylated with one heptose. This peptide is the middle part of peptide 7.

Peptide 10. (3409.69 AVG} EGDALLOQGGSLTGNGSVEKSGSGTLTVSNTTLTQK
Glycosylated with one heptose, also found with no glycosylation.

Peptide 11. (2961.2327 AVG) TVNNDTLTIREGDALLOQGGSLTGNGSVEK
Glycosylated with tree heptoses or a tri-heptose. This peptide is the left part of peptide 10.

(B)

ADIVVHPGETVNGGTLANHDNQIVFGTTNGMTISTGLEY GPDNEANTGGQWVQDGGTANKTTVTS
GGLQRVNPGGSVSDTVISAGGGOSLOGRAVNTTLNGGEQWMHEGAIATGTVINDKGW OV VEPGT
VATDTVIVNTOAFGGPDAENGDTGOFVRGDAVRTTINKNGRQIVRAEGTANTTVVYAGGDQTVHG
HALDTTLNGGYQYVHNGGTASDTVVNSDGWQIVKNGGVAGNTTVNQKGRL OV DAGUTATNNVTL
KQGGALVTSTAATVTGINRLGAFSVVEGKADNVVLENGGRLDVETGHTATNTRVDDGGTLDVRN
GUTATTVSMONGGY LLADSGAAVSGTRSDGKAFSIGGGQADALMLEKGSSFTLNAGDTATDTTVN
GGLFTARGGTLAGTTTLNNGAILTLSGKTVNNDTITIREGDALLOQGGSLTGNGSVEKSGSGTLTVSN
TTITOKAVNLNEGTLTLNDSTVTTDVIAQRGTALKLTGSTVLNGAID

©
— 498 aa —_— 499 aa —
[ I I N I
S a B

FIG. 5. Summary of identified tryptic peptides from the Ag43 passenger domain found to be glycosylated with heptose residues by MALDI-
TOF mass spectrometry. Potential O-glycosylated amino acids are indicated in blue. (A) Identified glycosylated peptides. Molecular masses (in
daltons) are indicated. MI and AVG, monoisotopic and average masses, respectively. Glycosylation status is indicated. Note that several of the
peptides are overlapping due to partial tryptic digestion. (B) Primary structure of the passenger domain with glycosylated peptides indicated.
(C) Overall picture of Agd3 glycosylation. Glycosylated segments are indicated as black bars. S, signal peptide; a, passenger domain; B,
transmembrane domain; aa, amino acids.
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FIG. 6. Ag43-variants from E. coli UTI536 are glycosylated.
(A) Western blotting of Ag43 passenger domains liberated from E. coli
host cells by brief heat treatment and detected with anti Ag43 passen-
ger domain serum. (B) Glycan detection. Lanes: 1, UTI536; 2, UTI536
DM; 3, UTI536 DM (Agd3-1117); 4, UTI536 DM (Ag43-K12%). The
latter detection analysis was somewhat hampered by the heavy encap-
sulation of UTI536, which accounts for the capsule material observed
in the double mutant.

Another important phenotype associated with Ag43 is bio-
film formation. Expression of Ag43 greatly enhances bacterial
biofilm not only in E. coli but also in other gram-negative
bacteria (22, 23, 24). The ability to form biofilms is a trait
closely associated with bacterial persistence and virulence, and
many persistent and chronic bacterial infections, including pe-
riodontitis, otitis media, biliary tract infections, and endocar-
ditis, are now believed to be linked to the formation of biofilms
9, 13).

The observations presented in this study suggest that Ag43
can exist in a glycosylated version and that this form enhances
bacterial attachment to human cells. In effect, in addition to its
other virulence-related traits, the glycosylated form of Ag43
seems to be an adhesin that can mediate binding to human
cells. Specific attachment to a host tissue is of paramount
importance in bacterial pathogenesis, and adherence and sub-
sequent colonization of a host tissue are generally considered
to be key events in bacterial pathogenesis (reviewed in refer-
ences 25 and 26). Specific adhesion provides bacteria with both
the ability to select a target surface (tissue tropism) and the
ability to resist removal in an environment subjected to hydro-
dynamic shear forces such as the urinary tract. This third novel
virulence-related phenotype of Ag43 truly makes it a “molec-
ular Swiss army knife.” It is not clear whether addition of sugar
residues to Ag43 somehow makes it able to bind to a molecular
motif present on the surface of HEp-2 cells or whether the
added sugar residues make it a target for lectins present on
surface of the HEp-2 cells. In this context, we can add that
addition of heptose monosaccharide to the buffer does not
seem to affect Ag43-mediated cell attachment.

Both the Aah and TibC heptyltransferases readily accepted
Ag43 as a substrate. These heptyltransferases exhibit signifi-
cant homology to the WaaQ (formerly RfaQ) heptyltrans-
ferase involved in the biosynthesis of the E. coli LPS (46). For
example, TibC exhibits 30% identity to WaaQ over a stretch of
180 amino acids (27). Like WaaQ, both Aah and TibC employ
ADP-glycero-manno-heptopyranose as a precursor substrate
(5). WaaQ appears to be a HeplII transferase that transfers
Heplll to Hepll in the LPS core (46). The nature of the
glucosyl transferase that confers glycosylation of Ag43 in strain
536 is not clear. It would appear conceivable that there are
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FIG. 7. Glycosylated Ag43 promotes adhesion to HEp-2 cells. In-
teraction of HEp-2 epithelial cell line cells with E. coli strains express-
ing nonglycosylated Ag43 (LH57, Ag43™) (A), Aah heptosyl trans-
ferase (OS101, Aah™) (B), or glycosylated Ag43 (OS64, Aah™ Agd3™")
(C) is shown.

variants of WaaQ that instead of or in addition to performing
O glycosylation of another heptose sugar can do this to thre-
onine or serine residues in selected proteins. In both the AIDA
and TibA systems, the gene encoding the heptosyl transferase
is found immediately adjacent to the autotransporter-encoding
gene. This is not the case in the UTI536 strain, where investi-
gation of the partially resolved genome sequence indicates that
no heptosyl transferase is located anywhere near the flu genes.

Whereas the distant relatives of Ag43, viz., AIDA-I and
TibA, are restricted to limited subsets of diarrheagenic strains,
Ag43 is widespread among E. coli strains. Indeed, a survey
among enteropathogenic and uropathogenic strains showed
that 77% and 60%, respectively, of these were capable of Ag43
expression. Furthermore, the presence of more than one copy
of the flu gene seems to be the rule rather than the exception
(24, 34, 35, 43). We have recently characterized Ag43 variants
that are unable to self-associate, and it seems conceivable that
such proteins can be glycosylated, act as adhesins, and contrib-
ute to the pathogenicity and environmental fitness of the
strains in question.

The region encompassing the N-terminal ~150 amino acid
residues of the Ag43 passenger domain has been implicated in
Ag43-Agd3 self-recognition, and the first 47 amino acid resi-
dues were found to be especially important (24). This region
harbors peptide segments that provide the interaction required
for self-association to take place. Decoration of the Ag43 pas-
senger domain by addition of sugars apparently does not block
this interaction, as shown in this work. Glycosylation of the
passenger domain takes place at several different positions. In
this context, it is noteworthy that none of the Ag43-derived



1806 SHERLOCK ET AL.

tryptic peptides that were found to be glycosylated originated
from the N-terminal 70-amino-acid-residue segment and only
one glycosylated peptide originated from region consisting of
the first 120 amino acid residues (Fig. 4). It is interesting to
speculate that the N-terminal region of the protein is kept free
of glycosylation in order not to interfere with the self-recogni-
tion mechanism of Ag43.

A novel picture of the Ag43 autotransporter is emerging.
Indeed, this molecule seems to be a highly versatile virulence
factor fulfilling multiple potential roles in bacterial pathogen-
esis: (i) it is capable of mediating bacterial aggregation via
intercellular self-recognition, (ii) it is a highly efficient initiator
of biofilm formation, and (iii) it can exist as a glycoprotein and
as such demonstrates an adhesive phenotype with affinity for
human cells.
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