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Distinct Glycan Structures of Uroplakins Ia and Ib
STRUCTURAL BASIS FOR THE SELECTIVE BINDING OF FimH ADHESIN TO UROPLAKIN Ia *□
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Although it has been shown that mouse uroplakin (UP) Ia, a
major glycoprotein of urothelial apical surface, can serve as the
receptor for the FimH lectin adhesin of type 1-fimbriated Escherichia coli, the organism that causes a great majority of urinary
tract infections, the glycan structure of this native receptor was
unknown. Using a sensitive approach that combines in-gel glycosidase and protease digestions, permethylation of released glycans,
and mass spectrometry, we have elucidated for the first time the
native glycoform structures of the mouse UPIa receptor and those of
its non-binding homolog, UPIb, and have determined the glycosylation site occupancy. UPIa presents a high level of terminally
exposed mannose residues (located on Man6GlcNAc2 to Man9
GlcNAc2) that are capable of specifically interacting with FimH. We
have shown that this property is conserved not only in the mouse
uroplakins but also in cattle and, even more importantly, in human
UPIa, thus establishing the concept that UPIa is a major urothelial
receptor in humans and other mammals for the mannose-specific
FimH variant. In contrast, our results indicate that most terminally
exposed glycans of mouse UPIb are non-mannose residues, thus
explaining the failure of FimH to bind to this UPIb. In cattle, on the
other hand, complex carbohydrates constituted only about 20% of
the UPIb N-linked glycans. Human UPIa contained exclusively high
mannose glycans, and human UPIb contained only complex glycans. The drastically different carbohydrate processing of the UPIa
and UPIb proteins, two closely related members of the tetraspanin
family, may reflect differences in their folding and masking due to
their interactions with their associated proteins, UPII and UPIIIa,
respectively. Results from this study shed light on the molecular
pathogenesis of urinary tract infections and may aid in the design of
glyco-mimetic inhibitors for preventing and treating this disease.

The essential first step in mucosal infection is for the microorganisms
to latch onto the mucosal surfaces to escape being expelled by physical
forces and other innate host defenses (1). Indeed, many microorganisms
are equipped with sophisticated devices that allow them to adhere to
and colonize a particular mucosal niche and cause organ-specific infec-
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tions. The type 1-fimbria, a slender filamentous appendage made by
almost all uropathogenic Escherichia coli, is such a device and is obligatory for E. coli adhesion to the urothelial surface (2– 4). The fimbriae
are made up of four protein components (FimA, -F, -G, and -H), with
homo-polymeric FimA forming a long, cylindrical shaft projecting outward from the E. coli and a single FimH adhesin strategically located at
the distal tip of each fimbria (5–7). A crystallographic study revealed
that the FimH subunit consists of two distinct domains, an N-terminal
lectin domain encircling a carbohydrate binding pocket and a C-terminal pilin domain (8, 9). This structural model predicts that the binding
pocket of FimH is capable of accommodating a single mannose residue,
a finding highly consistent with earlier in vitro studies where type 1-fimbriated E. coli can efficiently agglutinate mono-mannose-bearing latex
beads as well as erythrocytes and bakers’ yeast, both known to express
high mannose surface glycoproteins (10). However, mono-mannose
proteins do not exist in nature, and erythrocytes and yeast are not
involved in E. coli adhesion to the urothelial surface. Critical information is lacking, therefore, regarding the detailed carbohydrate structure
of the urothelial receptor that is physiologically responsible for binding
the FimH lectin adhesin.
The urothelial surface is almost completely occupied by 16-nm
protein particles hexagonally packed into two-dimensional crystals
called asymmetric unit membrane (AUM)3 or urothelial plaques
(11–15). Each particle can be further divided into a six-subdomain
inner ring and six-subdomain outer ring (12–14, 16 –18). The particles are now known to be composed of four major proteins, termed
uroplakin Ia (UPIa; 27 kDa), UPIb (29 kDa), UPII (15 kDa), and
UPIIIa (47 kDa) (19 –24). UPIa and UPIb each contain four transmembrane domains and interact with single transmembrane-domain partners, UPII and UPIIIa, respectively (15, 25, 26). Whereas
the mature form of UPII is not glycosylated, UPIa, -Ib, and -IIIa are
all modified with N-linked glycans, as evidenced by electrophoretic
mobility reduction after N-glycosidase digestions (20, 22, 23). The
sheer abundance of the uroplakins on the urothelial surface and the
fact that some of them carry N-linked glycans raised the interesting
possibility that one or more of the uroplakins may serve as the
urothelial receptor(s) for FimH lectin adhesin. This hypothesis has
been proven correct by several independent in vitro and in vivo studies. First, type 1-fimbriated, but not P-fimbriated or non-fimbriated,
E. coli bound to highly purified bovine AUM containing primarily
the four uroplakins (27). A gel overlay assay using radiolabeled, type
1-fimbriated E. coli revealed that bovine UPIa and -Ib, both sensitive
to endoglycosidase H (Endo H) treatment, bound to the E. coli. Nei3

The abbreviations used are: AUM, asymmetric unit membrane; UP, uroplakin; Endo H,
endoglycosidase H; PNGase F, peptide N-glycosidase F; MALDI-TOF MS, matrix-assisted laser desorption/ionization time-of-flight mass spectrometry; ESI, electrospray
ionization.
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ther non-glycosylated UPII nor highly glycosylated UPIIIa (sensitive
only to peptide N-glycosidase F (PNGase F) treatment) showed any
binding, strongly indicating a high degree of ligand-receptor specificity (27). Second, under quick-freeze, deep-etch microscopy in a
mouse ascending urinary tract infection model, the tips of type
1-fimbriae were seen to make direct contact with the central depression surrounded by the inner ring within the 16-nm uroplakin particle (28). This study provided the first in vivo evidence indicating
that the uroplakins can serve as the physiological receptors for the
FimH adhesin. FimH-mediated binding to urothelial surface can also
trigger urothelial cells to engulf the bacteria, thus insulating the
pathogen from host defenses (29, 30). Third, electron microscopybased domain mapping studies using recombinant FimH as a probe
localized the FimH binding sites to the inner 6 subdomains of the
16-nm protein particles (31). Finally, naturally occurring phenotypic
variants of FimH showed different binding affinities to highly purified AUMs. Those E. coli that exhibit high affinity binding to the
mono-mannose moieties and that are primarily found in urinary
tract infection isolates bind to purified AUMs in much greater numbers than those binding only to the tri-mannose structures that have
been identified mainly in the fecal isolates (32). Together, these data
strongly suggest that uroplakins play critical roles not only in mediating E. coli adhesion and internalization but also in providing a
selective advantage for certain types of E. coli strains to preferentially
colonize the urinary tract.
Despite these advances, several critically important questions have
remained unanswered. For instance, in mice, whose UPIa and -Ib can
easily be resolved on SDS-PAGE, we have reported that FimH bound
preferentially to UPIa, despite the fact that a significant portion of
mouse UPIb is sensitive to Endo H, which is known to release “high
mannose” glycans (33). An even more important and clinically relevant
question is whether human UPIa, like that of its mouse counterpart, can
also serve as the receptor for FimH. In addition to these unsettling
issues, the structural basis for FimH so reproducibly binding UPIa has
not been determined. It seemed clear that elucidating the detailed oligosaccharide structures of both UPIa and -Ib from different species in
conjunction with FimH binding studies should help resolve many of
these important issues.
Because of the difficulty in individually isolating the highly insoluble
uroplakins and because of the complexity and heterogeneity of the
carbohydrates, it has been a technical challenge to determine the oligosaccharide structures of the uroplakins to enable establishing the structure-function relationships (34 –37). In this study we utilized the
sophisticated and sensitive approach of mass spectrometry combined
with in-gel glycosidase digestions followed by microscale permethylation of released glycans and tandem mass spectrometry to accomplish
detailed analyses of the N-linked glycans present in UPIa and -Ib of
mouse and cattle. Despite the small quantities available and the great
complexity typically present in biological samples, we demonstrate that
this approach can quickly provide abundant structural and quantitative
information. We also mapped the locations of the N-glycosylation sites
that actually harbor glycans in both proteins through subsequent in-gel
protease digestion of the deglycosylated proteins and mass spectral
sequencing of the proteolytic peptides. Finally, we provide critical evidence that human UPIa, but not UPIb, has Endo H-sensitive (high mannose) glycans and can bind FimH. Results from these studies provide a
molecular explanation as to why UPIa and UPIb bind FimH differently
and shed light on the roles of different uroplakins in the pathogenesis of
urinary tract infections.
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EXPERIMENTAL PROCEDURES
Reagents—The chemicals and their sources are listed below. Enzymes
including recombinant, glycerol-free PNGase F, Endo H (New England
Biolabs Inc, Beverly, MA), and trypsin (Promega Corp., San Luis
Obispo, CA) were used in digestions. The matrix-assisted laser desorption/ionization reflectron time-of-flight mass spectrometer (MALDI
MS) matrices 2,5-dihydroxybenzoic acid and ␣-cyano-4-hydroxycinnamic acid (Bruker, Billerica, MA), the permethylation reagents
dimethyl sulfoxide, sodium hydroxide, and methyl iodide as well as
chloroform and other solvents (Sigma-Aldrich) were stored under dry
conditions. Recombinant FimH/C complex was produced as described
previously (38).
Isolation of Urothelial Plaques—Urinary bladders from murine and
bovine species were obtained within 4 h postmortem. Human urothelial
cells were collected from 14 –16-week-old embryonic bladders. The
acquisition and use of human tissues and the donor consent form have
been approved by the Institutional Review Board of NYU Medical
School. Urothelial plaques were isolated by sucrose density gradient
centrifugation coupled with differential detergent washes (21). The
resulting urothelial plaque proteins were solubilized in 1% SDS and
quantitated using the BCA reagent.
FimH Overlay Assay—Proteins in the AUM fractions from each species were resolved on 17% SDS-PAGE, transferred onto nitrocellulose
membrane, and incubated at room temperature for 45 min with 3%
bovine serum albumin (Sigma) in TBST (50 mM Tris-Cl, pH 7.4, 150 mM
NaCl, 0.05% Tween 20) followed by incubation with biotinylated
FimH/C (1 g/ml) for 1 h at room temperature. The biotinylated
FimH/C proteins were visualized using horseradish peroxidase-labeled streptavidin (Sigma) and SuperSignal enhanced chemiluminescent
substrate (Pierce).
Gel Electrophoresis and Protein Staining/Destaining—The purified
AUM was resolved on 16% tris-glycine polyacrylamide gel (Invitrogen)
using an E 19001-Xcell II Mini-Cell (Genisphere Inc., PA) at 125 V
constant voltage. Proteins were visualized by GelCode Blue Stain reagent (Pierce) followed by destaining with distilled water. Individual protein bands of interest were excised from the gel.
Protein Reduction and Alkylation—The excised gel bands were cut
into pieces of about 1 mm3 and washed with 50 mM NH4HCO3, then
100% acetonitrile (CH3CN). After removal of the supernatant, gel segments were dried in a Savant Instruments SC 110 SpeedVacTM concentrator (Farmingdale, NY) and incubated at 56 °C for 60 min in 25 l of 10
mM dithiothreitol in 50 mM NH4HCO3. After cooling to room temperature and removal of the supernatant, the gel pieces were incubated at
45 °C for 45 min in the dark in 25 l of 50 mM fresh iodoacetamide in 50
mM NH4HCO3, washed in 50 l of 50 mM NH4HCO3, then 100%
CH3CN, and dried using a SpeedVac to remove SDS, reducing, and
alkylation reagents.
In Situ Glycosidase and Protease Digestions—The dried gel pieces
were sequentially treated with PNGase F (500 units/ml in 25 mM
NH4HCO3) and with trypsin (20 ng/l in 25 mM NH4HCO3). For each
digestion, the volume of enzyme solution was adjusted to cover the gel
pieces, more buffer (50 mM NH4HCO3) was added, and the tubes were
incubated at 37 °C overnight.
Oligosaccharides and Peptides Extraction—Glycans were extracted
from the gel pieces by removing the incubation buffer, which already
may have contained some sugars, and using three exchanges of 100 l
water, with sonication for 30 min each time. All supernatants were
combined and dried in a SpeedVac. Similarly, peptides were extracted
from the gel pieces by removing the incubation buffer, which already
may have contained some peptides, and using three changes of 100 l of
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50% acetonitrile in water with sonication for 30 min each time. All
extracts were combined and dried in a SpeedVac.
Permethylation of Oligosaccharide—Released glycans were dissolved
in Me2SO and per-O-methylated by treating with powdered sodium
hydroxide with methyl iodide using the method introduced by Ciucanu
and Kerek (39) as modified by Ciucanu and Costello (40).
Mass Spectrometry—Mass spectra were acquired on a Bruker Reflex
IV MALDI-TOF MS equipped with a Laser Science nitrogen laser
(Franklin, MA) having a 3-ns pulse width at 337 nm or an electrospray
ionization (ESI) QSTAR Pulsar i quadrupole-orthogonal TOF mass
spectrometer (MS and MS/MS) (Applied Biosystems, Foster City, CA).
MALDI-TOF MS—Dried permethylated glycans were dissolved in
acetonitrile:water (70:30, v/v). One l of sample was then mixed with 1
l of the MALDI matrix 2,5-dihydroxybenzoic acid (10 mg/ml in acetonitrile:water:trifluoroacetic acid (50/50/0.1 v/v/v)), spotted onto the
MALDI target plate, allowed to dry and analyzed in the positive reflectron mode with delayed extraction. Permethylated oligosaccharides
were observed as [M⫹Na]⫹ ions. Zip-TipTM-cleaned tryptic peptides
were dissolved in acetonitrile:water:trifluoroacetic acid (30:70:0.1, v/v/
v). One l of sample solution was mixed with the MALDI matrix
␣-cyano-4-hydroxycinnamic acid (10 mg/ml in acetonitrile:water:trifluoroacetic acid (50/50/0.1 v/v/v)), deposited on a MALDI target, and
observed as [M⫹H]⫹ in the positive ion spectra.
ESI Quadrupole-orthogonal TOF MS and Collision-induced Decomposition MS/MS—ESI MS/MS has been a particularly useful tool for the
analysis of oligosaccharides, because it provides composition and
sequence information based on comparison of fragments (41– 43). The
solution of permethylated glycans 5 l in 25 mM NaOH, 50% methanol
(60/40, v/v) was loaded into a nanospray tip, and the sample was nanosprayed into the mass spectrometer by increasing the capillary potential
slowly until a stable ion current was observed in the positive ion mode.
In ESI, the permethylated oligosaccharides gave abundant [M⫹nNa]n⫹
ions, and the entire isotopic cluster was selected for the collision-induced decomposition MS/MS analysis (44). Collision-induced decomposition MS/MS spectra were acquired at 30 – 60 V collision cell voltage, and the resulting spectra were examined manually. Peptides
cleaned by Zip-TipTM were eluted with acetonitrile:water:formic acid
(50/50/0.5, v/v/v) and analyzed. Peaks whose observed mass suggested
that they contained potential glycosylation sites were selected for
MS/MS analyses.

RESULTS
Strategies for Determining the Oligosaccharide Structures of Uroplakins Ia and Ib—Highly purified mouse urothelial plaques contain
four major protein subunits, uroplakins Ia (⬃27 kDa), Ib (29 kDa), II (15
kDa), and IIIa (47 kDa; Fig. 1A, lane 2). Although UPIa could be quantitatively converted to a lower Mr (deglycosylated) form by Endo H (Fig.
1B, lanes 4 and 5), only about 30 – 40% of the UPIb glycans were Endo
H-sensitive, and the rest of the glycoprotein required PNGase F for
complete deglycosylation (Fig. 1B, lanes 10 –12). Similar results were
obtained with bovine uroplakins Ia and Ib, which were only partially
resolved by SDS-PAGE (Fig. 1A, lane 3), although they could be clearly
distinguished by immunoblotting using monospecific antibodies; in this
case 100% of UPIa (Fig. 1B, lanes 1 and 2) and 70 – 80% of the UPIb were
Endo H-sensitive (lanes 7 and 8). The minimal requirement for Endo H
sensitivity is the presence of Man␣1–3Man␣1– 6Man␤1– 4GlcNAc␤1–
4GlcNAc-. This means that only high mannose and hybrid-type glycans
will be released (45, 46). The partial Endo H-sensitivity of UPIb was
confusing as this was not entirely consistent with the observation that
recombinant FimH binds exclusively to mouse UPIa, with no detectable
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FIGURE 1. Determination of the glycan structure of uroplakins Ia and Ib. A, separation
of mouse (M) and bovine (B) UPs by SDS-PAGE. Numbers on the left denote molecular
weight of markers. B, the endoglycosidase sensitivities of bovine and murine UPIa and
UPIb. Bovine (B) and mouse (M) urothelial plaques were dissolved in SDS, incubated with
buffer alone (controls (C )), Endo H (H), or PNGase F (F ), resolved by SDS-PAGE, and
immunoblotted using antibodies to UPIa or UPIb. C, strategies for determining the oligosaccharide structures of electrophoretically purified uroplakins (pathway I) and the
identification of the N-glycosylation site on the protein backbone (pathway II).

binding to UPIb (33). To address this problem we devised a strategy
to determine the carbohydrate structures of mouse UPIa and UPIb
(Fig. 1C). Uroplakins were resolved by SDS-PAGE and detected by
Coomassie Blue staining (Fig. 1A). Bands of interest were then
excised and deglycosylated in-gel by treatment with PNGase F. The
extracted glycans were subjected to permethylation and then analyzed
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FIGURE 2. Analysis of the enzymatically released and permethylated glycans from murine UP Ia (A) and UP Ib (B) by MALDI-TOF MS. Monoisotopic peaks in A and average
peaks in B are annotated. The structural assignments, as represented by shorthand symbolic notations (I–XI), were deduced from their observed mass, their glycosidic, cross-ring
fragmentation patterns derived from ESI MS/MS, and the normal N-linked glycan structure, except for glycan V and VI, since no ESI MS/MS could be obtained due to the low
abundance of the glycoforms. *, polyhexose contaminants.

by MALDI-TOF MS and by ESI MS/MS. After release of the N-glycans,
the deglycosylated proteins remaining in the gel were trypsin-digested.
The products from the proteolysis were analyzed by MALDI MS and
ESI MS/MS to identify the glycan-released peptides and locate the previously occupied glycosylation sites.
Mouse Uroplakin Ia and Ib Harbor Mainly High Mannose and Complex Glycans, Respectively—When the glycans released from mouse
UPIa were permethylated and analyzed by MALDI-TOF MS, multiple
peaks were observed whose m/z values were spaced at intervals of
204.1 ⫾ 0.1 (calculated monoisotopic mass of a permethylated Hex
residue, 204.100 atomic mass units), suggesting the presence of a glycan
series with differing numbers of hexoses (Fig. 2A). The oligosaccharide
structures of all the major monoisotopic peaks were deduced from their
observed mass, and their glycosidic and cross-ring fragmentation patterns were derived from ESI MS/MS and the normal N-linked glycan
structure. Fig. 3A presents a representative MS/MS spectrum that was
assigned to glycoform IV, Man9GlcNAc2. Designations of fragments are
based on the accepted nomenclature for oligosaccharide fragmentation
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introduced by Domon and Costello, shown in supplemental Fig. 1 (47).
The prominent fragment ions B and Y observed indicated that these
glycans possess hexoses as non-reducing termini (please see supplemental Figs. 3, 5, and 6 for the interpretation of other high mannose
glycans). Moreover, since the ratios of signal intensities (from individual
glycans greater than 1 kDa irrespective of their structures) are known to
be semiquantitative in MALDI-TOF mass spectra, we could use these
data to estimate the relative abundances of the various components (48,
49). This information as well as the observed and calculated masses and
the proposed compositions of various glycoforms are summarized in
Table 1. Finally, the occupancy of the potential N-glycosylation site at
Asn-169 was mapped by the identification by MALDI-TOF MS of a
single tryptic peptide (residues 152–175) that had undergone the
expected Asn-169 to Asp-169 conversion upon deglycosylation (Fig. 4A,
supplemental Fig. 2). The sequence of this peptide was confirmed by ESI
MS/MS (data not shown); this result was consistent with our previous
investigation of mouse UPIa using 18O labeling and tandem mass spectrometry (33).
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FIGURE 3. Analysis by ESI MS/MS of permethylated glycan ions at m/z 814.1 (3ⴙ) (A), corresponding to structure IV of murine UPIa, and m/z 1110.9 (3ⴙ), corresponding to
structure VIII of UPIb (B). The illustrated glycan structures were derived from the MS/MS fragmentation patterns. Monoisotopic peaks are annotated, and the assignment of peaks
takes into account the normal N-glycan structures. All fragments contain sodium. n ⫽ ␣⬘, ␣⬙, ␤; m ⫽ ␣, ␣⬙⬙, ␤⬘.
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TABLE 1
Proposed compositions of the released and permethylated glycans from in-gel PNGase F digestion of murine UP Ia and UP Ib, respectively
Compositions were tentatively assigned to MALDI-TOF MS peaks on the basis of m/z values and confirmed by ESI MS/MS. Mon, monoisotopic mass of the [M⫹Na]⫹ ion
of the glycans. Avg, average mass of the [M⫹Na]⫹ ion of the glycans.
Observed [MⴙNa]ⴙ (Mon)

Calculated [M ⴙ Na]ⴙ (Mon)

Proposed composition

% Total glycoform

1784.04
1988.10
2192.19
2396.16

1783.88
1987.98
2192.08
2396.18

HexNAc2Hex6
HexNAc2Hex7
HexNAc2Hex8
HexNAc2Hex9

5
28
43
24

Murine UP Ib

Observed [MⴙNa]ⴙ (Avg)

Calculated [M ⴙ Na]ⴙ (Avg)

Proposed composition

% Total glycoform

V
VI
VII
VIII
IX
X
XI

1785.04
2204.40
3043.06
3288.55
3492.71
3667.44
3912.19

1784.95
2204.42
3043.37
3288.64
3492.86
3667.06
3912.34

HexNAc2Hex6
HexNAc2Hex5[HexNAcHexDeoxyHex]
[HexNAc2Hex3][HexNAcHexDeoxyHex]3
[HexNAc2Hex3][HexNAcHexDeoxyHex]3HexNAc
[HexNAc2Hex3][HexNAcHexDeoxyHex]3HexNAcHex
[HexNAc2Hex3][HexNAcHexDeoxyHex]4
[HexNAc2Hex3][HexNAcHexDeoxyHex]4HexNAc

6
6
14
54
8
7
5

Murine UP Ia
I
II
III
IV

FIGURE 4. Analysis by MALDI-TOF MS of the tryptic peptides of murine UPIa (A) and UPIb (B) after deglycosylation. The peaks at m/z 2853.23 and 2322.06 correspond to the
initially glycosylated peptides that have undergone glycan loss and Asn to Asp conversion in their N-glycosylation motifs (underlined), as shown in the schemes. The peptide
sequences were established based on the observed b- and y-series ions in the ESI MS/MS analysis (data not shown). The numbers in parenthesis designate amino acid intervals in UPIa
and -Ib.

Similar analyses were performed on SDS-PAGE-purified mouse
UPIb, which were found to contain a series of high mannose, hybrid, and
multiple-antennary complex glycans (Fig. 2B). The peaks at m/z 1785.04
and 2204.40 were consistent with high mannose and hybrid N-glycans,
whereas those at m/z 3043.06, 3288.55, 3492.71, 3667.44, and 3912.19
corresponded to a series of complex glycans (see Table 1 for the
observed and calculated masses as well as the proposed compositions of
UPIb-associated glycoforms V to XI). Assignments of the sequences of
the glycans were based on the results from collision-induced decomposition tandem mass spectrometry (see Fig. 3B for a representative tandem MS experiment on glycoform VIII). The particularly abundant ion
at m/z 660.3 (the singly sodiated B2␣⬘ ion (or B2␣⬙, or B2␤)) supported the
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presence of an antenna unit composed of a GlcNAc, a Gal, and a Fuc
residue; observations of the doubly charged ion at m/z 1336.2 led to its
assignment as the fragment Y4␣⬘ ion (or Y4␣⬙, or Y4␤) implying the loss of
this antenna unit, as mentioned above. In addition, C1n and Y5m/B2n
observed at m/z 259.1 and 472.2 indicate that the Fuc can only be
attached to a HexNAc residue, not the terminal Gal at the non-reducing
end. Furthermore, the deduced structures have only unsubstituted
GlcNAc residues at the reducing terminus, i.e. there is no “core fucosylation.” These results indicated that the mouse UPIb-associated glycans
were predominantly (⬎85%) of the complex type (structures VII to XI as
shown in Fig. 2B and Table 1) with less than 15% of high mannose (V)
and hybrid glycans (VI). In-gel tryptic digestion of the deglycosylated
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FIGURE 5. Determination of the sequence and anchoring site of the bovine UPIa/UPIb glycans. A, analysis of the permethylated glycans from a mixture of bovine UPIa and UPIb
by MALDI-TOF MS. A mixture of bovine UPIa and -Ib was used for this analysis because they are not as well separated electrophoretically as the mouse analogues. The assumed
structures, as shown, were verified by ESI MS/MS (Fig. 5B, supplemental Figs. 4 – 6) and are summarized in Table 2, except for glycan I, since no ESI MS/MS was obtained due to the low
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TABLE 2
Proposed compositions of the released and permethylated glycans
from in-gel PNGase F digestion of bovine UP Ia and UP Ib mixture
Compositions were tentatively assigned to MALDI MS peaks on the basis of m/z
values and confirmed by ESI MS/MS. Mon, monoisotopic mass of the [M⫹Na]⫹ ion
of the glycans.
Bovine
UP Ia/Ib

Observed
[MⴙNa]ⴙ
(Mon)

Calculated
[MⴙNa]ⴙ
(Mon)

Proposed
composition

% Total
glycoform

I
II
III
IV
V

1579.84
1784.02
1988.04
2192.14
2396.30

1579.78
1783.88
1987.98
2192.08
2396.18

HexNAc2Hex5
HexNAc2Hex6
HexNAc2Hex7
HexNAc2Hex8
HexNAc2Hex9

4
43
11
20
22

FIGURE 6. Identification of human UPIa as a major FimH receptor. Urothelial plaques
were isolated from the bladder of human embryo, resolved by SDS-PAGE, and stained
with silver nitrate (A) or transferred electrophoretically to nitrocellulose and incubated
with biotinylated, recombinant FimH䡠FimC complex (B) or immunoblotted with monospecific antibodies to UP Ia (C ), UPIb (D), UPII (E ), or UPIIIa (F ). The ⬃35-kDa band in the
last lane of panel A and B is Endo H. Note that Endo H reduced the size of UPIa (from 25 to
⬃22 kDa) but not those of UPIb (two bands remained at 30 and 23 kDa), UPIII (remained
at ⬃45 kDa), or UPII (remained at ⬃14 kDa) and that the selective binding of FimH to
human UPIa is sensitive to Endo H treatment.

protein followed by MALDI MS and ESI tandem MS analyses identified
Asn-131 as the previously occupied, N-glycosylation site for mouse
UPIb (Fig. 4B, supplemental Fig. 2).
Bovine UP Ia/Ib Mixture Contains Mainly High Mannose Glycans—
As mentioned earlier, bovine UPIa and -Ib could only be partially
resolved by SDS-PAGE (Fig. 1A, lane 3). Therefore, we analyzed the
glycans of a mixture of bovine UPIa and -Ib. We found by MALDI-TOF
MS (Fig. 5A) and ESI MS/MS (Fig. 5B, supplemental Figs. 4 – 6) analyses
that the glycans of bovine UPIa/Ib were predominantly high mannose
glycans carrying from 5 to 9 mannose residues (Table 2). Analyses of the
tryptic peptides from PNGase F-deglycosylated bovine UPIa/Ib established that Asn-170 in UPIa and Asn-131 in UPIb were the occupied
N-glycosylation sites (Fig. 5C, supplemental Fig. 2).
FimH Binds to Human Uroplakin Ia—The finding that the type-1
fimbriated E. coli binds selectively to mouse UPIa but probably to both
bovine UPIa and -Ib raised the question of which human uroplakin(s)
might serve as the FimH receptor (27, 33). We, therefore, tested the
FimH binding capacity of the individual uroplakins of the detergentinsoluble urothelial plaques isolated from the bladder urothelia of
16 –18-week human embryos using the gel-overlay assay. The four
major human uroplakins (the 26-kDa UPIa, 30-kDa UPIb, 14-kDa UPII,
and 47-kDa UPIIIa) were well resolved (Fig. 6, C–F ). The result indi-

cated that 100% of human UPIa was Endo H-sensitive (Fig. 6C). However, unlike the murine and bovine UPIb, which were 40 and 80% Endo
H-sensitive, respectively, the glycosylated form of human UPIb was
completely resistant to Endo H and, therefore, contains 100% complex
glycans (Fig. 6D). Recombinant FimH was found to bind exclusively
UPIa (Fig. 6B, lane 1), and this binding could be abolished completely by
Endo H treatment indicating that the binding was high mannose glycandependent (Fig. 6B, second lane).

DISCUSSION
Differential Glycosylation of Mouse UPIa and UPIb Confers Different
Binding to FimH—By determining the oligosaccharide structures of
mouse UPIa and -Ib, we now better understand why FimH binds drastically differently to the two closely related mouse glycoproteins, UPIa
and UPIb (33). Although the single N-glycosylation sites of both mouse
UPIa (Asn-169) and UPIb (Asn-131) are modified by N-linked glycans, the structures of the glycans differ considerably (Figs. 2 and 3).
Mouse UPIa contains a series of high mannose glycans ranging from
Man6GlcNAc2 to Man9GlcNAc2 with the glycoform distributions indicated in Fig. 2A and Table 1. This is consistent with the fact that the
N-glycans of mouse UPIa can be efficiently removed by Endo H, a glycosidase specific for high mannose glycans (Fig. 1B, lane 5). Mouse
UPIb, however, contains mainly a series of multiple-antennary complex
glycans, with a relatively low percentage of hybrid and high mannose
glycans (Fig. 2B and Table 1). The terminal monosaccharides of mouse
UPIb deduced from MS/MS spectra consist of non-mannose moieties
including HexNAc (likely GlcNAc), dHex (likely Fuc), and Hex (likely
Gal) (Figs. 2B and 3B). The abundance of terminally exposed mannoses
in mouse UPIa and the low content of the same in UPIb clearly explains
why FimH lectin-adhesin, whose carbohydrate binding pocket can
accommodate only a single mannose (8, 9, 50), binds UPIa but not UPIb
at all (31, 33). Although mouse UPIb still retains core mannoses, these
residues are deeply embedded and are, thus, unavailable for FimH binding. This observation is of course consistent with the fact that UPIIIa,
which harbors complex-type glycans, cannot serve as a receptor for
FimH (23, 27).
Although all glycoforms of UPIa high mannose oligosaccharides
(Man6 –9GlcNAc2) contain terminal mannose residues, it remains
unclear whether some glycoforms bind to FimH preferentially. Co-crystallization studies using FimH and mono-mannose offer little insight on
how different glycoforms of natural oligosaccharides might interact
with FimH (8, 9). In vitro binding assays using different substrata also
have yielded conflicting results. For instance, type 1-fimbriated E. coli
appeared to bind pig Tamm-Horsfall protein (THP) in much greater
numbers than human THP (51). Because the former has a much
higher ratio of Man5GlcNAc2 to Man6GlcNAc2 than the latter,
although we cannot be certain from the present data, it has been
suggested that the 1,3-mannose residue from the trimannosyl core
within the Man5GlcNAc2Asn is crucial for the high affinity binding
between the high mannose chain and FimH (51–55). An additional
mannose on top of this FimH binding mannose core, as in the case of
Man6GlcNAc2, could cause steric hindrance, thus, reducing FimH
binding. Such a preference for shorter mannose chain is not shared by
all bacteria; for example, a FimH-like adhesin expressed by an intestinal

abundance of this glycoform. B, determination of the bovine UPIa/Ib glycan structures. Shown is the ESI MS/MS spectrum of permethylated glycan ions at m/z 903.4 (2⫹),
corresponding to structure II in panel A from bovine UP Ia/Ib. The illustrated structure was derived from the MS/MS fragmentation pattern and was the dominant isomer for the glycan.
For example, the abundant peaks at m/z 709.4, 737.4, and 880.4 are characteristic fragments that only occur for the isomer shown in the upper panel of Fig. 5B. Monoisotopic peaks
are annotated, and the assignment of peaks is based on the normal N-glycan structures. All fragments contain sodium. n ⫽ ␣⬘, ␣⬙, ␤. C, identification of the N-glycosylated bovine
UPIa/Ib peptide. The MALDI-TOF MS spectrum of the deglycosylated tryptic peptides of bovine UP Ia/Ib. The peaks at m/z 2837.27 and 1720.68 correspond to the [M⫹H]⫹ form of the
bovine UPIa and UPIb peptides harboring N-glycosylation motifs (underlined). The enzymatic release of their N-linked glycans converts Asn (N) to Asp (D). The numbers in parenthesis
designate amino acid intervals in UPIa and -Ib.

MAY 26, 2006 • VOLUME 281 • NUMBER 21

JOURNAL OF BIOLOGICAL CHEMISTRY

14651

Glycan Structure and Urinary Tract Infection
E. coli prefers the longest high mannose chain (Man9GlcNAc2) over
shorter chains (56). It should be noted that mouse UPIa contains only a
very small amount of Man6GlcNAc2. Assuming that the longer mannose chains, such as the Man7–9GlcNAc2 are poorer FimH substrates
than the shorter glycans suggests that the UPIa is a weak and, thus, perhaps
not an “optimal” receptor for the pathogenic E. coli. Whether the host
evolved such a suboptimal receptor as a host defense mechanism, reflecting
an ongoing warfare between the host and the type 1-fimbriated E. coli,
remains to be seen. Clearly needed are further studies to determine e.g. the
binding of recombinant FimH to specific spots on glycan arrays can quantitatively measure the binding of FimH to different length high mannose
chains. Alternatively, FimH can be used to fish out from a mixture of natural
high mannose oligosaccharides the best binder(s). Eventually, co-crystallization experiments using FimH and natural high mannose oligosaccharides
will have to be carried out to ascertain not only which terminal mannose
binds to the FimH binding pocket but also how other terminal and
branched mannoses affect the binding.
Although the glycan structures of mouse UPIa and UPIb as derived
from the mass spectrometric data are completely consistent with and
can account for the FimH binding data, the interpretation of the Endo H
sensitivities of the two mouse uroplakins is not straightforward. It has
been reported that Endo H cleaves high mannose and “hybrid” glycans;
this stated specificity is not consistent with our finding, however, that
the protein in the mouse UPIb band we have analyzed by mass spectrometry contains almost exclusively complex glycans (Fig. 2B). The
explanation may be simply that the UPIb proteins bearing the different
glycoforms are slightly resolved on the gel and the region of the major
UPIb band cut out for MS analysis contained predominantly the complex glycoforms (Fig. 1B, lane 10), whereas the minor UPIb protein with
high mannose glycoforms migrated closer to the position of the UPIa
band, as seen in Fig. 1B (lanes 4 and 10).
Structural and Partnership Constraints May Contribute to Differences in UPIa and UPIb Glycosylation—The fact that mouse UPIa and
UPIb bear very different sugar moieties was somewhat unexpected
because these two proteins are highly similar in many respects. The two
proteins are ⬃40% identical in amino acid sequence, and both possess
four transmembrane domains (TM) with a large extracellular loop (connecting the third and the fourth TMs), where the single glycosylation
site resides (20). Both proteins belong to an expanding family of tetraspanins that play important and diverse roles in growth, differentiation, signal transduction, and tumorigenesis (20, 57– 60). Our current
study indicates clearly, however, that UPIa and UPIb are processed quite
differently with regard to their glycan formation (Figs. 2 and 3). It has
been well established that the initial step of N-glycosylation, a co-translational process identical for all proteins, involves the transfer of an
N-glycan precursor (Glc3Man9GlcNAc2) from lipid-linked dolichol to a
protein glycosylation site (61– 63). The subsequent trimming of the
precursor by ␣-mannosidases in the endoplasmic reticulum and addition of other sugar moieties by glycosyltransferases in the Golgi complex can vary significantly depending on peptide folding and accessibility of the glycosylation sites to glycosylating enzymes (62, 64). It is
possible that the accessibilities of the glycans of UPIa and UPIb to sugarmodifying enzymes in the endoplasmic reticulum and Golgi are intrinsically different due to differences in their amino acid sequences (about
60% of amino acid divergence) (20). On the other hand, we have shown
recently that the conformation of intact pro-UPII undergoes drastic
changes upon the enzymatic removal of its prosequence by furin in the
trans-Golgi network (59). Therefore, an alternative and perhaps more
attractive interpretation is that the prosequence portion of pro-UPII
upon binding to its partner UPIa in the endoplasmic reticulum can
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block UPIa’s single glycan from further trimming by the sugar-modifying enzymes. This blockage of the UPIa glycan by pro-UPII is apparently
transient in nature, however, since the glycan of mature UPIa, when it
reaches the apical urothelial plaques, becomes fully accessible to Endo H
digestion, possibly related to the furin removal of the prosequence of
UPII.4 Site-directed mutagenesis and domain swapping studies are
needed to determine how peptide folding and heterodimerization affect
the glycosylation of UPIa and UPIb.
We have observed that bovine UPIa/Ib contains mainly high mannose glycans. It may represent an exception to the rule, perhaps because
of early stage differences in the binding to its partner. Unlike mouse
UPIb and human UPIb, which on a gel are well resolved from UPIa and
can be shown to contain complex-type glycans, it has been a major
technical challenge to discern the oligosaccharide structure of bovine
UPIb because it can be hardly separated from bovine UPIa on SDSPAGE (Fig. 1A, lane 3) (21, 24). Our earlier gel-overlay assay using
radiolabeled, type 1-fimbriated E. coli on SDS-PAGE-separated bovine
uroplakins appeared to detect two bands, one clearly corresponding to
bovine UPIa and another slightly above UPIa, which we attributed to
UPIb binding (27). Endo H treatment followed by SDS-PAGE and
immunoblotting indicated that about 80% of the UPIb was Endo H-sensitive, whereas the remaining was Endo H-resistant (20, 24) (Fig. 1B,
lane 11). These results were interpreted to mean that bovine UPIb contains both high mannose and complex-type glycans. Our current study
of N-linked (PNGase F-treated) glycans released from a mixture of
bovine UPIa and UPIb failed, however, to detect a significant amount of
complex glycans, suggesting that bovine UPIb is primarily modified by
high mannose glycans. Therefore, it remains possible that in cattle both
UPIa and -Ib can interact with FimH and be the urothelial receptors for
type 1-fimbriated E. coli.
The results obtained by overlay assays before and after glycosidase
treatments of human UPIa and -Ib indicate that the UPIa glycans are
exclusively high mannose structures and UPIb has only complex glycans. Although insufficient material was available to allow MS analysis,
our data strongly suggest that in humans the type 1-fimbriated E. coli
binds exclusively to UPIa.
Biological and Clinical Implications—Based on the data presented
here and those shown earlier, we can conclude that the unmodified,
terminally exposed mannoses of UPIa are the main urothelial receptors
for FimH lectin adhesin of the type 1-fimbriated E. coli, although we
cannot rule out the possibility that in some species UPIb may harbor
some high mannose glycans, thus, also contributing to some degree
bacterial binding. These receptors are remarkably conserved in all species studied to date, including mouse (33), cattle (27), and human (Fig.
6), implicating a critical role by these receptors in urinary tract infection
pathogenesis. As mentioned earlier, within the type 1-fimbriated E. coli
strains, phenotypic variants have evolved that exhibit enhanced affinity
to the terminal mannose residues (32, 65). Interestingly, these variants
are uncommon in the fecal flora but are predominant in the urinary
tract infection isolates, perhaps reflecting a tissue tropism by these variants for the urinary tract niche (32). The expression of highly conserved
terminal mannoses by UPIa may explain at least in part why such monomannose binding E. coli strains have a selective advantage for the urinary tract.
The proven importance of the terminal mannoses of UPIa in E. coli
adhesion also implies that the changing status of UPIa glycosylation or
that of other urothelial surface proteins may alter the host susceptibility
to urinary tract infections. There are ample examples that, in certain
4

G. Zhou, unpublished observation.

VOLUME 281 • NUMBER 21 • MAY 26, 2006

Glycan Structure and Urinary Tract Infection
disease states, protein glycosylation patterns can change (66). It is of
interest to note in a recent study that FimH-expressing E. coli appeared
to bind better to urothelial cells obtained from diabetic patients than
those from healthy individuals (67). Whether this can be attributed to
altered uroplakin glycosylation is unknown, but it certainly deserves
further investigation.
As has been recently demonstrated, the interaction of FimH with
terminally exposed mannose residues on UPIa can lead to severe consequences to host urothelial cells including internalization of the bacteria into the superficial umbrella cells (28). Once inside the cells, the
bacteria can propagate rapidly, forming intracellular biofilms that are
highly resistant to the antibiotics (29). Some of the intracellular bacteria
can stay dormant for an extended period of time before breaking out and
serving as seeds for a new round of infection (29). A logical means to
prevent these serious consequences from taking place from the start
would be to block the FimH from binding to the UPIa receptors using
high mannose mimetic inhibitors. Information obtained from this study
should help the rational design of such inhibitory molecules.
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