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The binding of uropathogenic Escherichia coli to the urothelial surface is a
critical initial event for establishing urinary tract infection, because it prevents the bacteria from being removed by micturition and it triggers bacterial invasion as well as host cell defense. This binding is mediated by
the FimH adhesin located at the tip of the bacterial type 1-®mbrium and
its urothelial receptor, uroplakin Ia (UPIa). To localize the UPIa receptor
on the 16 nm particles that form two-dimensional crystals of asymmetric
unit membrane (AUM) covering >90 % of the apical urothelial surface,
Ê resolution 3-D model of the mouse 16 nm AUM
we constructed a 15 A
particle by negative staining and electron crystallography. Similar to previous lower-resolution models of bovine and pig AUM particles, the
mouse 16 nm AUM particle consists of six inner and six outer domains
that are interconnected to form a twisted ribbon-like structure. Treatment
of urothelial plaques with 0.02-0.1 % (v/v) Triton X-100 allowed the stain
to penetrate into the membrane, revealing parts of the uroplakin transmembrane moiety with an overall diameter of 14 nm, which was much
bigger than the 11 nm value determined earlier by quick-freeze deepetch. Atomic force microscopy of native, un®xed mouse and bovine
urothelial plaques con®rmed the overall structure of the luminal 16 nm
AUM particle that was raised by 6.5 nm above the luminal membrane
surface and, in addition, revealed a circular, 0.5 nm high, cytoplasmic
protrusion of 14 nm diameter. Finally, a difference map calculated from
the mouse urothelial plaque images collected in the presence and absence
of recombinant bacterial FimH/FimC complex revealed the selective
binding of FimH to the six inner domains of the 16 nm AUM particle.
These results indicate that the 16 nm AUM particle is anchored by a
14 nm diameter transmembrane stalk, and suggest that bacterial binding to UPIa that resides within the six inner domains of the 16 nm AUM
particle may preferentially trigger transmembrane signaling involved in
bacterial invasion and host cell defense.
# 2002 Elsevier Science Ltd.
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The apical surface of mammalian bladder epithelium is highly specialized, as it is composed
almost entirely of rigid-looking plaques, known as
urothelial plaques or asymmetric unit membranes
(AUM), that are typically 0.2-1 mm in diameter and
consist of 2-D crystals of hexagonally packed
16 nm protein particles.1 ± 5 It has been suggested
# 2002 Elsevier Science Ltd.
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that these plaques contribute to the remarkable
permeability barrier function of the urothelium, to
the reversible adjustment of the apical surface area,
and to the physical stabilization of the apical surface during bladder distention.6,7 In addition, binding of uropathogenic bacteria to these plaques
enables them to establish an infection by triggering
bacterial invasion and urothelial host-cell defense
mechanisms.8 Hence, it is evident that urothelial
plaques play a pivotal role in many urothelial functions and urological diseases, including urinary
tract infection.
Using negative staining and image processing,
we and others have shown that the 16 nm AUM
particles, which are exposed on the luminal side of
urothelial plaques, can be resolved into six inner
and six outer domains that are interconnected to
form a twisted ribbon-like structure.9 The cytoplasmic face of urothelial plaques appeared smooth
and structureless, leading to an early suggestion
that the protein subunits of urothelial plaques are
``¯oating'' on the surface of the lipid bilayer without having a transmembrane anchor.10 Recent data
showed, however, that the 16 nm AUM particles
of bovine urothelial plaques are composed of four
major integral membrane proteins, i.e. uroplakins
Ia (27 kDa), Ib (28 kDa), II (15kda) and III (47 kDa)
that all possess transmembrane domains.6 Uroplakins Ia and Ib are 38 % identical. They belong to
a gene family called tetraspanins that includes
CD37, CD63 and CD81, and they all span the
membrane four times.11,12 On the other hand, UPII
and III possess only a single transmembrane
domain, and they share a stretch of 12 amino
acid residues located juxtamembrane on the extracellular side.13-15 With the exception of UPIII,
which has a relatively long cytoplasmic domain of
50 amino acid residues, all major hydrophilic
loops of uroplakins are extracellular, aggregating
tightly with one another to form the 16 nm AUM
particle.16 The four uroplakins can be divided
into two pairs consisting of UPIa/UPII and UPIb/
UPIII, because: (i) UPIa and UPIb were found to
crosslink to UPII and UPIII, respectively;17 (ii) complexes of UPIa/UPII and UPIb/UPIII can be separated by ion-exchange chromatography;18 and (iii)
ablation of the mouse UPIII gene selectively perturbed the glycosylation and targeting of its putative partner UPIb.19 Overall, there is no doubt that
uroplakins play a key role in urothelial functions,
because uroplakins are synthesized as major
urothelial specialization products in a urotheliumspeci®c and differentiation-dependent manner, and
because 2-D crystals of uroplakins cover almost the
entire apical urothelial surface.6 Before we can
begin to understand how uroplakins perform their
functions, however, we must ®rst know how these
integral membrane proteins interact with one
another, and how such interactions may be regulated. Therefore, the localization of individual uroplakins within the 16 nm AUM particles represents
a critical initial step towards a rational understanding of urothelial function.

Localization of the Urothelial Receptor of FimH

The urothelial receptor for the uropathogenic
bacterium Escherichia coli, which causes over 85 %
of all urinary tract infections, has been identi®ed
recently to be uroplakin Ia.20 FimH is the bacterial
adhesin located at the tip of the type 1 ®mbria of
E. coli, and is known to bind to the high-mannose
sugar moieties of the urothelial receptor.20-23 Wu
et al. found that 35S-methionine-labeled type 1-®mbriated E. coli, when incubated with urothelial plaque proteins that had been resolved by SDS-PAGE
and transferred to nitrocellulose paper, bound to
two bands of 24 kDa and 27 kDa, which were
thought to represent UPIa and UPIb.17 The precise
identi®cation of bovine UPIa (27 kDa) and UPIb
(28 kDa) has been dif®cult, however, because they
are resolved only partially by SDS-PAGE. By
studying mouse urothelial plaques whose UPIa
(24 kDa) and UPIb (28 kDa) are much better
resolved, we have shown recently that both radiolabeled E. coli and biotinylated recombinant FimH
(the latter having been prepared as a complex with
its stabilizing chaperone FimC) bind selectively to
UPIa, and that the bovine duplex previously
detected most likely represent UPIa and a UPIa
degradation product.20
The identi®cation of UPIa as the major FimH
receptor has important implications for the mechanisms of bacterial:urothelial host cell interaction,
and for the ultrastructural localization of uroplakin
Ia. We have previously prepared a panel of antibodies to synthetic peptides corresponding to a
number of domains of UPIa as well as other
uroplakins.18 Although these antibodies work well
for immunoblotting, many of them yielded weak
signals when used for immunohistochemical staining or immuno-gold electron microscope (EM)
localization, probably due to the inaccessibility of
the epitopes that are buried in the tightly packed
16 nm AUM particle structure. In contrast, FimH
works well for immunohistochemical staining,
probably re¯ecting the fact that sugar moieties are
usually exposed on the protein surface. The availability of milligram quantities of highly puri®ed
recombinant FimH/FimC complex therefore offers
unique opportunities for the direct tagging and
thereby the localization of uroplakin Ia within the
16 nm AUM particle.20,24 ± 26
Most of the previous structural studies of the
16 nm AUM particle have been performed using
bovine and pig urothelial plaques, yielding 3-D
Ê resolution.9,27,28 We
reconstructions at about 22 A
have decided, however, to carry out our present
studies using mainly mouse urothelial plaques, for
several reasons. First, better quality and larger
crystalline plaques can be isolated from mouse
bladders, which we can obtain much more freshly
than the slaughterhouse materials, thus resulting in
higher resolution. Second, structural information of
the mouse urothelial plaques may be more biologically relevant because mouse bladder has been
used routinely as models for studying urothelial
physiology, urinary tract infection,8 bladder cancer
formation29,30 and, more recently, certain heredi-
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tary urological diseases by the gene knockout
approach.19
Hence, we have performed a 3-D reconstruction
of negatively stained mouse AUM particles at a
Ê . The resulting model
nominal resolution of 15 A
revealed that the structure of the mouse AUM particle was similar to that of other species, i.e. consisting of six inner and six outer domains
interconnected to yield a twisted ribbon-like structure thus providing additional support to the idea
that uroplakin structure is highly conserved during
mammalian evolution. Atomic force microscopy
(AFM) of fully native, i.e. un®xed/unstained
mouse and bovine urothelial plaques con®rmed
the overall con®guration of the AUM particle
structure and, in addition, revealed for the ®rst
time a circular, 0.5 nm high, cytoplasmic protrusion. Finally, by calculating a Fourier space difference map of the AUM particle in the presence and
absence of recombinant FimH/FimC complex, we
showed that the bacterial adhesin binds selectively
to the six inner domains of the 16 nm AUM particle. These results show that the high mannose
sugar moieties of uroplakin Ia are associated with
the inner domains of the AUM particle, and

suggest that, upon bacterial binding, such domains
may be preferentially involved in transmitting signals into the cytoplasm thereby triggering bacterial
invasion and host cell defense.

Results
A 3-D reconstruction of mouse AUM particle at
Ê resolution
15 A
To study the ®ne structure of mouse urothelial
plaques, we isolated crude membranes from
mouse bladders using discontinuous sucrose density-gradient centrifugation, followed by washing
the membranes using 2 % (v/v) Sarkosyl, which
removed the contaminating non-plaque membrane
proteins. Such highly puri®ed urothelial plaques
(yield 0.1 mg per mouse bladder)31,32 contained
mainly the four uroplakins (see below), and
appeared quite homogeneous, as seen by electron
microscopy (Figure 1(a)). A signi®cant number of
plaques were as large as 0.7-1 mm in diameter
(Figure 1(a)); only rarely did we see isolated bovine
plaques of such a large size. Thus, the calculated
diffraction patterns of mouse plaques (Figure 1(b))

Figure 1. Electron microscopy and 2-D projection map of urothelial plaques. (a) An isolated mouse AUM plaque
that was negatively stained with 0.75 % uranyl formate. The scale bar represents 100 nm. (b) The calculated diffraction pattern of a negatively stained mouse urothelial plaque (1 mm diameter). Each spot with a signal to noise ratio
of >1 is shown as a square; the size of the square is proportional to the signal to noise ratio. The number in each
square represents the IQ number of the diffraction spot (IQ  1 and IQ  7 correspond to signal-to-noise ratio of 7
and 1, respectively).42 Circles are drawn at contrast transfer function (CTF) correction zeros and the ®rst circle correÊ . Note many spots with a resolution of better than 15 A
Ê . (c) A 2-D project map of a
sponds to approximately 15 A
Ê resolution. (d) A 2-D projection map of a bovine urothelial plaque at 20 A
Ê resolmouse urothelial plaque at 15 A
ution.
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were superior to those of the bovine plaques,
allowing the calculation of a mouse AUM project
Ê resolution (Figure 1(c)). Comparison
map at 15 A
of this map with that of the bovine plaque
Ê resolution) showed that each
(Figure 1(d) at 20 A
mouse AUM particle, like the bovine, consisted of
six inner and six outer domains.9,27,28,33,34 However,
the higher-resolution map of mouse AUM particle
revealed that the six outer domains were less connected to the six inner domains than previously
thought, and that each outer domain could be
further divided into two smaller subdomains
(Figure 1(c)).
To study the 3-D structure of the mouse 16 nm
AUM particle, we recorded a tilt series (41 images)
of negatively stained AUM plaques at 0  , 20  30 
45  and 55  in low-dose mode, and computed a 3-
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Table 1. Parameters of the 3-D reconstruction
Parameter
Number of images
Ê ), g (deg.)
Unit cell parameters a, b(A
Two-sided plane group
Ê)
Range of underfocus (A
Range of crystal tilts (deg.)
Overall weighted phase residual (deg.)
Ê)
Resolution cutoff (A

Value
41
165, 165, 120
P6
ÿ3000 to ÿ20,000
0 to 55
19.7
15

Ê (overall
D density map to the resolution of 15 A
weighted phase error at 19.7  ; Figure 2(b)-(d) and
Table 1). The luminal portion of the AUM particle
had six inner domains and six outer domains connected together forming a twisted ribbon-like

Figure 2. Three-dimensional reconstruction of the mouse 16 nm AUM particle. (a) The phase and amplitude variations along some of the high-resolution lattice lines after merging data from the tilted plaques in the two-sided
plane space group P6. The points included all the data with IQ < 6. The curves were computed using the LATLINE
program from the MRC software suite.46 (b)-(d) The top view, a 45  tilted view, and the side-view of a mouse AUM
particle. (e) A side-view of a mouse 16 nm AUM particle in plaques that had been treated with 0.02 % Triton X-100;
note the partial visualization of the transmembrane moiety. (b) The scale bar represents 2.5 nm.
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structure (Figure 2(b)).9 The diameter of the AUM
particle is 17.0 nm, with a central hole that is
4.5 nm in diameter (Figure 2(b) and (c)).
Partial visualization of the transmembrane
portion of the AUM particles
To determine which side of the 3-D image was
in direct contact with the lipid bilayer, we treated
the mouse urothelial plaques with various concentrations of Triton X-100 which, by partially removing the lipids, enabled the ionic stains to penetrate
into the lipid bilayer, thus revealing some of the
transmembrane moieties. We found that while a
high concentration of Triton X-100 (>0.2 %, v/v)
destroyed the plaque structure, consistent with the
earlier results,31,32 low concentrations of the detergent (0.02 to 0.1 %) revealed some intramembranous moieties (Figure 2(e)), thus enabling us to
orient the AUM particle with respect to the lipid
bilayer. The data indicated that the partially
revealed transmembrane moiety occupied an area
that was 14 nm in diameter, which is signi®cantly larger than the 11 nm value we obtained
earlier from quick-freeze deep-etch studies
(Figure 2(e); also see below).
Visualization of fully native mouse and bovine
urothelial plaques by AFM
We next used AFM, which was particularly suitable for studying the surface topographies of
native biomembrane,35 to examine the luminal and
cytoplasmic surfaces of mouse and bovine urothelial plaques. As documented in Figure 3(a) and (b),
the luminal surface of the AUM plaque was
characterized by hexagonal arrays of 16 nm AUM
particles, which had an overall con®guration very
similar to that revealed by transmission EM of
negatively stained specimens, thus con®rming the
validity of the negative-staining data (compare
Figure 3(a) and (b) with Figure 1(a)). The similarity
between the AFM and the EM data becomes
even more evident when one superimposes and
aligns the two images (Figure 4) using ViPEr, a
novel platform-independent visual-programming
environment based on Python, Tkinter and
OpenGL. (M.F. Sanner, D.S., & A.J. Olson, unpublished results) This comparison clearly documented
that the tip of the negatively stained 16 nm AUM
particle was ¯attened compared with the AFM
image, most likely due to drying.
Although the cytoplasmic surface of AUM was
thought to be ¯at and featureless, AFM revealed,
for the ®rst time, arrays of circular, 0.5 nm high
protrusions that were 14 nm in diameter
(Figure 3(c), (d), and (e) lower right half). Most
likely, these relatively ¯at circular cytoplasmic protrusions corresponded to the transmembrane moiety of the AUM particles that were seen after the
urothelial plaques were subjected to a ``mild'' Triton treatment (cf. Figure 2(e)). Although the luminal surface topography of mouse (Figure 3(a) and

Figure 3. Visualization of mouse and bovine urothelial plaques by atomic force microscopy. (a) Low magni®cation view of the luminal face of several bovine
urothelial plaques. (b) High-magni®cation view of the
luminal surface of a bovine urothelial plaque. Note the
hexagonally packed 16 nm AUM particles that could be
readily visualized even without averaging. (c) Low-magni®cation view of the cytoplasmic face of several bovine
urothelial plaques. (d) High-magni®cation view of the
cytoplasmic face of several bovine urothelial plaques.
Note the presence of rather ¯at, donut-like protrusions.
(e) The averaged images of the luminal (upper left half
in red) and cytoplasmic (lower right half in blue) surfaces of bovine and mouse, respectively, urothelial plaques. Note the propeller-shaped 16 nm AUM particles
on the luminal surface, and the 14 nm diameter, circular protrusions on the cytoplasmic surface. The scale
bars in (a)-(d) represent 100 nm.

(b)) and bovine (data not shown) AUM plaques
were indistinguishable in their image quality, the
cytoplasmic image of mouse AUM plaques was
inferior to that of bovine plaques (Figure 3(c) and
(d), and data not shown).
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Figure 4. Comparison of the surface topolography of urothelial
16 nm AUM particle as de®ned by
negative staining and atomic force
microscopy (AFM). The negative
stained 3-D reconstruction of a
16 nm
mouse
AUM
particle
(yellow) and the surface topolography of a mouse luminal urothelial
plaque obtained by AFM (blue)
were superimposed, and shown
from (a) the top, (c) side or (b) and
(d) from two other intermediate
angles. For better comparison, the
AFM surface is rendered transparent and a grid mesh of the same
surface is put on top of it. Note the
overall consistency of the negative
staining and AFM data. The negatively stained particle was ¯atter than the AFM-de®ned particle. This discrepancy is particularly evident in (c) the
side view, most likely due to drying artifacts of the EM specimen.

The binding of FimH to isolated mouse
urothelial plaques
To localize uroplakin Ia in the 16 nm AUM particle, we mapped the FimH binding site on the
16 nm AUM particle of mouse urothelial plaques
using a complex of recombinant FimH and FimC.
We used this complex for localization because
FimC, which does not affect the binding of FimH
to its mannose ligand, protects FimH from
degradation,36 and because this is the same complex that we showed earlier to bind speci®cally to

uroplakin Ia (Figure 5(a))20. We constructed a
difference map using the method of Kubalek et al.
by ®rst calculating the difference of the scaled
structure factors between the native (without
FimH/FimC; 14 micrographs; phase residual
17.3  ) and derivative (with FimH/FimC; 17 micrographs; phase residual 19.8  ) followed by calculating the differences using the native phases.37 This
map revealed a single positive peak corresponding
to the six inner domains of the AUM particle (see
Figure 5(b) for the 2-D projection map and
Figure 5(c) for the 3-D model).

Figure 5. Localization of uroplakin Ia receptor of the bacterial FimH on the six inner domains of the mouse 16 nm
AUM particle. (a) The UPIa speci®city of the FimH/FimC complex. Recombinant FimH/FimC complex was biotinylated and incubated with mouse urothelial plaque proteins that had been resolved by SDS-PAGE and transferred to a
nitrocellulose membrane. (1) Total proteins of mouse urothelial plaque visualized by Coomassie blue staining showing the separation of uroplakin II (15 kDa), UPIa (24 kDa), UPIb (27 kDa) and UPIII (47 kDa); note the excellent resolution between uroplakins Ia and Ib. (2) Selective binding of FimH/FimC to uroplakin Ia. (3) Selective binding of
35
S-methionine-labeled type 1-®mbriated E. coli to uroplakin Ia. MW: molecular mass standards. (b) A 2-D difference
map of the mouse urothelial plaque images collected in the presence and absence of FimH/FimC. (c) The localization
of the FimH binding site when projected onto the 3-D model of the 16 nm AUM particle. Note the association of
FimH with the six inner domains of the 16 nm AUM particle.

703

Localization of the Urothelial Receptor of FimH

Discussion
We have established here that the structure of
the mammalian urothelial plaques is highly conserved (Figure 1). Moreover, we have visualized
for the ®rst time parts of the transmembrane
moiety of the 16 nm AUM particle (Figure 2(e))
and their corresponding protrusions on the cytoplasmic surface of urothelial plaques (Figure 3).
Most importantly, we have localized uroplakin Ia,
the FimH receptor, on the six inner domains of the
16 nm AUM particle (Figure 5).
The 3-D structure of urothelial plaques is
highly conserved
Previous studies have indicated that urothelial
plaques are highly conserved structurally. For
example, early studies of negatively stained
urothelial plaques using EM revealed similar hexagonal arrays of 16 nm AUM particles, each consisting of six inner and six outer domains, for rat,38
pig,27 and for mouse, rat and monkey.39 The 3D
models of pig and bovine AUM particles revealed
that the 12 domains are interconnected, forming a
twisted ribbon-like structure.9,27,28 We show here
that the 3-D reconstruction of mouse AUM particle
adopts a structure almost identical with that of the
bovine AUM particle (Figures 1 and 2). The
remarkable conservation of the AUM structure is
consistent with the fact that uroplakins, i.e. the
major molecular building blocks of urothelial plaques, appear highly conserved biochemically and
immunologically6,39. Such a strict conservation of
urothelial plaque structure during mammalian
evolution suggests strongly that the characteristic
structural features of urothelial plaques must serve
critically important biological functions.
Gathering detailed structural information on
urothelial plaques using various imaging techniques, including EM and AFM, is crucial to our
eventual understanding of uroplakin function,
their molecular interactions, and their supramolecular assemblies. However, a given method either
provides only partial insight or is subject to preparative experimental artifacts, due to the size and
complexity of the molecular system under investigation. Here, we present for the ®rst time a combination of 3-D electron density data from EM of
negatively stained 16 nm particles and surface
information from AFM of the apical membrane
kept in buffer. As shown in Figure 4, the two sets
of data correlate very well, although the negatively
stained particle seemed somewhat compressed,
most likely due to specimen drying.
A thin-stemmed or thick- stemmed mushroom?
The treatment of urothelial plaques with low
concentrations of Triton X-100 yielded useful information regarding the orientation of the 16 nm
AUM particle, as well as the overall size and shape
of its transmembrane moiety. Since the 16 nm

AUM particle is highly symmetric when looked at
down the hexagonal axis from both sides, it had
sometime been dif®cult to determine the orientation of a particle unambiguously. In the past, we
tried to circumvent this problem by modifying the
pH or other incubation conditions so that we can
manipulate whether AUM plaques are bound to
the EM grid via their luminal or cytoplasmic
surfaces.9 Alternatively, we deduced that the top of
the 16 nm AUM particle could sometimes be ¯attened as a result of its strong binding to the grid.9
We show here that the treatment of a biomembrane using low concentrations of Triton X-100
provides a simple method for determining the
sidedness of the visualized membrane structure
(Figure 2(d) and (e)). Another important aspect of
the detergent data has to do with the visualization
of the transmembrane moiety. Obviously, the
detergent treatment has to be optimized, since too
little detergent does not permit the stain to penetrate adequately into the lipid bilayer, while too
much detergent results in membrane destruction.
Our data have enabled us to visualize some of the
transmembrane moieties of the urothelial AUM
particle. Interestingly, the maximal diameter of the
partially ``uncovered'' transmembrane moiety exhibits an outermost diameter of 14 nm (Figure 2(e)).
This observation is supported by our AFM data,
which revealed a similar-sized protrusion on the
cytoplasmic surface of urothelial plaques (see
Figure 3). The ®nding that the lateral extent of the
transmembrane moiety and of its cytoplasmic protrusion pattern is as large as 14 nm is inconsistent
with the earlier quick-freeze/deep-etch studies,
which documented that the urothelial AUM particle exhibits a mushroom-like appearance with a
large luminal head that is anchored into the lipid
bilayer via a more slender 11 nm diameter stalk.5
However, it is well known that the split/etching of
a biomembrane can sometimes induce signi®cant
plastic deformation of the transmembrane moiety.
In the studies of urothelial plaques using the
quick-freeze deep-etch technique, for example, one
can sometimes observe a signi®cant elongation and
concomitant narrowing of the newly exposed
``stalk'' portion of the 16 nm AUM particle.5 Our
current data suggest strongly that the stalk of the
AUM particle is actually more massive, with a
diameter of about 14 nm, which is only slightly
smaller than that of the head.
Association of uroplakin Ia with the six
inner domains
Using a chemical cross-linking approach, Wu
et al. found that UPIa interacts selectively with
UPII, and UPIb with UPIII.17 It was thus proposed
that there exist two types of AUM plaques that
consist of either UPIa/UPII or UPIb/UPIII, with
the UPIs occupying the inner domains and UPII or
UPIII occupying the outer domains.17 However,
the calculated molecular mass of six such pairs of
UPIa/UPII amounts to only about 250 kDa, which
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is much smaller than the 1120 kDa mass of the
16 nm AUM particle determined by scanning
transmission EM (STEM).9 Moreover, it has been
shown recently by EM-localization that UPIII is
associated with all AUM plaques,18 making it unlikely that there are two distinct types of plaques.
Our present localization data demonstrate that
UPIa is associated with the six inner domains of
the AUM particle. Taken together, the available
data suggest that each basic building block of the
16 nm AUM particle (i.e. consisting of one inner
and one outer domain) is composed of all four uroplakins (i.e. one copy each of UPIa, Ib, II and III),
with UPIa occupying a part of the inner domain. If
so, the total molecular mass of the 16 nm AUM
particle (containing six copies of UPIa, UPIb, UPII
and UPIII) would amount to about 700 kDa, which
is much closer to the estimated 1120 kDa according
to Walz et al.9
Inner AUM particle domain and FimH-induced
signal transduction
Our ®nding that FimH, the high-mannose-binding lectin located at the tip of the type 1 ®mbrium,
binds to the inner domains of the 16 nm urothelial
AUM particle (Figure 5) is interesting in several
aspects. First, although we have shown previously
that recombinant FimH as well as type 1-®mbriated E. coli can bind in vitro to SDS-denatured
and SDS-PAGE-resolved UPIa, our current data
provide the ®rst evidence that the high-mannose
sugar moities of the UPIa, even when they are a
part of the intact urothelial plaques, are readily
available for bacterial binding. This observation is
consistent with a recent report, that the tips of the
type 1-®mbriated E. coli could bind to the center of
the individual AUM particles on the apical surface
of the urothelium.8 Second, we have demonstrated
recently that FimH binds to its urothelial receptor
with only a moderate af®nity (Kd  100 nM). However, since each 16 nm AUM particle contains multiple bacterial binding sites, there is a great
abundance of urothelial surface receptors. This
arrangement, in turn, allows each multi-®mbriated
bacterium to bind to multiple urothelial sites. The
chance that all these bonds will fail simultaneously
is small, thereby eliminating the need for high-af®nity binding sites which, in fact, may be harmful
for the bacteria if they are to survive immunological surveillance.40 Third, recent data from Hultgren
and co-workers indicate that the binding of type 1®mbriated E. coli to the apical urothelial surface
can trigger host-cell responses, thus leading to the
engulfment of the bacteria, as well as the apoptosis
and shedding of the urothelial cells, processes that
are important for the innate host defense mechanisms and recurrent urinary tract infection.8,41 It is
therefore important to understand the molecular
events triggered by the binding of FimH to its
urothelial receptor. Our ®nding that uroplakin Ia,
the FimH receptor, is associated with the inner
domains of the 16 nm urothelial AUM particle
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suggests that these inner domains may play a functional role in this transmembrane signal transduction.

Materials and Methods
Isolation and negative staining of AUM plaques
Bovine and mouse urothelial AUM plaques were isolated by sucrose density-gradient and differential detergent wash.31,32 For negative staining, 5 ml of the AUM
sample (0.1 mg/ml in a storage buffer of 15 mM HepesNaOH (pH 7.5), 1 mM EDTA and 1 mM EGTA) was
applied to a newly glow-discharged carbon ®lm supported by a copper grid (300-mesh), and the absorbed
AUM plaques were then stained using 0.75 % (w/v) uranyl formate (pH 4.25).9 In some experiments, the storage
buffer contained an additional 0.0-0.2 % Triton X-100.
FimH binding to purified mouse AUM
Recombinant FimH/FimC complex was puri®ed by
ion-exchange chromatography as described.24 This complex (0.2 mg/ml in AUM storage buffer) was mixed with
an equal volume of puri®ed mouse AUM (0.1 mg/ml)
and incubated at room temperature for 40 minutes to
three hours. The mixture was absorbed onto a carbon
®lm on a copper grid and stained with uranyl formate
(see above).
Image recording and processing
The negatively stained AUM samples were examined
using a Philips CM200 FEG transmission EM operated at
200 kV. Micrographs of AUM plaques that were >0.5 mm
in diameter were taken in a low-dose mode at a magni®cation of 50,000. After the low-dose image was taken,
each plaque was examined using a CCD camera to
exclude plaques that were folded or double-layered. For
3-D reconstruction, tilted images were taken at 0  , 20  ,
30  , 45  and 55  . Since the crystal has P6 symmetry, tilt
angles were done in only one direction. The micrographs
were screened using an optical diffraction bench to select
the regions that yielded the highest-resolution diffracÊ ). The selected micrographs were
tions (better than 20 A
then scanned using a microdensitometer at a step size of
Ê in the crystal. After the
20 mm, which corresponds to 4 A
digitized images were transferred to SGI computers,
they were corrected for long-range disorder, merged and
used to calculate the averaged projection maps using
MRC42,43 and CCP444 software suites. After correction
distortion, each image contains 2600  2600 pixels and
>1000 unit cells. The ®nal 3-D density was displayed
using program O.45 The difference map was calculated
according to Kubalek et al.37 The amplitude of both
FimH-bound AUM and native AUM were scaled to the
same level before they were used for calculating the
differences.37
Atomic force microscopy
All AFM measurements were performed with a Nanoscope III (Digital Instruments, Santa Barbara, CA)
equipped with a 120 mm scanner (j-scanner) and a ¯uid
cell. Oxide-sharpened silicon nitride cantilevers with a
nominal spring constant of 0.06 N/m from Digital
Instruments were used. Before use, the ¯uid cell was
cleaned with normal dish cleaner, followed by ethanol
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and ®nally ultrapure water rinsing. Small disks, 5 mm
in diameter, were punched out of mica (Mica New York
Corp., New York) and glued with water-insoluble epoxy
glue (Araldite, Ciba Geigy AG, Basel, Switzerland) onto
a Te¯on disc that, in turn, was supported by a slightly
smaller diameter steel disc. The steel disc is required so
that the specimen can be mounted magnetically onto the
piezoelectric scanner. Sample preparation for AFM was
done by placing 2 ml aliquots of isolated AUM onto a
freshly cleaved piece of mica. To achieve stable adsorption for imaging the luminal membrane surface, storage
buffer (10 mM Hepes-NaOH, pH 7.5) was used. In contrast, when aiming to image the cytoplasmic membrane
surface, i.e. to stably adsorb the AUM plaques with their
luminal face to the mica surface, we used 10 mM TrisHCl (pH 8.5), 250 mM KCl. After about 15 minutes of
adsorption, the sample was washed gently with the buffer used for imaging (10 mM Hepes (pH 7.5), 250 mM
KCl) to remove the non-adsorbing membranes. All AFM
imaging was performed in contact mode and at a scan
speed of 5.5 Hz.
Superimposition and alignment of the negative
staining and AFM images
Superimposition and visualization of the negatively
stained 3-D reconstruction and a luminal surface
obtained by AFM was done in ViPEr, a novel platformindependent visual-programming environment based on
Python, Tkinter and OpenGL (M.F. Sanner, D.S., & A.J.
Olson, unpublished results). Individual software components such as read grid or display surface are connected visually in a graphical network editor to create a
computational pipeline.
The electron density map of the 16 nm particle was
read into ViPEr using the CCP4 mapin command and
displayed as a solid surface using ViPEr indexed polygons.44 Next, a custom module was written to convert
an AFM greyscale TIFF ®le of the luminal side into a
height®eld and to display it as a quad mesh. Symmetry
server modules were used to superimpose and align the
two geometries in relation to each other.
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