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Introduction
A striking feature of the mammalian urothelial apical surface
is that it is almost entirely covered by rigid-looking plaques
(also known as the asymmetric unit membrane or AUM)
consisting of 16 nm uroplakin (UP) particles that naturally
form two-dimensional (2D) crystals and are interconnected by
relatively particle-free ‘hinge’ areas (Koss, 1969; Staehelin et
al., 1972; Hicks, 1975; Lewis, 2000). Urothelial apical
membrane therefore provides an attractive system for studying
membrane assembly, regulation and function. Moreover, the
urothelial apical surface plays several important roles in
urothelial function and diseases. First, mammalian bladder
epithelium has evolved to be one of the most efficient
permeability barriers known to exist in nature, capable of
maintaining a steep concentration gradient of solutes between
the urine and plasma (Hicks, 1975; Chang et al., 1994; Negrete
et al., 1996a; Lewis, 2000). Although the apical surface of the
urothelium has been determined to be the site of the
permeability barrier for urea, ammonium and other small non-
electrolytes (Negrete et al., 1996a), the structural basis for this
permeability barrier function is unclear. Second, it is thought
that urothelial plaques can be retracted into the cytoplasm

forming fusiform vesicles during bladder contraction, and be
re-inserted into the apical surface during bladder distention
thus achieving a reversible adjustment of apical urothelial
surface area (Porter et al., 1967; Minsky and Chlapowski,
1978; Lewis and de Moura, 1982). The mechanism of this
process is, however, not well understood. Third, uroplakin Ia
has been shown to be the urothelial receptor for type 1-
fimbriated E. coli (Wu et al., 1996; Zhou et al., 2001; Min et
al., 2002), which causes the majority of urinary tract infections
(Hagberg et al., 1981; Svanborg and de Man, 1987; Johnson,
1991; Hooton and Stamm, 1997; Langermann et al., 1997). The
binding of such uropathogenic bacteria to a urothelial surface
receptor can trigger urothelial apoptosis, as well as the
urothelial engulfment of the bacteria leading to intra-urothelial
bacterial survival and replication (Mulvey et al., 1998; Mulvey
et al., 2000). These intra-urothelial bacteria may play a role in
recurrent urinary tract infection (Mulvey et al., 2000; Schilling
and Hultgren, 2002). Little is known, however, about the
structural mechanism by which the binding of the bacteria to
an extracellular domain of the uroplakin receptor can trigger
the cytoplasmic signal transduction cascades culminating in
urothelial changes and bacteria invasion.
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The apical surface of terminally differentiated mammalian
urothelial umbrella cells is covered by numerous plaques
consisting of two-dimensional (2D) crystals of hexagonally
packed 16 nm uroplakin particles, and functions as a
remarkable permeability barrier. To determine the
structural basis of this barrier function, we generated, by
electron cryo microscopy, a projection map of the
isolated mouse urothelial plaques at 7 Å and a 3D structure
at 10 Å resolution. Our results indicate that each 16 nm
particle has a central 6 nm lipid-filled ‘hole’ surrounded by
6 inverted U-shaped subunits, each consisting of an inner
and an outer subdomain connected via a distal joint. The
transmembrane portion of each subdomain can fit about 5
helices. This finding, coupled with our STEM and EM data,
suggests that uroplakin pairs Ia/II and Ib/III are associated
with the inner and outer subdomains, respectively. Since
the inner subdomains interconnect to form a ring, which
can potentially segregate the lipids of the central hole from
those outside, the 2D crystalline uroplakin network may

impose an organized state and a severely restricted freedom
of movement on the lipid components, thus reducing
membrane fluidity and contributing to the barrier function
of urothelial plaques. Our finding that distinct uroplakin
substructures are in contact with the cytoplasmic and
exoplasmic leaflets of the plaque suggests that the two
leaflets may have different lipid composition and contribute
asymmetrically to the barrier function. We propose that the
crystalline lattice structure of uroplakin, through its
interactions with specialized lipids, plays a major role in
the remarkable permeability barrier function of urothelial
apical surface. Our results also have implications for the
transmembrane signal transduction in urothelial cells as
induced by the binding of uropathogenic E. coli to its
uroplakin receptor. 

Key words: Urothelium, Uroplakin, Electron cryo-microscopy,
Plasma membrane, Permeability barrier, Tetraspanin

Summary

Structural basis of urothelial permeability barrier
function as revealed by Cryo-EM studies of the 16 nm
uroplakin particle
Guangwei Min 1, Ge Zhou 1, Matthieu Schapira 1, Tung-Tien Sun 2 and Xiang-Peng Kong 1,*
1Structural Biology Program, Skirball Institute of Biomolecular Medicine, Departments of 1Biochemistry, 2Dermatology, 2Pharmacology and
2Urology, 2Kaplan Comprehensive Cancer Center, New York University School of Medicine, New York, NY 10016, USA
*Author for correspondence (e-mail: kong@saturn.med.nyu.edu)

Accepted 20 June 2003
Journal of Cell Science 116, 4087-4094 © 2003 The Company of Biologists Ltd
doi:10.1242/jcs.00811

Research Article



4088

Highly purified bovine urothelial plaques contain four major
uroplakins (UPs), i.e., UP Ia (27 kDa), Ib (28 kDa), II (15 kDa)
and III (47 kDa), which have been conserved during
mammalian evolution (Wu et al., 1990; Yu et al., 1990; Wu and
Sun, 1993; Lin et al., 1994; Wu et al., 1994; Yu et al., 1994).
The closely related UP Ia and Ib have four transmembrane
domains connecting one large and one small luminal loop, and
belong to the ‘tetraspanin’ family (Yu et al., 1994; Hemler,
2001). Members of this family include CD9, CD81, CD82 and
CD151, which interact with integrins, B cell receptor and other
signaling membrane proteins, and play roles in cell adhesion,
cell motility and growth regulation (for reviews, see Maecker
et al., 1997; Boucheix and Rubinstein, 2001; Hemler, 2001).
UP Ia and Ib interact preferentially with UP II and III,
respectively (Wu et al., 1995; Liang et al., 2001; Tu et al.,
2002). With the exception of uroplakin III that has a relatively
long cytoplasmic domain of about 50 amino acids, the three
other uroplakins have extremely small cytoplasmic domains. It
has been suggested that the extracellular domains of uroplakins
interact tightly with one another forming the extracellular
portion of the 16 nm particle characteristic of the urothelial
apical surface, while the cytoplasmic tail of uroplakin III is
somehow involved in mediating membrane-cytoskeletal
interaction (Yu et al., 1994). 

Studies of negatively stained urothelial plaques by electron
microscopy (EM) coupled with image processing showed that
each 16 nm urothelial plaque particle consists of 6 inner and 6
outer subdomains interconnected to form a ‘twisted ribbon-
like’ structure (Hicks and Ketterer, 1969; Vergara et al., 1969;
Brisson and Wade, 1983; Taylor and Robertson, 1984; Walz et
al., 1995; Min et al., 2002). The lipid-embedded domain of the
16 nm particle was visualized by freeze fracture and electron
cryo microscopy (cryo-EM), which revealed a transmembrane
structure penetrating the lipid bilayer (Staehelin et al., 1972;
Kachar et al., 1999; Oostergetel et al., 2001). Although earlier
EM studies suggested that the cytoplasmic side of the plaque
was smooth, atomic force microscopy studies revealed circular
protrusions on the cytoplasmic surface of urothelial plaques
(Min et al., 2002), consistent with the current understanding
that all uroplakin subunits are integral membrane proteins (Yu
et al., 1994; Sun et al., 1999).

To better understand the biological functions of urothelial
plaques, we have determined the three-dimensional (3D)
structure of mouse urothelial 16 nm particles to 10 Å
resolution using electron cryo microscopy, which allows the
visualization of the entire uroplakin particle including its
transmembrane domains. Our results enabled us to construct
a urothelial plaque model suggesting the association of
individual uroplakin pairs with specific subdomains of the 16
nm particle, and a possible structural basis of urothelial
permeability barrier function. 

Materials and Methods
Isolation of urothelial plaques and cryo-EM sample preparation
Mouse urothelial plaques were isolated using improved procedures of
sucrose density gradient centrifugation coupled with differential
detergent wash (Wu et al., 1990; Liang et al., 1999) (Fig. 1A,B). For
cryo-EM study, we used a back-injection method for grid preparation
(Wang and Kuhlbrandt, 1991). 5 µl of purified urothelial plaques (0.1
mg/ml in 15 mM Hepes-NaOH (pH 7.5), 1 mM EDTA and 1 mM
EGTA) were adsorbed to carbon films on molybdenum grids (300

meshes; Electron Microscopy Science, Fort Washington, PA) with a
drop of 0.75% tannic acid (pH 6.0). After the excess liquid was blotted
with filter paper, the grid was quickly plunged into liquid nitrogen and
transferred, at the liquid nitrogen temperature, to a Gatan cryo-holder.
Electron micrographs were recorded using a Philips CM200 FEG
electron microscope operated at 200 kV. 

Image recording and processing
Micrographs were taken at a magnification of 50,000× under low-dose
conditions: only those urothelial plaques greater than 0.5 µm in
diameter were imaged. After each exposure, the urothelial plaque was
examined using a CCD camera to ensure that the plaque was single
layered. For 3D reconstruction, images of up to 50° tilt angle were
taken. For image processing, the micrographs were first screened by
optical diffraction to select the best regions that yielded the highest
resolution diffractions. Micrographs with diffraction spots no higher
than 15 Å resolution were discarded. The selected electron
micrographs were then digitized using a ZEISS SCAI scanner at a step
size of 14 µm, which corresponded to 2.8 Å in the crystal. A total of
45 images were corrected for long-range disorder, merged, averaged
and the 3D density map was calculated (only structural factors up to
10 Å resolution were included) using MRC and CCP4 software suites
(Henderson et al., 1990; CCP4, 1994; Crowther et al., 1996). The
density map was visualized using program O (Jones et al., 1991) and
the figures were rendered with Pov-Ray. Portions of this work have
been reported previously in an abstract at the 41st American Society
for Cell Biology Annual Meeting, in December 2001, in Washington,
DC.

Results and Discussion
To study the 3D structure of the 16 nm uroplakin particle (Fig.
1A and B show the transmission EM structure of mouse
urothelial apical surface and a negatively stained mouse
urothelial plaque, respectively), we recorded a tilted series of
images of frozen-hydrated, purified mouse urothelial plaques.
Collection of data using large urothelial plaques with a
diameter of up to ~1 µm enabled us to calculate diffractions
up to 7 Å in resolution under low dose conditions (Fig. 1C).
This enabled us to obtain a 2D projection map at 7 Å
resolution (Fig. 2), as well as a 3D structure of the mouse
uroplakin particle at 10 Å resolution in the membrane plane
and 16.5 Å in the vertical direction (Table 1; Figs 3 and 4).
While the overall shape of our 3D structure was consistent
with earlier lower resolution data showing 6 inner and 6 outer
subdomains interconnected to form a hexagonal particle (Figs
2 and 4A) (Hicks and Ketterer, 1969; Vergara et al., 1969;
Brisson and Wade, 1983; Taylor and Robertson, 1984; Walz
et al., 1995; Oostergetel et al., 2001; Min et al., 2002), our 3D
map revealed much more structural details. For example,
while in a previous model (Oostergetel et al., 2001) the ‘joint’
connecting the tips of the inner and outer subdomains within
a ‘subunit’ was not well resolved, our reconstruction resolved
this connection into multiple strands (Fig. 4A,D). While all
the subdomains in previous models appeared solid, our
reconstruction revealed the possible presence of a tunnel
traversing the entire outer subdomain as seen in both 2D
projections (Fig. 2) and 3D maps (Fig. 5). Finally, while the
subunits in previous models appeared to be extensively
connected, our higher resolution structure showed that the
subunits were actually joined via a single, thin connection –
even when the density was contoured at 1σ level (Fig. 4E and
Fig. 5F, and data not shown).

Journal of Cell Science 116 (20)
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Dimension and architecture of the 16 nm particle
When viewed from the side, the 16 nm particle could be divided
into four zones (Fig. 4C): the bottom cytoplasmic zone (C), the
transmembrane zone (TM), the trunk zone (TK), and the top joint
zone (J). We determined the total height of the urothelial particle

to be ~12 nm, which is consistent with previously reported values
of 12-13 nm based on thin-section electron microscopy (Staehelin
et al., 1972; Hicks et al., 1974; Robertson and Vergara, 1980),
13.2 nm based on cryo-EM (Oostergetel et al., 2001), and 12.5
nm based on atomic force microscopy (Min et al., 2002)
(unpublished data). Our recent atomic force microscopy data
indicated that the extracellular portion of the urothelial particle is
6.5 nm in height (Min et al., 2002) (Fig. 4C). This value also
compares favorably with reported values of 5 nm (Brisson and
Wade, 1983; Walz et al., 1995) or 5.7 nm based on 3D
reconstruction of negatively stained images (Taylor and
Robertson, 1984); or 6 nm (Hicks et al., 1974) or 6.5 nm
(Robertson and Vergara, 1980) based on thin-section electron
microscopy. Finally, our atomic force microscopy data indicate
that there is a cytoplasmic protrusion of 0.5 nm (Min et al., 2002).
Taken together, these data suggest an ~5 nm transmembrane
domain (Fig. 4C), which is considerably thicker than an ordinary
phospholipid-type lipid bilayer [usually ~3.5-4 nm (van Meer and
Lisman, 2002)]. However, this thickness is consistent with a lipid
bilayer of sphingolipids [usually 4.5-5.5 nm (van Meer and
Lisman, 2002)], which are known to be enriched in urothelial
plaques (see below). The assignment of a 5 nm transmembrane
domain, as shown in Fig. 4C, puts a constricted zone, which can
be seen in Fig. 4C (open arrowhead), below the exoplasmic
surface of the lipid bilayer. Whether this constriction should
coincide with the exoplasmic surface (i.e., whether the lipid
bilayer thickness should be less than the currently assigned 5 nm)
so that the narrow neck can serve as a ‘hinge’ contributing to the

Fig. 1.Mouse urothelial plaques. (A) Concave urothelial plaques
make up almost the entire mouse urothelial apical surface (arrows) as
well as large cytoplasmic fusiform vesicles (arrowheads). Scale bar:
100 nm. (B) A negatively stained, isolated mouse urothelial plaque
showing a crystalline hexagonal array of 16 nm uroplakin particles.
Scale bar: 100 nm. (C) The calculated diffraction pattern of a frozen-
hydrated mouse urothelial plaque. Each spot with a signal/noise ratio
of >1 is shown as a square; the size of the square is proportional to
its signal/noise ratio. The number in each square is the ‘IQ’ number
of the diffraction spot [IQ of 1 to 7 correspond to signal-to-noise
ratio of 7 to 1, respectively (Henderson et al., 1990)]. Circles are
drawn at contrast transfer function (CTF) correction zeros; one spot
at 6.9 Å (IQ=3) resolution is marked with an arrow. 

Fig. 2. Projection maps of the
mouse urothelial plaque. (A) A
map calculated from six
untilted crystals, including all
data of up to 7 Å resolution.
(B) Another projection map
calculated using data of up to
12 Å resolution. For
comparison, the outlines of the
16 nm particles according to
the 3D reconstruction (shown
in Fig. 4A) are marked by
unbroken white lines; the
symmetry elements of twofold
(ovals), threefold (triangles)
and sixfold (central hexagon)
axes are indicated. 
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recently observed flexibility of the urothelial particle (Kachar et
al., 1999) needs to be further studied.

Each outer subdomain was connected to the closest
neighboring inner subdomain at the top via a horizontal ‘joint’
(Fig. 4A,D), forming one of the six inverted U-shaped
‘subunits’ (for a top view of a subunit outlined in blue see Fig.
4A; for side view see Fig. 4D), which most likely represent the
basic building blocks of the 16 nm particle (Warren and Hicks,
1978). However, the inner subdomain of each subunit formed
relatively thin contacts with the inner subdomains of the two
neighboring subunits (Fig. 4E; double arrowhead). The
transmembrane zones of both inner and outer subdomains were
cylindrical in shape, and were both nearly perpendicular to the
membrane plane (Fig. 4C-E). 

Different levels of subdomain and subunit interactions
As mentioned earlier, uroplakins Ia and Ib belong to the
tetraspanin gene family (Yu et al., 1994; Maecker et al., 1997;
Boucheix and Rubinstein, 2001; Hemler, 2001). Many
tetraspanin proteins can form networks (or ‘webs’) on the cell
surface by interacting with other tetraspanins as well as some
single transmembrane-domained proteins involved in signal
transduction (Boucheix and Rubinstein, 2001). With the
exception of CD81 whose large extracellular loop has been
solved to atomic resolution (Kitadokoro et al., 2001), relatively

little is known about the structure of tetraspanin complexes.
Thus structural analysis of uroplakin tetraspanin complexes
that naturally form 2D crystals provides a unique opportunity
to better understand how tetraspanins interact with each other
and with other single transmembrane-domained integral
membrane proteins. 

Our data indicate that there are probably four levels of
interactions involved in the formation of a crystalline uroplakin
network. (i) The first level of interaction involves the
association of the tetraspanin uroplakins Ia and Ib with their
partner uroplakins II and III, respectively, to form a
heterodimer (Wu et al., 1995; Liang et al., 2001; Tu et al.,
2002). As will be discussed later, available EM localization and
STEM data suggest that UPIa/II and UPIb/III uroplakin pairs
are associated with the inner and outer subdomains,
respectively (Fig. 5J). Within each subdomain, the two
members of the uroplakin pair appear to interact through both
their extracellular and transmembrane domains (Fig. 4D,E,
Fig. 5I,J). (ii) In the next level of interaction, the tip of each
inner subdomain is connected to that of a neighboring outer
subdomain through an extracellular ‘joint’ to form an inverted
U-shaped subunit (Fig. 4D). The joint probably consists of
mainly the N-terminal moieties of the single transmembrane-
domained uroplakins, i.e., UPII and UPIII, because the joint
occupies the top 3 nm of the 12 nm tall particle, but even the
larger extracellular loop of UP Ia and Ib extents to only about
9 nm (including the transmembrane domains) according to
structural modeling (data not shown) [see also Bienstock and
Barrett (Bienstock and Barrett, 2001) for the structural model
of CD82, another tetraspanin also known as KAI-1]. (iii) On
the next level, each inverted U-shaped subunit is associated
with its neighboring subunit via a small connection located
below the exoplasmic leaflet of the lipid bilayer (Fig. 4A,E;
double arrowhead); these small connections link the 6 subunits
together to form a 16 nm particle (Fig. 4A). Although these
inter-subunit connections seem much less extensive when
compared with the inter-subdomain interactions mediated by
the joint, they appear to form a complete ring that can
potentially hinder the intermixing of lipids located in the
central hole and those in the interparticle region (see below).
(iv) Finally, the 16 nm particles are packed hexagonally to form
a crystalline plaque (Fig. 4B). This inter-particle interaction

Journal of Cell Science 116 (20)

Table 1. Summary of the Cry-EM 3D data analysis 
Two-side plane group p6
Unit cell dimension a=b=16.5±0.2 nm; γ=120°
IQ cut-off* of data ≤7
Number of observed amplitudes/phases 8793
Overall R-factor (%) 36.6
Overall phase residual (90° is random) 36.1°
Weighted phase residual (90° is random) 24.2° (100-10 Å)

24.2° (100-14 Å)
23.1° (14-10 Å)

In-plane resolution 10.0 Å
Estimated resolution normal to the membrane† 16.5 Å
Maximum tilt angle 50°

*Nomenclature of Henderson et al., 1990.
†Based on calculation of point-spread function for the experimental map

(Unger and Schertler, 1995).

Fig. 3. The phase and amplitude variations along some of the high resolution lattice lines. The data points included all the spots with IQ<6 after
merging all the data from the tilt series. The fitting curves were computed using the LATLINE program from the MRC software suite (Agard,
1983). 
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appears to occur at the 2-fold axes (Fig. 2), consistent with
earlier suggestions by Walz et al. (Walz et al., 1995) and
Kachar et al. (Kachar et al., 1999). Overall, these
considerations suggest that the interactions between the
uroplakins to form a subdomain is probably quite extensive;
the interactions between the inner and outer subdomains within
a subunit are moderately extensive, while the inter-subunit and
inter-particle interactions are less extensive (Figs 4 and 5). 

A possible tunnel
The density map of the 16 nm particle contoured at level 1.5σ
revealed the possible existence of a transmembrane tunnel in
the outer subdomain (arrowheads in Fig. 5). Although the inner
subdomain appeared to also have a tunnel, it did not traverse
the entire height of the subdomain at the 1.5σ contour level.
The outer subdomain tunnel had an extracellular opening
located at the junction between the top ‘joint’ and the ‘trunk’
(arrowheads in Fig. 5B), and an intracellular opening located
in the ‘cytoplasmic zone’ (Fig. 5B,E-H). These two openings
were relatively narrow but they led to a chamber in the center
of the trunk zone (Fig. 5B). The possible existence of a
transmembrane tunnel through the urothelial plaque particle,
and its functional implications need to be further investigated. 

Uroplakin-lipid interaction as a possible mechanism for
the permeability barrier function of urothelial plaque
As mentioned earlier, a key issue in urothelial biology is the
structural basis for the extraordinary permeability barrier of

urothelial plaques. It seems likely that several factors
contribute to this barrier function. First, an interesting feature
of the uroplakin particle is the presence of a large central ‘hole’
(Fig. 4A,B). Although previous negative staining data could
not rule out the possible existence of a stain-excluding region
in the center of this hole (Taylor and Robertson, 1984; Walz et
al., 1995), our cryo-EM data clearly established the absence of
protein mass in this area (see also Oostergetel et al., 2001).
This means that, despite a prominent protein lattice
appearance, the bulk of the plaque surface (~62%) is occupied
by lipids (Fig. 4) (see also Hicks et al., 1974). In this regard,
it is interesting to note that the lipids of highly purified
urothelial plaques (that have not been treated with detergents)
are unusually rich in sphingolipids and cholesterol (Vergara et
al., 1974; Stubbs et al., 1979; Hu et al., 2002), which favor an
ordered lipid structure and possibly microdomain formation
(Simons and van Meer, 1988; Simons and Ikonen, 1997; Brown
and London, 2000). Second, and importantly, our finding that
the six inner subdomains of the 16 nm particle are
interconnected to form a complete ring that is located either
slightly below, or coincide with, the exoplasmic surface (Fig.
4E and Fig. 5F) raises the possibility that the lipids of the
exoplasmic surface may be physically segregated, thus further
enhancing the formation of various lipid microdomains. Third,
the crystalline lattice of uroplakin proteins may promote an
organized state and impose structural constraints on the
freedom of movement of the lipid molecules thus greatly
reducing membrane fluidity, which has been shown to correlate
with the membrane permeability to water and other solutes
(Lande et al., 1995). We therefore propose that the crystalline

Fig. 4. The 3D structure of the 16 nm
mouse uroplakin particle at 10 Å
resolution. (A) The top view of the 3D
density map of a mouse 16 nm uroplakin
particle that is contoured at the 1.5σ
level. The boundary of a ‘subunit’
consisting of an inner and an outer
subdomain is outlined in blue. (B) The
particles as seen in a hexagonal
crystalline array with one unit cell
illustrated. (C) The side view of the 16
nm particle showing, from top to bottom,
the joint (J), trunk region (TK),
transmembrane domain (TM) and
cytoplasmic domain (C). (D) One of the
six inverted U-shaped subunits of the 16
nm particle, consisting of an inner
subdomain (left) connected to an outer
(right) subdomain via a (top) horizontal
joint (j; outlined in blue). This inverted
U-shaped subunit presumably represents
a fundamental building block of the 16
nm particle (Staehelin et al., 1972; Hicks
et al., 1974). (E) The inner subdomains
of two neighboring subunits are
connected via a minimal contact between
them (double arrowhead). In A, the
stellate-shaped particle has a maximal
diameter of 17.5 nm and has a large
lipid-filled, central hole (~6 nm in
diameter); in C the particle is about 12 nm tall with a 6.5 nm extracellular and a 0.5 nm cytoplasmic region [from atomic force microscopy data
(Min et al., 2002)]. All panels except B are to the same scale; bar (in A) 2 nm. The unit cell in B is 16.5 nm in length. 
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lattice of the uroplakins, through its interactions with
specialized lipids, may play an important role in the formation
of the remarkable permeability barrier of urothelial plaques.
This conclusion is supported by our recent finding that genetic
ablation of the uroplakin III gene results in much smaller
plaques [in which UPIII is presumably replaced by its minor
isoform IIIb (Deng et al., 2002)] and in compromised
functioning of the permeability barrier (Hu et al., 2000). 

The uroplakin structure as described here (Fig. 4) also has
implications on the possibly asymmetric contributions by the

two leaflets of the urothelial plaque to the functioning of the
permeability barrier. Zeidel and co-workers have shown that
the reconstituted model exoplasmic membrane of MDCK cells
is much more effective as a permeability barrier to solutes and
ammonia than the reconstituted cytoplasmic membrane (Hill
and Zeidel, 2000) suggesting that, in this case, the two leaflets
of a membrane bilayer, with different lipid compositions, can
function as independent permeability barriers (Negrete et al.,
1996b; Hill et al., 1999; Krylov et al., 2001). Our finding that
the portions of the uroplakin particle that are in contact with
the two leaflets of the urothelial plaque are structurally distinct
(Fig. 4C-E) is likely to favor asymmetric lipid composition of
the two leaflets, which may contribute differently to the
permeability barrier function of the urothelial plaques. 

Possible association of uroplakin pairs Ia/II and Ib/III
with the inner and outer subdomains, respectively, of the
16 nm particle 
A better understanding of urothelial plaque function requires
the localization of individual uroplakins. Recent data indicate
that the four uroplakins form two pairs consisting of uroplakins
Ia/II and Ib/III, based on data from chemical crosslinking (Wu
et al., 1995), ion exchanger isolation of heterodimer complexes
(Liang et al., 2001), genetic ablation of the uroplakin III gene
(Hu et al., 2000) and transient transfection studies (Deng et al.,
2002; Tu et al., 2002). With regard to the uroplakin
composition of the inner and outer subdomains of the 16 nm
particle, STEM measurements indicate a total protein mass of
645 kDa per 16 nm particle, or ~107 kDa of protein per each
of the 6 subunits [each in turn contains an inner and an outer
subdomain (Walz et al., 1995)]. This number is in excellent
agreement with the total mass of the two uroplakin pairs (27
kDa (UPIa) + 15 kDa (UPII) + 28 kDa (UPIb) + 47 kDa
(UPIII)=117 kDa). In this regard, it is interesting that the
transmembrane zone of each subdomain, as depicted in Fig.
5H, can indeed accommodate about 5 transmembrane helices
(one tetraspanin plus one single-transmembrane domained
UPII or UPIII; Fig. 5I and data not shown). Since we recently
showed that uroplakin Ia is associated with the inner
subdomains of the 16 nm particle (Min et al., 2002), these
results, taken together, raise the possibility that uroplakin pairs
Ia/II and Ib/III are associated with the inner and outer
subdomains, respectively (Fig. 5J). Additional localization
studies are underway to test this hypothesis.

Journal of Cell Science 116 (20)

Fig. 5. Cross-sections of the 16 nm mouse uroplakin particle and
placement of the transmembrane helices. (A) A 16 nm particle with
the positions of the six sections (~20 Å) shown in C-H (top to
bottom) indicated by the horizontal lines. (B) A vertical section of
one outer subdomain. A tunnel is present that appears to traverse
through the entire outer domain (arrowheads in B,E-H). In F, the
minimal link between the inner subdomains of neighboring subunits
(arrow). (I) Five transmembrane helices, each represented by a 1 nm
circle, can fit in the middle of the transmembrane zone (as shown in
H). Although F-H seem to indicate the presence of a tunnel also in
the inner subdomain, this tunnel does not appear to traverse through
the entire height of the subdomain. (J) Hypothetical assignment of
uroplakin pairs Ia/II and Ib/III to the inner and outer subdomains,
respectively, of the 16 nm urothelial particle. The outlines of the 16
nm particle are drawn in thin blue lines in C-J.
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Conformational changes of uroplakin particles and
perspectives
Although urothelial plaque has been described as a ‘rigid-
looking’ structure based on its regular, curved appearance in
vertical sections by TEM (Fig. 1A), existing data suggest that
the 16 nm particle is actually quite flexible and can undergo
major conformational changes (Kachar et al., 1999). Consistent
with this concept, our data indicate that the uroplakin particle
is a remarkably hollow structure (Fig. 4). While each of the 6
inner subdomains is connected to its neighboring outer
subdomain at the distal end (top) via a joint (Fig. 4D),
relatively little contact exists among the neighboring subunits
(Fig. 4E). It would be interesting to determine whether the two
subdomains, which are parallel to each other and nearly
perpendicular to the membrane, can twist against each other
leading to conformational change or movement of the
transmembrane domains (Fig. 6). Additional studies of the
structure and function of urothelial plaques should shed light
on whether such conformational changes can occur and
whether such changes play a role in urothelial signal
transduction upon bladder stretching and bacterial binding.
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