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Uromodulin (UMOD)/Tamm-Horsfall protein, the most abundant
human urinary protein, plays a key role in chronic kidney diseases
and is a promising therapeutic target for hypertension. Via its bi-
partite zona pellucida module (ZP-N/ZP-C), UMOD forms extracellu-
lar filaments that regulate kidney electrolyte balance and innate
immunity, as well as protect against renal stones. Moreover, salt-
dependent aggregation of UMOD filaments in the urine generates a
soluble molecular net that captures uropathogenic bacteria and
facilitates their clearance. Despite the functional importance of its
homopolymers, no structural information is available on UMOD and
how it self-assembles into filaments. Here, we report the crystal
structures of polymerization regions of human UMOD and mouse
ZP2, an essential sperm receptor protein that is structurally related
to UMOD but forms heteropolymers. The structure of UMOD reveals
that an extensive hydrophobic interface mediates ZP-N domain
homodimerization. This arrangement is required for filament forma-
tion and is directed by an ordered ZP-N/ZP-C linker that is not ob-
served in ZP2 but is conserved in the sequence of deafness/Crohn’s
disease-associated homopolymeric glycoproteins a-tectorin (TECTA)
and glycoprotein 2 (GP2). Our data provide an example of how
interdomain linker plasticity can modulate the function of structur-
ally similar multidomain proteins. Moreover, the architecture
of UMOD rationalizes numerous pathogenic mutations in both
UMOD and TECTA genes.
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romodulin (UMOD) is expressed in the thick ascending

limb of Henle’s loop as a GPI membrane-anchored pre-
cursor that consists of three EGF-like domains, a domain of
unknown function (D8C), and a zona pellucida (ZP) module
(1, 2) (Fig. 14, Top). The latter, containing Ig-like domains ZP-N
and ZP-C (3-5), is found in other medically important human
glycoproteins linked to infertility (egg coat components ZP1-ZP4),
nonsyndromic deafness [inner ear o- and f-tectorin (TECTA/B)],
Crohn’s disease [glycoprotein 2 (GP2)], and cancer [TGE-p co-
receptors betaglycan (BG) and endoglin (ENG)] (6, 7). Upon pro-
cessing by Ser protease hepsin (8) at a consensus cleavage site
(CCS) C-terminal to the ZP module (9), UMOD sheds a C-terminal
propeptide (CTP) that contains a polymerization-blocking
external hydrophobic patch (EHP), exposing an internal hydro-
phobic patch (IHP). This event triggers homopolymerization
into filaments that are excreted into the urine (4, 10), where
UMOD performs a plethora of biological functions, including
protection against urinary tract infections, prevention of kidney
stones, and activation of innate immunity (1, 2, 11, 12).

Although UMOD activity is strictly linked to its supramolecular
state (2), the mechanism of ZP module-dependent assembly re-
mains unclear. Mass spectroscopy (MS) analysis of ZP-C disulfide
linkages suggests that there are two types of ZP modules with
different structures (13). Type II contains 10 conserved Cys (Cy_74p)
and both homopolymerizes (UMOD, GP2, and TECTA) and
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heteropolymerizes (ZP1, ZP2, and ZP4), whereas type 1 (ZP3)
includes eight conserved Cys (C;_) and only heteropolymerizes
with type II (7, 13, 14). However, MS studies of egg coat protein
disulfides are contradictory (15), and type II disulfide linkages Cs—
Cs, C-—C,, and C,—Cg are compatible neither with the fold of ZP3
(3) nor with structures of the ZP-C domain of BG, whose ZP
module contains 10 Cys (16, 17). At the same time, interpretation
of the latter data in relation to polymerization is complicated by the
fact that, like ENG, BG remains membrane-associated and does
not form filaments (7, 17).

To gain insights into the mechanism of ZP module protein
assembly, we carried out X-ray crystallographic studies of the
complete polymerization region of UMOD. The structure re-
veals that a rigid interdomain linker is responsible for main-
taining UMOD in a polymerization-competent conformation.
This rigid linker is conserved in homopolymeric ZP modules, but
it is flexible in the structure of ZP2, also presented in this work,
which, together with ZP3, forms heteropolymeric egg coat fila-
ments. Furthermore, ZP module proteins that do not make
filaments lack such a linker. Because UMOD and ZP2 show
conservation of both disulfide pattern and fold, our data reveal that
the interdomain linker, rather than a different ZP-C structure,
underlies the ability of UMOD to self-assemble. Accordingly, po-
lymerization-competent UMOD forms a dimer via f-sheet exten-
sion and hydrophobic interactions, and disruption of this dimer
interface completely abolishes filament formation. Our study yields
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Fig. 1. mMBP-fused UMODp forms filaments like native urinary UMOD.
(A) Domain organization of urinary UMOD and recombinant constructs
mMBP-UMODp and mMBP-UMODpyxg. EGF domains are indicated by ro-
man numerals. EGF IV identified by this study (brown), ZP-N/ZP-C linker
(red), IHP (gray), CCS (magenta), CTP (yellow), and 6His-tag (cyan) are shown.
Open circles, inverted tripods, and closed circles represent signal peptides,
N-glycans, and GPI anchors, respectively. Electron micrographs of filaments
of purified urinary UMOD (B), recombinant full-length UMOD from Madin-
Darby canine kidney (MDCK) cells (C), purified elastase-digested urinary
UMOD (D), and recombinant mMBP-UMODp from HEK293T cells (E). Yellow
squiggles in B-E indicate the zigzag arrangement of UMOD repeats, which is
most evident in samples lacking the N-terminal EGF I-11l/D8C region. (Scale
bars, 100 nm.)

insights into the formation of an essential polymerization interme-
diate of UMOD and highlights how an interdomain linker can
regulate the biological function of a multidomain protein.
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Results and Discussion

Maltose-Binding Protein-Fused UMOD Secreted by Mammalian Cells
Polymerizes Like Native UMOD. To shed light on UMOD poly-
merization, we focused on a protease-resistant fragment (residues
$292-F587) that contains the ZP module (Fig. 14, Top), con-
stitutes the core of UMOD filaments (18), and matches an
alternatively spliced isoform of GP2 (19). UMODp (residues
$292-Q640), a related construct that includes the C-terminal GPI-
anchoring site, was expressed in mammalian cells as a fusion with
a mammalianized version of bacterial maltose-binding protein
(mMBP) (Fig. 14, Middle). Electron microscopy (EM) revealed
that secreted mMBP-UMODp forms native-like filaments with the
characteristic zigzag structure of urinary UMOD (20), full-length
recombinant UMOD, or elastase-treated UMOD (Fig. 1 B-E).

Crystal Structure of the Polymerization Region of UMOD. Despite
extensive attempts, we could not obtain diffracting crystals of
depolymerized native UMOD or unfused recombinant UMOD
constructs. However, a soluble version of mMBP-UMODp (in-
cluding UMOD residues G295-Q610) that cannot be cleaved at
the CCS and carries a mutation of nonessential glycosylation site
N513 (mMBP-UMODpxg; Fig. 14, Bottom) formed crystals in
high-salt conditions (Fig. S14). The structure of mMBP-UMODpxg,
with two molecules per asymmetrical unit, was solved by mo-
lecular replacement with MBP as a search model and refined to
R =22.1%, Reee = 24.6% at a resolution of 3.2 A (Fig. 24 and
Table S1). The entire molecule A has well-defined electron den-
sity (Fig. S1B), which reveals that a fourth EGF-like domain precedes
the ZP module of UMOD (Fig. 24). This domain is structurally
most similar to human TGF-a (21), with a root-mean-square
deviation (rmsd) of 1.4 A over 23 residues. Not visible in molecule
B due to flexibility within the crystals rather than proteolytic deg-
radation (Fig. S2), EGF IV consists of a short N-terminal a-helix
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Fig. 2. Structure of the protease-resistant core of
human UMOD. (A) Overall UMODpxg architecture,
with molecule A colored as in Fig. 1A and molecule
B in green. N-glycans and Cys are depicted in a ball-
and-stick representation. (Right) Possible orienta-
tion relative to the plasma membrane due to GPI
anchoring is depicted. (B) Close-up view of EGF IV
and its connection to ZP-N. An anomalous difference
map calculated with Bijvoet differences collected at
A = 1.8 A and contoured at 3.5 o is shown as a yellow
mesh.
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Fig. 3. The ZP-C domain of mouse ZP2 has a conserved fold. (A) Domain structure
of mouse ZP2. Elements are depicted as in Fig. 1A, with the C-terminal trans-
membrane domain represented by a black rectangle. The region encompassed
by the construct used for X-ray crystallography is indicated by a dashed red box.
(B) Cartoon representation of ZP2 ZP-C, rainbow-colored from blue (N terminus)
to red (C terminus). The CCS is magenta, disordered loops are depicted as
dashed lines, and disulfide bonds are depicted in a ball-and-stick representa-
tion. The black arrow indicates the first ordered N-terminal residue, P485.

and an antiparallel p-turn disulfide bonded with C;—Cs and C,—Cy
connectivity (Fig. 2B). Mutations of the corresponding Cys are
associated with autosomal dominant tubulointerstitial kidney

disease (ADTKD) (Fig. S3 and Table S2). An additional Cs—Cg
disulfide tethers EGF IV C317 to ZP-N C347, which belongs to
an o-helix that lies between strands B and C (Fig. 2B) and is
absent in ZP3 (3, 5). Loss of either Cys is also associated with
ADTKD, due to intracellular aggregation and impaired urinary
secretion of UMOD (22, 23) (Fig. S3 and Table S2). Interestingly,
human GP2 and TECTA, as well as chicken ZPD [a peripherally
associated homopolymeric egg coat component (24)], also
contain an EGF IV-like Cys-rich domain N-terminal to their ZP
module (Fig. S3). Taken together, these data identify a subset of
sequence-related but functionally diverse proteins that are char-
acterized by EGF and ZP-N domains linked by a disulfide bond.

The ZP-N domain of UMOD (Figs. S1C and S44) is similar to
the ZP-N domain of ZP3 (Fig. S4 B and C), including invariant
disulfides (5) and a conserved Tyr (Fig. S4, arrow) whose mu-
tation in TECTA is associated with hearing loss (25). Moreover,
it contains an N-linked glycosylation site (N396; Fig. 24) that is
also found in GP2 and TECTA (Fig. S3) as well as additional ZP
module proteins, including ZPD (26, 27) (Fig. S3), olfactorin
(28), pirica (29), larval glycoprotein (30), and SPP120 (31).

Surprisingly, our crystallographic data reveal that UMOD ZP-C
(Figs. S1D and S5A) also shares the same fold and disulfide con-
nectivity of ZP3 and BG ZP-Cs (3, 16, 17) (Fig. S5 B and C), except
for the C,—C, disulfide not found in ZP3 proteins (15) (Fig. S5D).
Accordingly, analysis of ZP-C Cys covariation based on multiple
sequence alignments in Pfam (32) is consistent with Cs—C;, C¢—Cs,
and C,—C;, connectivity (Fig. SSE).

The Crystal Structure of ZP2 ZP-C Reveals That ZP Modules Have a
Conserved Disulfide Connectivity. To confirm the existence of a
single ZP module disulfide connectivity, we determined a 2.25-A
resolution structure of the ZP-C domain of mouse ZP2 (residues
D463-D664; Fig. 34 and Fig. S64). This molecule, which plays
a key role in mammalian gamete recognition (33), has so far
eluded structural determination but was reported to contain the
alternative pattern based on C,—~C,, C,—Cg MS assignments (13).
The structure (R = 20.1%, Rgee = 22.8%; Fig. 3B, Fig. S6B, and
Table S1) conclusively shows that ZP2 adopts the same disulfide
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Fig. 5. UMOD has a different ZP-N/ZP-C domain arrangement to ZP3. Com-
parison of the ZP modules of UMOD (black) and ZP3 (salmon). The structured
linker between UMOD ZP-N and ZP-C is shown in red.

linkages and overall fold as UMOD, ZP3, and BG (Fig. 4 4 and B
and Fig. S7). Collectively, these observations suggest that, contrary
to what was previously thought, all ZP modules share a com-
mon architecture, so that other molecular features must regu-
late polymerization specificity.

A Structured Interdomain Linker Is Conserved in Self-Polymerizing ZP
Modules. Structure comparison reveals a striking difference in the
linker between ZP-N and ZP-C domains: Whereas this region is
highly flexible in ZP3 (3), UMOD contains a rigid linker formed
by al and B1 before the IHP (Fig. 4B and Fig. S5B). Analysis of
UMOD ZP-C truncation constructs indicates that both of these
secondary structure elements, which are also present in GP2,
TECTA, and ZPD (Fig. S3), are essential for folding and secretion
(Fig. 4C). Whereas UMODy30. 610 starting with al is secreted
comparably to UMODp (Fig. 4C, lanes 1-2), constructs beginning
with f1 (UMOD449610) or A (UMODys;_610) are almost com-
pletely retained in the cell (Fig. 4C, lanes 3—4 and 9-10).

Like ZP3, ZP2 contains a ZP-N/ZP-C linker (Fig. S8); how-
ever, although this region was present in the crystals (Fig. S6C),
ZP2 ZP-C is only defined from the ITHP onward (Fig. 4B and
Figs. S6D and S7). Moreover, unlike in the case of UMOD, the
linker is not required for secretion of ZP2 ZP-C (Fig. 4C,
lanes 5-6).

UMOD linker ol packs tightly against the IHP-containing
B-sheet (Fig. 4D and Fig. S7), shielding from the solvent hy-
drophobic residues also found in GP2, TECTA, and, to a lesser
extent, ZPD (Fig. S3). Mutation of conserved ol residues D430
and LA435 causes trafficking and assembly defects of UMOD (10),
whereas changes affecting amino acids located on the opposite side
(A461E and G488R) are associated with kidney disease (Fig. S3).
Thus, UMOD function is compromised upon disruption of con-
tacts between al/pl and ZP-C. This interaction constrains the
relative orientation between ZP-N and ZP-C, so that UMOD
adopts an extended conformation that is significantly different
from the conformation of ZP3 (Fig. 5). In the latter, as well as in
ZP2, the linker lacks a1/p1 and the IHP-containing f3-sheet surface
is hydrophilic, resulting in a compact arrangement wherein ZP-N
folds back onto ZP-C.

Bokhove et al.

ZP-N Domain Dimerization Is Required for UMOD Polymerization. A
major consequence of the extended configuration of the ZP
module of UMOD is that the hydrophobic surface formed by
ZP-N BA/BG is free to dimerize with the same region of a neigh-
boring ZP-N through parallel -sheet extension, burying a surface
area of 2,148 A® (Figs. 24 and 64). Computational analysis
using PISA (34) scores this ZP-N/ZP-N interface as highly
significant, and inward-facing hydrophobic residues in BA/fG
are conserved across UMOD, GP2, TECTA, and ZPD (Fig.
S3). Furthermore, the interface involves the N396 glycan, which
forms intermolecular hydrogen bonds with the other UMOD
molecule (Fig. 64) and is also conserved among filament-forming
ZP modules (Fig. S3). Notably, mutation of the corresponding
N-glycosylation site of TECTA is associated with hearing loss
(35), suggesting that this carbohydrate is important for tectorial
membrane assembly.

To evaluate the biological significance of the ZP-N homodimer,
conserved interface residues (Fig. S3) were individually mutated to

Fig. 6. UMOD ZP-N homodimerization is essential for filament formation.
(A) UMOD ZP-N/ZP-N interface. Molecule A is in a solvent-accessible surface
(Left: hydrophobic, red; hydrophilic, white) or depicted in a cartoon (Right,
blue) representation; molecule B is depicted in a cartoon representation
(green). Interface residues and disulfides are depicted in a ball-and-stick
representation and are colored green (hydrophilic/charged), cyan (hydro-
phobic), gray (N396 glycan-interacting residues), and magenta (1421 and
L333). (B) Immunofluorescence analysis of MDCK cells stably expressing full-
length, HA-tagged, WT UMOD. (Scale bar, 50 um.) (C) Immunogold labeling
of full-length, HA-tagged, WT UMOD filaments produced in MDCK cells,
with the same anti-HA primary Ab used in B. Two different areas are shown.
(Scale bars, 0.2 pm.) (D and E) Immunofluorescence analysis of MDCK cells
stably expressing full-length, HA-tagged UMOD dimerization interface mutants
L333K and 1421K. (Scale bars, 50 pm.)
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Lys to prevent edge-to-edge B-sheet interaction (36). Whereas mu-
tation of peripheral residues 1.329 and 1419 does not significantly
affect UMOD assembly (Fig. S9 A-C), mutation of core residues
L333 and 1421 (Fig. 64) completely abolishes filament forma-
tion (Fig. 6 D and E) compared with WT UMOD (Fig. 6 B and
C). Accordingly, EM of corresponding mMBP-fused mutants of
1333 and 1421 detects no filaments (Fig. S9 D-F). Considering
that neither mutation affects the trafficking (Fig. S9 G-I), secretion
(Fig. S9)), or proteolysis (Fig. S9K) of UMOD, we conclude that
the homodimer observed in our crystals represents a polymeriza-
tion intermediate, whose formation is essential for the assembly of
UMOD filaments.

Sequence alignments and structural data indicate that the two
moieties of the ZP module can be joined by very few residues
(BG and ENG) or connected by a linker that is either un-
structured (ZP1-ZP4, and TECTB) or structured (UMOD, GP2,
and TECTA) (Figs. S3 and S8). Remarkably, these combinations
coincide with the different polymerization abilities of the cor-
responding proteins: BG and ENG do not polymerize; ZP1-ZP4
and TECTB heteropolymerize; and UMOD, GP2, and TECTA
homopolymerize (7, 17, 37, 38). This observation is consistent with the
idea that in the last set of proteins, coupling of an al/p1-containing
linker to ZP-C induces an extended conformation of the ZP mod-
ule. This conformation, in turn, exposes the BA/BG surface of ZP-N
to form a dimer that initiates homopolymerization. On the other
hand, the presence of a flexible linker may allow ZP1-ZP4 to adopt
a secretion-competent conformation, such as the conformation ob-
served in the structure of full-length ZP3 (3), which could require
additional factors to trigger heteropolymerization and incorporation
into the egg coat (39).

Conclusion

First isolated more than 60 years ago (40) and redescribed 35 years
later as UMOD (41), UMOD has been recognized as a guardian
against urinary tract infection and a crucial player in innate immunity;
kidney disease; and, more recently, hypertension (1, 2, 42, 43). Our
work gives mechanistic insights into how UMOD and other ZP
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module proteins assemble into their biologically active form,
and how their structure and polymerization can be perturbed by
pathogenic human mutations.

Materials and Methods

For structural studies, mMBP-UMODpyxg and ZP2 ZP-C proteins were tran-
siently expressed in HEK293S and HEK293T cells, respectively, based on
published protocols (44-46); immunofluorescence studies were performed
using stably transfected MDCK cell lines, essentially as described (10). Construct
information and detailed methods for protein purification, deglycosylation,
crystallization, and structure determination; UMOD filament preparation;
and EM and immunofluorescence analyses are provided in SI Materials and
Methods. X-ray data collection and refinement statistics are summarized in
Table S1. Atomic coordinates and structure factors for human UMODpyg and
mouse ZP2 ZP-C have been deposited in the Protein Data Bank (ID codes
4AWRN and 5BUP, respectively). Urine for EM analysis of native UMOD was
kindly donated by M. Bokhove.
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