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Fertilization, the culminating event

in sexual reproduction, occurs when
haploid sperm and egg recognize
each other and fuse to form a diploid
zygote. In mammals this process
critically depends on the interaction
between Izumo1, a protein exposed on
the equatorial segment of acrosome-
reacted sperm, and the egg plasma-
membrane-anchored receptor Juno
[1,2]. The molecular mechanism
triggering gamete fusion is unresolved
because both Izumo1 and Juno

lack sequence similarity to known
membrane fusogens. Here we report
the crystal structure of lzumo1, which
reveals a membrane distal region
composed of a four-helix bundle
connected to a carboxy-terminal
immunoglobulin (Ig)-like domain
through a B-hairpin stabilized by
disulfide bonds. Remarkably, different
regions of Izumo1 display significant
structural similarities to two proteins
expressed by the invasive sporozoite
stage of Plasmodium parasites:
SPECT1, which is essential for host
cell traversal and hepatocyte invasion
[3]; and TRAP, which is necessary for
gliding motility and invasion [4]. These
observations suggest a link between
the molecular mechanisms underlying
host cell invasion by the malaria
parasite and gamete membrane fusion
at fertilization.

Juno and Izumo are structurally
unrelated: Juno adopts a modified
folate receptor family fold [5], whereas
Izumo1 is a type | transmembrane
protein consisting of an extracellular
region of about 300 residues and
a short cytoplasmic tail [2]. The
biological activity of Izumo1 depends
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on the amino-terminal half of its
ectodomain — a region named the
‘lzumo domain’ because it is shared
with the paralogous sperm proteins
Izumo2, 3 and 4 [6]; this region is
followed by a glycosylated Ig-like
domain [2] (Figure 1A).

To investigate how Izumo1 might
trigger gamete fusion, we expressed
the entire ectodomain in mammalian
cells and determined a crystal
structure to 2.5 A resolution (Figure S1
in Supplemental Information and PDB
ID 5B5K). The structure shows that
the Izumo domain consists of a four-
helix bundle with a flexible a-helical
hook/B-sheet insertion, followed by
a B-hairpin that connects the bundle
to a seven-stranded Ig-like domain
(Figure 1A,B). These features result in
an elongated architecture stabilized
by five intramolecular disulfide bonds
that are conserved in the three Izumo
paralogs, and are clearly discernible
within the sequence of Spaca6,
another sperm surface protein
recently reported to be required for
gamete fusion [7] (Figure S2A,B). This
suggests that the similarity between
Izumo1 and Spacaé is not limited to
the carboxy-terminal Ig-like domain,
which can be superimposed onto
the canonical V-set Ig-like domain
of human CD2 (PDB ID 1HNF) — a
molecule mediating the adhesion of
lymphocytes to antigen-presenting
cells — with a root mean square
deviation (RMSD) of 2.1 A over 86
residues.

The helical character of the carboxy-
terminal half of the Izumo domain,
which corresponds to helices a3 and
a4 in our structure (Figure 1A,B), was
shown to be important for the function
of lzumo1 [6]. The structure readily
explains why mutation of leucine
residues to proline interferes with this
biological activity by disrupting the
fold of the four-helix bundle (Figure
S2A,C). However, binding assays
using peptides representing o3 and a4
suggest that this region of lzumo1 is
either not involved in binding to Juno
or not sufficient for this interaction
(Figure 1C).

Strikingly, structural homology
searches revealed a high confidence
match between the four-helix bundle
of lzumo1 and that of SPECT1, a
secreted Plasmodium protein that
is essential for host cell traversal by

the infective sporozoite form of the
parasite (Dali Z-score 6.9, RMSD 3.3
A over 98 residues; Figure 1D). The
nearly parallel/antiparallel arrangement
of the SPECT1 helical bundle, which
also contains a helical hook (albeit
inserted at a different position than
in lzumo1), has been suggested to
adopt a metastable structure which
favors the transition from a solvent-
exposed to membrane-associated
form [8]. In addition, the B-hairpin

of lzumo1 is structurally similar to
the extensible B-ribbon of TRAP,
another Plasmodium protein that
mediates sporozoite gliding and

host cell invasion [4] (RMSD 1.4 A
over 19 residues; Figure 1E). The
TRAP B-ribbon is thought to undergo
conformational changes upon
attachment to host cells and acts as
an elbow-like flexible spacer between
the amino-terminal a-helical von
Willebrand factor A (VWA) domain of
the protein (which interacts with the
host cell) and its carboxy-terminal
B-rich thrombospondin type | repeat
(TSR) domain.

What might be the functional
implications of the structural
similarities to Plasmodium cell
traversal and invasion proteins with
Izumo1? Our findings suggest that
the four-helix bundle of the Izumo
domain and SPECT1 may orchestrate
analogous fusion-related molecular
recognition events at the sperm-egg
and parasite—host cell interfaces.
Izumo1 is not considered a fusogen
per se because it cannot induce
membrane fusion when heterologously
expressed in commonly used cell
lines [1]. The presence of solvent-
exposed bulk aromatic residues in
the Izumo1 four-helix bundle (Figure
S2A; a feature also observed in
SPECT1) and the report that some
monoclonal antibodies that target the
Izumo domain do not block binding of
sperm to the egg but hinder gamete
fusion [6] are consistent with the
possibility that an additional, as yet
unknown, component is required to
form a functional fusogenic complex
[9]. Whether SPECT1 is also part
of a larger protein complex that
could organize proteins that have
membrane-disrupting functions, such
as SPECT2, is currently unclear [10].

Both SPECT1 and TRAP are
expressed by the sporozoite stage
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Figure 1. Experimental results and structural comparisons with Plasmodium invasion proteins.
(A) Domain architecture of the extracellular region of Izumo1. The Izumo domain, which consists
of a four-helix bundle (a1-a4), an insertion (ins: «#2/3 hook and B0) and a B-hairpin (31-p2) — see
panel (B) — is boxed. A protease-sensitive carboxy-terminal region that was included in the ex-
pression construct used for this study, but is not defined in the electron density map, is indicated
by a dashed line. (B) Crystal structure of mouse Izumo1 (amino acids C22-K256), shown in car-
toon representation with different regions of the molecule colored as in (A). Amino/carboxyl termini
and secondary structure elements are marked. Cysteine residues and the N-acetylglucosamine
(NAG) residue attached to N204 are represented in ball-and-stick notation, with circled pink num-
bers indicating the five disulfide bonds (see also Figure S2A). (C) Microscale thermophoresis ex-
periments show that Juno directly binds to the Izumo1 ectodomain, but does not interact with
peptides corresponding to Izumo1 helices a3 and a4 (or an equimolar mixture thereof), which
span a region reported to be sufficient for binding to the egg membrane [6]. Vertical error bars
represent s.d. of the mean (n > 3). (D) Structural alignment of the four-helix bundles of Izumo1 and
Plasmodium SPECT1 (PDB ID 4U5A [8]), in side (left) and top (right) views. Izumo1 helices are
colored as in (A,B), SPECT1 is grey. By optimizing the match found by Dali, 84 residues can be
superimposed with a RMSD of 3.0 A. (E) Superposition of the p-hairpin of Izumo1 (red) and the ex-
tensible B-ribbon of Plasmodium protein TRAP (black; PDB ID 4HQO [4]). Both elements separate
amino-terminal a-helical domains from carboxy-terminal B-rich regions in the respective proteins.

of Plasmodium parasites and
are similarly sequestered within
specialized intracellular secretory
organelles called micronemes [3,4].
We do not yet know if these proteins,
like Izumo1, have a specific binding
partner that mediates cell-specific
recognition events, or, as has been
suggested for sp18 (a five-helical
bundle sperm acrosomal protein from
the mollusk abalone), are disrupting
membrane structure by interacting
directly with phospholipids.
Nevertheless, it is intriguing that,
similar to SPECT1 and TRAP, Izumo1
is sequestered in the acrosome and
that its release is also highly regulated
by localized secretion.

The structure of Izumo1 provides
new mechanistic insights into
a fascinating basic biological
process and, also considering
the protein’s recent implication in

human immunoinfertility, presents
new opportunities in the rational
design of new fertility treatments and
contraceptives.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two
figures and experimental procedures and
can be found with this article online at http://
dx.doi.org/10.1016/j.cub.2016.06.028.
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Figure S1. Structure determination of mouse lzumo1.

(A) X-ray data collection and refinement statistics. Values for the outermost shell are
shown in parentheses. 100" percentile is the best among structures of comparable
resolution, 0™ percentile is the worst (for clashscore the comparative set of structures was
selected in 2004, for MolProbity score in 2006). (B) Ca atom temperature factor
distribution shown in B-factor "putty" representation, using a ribbon radius that increases
from lowest (44.09 A%; dark blue) to highest (146.83 AZ; red) B-factor. With the exception
of the a-helical hook region (residues V66-G76), which has an average B-factor of 104
A2, the bulk of the Izumo1 structure (residues C22-G65, A77-K256) has relatively low and
more uniform B-factors (average B-factor 56 A?). This suggests that, except for the flexible

a-helical hook, highly intramolecularly disulfide-bonded lzumo1 is a rigid molecule.
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Figure S2. The structural features of zumo1 are conserved in sperm protein Spaca6.
(A) Structure-based sequence alignment of mouse Izumo1 and Spaca6. identical amino
acids are white in red boxes, except for cysteine residues that are highlighted in yellow;
similar amino acids are blue in white boxes. Secondary structure elements of Izumo1,
indicated above the sequences, are labelled and colored as in Figure 1A,B. Conserved
disulfide bonds 1-5 are indicated by pink solid lines, and a sixth possible disulfide involving
two additional cysteines of Spaca6 (C56 and C70, magenta) is indicated by a dashed
magenta line (see also panel (B)). The single N-glycan of Izumo1 is represented by an
inverted purple tripod. 1zumo domain leucine residues whose combined mutation to
proline impairs lzumo1 function ([S1]; panel (C)) are marked by red stars. Solvent-
exposed aromatic residues in the four-helix bundle of lzumo1 are indicated by brown
circles. (B) Homology modelling shows that the Izumo1 fold is compatible with an
additional disulfide bond being formed between C56 and C70 of Spaca6. (C) The
structure of Izumo1 clearly shows how the helical bundle fold would be disrupted upon
introduction of multiple helix-breaking mutations affecting three leucine residues (red

sticks), as well as L102 in the loop between a3 and a4 (not shown) [S1].



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Protein expression

A cDNA fragment encoding the mouse Izumo1 signal peptide and ectodomain (residues
M1-P312) was subcloned into pHLsec3, a mammalian expression vector derived from
pHLsec [S2], in frame with a 3' sequence for a LEHg affinity tag. The protein was
expressed in glycosylation-defective human embryonic kidney 293S cells [S3, S4] (ATCC
CRL-3022), deglycosylated with Endoglycosidase H and purified essentially as described

[S5, S6].

Protein crystallization and X-ray diffraction data collection

Thin square plate crystals were obtained by sitting drop vapor diffusion at room
temperature, using a mother liquor containing 20% (w/v) PEG 3350, 0.2 M ammonium
formate pH 6.6. For data collection at 100 K, specimens were cryoprotected using mother
liquor supplemented with 10% (v/v) PEG 200, mounted in MicroLoops (MiTeGen) and
flash cooled in liquid nitrogen. Data was collected from a single 50 x 50 x 10 um crystal
at European Synchrotron Radiation Facility (ESRF) beamline ID29 [S7], using a PILATUS
6M-F detector (DECTRIS). Integration and scaling were performed with XDS [S8],

according to described high resolution cutoff criteria [S9].



Structure determination and refinement

The structure was solved by molecular replacement with Phaser [S10], using the
coordinates of human IZUMO1 (PDB ID 5JK9; kindly provided before publication by Prof.
Toshiyuki Shimizu, University of Tokyo) as a search model. A single solution was
obtained in space group /422, with one molecule per asymmetric unit (translation function
Z-score: 11.5; log likelihood gain: 86). Correctness of the solution, which packed without
any clash, was confirmed by MR-SAD (Molecular Replacement combined with Single-
wavelength Anomalous Diffraction phasing) with a dataset collected at A=1.35 A from a
crystal soaked for 46 h in 0.5 mM uranyl acetate (PHENIX AutoSol BAYES-CC: 53.8 +/-
19.8; FOM: 0.53; overall model-map correlation (101 residues): 0.497; Ruyor/BRiree:
43%/50%) [S11]. Model building and refinement were performed with Coot [S12] and
phenix.refine [S13], using feature-enhanced maps in addition to conventional CA-
weighted maps [S14]. Protein geometry was validated with MolProbity [S15],
carbohydrate structure validation was carried out using Privateer [S16]. Structure
comparisons were performed using the Dali server [S17] and/or the sequence-
independent structure-based dynamic programming alignment of PyMOL (Schrédinger);
the latter was also used to optimize the superimposition with the Dali SPECT1 hit (Figure
1D). Structural figures were made with PyMOL; the alignment in Figure S2A was prepared
using ESPript [S18]. Data collection and refinement statistics are summarized in Figure
S1A. Structure factor intensities and atomic coordinates have been deposited in the

Protein Data Bank with ID 5B5K.



Homology modeling
A homology model of mouse Spaca6 ectodomain residues C42-P265 [S19] was
generated using MODELLER [S20] and energy minimized using YASARA Structure

[S21].

Binding affinity determination by microscale thermophoresis

Microscale thermophoresis (MST) analysis [S22] was performed using a NanoTemper
Monolith NT.115 instrument (NanoTemper Technologies GmbH). Mouse Juno was
fluorescently labelled with a Blue-NHS labelling kit (NanoTemper Technologies GmbH),
according to the manufacturer's instructions. The molar ratio of dye and protein was 4:1.
Varying concentrations of mouse 1zumo1 ectodomain (residues C22-P312, followed by a
LEHs C-terminal affinity tag) or peptides corresponding to Izumo1 residues D79-K103
and/or G104-L134 (Thermo Fisher Scientific) were titrated against labelled mouse Juno
(83 nM) in 20 mM Na-HEPES pH 7.8, 200 mM NaCl, 0.05% (v/v) Tween 20. Samples
were loaded into Standard Treated Capillaries (NanoTemper Technologies GmbH) and
MST measurements were performed using 20% MST laser power and 20% LED power.
Laser-on and -off times were 30 seconds and 5 seconds, respectively. For each set of
binding experiments, at least three independent MST measurements were carried out at
495 nm. Datasets were processed with the NanoTemper Analysis software, using the

thermophoresis with T jump signal.
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After acceptance of the present manuscript, two reports describing structural studies of
human 1ZUMO1, JUNO and their complex were published (Aydin et al. (2016) Nature

534, 562-565; Ohto et al. (2016) Nature 534, 566-569).
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