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Sperm IZUMOL1 binds to egg JUNO, and this interaction is essential for mamma-
lian fertilization. Isolated from a female mouse immunized with syngeneic sperm, the
antisperm antibody OBF13 recognizes IZUMO1 and inhibits murine fertilization. How
OBF13 interferes with sperm—egg interactions was unknown. Here, we present the X-ray
crystal structure of IZUMOL in complex with OBF13. OBF13 binds to the apex of
the four-helix domain of IZUMOV, distant from the JUNO-binding site. Our crystal
structure of OBF13-bound IZUMOL1 resembles apo-IZUMOL1 and differs from the
structure of IZUMOL1 in complex with JUNO. We identify that OBF13 carries a low
level of somatic hypermutation, and through deep mutational scanning, we engineer an
affinity-enhanced OBF13 variant. This OBF13 variant single-chain fragment variable
decreases the apparent affinity of IZUMO1 for membrane-bound murine JUNO and
blocks the binding of acrosome-reacted sperm to eggs, thereby preventing fertilization.
We propose allostery between the OBF13 epitope and the JUNO-binding site. OBF13
inhibits a conformational change in IZUMOI, preventing fusion-competent sperm from
adhering to murine eggs during fertilization. Surprisingly, murine IZUMO1 binds to
hamster JUNO with an affinity ~20-fold higher than to murine JUNO. The decreased
affinity caused by OBF13 of murine IZUMOI for hamster JUNO is sufficient for
murine sperm to bind to and fuse with hamster eggs. Our studies provide a structural
and mechanistic framework for species-specific, allosteric inhibition of IZUMO1 by
a naturally occurring antisperm antibody and offer insights into the development of
immunocontraceptives.
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Fertilization is a central event of sexual reproduction, facilitated by critical gamete-surface
interactions between sperm IZUMOI and egg JUNO (1, 2). Several sperm proteins,
including SPACA6, TMEM81, FIMP, TMEM95, DCST1, DCST2, and SOF1, have
been identified as essential factors in mammalian sperm—egg interactions (3—12). First
isolated in the 1980s (13), the antisperm antibody, OBF13 (Okabe, Butsu-Metsu, Friday
the 13¢h), led to the discovery of sperm IZUMO1 (1). Secreted by a hybridoma originating
from a female mouse immunized with syngeneic murine sperm, OBF13 recognizes the
sperm heads that have undergone the acrosome reactions (14, 15). When zona pellucida
is removed, murine sperm can fuse with murine and hamster eggs in vitro. It was observed
that OBF13 inhibits murine sperm from fertilizing murine eggs, but not hamster eggs
(16, 17).

In this study, motivated by the hypothesis that OBF13 recognizes a specific, fertilization-
inhibitory epitope of sperm IZUMO1, we determined the X-ray crystal structures of the
murine [ZUMO1 ectodomain in complex with the fragment antigen-binding (Fab) region
of OBF13, as well as apo-IZUMO1. OBF13 targets the apex of the four-helix domain
of IZUMOV, and remarkably, this interaction does not overlap with the JUNO-binding
site. Analyses of our structures revealed that the boomerang-shaped apo-IZUMO1 changes
conformation when forming a complex with JUNO. Therefore, OBF13 targeting the
apex of IZUMOT1 could have an allosteric effect for JUNO binding.

We found that OBF13 prevents the adhesion of murine sperm to eggs in vitro, inde-
pendent of antibody size. Using deep mutational scanning and yeast surface display, we
selected paratope variants of OBF13 with enhanced IZUMOT1 binding. We identified a
quintuple variant single-chain fragments variable (scFv) of OBF13, termed high-affinity
consensus (HAC). This small, 25 kDa variant binds IZUMO1 with nanomolar affinity.
We observed that both OBF13 (IgM) and OBF13H4€ (scFv) similarly decrease the inter-
actions between a bivalent [ZUMO1 ectodomain and cell surface-bound murine JUNO
and inhibit the binding of acrosome-reacted sperm to zona-free murine eggs, thereby
blocking fertilization in vitro.
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Significance

In the United States, 9% of men
and 11% of women of
reproductive age experience
fertility problems. Successful
fertilization requires the proper
recognition, adhesion, and fusion
of sperm and an egg. Here, we
show how a naturally occurring
antisperm antibody OBF13,
which targets sperm IZUMO1,
can block murine fertilization. We
provide structural and molecular
mechanisms how OBF13 inhibits
a critical conformational change
of IZUMO1 and interferes with
the IZUMO1-JUNO fertilization
complex when sperm interact
with eggs. Our findings suggest
avenues for the diagnosis and
treatment of immuno-infertility,
as well as the development of
immunocontraceptives.
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Counterintuitively, we found that murine IZUMOI1 binds
more strongly to hamster JUNO than to murine JUNO. Using
structure-based site-directed mutagenesis, we identified key amino
acid sites on JUNO that define its IZUMO1-binding affinity.
Despite both OBF13 (IgM) and OBF13HAC (scFv) modestly
affecting the binding of IZUMO1 to hamster JUNO, the resulting
affinities remain sufficient for the binding of murine sperm to
hamster eggs during fertilization. Taken together, our studies on
the antisperm antibody OBF13 suggest allosteric regulation of
IZUMO1-mediated sperm—egg interactions and inform the
design and development of immuno-contraceptives.

Results

OBF13 Recognizes the Apex of the Four-Helix Domain of IZUMO1.
We hypothesized that OBF13 recognizes a conformational epitope
within the IZUMOI ectodomain that is important for fertilization
(18). To characterize how OBF13 binds to IZUMOI1, we first
obtained the antibody coding sequences from the OBF13 hybridoma.
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As a murine IgM with a Kappa light chain (87 Appendix, Fig. S1A4),
OBF13 belongs to the lineages carrying IGHV14-3*02 and
IGKV6-15*01 gene segments with low somatic mutations showing
99.0 and 97.9% identities to the heavy and light chain germline
sequences, respectively (SI Appendix, Fig. S1 D—G and Table S2).
To obtain the IZUMO1-OBF13 complex to homogeneity, we
recombinantly expressed and purified the ectodomain of IZUMO1
and constructed the Fab region of OBF13 (Fig. 14 and
SI Appendix, Fig. S1 Band C). We determined an X-ray cocrystal
structure of the antigen—antibody complex at 3.1 A resolution
(Fig. 1B). The crystal belongs to space group P 1, containing two
IZUMO1-OBF13 complexes per asymmetric unit, which adopt
asimilar overall architecture with a C, rmsd of 0.64 A (ST Appendix,
Fig. S2H). The complementary determining regions (CDRs) of
the heavy and light chains of OBF13 interact with the apex of the
four-helix domain of IZUMOIL (Fig. 1C). The epitope is com-
posed of the N-termini of the a2 and a4 helices, as well as the
al-a2 and a3-a4 loops of IZUMOL (Fig. 1), spanning 904.7
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Fig. 1. OBF13 recognizes the apex of the four-helix domain of IZUMO1. (A) Cartoon schematics of IgM, Fab, and Fv of OBF13 and IZUMO1. (B) Ribbon diagram
of the X-ray crystal structure of IZUMO1-OBF13. The heavy chain of OBF13 in light orange, the light chain in pale yellow, and IZUMO1 in pale cyan. (C) A close-up
view of the IZUMO1-OBF13 interface, with the a2 and a4 helices of IZUMO1 and the CDR loops of OBF13 labeled. Close-up views of OBF13 paratope interacting
with the (D) a4 and (E) a2 helices of IZUMO1. Dash lines representing hydrogen bonds and salt bridges. (F) Space-filling model of IZUMO1 ectodomain. The
OBF13 epitope is in pale yellow and the JUNO-binding site in light pink. Close-up views of overlaid IZUMO1 from the OBF13-bound (pale cyan), apo (light gray),
and JUNO-bound (blue-white) structures showing the conformational differences in (G) the L2 loop and (H) the four-helix domain. Cartoon models showing that
(Left) OBF13 recognizes the apex of the four-helix domain of IZUMO1 in IZUMO1's apo conformation and (Right) the four-helix domain moves up and the L2 loop
moves down when IZUMO1 binds to JUNO. Cartoon schematics showing (/) the sperm IZUMO1-SPACA6-TMEM81 complex and egg JUNO and CD9, and (/) OBF13-
depedent disruption of the IZUMO1-SPACA6-TMEMS81 complex formation. (K) Structural overlay of an AlphaFold predicted sperm 1ZUMO1-SPACA6-TMEM81
complex and egg JUNO with the IZUMO1-0OBF13 complex, showing that OBF13 makes a clash with SPACA6 when OBF13 interacts with [ZUMO1.
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We found that OBF13 and JUNO bind to two nonoverlapping
surfaces of IZUMOI1 (Fig. 1F). By overlaying our IZUMO1-
OBF13 structure with the previously determined human
[ZUMO1-JUNO structures (19, 20), we observed conforma-
tional changes within IZUMOT1. Upon binding JUNO, an 8.2 A
shift occurs in the L2 loop of IZUMOL (Fig. 1G). This confor-
mational change rearranges the surface of the rear end of the
four-helix domain and the p-hairpin hinge region to accommodate
JUNO binding. These rearrangements propagate to the front end
of the four-helix domain, resulting in a remarkable ~9 A upward
shift of the OBF13 epitope (Fig. 1H).

OBF13 was elicited against IZUMO1 expressed on murine
sperm (13) and, therefore, recognizes the conformation of
apo-1ZUMOL1 (Fig. 14). To assist in analyzing the conformational
changes in IZUMOL1 associated with OBF13 and JUNO binding,
we determined an X-ray crystal structure of apo-IZUMO1 at 1.8
A resolution. Similar to a previously determined IZUMO1 struc-
ture (21), the crystal contains a single IZUMO1 molecule per
asymmetric unit, with space group / 422 (SI Appendix, Fig. S2
A-G). We superimposed our apo and OBF13-bound structures
of IZUMO1 and found that two structures have similar confor-
mations of four-helix domain and the L2 loop, with an overall C,
(rmsd) of 0.69 A (Fig. 1 G and H and SI Appendix, Fig. S2 I K)

We note that the OBF13 epitope overlaps with the predicted
Bouncer-binding site of the [ZUMO1-SPACA6-TMEMS81 com-
plex in zebrafish (12). Such trimeric sperm complex is predicted
by AlphaFold in mammals (11, 12) (Fig. 17) and OBF13 binding
would disrupt the heterotrimer formation (Fig. 1 /and K). We also
note that the overall change is more dramatic in human IZUMO1
(19). Upon binding human JUNO, a 12 A shift in the L2 loop
and a 20 A shift of the apex of the four-helix domain occurs,
changing IZUMOI1 from the boomerang conformation to the
upright conformation (SI Appendix, Fig. S2L). Taken together, our
results provide a structural basis for systematic rearrangements of
IZUMOL that couple the four-helix domain movement and
change of the L2 loop when IZUMO1 binds OBF13 or JUNO.

Engineering OBF13 Variants with Enhanced 1ZUMO1 Affinity.
Because the bulkiness of IgM has steric effects (Fig. 14), we sought
to evaluate whether OBF13’s single-chain fragment variable
(scFv), which has a much-reduced size, exhibits a similar effect
on IZUMOL activity. Using biolayer interferometry (BLI), we
found that IZUMO1 binds OBF13 scFv with a modest affinity,
with a K}, of 1.0 pM, largely due to the fast dissociation rate
constant (k) (Fig. 2Fand S1 Appendix, Fig. S1G). We postulated
that the fast off-rate of OBF13 scFv would be insufficient for
small, monomeric antigen-binding domains to stabilize the apo-
IZUMOL1 conformation on sperm.

We hypothesized that amino acid substitutions on the paratope
(Fig. 24) could decrease the dissociation rate constant and increase
the binding affinity between OBF13 and IZUMOL. To test this,
we performed structure-based deep mutational scanning (22, 23)
to construct an OBF13 variant library with trinucleotides encod-
ing all 20 possible amino acids at each position of the OBF13
paratope. We then used yeast surface display (24, 25) of OBF13
scFv with a recombinant murine IZUMO1-human Fc fusion
protein (9, 26) as the selection agent (Fig. 2B and SI Appendix,
Fig. S3A). After magnetic- and fluorescence-activated cell sorting,
we isolated OBF13 variant clones with single-residue substitutions
(Fig. 2Cand SI Appendix, Fig. S3B). Substitutions were identified
at two positions in the heavy chain (D31Q in CDRHI1 and
Y104W in CDRH3) and three positions in the light chain (T31W
in CDRLI, Y49E and S56P in CDRL2) (Fig. 2D and SI Appencdix,
Fig. S3 Cand D).
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To obtain a high-affinity OBF13 variant, we combined all five
amino acid substitutions. While the wild-type (WT) OBF13 scFv
binds to IZUMO1-Fc with an ECy, of 40.8 nM on yeast surface
display, the quintuple variant showed a drastically increased appar-
ent affinity with an EC;, of 442 pM (Fig. 2E). To validate the
detected enhancement in affinity, we recombinantly expressed and
purified the OBF13 paratope variants. Using BLI, all variants
exhibited increased IZUMOL1 affinity. Remarkably, the OBF13
quintuple variant had a K}, of 7.9 nM for IZUMOI (Fig. 2F and
SI Appendix, Fig. S3 E and F), which we hereafter refer to as
OBF13 high-affinity consensus (HAC).

We note that OBF13 carries only three amino acid substitutions
(one in variable heavy domain, Vy;, and one in variable light
domain, V) from its inferred germline antibody (57 Appendix,
Fig. S31), which can bind IZUMO1 with a K}, of 7.0 pM
(SI Appendix, Fig. S3 G and H). By immunization of sperm, these
lineages of OBF13 underwent somatic hypermutations in vivo,
resulting in a sevenfold improvement in affinity. In our study,
OBF13M4€ received an additional 126-fold improvement through
directed affinity maturation in vitro. OBF13"4€ carries a total of
eight amino acid substitutions (three in Vi, and five in V) from
its inferred germline, constituting an 886-fold increase in aflinity

for IZUMOL (Fig. 2G).

0BF13HAC pecreases the Affinity and Association Kinetics for
the Binding of 1IZUMO1 to Murine JUNO. We next examined
whether OBF13M4€ affects the IZZUMOI1-JUNO interaction.
Using BLI, we compared the binding to murine JUNO in solution
with sensor-loaded IZUMO1-Fc. WT IZUMOI1 binds murine
JUNO with a K, of 11 pM. When IZUMO1 was prebound
to OBF13"4€ (scFv) or OBF13 (IgM) (Fig. 3A), it exhibited
decreased murine JUNO affinity, with K}, values of 33.8 pM and
30.1 pM, respectively (Fig. 3B and SI Appendix, Fig. S4 A-C).
Compared to [IZUMOL alone, the antibody-bound IZUMO!1
showed a threefold decrease in the association rate constant (£,,)
for murine JUNO (Fig. 3B). These results suggest that OBF13HA¢
(scFv) or OBF13 (IgM) recognize conformational ensembles of
apo-1ZUMOL1 different from its JUNO-bound state.

We then evaluated whether OBF13AC affects the binding of the
[ZUMOI1 ectodomain to membrane-bound JUNO on the cell
surface. To do this, we transfected HEK293F cells to ectopically
express glycosylphosphatidylinositol (GPI)-anchored murine JUNO
and incubated live cells with a serial dilution of defined concentra-
tions of [ZUMO1-Fc. Using an AlexaFluor647-conjugated anti-Fc
antibody, we recorded the percentages of AlexaFluor647-positive
cells for each concentration of IZUMOI1-Fc (Fig. 3C). While
IZUMO1-Fc had an EC; of 10.7 nM to murine JUNO on the
cell surface, IZUMO1-Fc prebound to OBF13HA€ (scFv) or OBF13
(IgM) showed a ~50-fold decrease in apparent affinity, with £Cy,
values of 557 nM and 551 nM, respectively (Fig. 3D). Despite
HEK293F cells express CD9, we did not detect binding of
[ZUMOI1-Fc to HEK293F cells that are not transfected with JUNO
(81 Appendix, Fig. S4D). The subtle effects observed in in-solution
measurements become more pronounced when tested at enhanced
avidity on the cell surface.

We found that OBF13HAC inhibits the binding of [ZUMO1-Fc
to murine egg’s plasma membranes. When incubated with
zona-free eggs, [IZUMO1-Fc binds to WT eggs but not to Juno
knock-out eggs (ST Appendix, Fig. S4E). However, when 100 nM
[ZUMO1-Fc is prebound to OBF13HA€ (scFv) or OBF13 (IgM),
we observed drastically reduced egg-binding activities compared
to [ZUMO1-Fc alone and IZUMO1-Fc prebound to WT OBF13
(scFv) (SI Appendix, Fig. S4 F and G). Collectively, these results
suggest that independent from antibody’s size, a high-aflinity
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Fig. 2. Engineering OBF13 variants with enhanced IZUMO1 affinity. (A) Structure of the OBF13 paratope with the CDR loops of the heavy and light chains in
ribbon diagrams and IZUMO1 epitope in a space-filling model. The heavy chain of OBF13 in light orange, the light chain in pale yellow, and IZUMO1 in pale
cyan. (B) Schematic of yeast surface display of the OBF13 CDR variant library (colored spheres) and selection for binding of a recombinant IZUMO1-Fc protein.
(C) Summary of deep mutational scanning shown in a frequency heatmap of OBF13 CDR variants after selection round 3 of the yeast surface display selection
using IZUMO1-Fc. Substitutions of D31Q and Y104W were identified in the heavy chain and T31W, Y49F, and S56P in the light chain. (D) A space-filling model
of the OBF13 paratope with the heavy chain of OBF13 in light orange and the light chain in pale yellow. Side chains of the amino acid substitutions showing
increased affinity for IZUMO1 found in (C) were labeled. () Titration curves of yeast surface displayed OBF13"T scFv (dark purple) and OBF13"AC scFv (blue)
labeled with a serial dilution of IZUMO1-Fc, followed by AlexaFluor647-conjugated anti-Fc antibody. Fitting was performed in Graphpad Prism 10. Means and
SD were calculated from three independent measurements. (F) Biolayer interferometric traces showing binding of sensor-loaded IZUMO1 to 333 nM OBF13""
scFv (dark purple) or 333 nM OBF13HAC scFv (blue) in solution. (G) Schematics of antibody evolution of variable heavy (V,;) and variable light (V,) from germline,
to OBF13"T, and to OBF13MAC. Summary of fold changes of K, of IZUMO1-Fc to the antibody.

OBF13MAC (scFv) or a high-avidity OBF13 (IgM) decreases the
binding of IZUMO1 to membrane-bound murine JUNO.

0BF13"AC |nhibits Acrosome-Reacted Murine Sperm From
Adhering to Murine Eggs. It was established that OBF13 (IgM)
potently inhibits murine sperm to fertilize murine eggs. We
hypothesized that the altered affinity caused by OBF13 between
sperm IZUMO1 and egg JUNO inhibits murine sperm—egg
binding during fertilization. Since both acrosome-reacted and
acrosome-intact murine sperm can bind to zona-free murine
eggs in vitro (27), we chose to employ red body green sperm
(RBGS) male mice (28). Sperm from these mice express EGFP-
tagged Acrosin, a soluble acrosomal protein rapidly released during
acrosome reaction, allowing for direct visualization by green
fluorescence to distinguish the acrosomal status of each sperm
(Fig. 3E).

We incubated zona-free murine eggs with capacitated sperm
pretreated with the antibodies. 30 min after insemination, we
recorded the number of acrosome-reacted sperm, indicated by the
loss of green fluorescence in the sperm head, bound to eggs.
Compared to the untreated group, the OBF13MA¢ (scFv)- and
OBF13 (IgM)-treated groups had drastically reduced binding
activity (Fig. 3 Fand G). 6 h after insemination, we recorded the
number of pronuclei per egg. In the untreated group, there were
approximately 3.5 fused sperm per egg. However, no sperm—egg
fusion was detected in the OBF13"AC (scFv)- and OBF13
(IgM)-treated groups. The WT OBF13 (scFv) had minimal effect

40f9 https://doi.org/10.1073/pnas.2425952122

on sperm—egg binding or fusion (Fig. 3 Fand G and SI Appendix,
Fig. S4 H and 1). These results suggest that, independent from
antibody’s size, the binding of high-affinity OBF13"4¢ (scFv) or
high-aviditcy OBF13 (IgM) to sperm inhibits the adhesion of
fusion-competent sperm to eggs, thereby preventing membrane
fusion during in vitro fertilization.

Murine IZUMO1 Binds Strongly to Hamster JUNO. Although it
was known that murine [ZUMOT1 can bind to hamster JUNO
(29), we were intrigued that OBF13 (IgM) selectively allows for
murine sperm to fertilize hamster eggs (16). Surprisingly, we
found that the interaction of murine [ZUMO1 with hamster
JUNO in solution has a K}, of 659.3 nM, 20-fold higher than
the K}, for murine IZUMO1 with murine JUNO (Fig. 44 and
SI Appendix, Fig. S5A). To better understand the affinities, we
next analyzed the surface of JUNO that interacts with [ZUMO1
(30). We found that while the interfacial amino acids between
murine and hamster JUNO are mostly conserved, five amino acid
sites differ (Y44, Q45, R58, R87, and L141 of murine JUNO)
(Fig. 4B and SI Appendix, Fig. S5B). We postulated that these
five sites contain the determinants for the affinity enhancement.
To test this, we performed site-directed mutagenesis on murine
JUNO to substitute the amino acids with those from the
hamster sequence. Using BLI, we found that, compared to WT
JUNO, Q45L has minimal effects, Y44F completely ablates the
binding, and R58F, R87H, and L141Y exhibit increased affinity.
Remarkably, L141Y alone is sufficient to boost the affinity to the
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level of hamster JUNO (Fig. 4C). These results suggested that the
amino acid difference at position 141 from leucine to tyrosine is
a predominant determinant for murine IZUMO1 binding more
strongly to hamster JUNO than to murine JUNO.

We examined whether OBF13MA€ affects the murine [ZUMO1-
hamster JUNO interaction. Using BLI, we compared the binding
to hamster JUNO in solution with sensor-loaded IZUMO1-Fc
prebound to the antibodies (Fig. 4D). Compared to IZUMOL1 alone,
the OBF13"4€ (scFv)- or OBF13 (IgM)-bound IZUMOT1 showed
atwofold decrease in £, for hamster JUNO (Fig. 4E and ST Appendix,
Fig. S5 C-E), suggesting that the antibodies preferably recognize a
conformation of apo-IZUMOI different from that bound to ham-
ster JUNO. Because antibody binding also alters %, the resulting
K}, has minimal change. When binding to membrane-bound ham-
ster JUNO on the HEK293F cell surface (Fig. 4F), [ZUMO1-Fc
exhibits an ECs, of 198 pM. However, when IZUMO1-Fc is
prebound to OBF13M4€ (scFv) or OBF13 (IgM), there is a decrease
in its apparent affinity with £C;, values of 785 pM and 1,404 pM,
respectively (Fig. 4G). Despite decrease in binding, the resulting £C;,
values are lower than the £C;, for ZUMO1-Fc binding to murine
JUNO on the cell surface (Fig. 4G). Therefore, we proposed that the
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altered affinity caused by the antibodies can sustain murine [ZUMO1
to properly interact with hamster JUNO at the cell surface, allowing
for sufficient sperm—egg interactions during fertilization.

0BF13"AC poes Not Inhibit Murine Sperm from Fertilizing
Hamster Eggs. We next evaluated OBF13HA€ on the ability of
murine IZUMOI to bind to and of murine sperm to fertilize
hamster eggs. We found that when IZUMO1-Fc was incubated
with hamster eggs, similar to OBF13 (IgM), OBF13MAC (scFv)
does not ablate the binding of IZUMO1-Fc to zona-free hamster
eggs (SI Appendix, Fig. S5F). To evaluate fertilization, we next
inseminated hamster eggs with murine sperm preincubated with
WT OBF13 (scFv) and OBF13"4€ (scFv), using an untreated
group and the OBF13 (IgM)-treated group as controls. We
recorded the numbers of bound and fused sperm per egg and
found that neither group blocks binding or fusion of murine
sperm to hamster eggs (Fig. 4 H-)).

Because of the high affinity and high avidity of murine
[ZUMOL1 to hamster JUNO at the cell surfaces, the affinity
changes caused by OBF131A€ (scFv) remain sufficient to enable
murine sperm-hamster egg interactions during fertilization.
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of murine sperm to zona-free hamster eggs. (Scale bar, 50 pm.)

Collectively, these results provided structural and biochemical How does OBF13 interfere with sperm—egg interactions? We

6 of 9

basis for the species-selective inhibition of fertilization by OBF13.

Discussion

The antisperm antibody OBF13 targets the four-helix domain of
[ZUMOL1 and inhibits IZUMO1-mediated sperm—egg binding
before membrane fusion during fertilization. This inhibition is
independent of antibody size, indicating that steric hindrance in
membrane fusion does not impede the antibody’s inhibition. An
inferred germline antibody of OBF13 binds to IZUMO1 with an
affinity higher than that required for initiating B cell activation
and affinity maturation (31-34). The murine adaptive immune
system can generate fertilization-inhibitory, anti-IZUMO1 anti-
bodies against syngeneic sperm (Fig. 54).

https://doi.org/10.1073/pnas.2425952122

propose that OBF13 affects an allosteric interaction within
[ZUMOL between the apex of the four-helix domain and the
JUNO-binding site of the p-hairpin hinge region (Fig. 5B). We
envision that [ZUMOI1 exists in an ensemble of conformations,
predominantly populating structures in the boomerang confor-
mation as suggested in the apo-structure (i.e., K, < 1). IZUMO1
molecules in the upright conformation have a higher affinity for
JUNO (X; > K;) and the upright confirmation is active for ferti-
lization. Thermodynamics dictates that K K; = K, K, so K; > K.
Here, OBF13 leads to a higher proportion of IZUMO1 molecules
in the boomerang conformation (K > 1). Relative to the mono-
meric OBF13%¥T scFv, the boomerang conformation is substan-
tially stabilized through the oligomeric OBF13 IgM which has

increased avidity or the monomeric OBF13HA¢ scFy which has
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Fig. 5. Model of allosteric inhibition of IZUMO1 by OBF13. (A) A flowchart summarizes the discovery and engineering of OBF13. Relative to OBF13"T (scFv), the
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up and the L2 loop has moved down. OBF13 stabilizes IZUMO1 in the apo-conformation, thereby increasing the population of apo-IZUMO1 in the boomerang
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increased affinity (increased K5). Compared to IZUMOL alone,
the decreased association constant (4,,) for JUNO binding by the
OBF13 IgM- or OBF13"4¢ scFy-bound 1ZUMO1 (K, < K,)
supports this model. These kinetic properties are consistent with
adecreased fraction of OBF13-bound IZUMO1 molecules in the
upright conformation (X, < 1, K; > K,) (Fig. 5 Cand D) (25, 35,
36). Previous hydrogen—deuterium exchange mass spectrometry
of IZUMOI1 (37) and molecular dynamics simulation of the
[ZUMO1-JUNO complex (38) support the notion of allostery.

Hamster JUNO leads to a higher proportion of IZUMO1
molecules in the upright conformation (increased K), compared
to murine JUNO. K, K, = K;; K},, so increased K leads to
increased K. Such enhancement is further potentiated by the
avidity of JUNO on egg membranes. Despite the allosteric effect
posed by OBF13, the resulting affinity remains sufficient for
murine sperm adhering to hamster eggs for fertilization (Fig. 5
E and F). Using IZUMOI-Fc binding to membrane-bound
JUNO as a proxy, the minimal EC;, value for successful fertili-
zation by murine sperm is estimated to be in the range of 10 to
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550 nM (Fig. 3D). These data provide a structural and mecha-
nistic basis for antibody-mediated, species-specific inhibition of
the IZUMO1-JUNO interaction in fertilization.

Evidence suggested that [ZUMO1 is part of a large sperm mem-
brane protein complex (39-41). Overlay of our crystal structure
of IZUMO1-OBF13 with an AlphaFold model of the IZUMO1-
SPACA6-TMEMS81 complex (11, 12) showed that OBF13 and
SPACAG would clash if OBF13 were to bind [IZUMOL1 in its
heterotrimeric state (Fig. 1K). This trimeric sperm complex was
predicted by deep learning to interact with egg’s JUNO and CD9,
forming a hetero-pentameric complex at the fertilization synapse
(11). Although we did not detect binding of IZUMO1 with CD9
(SI Appendix, Fig. S4D), in this model (Fig. 1/), OBF13 would
additionally interfere with the contact between IZUMO1 and
CD9 (Fig. 1)).

Alternatively, or in addition, IZUMO1 may play roles following
sperm—egg binding. First, sperm—egg fusion may be accompanied by
additional structural changes in IZUMO1’s conformations or oligo-
meric states (42). OBF13 traps [ZUMOL in its apo-conformation,
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potentially interfering with these subsequent changes. Second, the
OBF13 epitope is immediately adjacent to the hydrophobic amino
acid site (W113) of IZUMOL1 previously identified in somatic cell-
cell fusion (43). Should the four-helix domain of IZUMO1 interacts
directly with the egg’s plasma membranes, OBF13 would block these
protein—membrane interactions.

The cocrystal structure of OBF13-1ZUMOL that we reported
is, to our knowledge, the only structure of an antisperm anti-
body bound to its antigen to date. Several additional IZUMO1
monoclonal antibodies have been isolated and characterized as
inhibitory to fertilization, many of which targeting epitopes
within its four-helix domain (18, 42, 44). Reports of human
[ZUMOL1 antibodies that recognize the four-helix domain in
the sera of immuno-infertile patients suggest its immunogenicity
in humans (45).

The identification of the fertilization-inhibitory epitope and
the allosteric interaction within IZUMOL sets the stage for the
discovery and design of antisperm antibodies and immunocon-
traceptives. For example, the coupling between the apex of
four-helix domain and the p-hairpin hinge in [ZUMO1 could
enable protein engineering efforts to induce the conformational
changes of IZUMOL1 (e.g., amino acid substitutions, inser-
tions, and/or deletions in the four-helix domain). This coupling
could therefore facilitate the design of contraceptive immuno-
gens, the discovery of additional allosteric regulators of
[ZUMOL1 activity, and high-throughput approaches to inhib-
itor discovery. The IZUMO1-OBF13 structure reported here
will facilitate virtual drug screening to identify potential lead
compounds (e.g., ref. 46). Specifically, we envision a small
molecule binding to IZUMOT1 contacting all or many of the
residues of the OBF13 epitope in a conformation similar to that
formed in the complex with OBF13 (Fig. 1 D and E). In addi-
tion, the structures of the indole and phenol rings and
neighboring side chains of the OBF13 paratope (Fig. 24) are
potentially useful starting points for the design of fragment-based
screening scaffolds (e.g., refs. 25 and 47). More broadly, our
work has implications for advancing the understanding of nat-
urally occurring antisperm antibodies and for developing immu-
nocontraceptives that target sperm-surface antigens.

Materials and Methods
Additional information is provided in S/ Appendix, Materials and Methods.

Protein Crystallization of IZUMO1-OBF13 and Apo-IZUMO1. The IZUMO1
ectodomain (residues 22-256) and OBF13 Fab were recombinantly expressed
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and purified from Expi293F cells. The IZUMO1-0BF13 (Fab) complex was crys-
tallized at room temperature in hanging-drop vapor diffusion system. Then, 1
pl of the 11.1 mg/mL complex was mixed with 1 pL reservoir solution of 200
mM L-Proline, 100 mM HEPES pH 7.4, 9% PEG 3,350, over 1 mL of reservoir
solution. The crystals were supplemented with PEG 400 before cryocooling in
liquid nitrogen. Attempts to crystalize the IZUMO1-0BF13 (scFv) complex crys-
talized apo-1ZUMO1 at room temperature in sitting-drop vapor diffusion system.
Then, 400 nL of the 12.1 mg/mL1ZUMO1 ectodomain (residues 22-256) and
OBF13 (scFv)-His, was mixed with 400 nL of reservoir solution of 200 mM CaCl,,
100 nM HEPES pH 7.5, 28% PPG P400, over 80 pL of reservoir solution. The
crystals were supplemented with PEG 400 before cryocooling in liquid nitrogen.

In Vitro Fertilization of Murine Eggs by RBGS Murine Sperm. Cauda epididy-
mal sperm from one RBGS transgenic male mouse, B6D2-Tg(CAG/Su9-DsRed2,
Acr3-EGFP)RBGS0020sb, were preincubated at a density of 2 x 10° sperm/mL
in Toyoda, Yokoyama, Hoshi (TYH) medium drops containing 1:50 dilutions of
OBF13 antibodies at 37 °C, 5% CO, for 2 h.The cumulus cells and zonae pellucidae
of eggs obtained from three B6D2F1/J female mice were removed by treating
with 1 mg/mL collagenase in TYH at 37 °C for 10 min. Zona-free murine eggs
were then transferred to the medium drops containing sperm and incubated for
30 min or 6 h to examine sperm binding or pronuclear formation, respectively.
Sperm-egg complexes were fixed in 0.25% glutaraldehyde and stained with
1:1,000 dilution of Hoechst 33342 to visualize the nuclei. Z-stack images were
captured under a Nikon Eclipse Ti microscope equipped with a Nikon C2 confo-
cal module and the numbers of bound sperm and pronuclei in the eggs were
counted under a Keyence BZ-X800 microscope.

Data, Materials, and Software Availability. The coordinates and structure fac-
tors of the IZUMO1-0BF13 complex and apo-1IZUMO1 have been deposited in the
RCSB Protein Data Bank (PDB) under assigned PDB IDs 9MYL (48) and 9MYM (49),
respectively. All other data are included in the manuscript and/or S/ Appendix.
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