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Monoclonal antibody IE-3 prevents mouse fertilization by binding ZP2, a major
component of the oocyte-specific zona pellucida (ZP). We show that an IE-3-derived
single-chain variable fragment (scFV) is sufficient for blocking fertilization in  vitro
and determine the structural basis of IE-3/ZP2 recognition. The high affinity of this
interaction depends on induced fit of the epitope, offering insights for nonhormonal 
contraceptive design without off-target effects.

zona pellucida | ZP2 | monoclonal antibody | X-ray crystallography | nonhormonal contraception

 Due to significant technological advances, there is a renewed interest in developing con-
traceptive antibodies that prevent fertilization by targeting gamete interaction proteins ( 1 ). 
As the first interface between egg and sperm ( 2 ), the ZP has long been explored as a target 
for immunocontraception ( 3 ), with notable proof-of-principle applications to wildlife con-
trol ( 4 ,  5 ). Among the monoclonal antibodies raised against ZP proteins, of particular 
interest is IE-3, which targets the N-terminal ZP-N1 domain of mouse ZP2 (mZP2-N1) 
( 6 ,  7 ). This domain was suggested to directly mediate sperm binding to the ZP ( 7 ) and 
implicated in the block to polyspermy by regulating the postfertilization cleavage of ZP2 
( 8 ). IE-3 binds to the ZP in vitro and in vivo ( 9   – 11 ). It has a full contraceptive effect in 
mice, with a reversible block of animal fertility ( 9 ) and no interference with normal follicular 
maturation, even when recombinant full-length IE-3 is expressed for many months fol-
lowing adeno-associated-virus-based intramuscular delivery ( 10 ). These properties establish 
IE-3 as a solid foundation for developing nonhormonal contraceptives. However, how the 
antibody exactly recognizes ZP2 at the molecular level is unknown and, more generally, 
there is no structural information on any antibody/female fertilization protein complex. 

Results and Discussion

 To study how IE-3 recognizes its epitope on ZP2, we sequenced the antibody gene from 
its hybridoma line and engineered a His-tagged scFV that was expressed in mammalian 
cells and purified by immobilized metal-ion affinity chromatography (IMAC). Size-
exclusion chromatography (SEC) showed that scFV forms a stable complex with mZP2-N1 
in solution ( Fig. 1A  ). In vitro fertilization (IVF) experiments showed that oocytes prein-
cubated with scFV remained unfertilized, whereas oocytes exposed to buffer or human 
growth hormone (hGH; a control His-tagged glycoprotein of comparable molecular 
weight) developed into embryos ( Fig. 1 B  and C  ). Notably, scFV did not affect sperm 
motility but blocked fertilization by both reducing the attachment of sperm ( Fig. 1D  ) 
and hindering ZP penetration, as suggested by the lack of spermatozoa within the ZP or 
in the perivitelline space ( Fig. 1C  ).        

 To structurally investigate antibody–protein recognition, we coexpressed the unfused 
variable heavy and light chains of IE-3 (VH , VL ) together with His-tagged mZP2-N1. This 
enabled efficient secretion and purification of the trimeric complex, which produced two 
crystal forms whose structures were determined to 1.5 Å and 2.1 Å resolution, respectively. 
The corresponding models are essentially identical (RMSD 0.28 Å) and their superposition 
onto the structure of the full N-terminal region of human ZP2 (hZP2 NTR) ( 8 ) shows 
that, consistent with the ability of IE-3 to recognize ZP2 in native conditions ( 12 ), the 
VH VL  heterodimer binds to the surface of ZP2-N1 opposite to its junction with the rest of 
the molecule ( Fig. 2A  ). The three complementarity-determining regions of VH  
(CDR-H1/H2/H3), together with CDRs L1 and L3 of VL , generate a hydrophobic pocket 
where the fg loop of mZP2-N1 inserts. This dominates the interaction with IE-3, which 
includes only a few other contacts between the cd loop of mZP2-N1 and CDR-L1 ( Fig. 2A  ).        

 Notably, the long fg loop of ZP2 is largely disordered in the structures of both unbound 
mZP2-N1 ( 13 ) and hZP2 NTR ( 8 ) and becomes fixed upon interaction with the antibody 
( Fig. 2 A  and B  ). Moreover, the IE-3-interacting region of the fg loop includes residues 
﻿123 VRYK126 , which match the sequence VxYK that was previously identified as a minimal 

OPEN ACCESS

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:luca.jovine@ki.se
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2426057122/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2426057122/-/DCSupplemental
https://orcid.org/0000-0001-6560-011X
https://orcid.org/0000-0003-0391-8290
https://orcid.org/0000-0003-0876-6767
mailto:
https://orcid.org/0000-0002-2679-6946
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2426057122&domain=pdf&date_stamp=2025-4-10


2 of 3   https://doi.org/10.1073/pnas.2426057122� pnas.org

consensus epitope for IE-3 by screening a random peptide library 
( 6 ). In agreement with this study, the structure of the complex 
and binding assays of point mutants show that hydrogen bonding 
of mZP2-N1 Y125 to CDR-H1 D52 and H54 is crucial for 
epitope recognition. On the other hand, mutation of fg loop 
K126, which makes a cation–π interaction with CDR-H2 W69 
and also hydrogen bonds to CDR-H1 D52, does not affect com-
plex formation ( Fig. 2 B –D  ). Notably, the structure reveals that 
F- β-strand R115 and fg loop D122, two residues located outside
the VxYK motif, also contribute to mZP2-N1 recognition by
contacting CDR-L3 N119 and CDR-L1 R53, respectively. Most
importantly, the mZP2-N1/IE-3 interaction indirectly depends
on D127, which does not contact the antibody but orients R115
as well as influences the overall conformation of the fg loop by
stabilizing a set of interactions centered around R124 ( Fig. 2B  ). 
Accordingly, complex formation is significantly reduced by either
individually mutating mZP2-N1 R115 or D127, or combining
a mZP2-N R124A substitution with a mutation of VL  R53, Y58, 
or N119 (with each of these mutations not being sufficient to
disrupt binding by itself ) ( Fig. 2 C  and D  ). Consistent with an
important role of the 3D shape of the fg loop, IE-3 binds
mZP2-N1 with 30-fold higher affinity than the mZP2T103-Q138  
linear epitope fused to maltose-binding protein (MBP) ( Fig. 2E  ). 
Interestingly, IE-3 does not bind to the ZP2-N1 domain of rat
ZP2 (rZP2), which contains all the aforementioned key residues
except for a Ser at position 113, corresponding to mZP2-N1 R124 

in the VxYK motif. However, in agreement with the above obser-
vations, mutation of S113 to Arg (but not Ala) allows rZP2-N1 
to also be recognized by IE-3 scFV, albeit with reduced affinity 
( Fig. 2 E –H  ).

 Our results have three main implications for the development 
of ZP2-targeted contraceptives. First, the finding that, despite its 
relatively small size, an IE-3 derived scFv is sufficient to block 
fertilization in vitro identifies a framework that will intrinsically 
avoid potential Fc-associated side effects. Second, the high-resolution 
structural information on mZP2-N1/VH VL , reveals that the 3D 
conformation of the epitope contributes significantly to its 
high-affinity recognition by the antibody. Consistent with the fact 
that IE-3 was obtained by immunization using native ZPs ( 12 ), 
this underlines the importance to use properly folded ZP2 material 
as antigen, as opposed to using linear ZP2-derived peptide sequences 
( 6 ) or heat-solubilized pig ZP material ( 4 ). Third, the structure 
shows that IE-3 CDR-L1 makes auxiliary contacts with the cd 
loop of mZP2-N1. Although our experiments exclude a require-
ment for these interactions, rational design of CDR-L1 variants 
could be used to further increase the affinity for ZP2. Together, 
these considerations suggest that, even though the details of the 
mZP2/IE-3 interaction cannot be extrapolated to species with a 
significantly different ZP2-N1 fg loop sequence, a similar exper-
imental approach may be used for developing nonhormonal con-
traception in humans [whose ZP2 NTR can be recombinantly 
expressed in relatively large amounts ( 8 )] and other mammals.  
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Fig. 1.   IE-3 scFV binds recombinant mZP2-N1 
and blocks fertilization in  vitro. (A) SEC analysis 
of purified mZP2-N1, scFV, or their complex. Ve, 
elution volume. (B) Fertilization rates of oocytes 
incubated with scFV, buffer, or hGH. (C) Anti-5His 
immunofluorescent staining of representative 
scFV-, buffer- or hGH-treated oocytes used for 
the IVF experiments summarized in panel B. hGH-
treated oocytes show a weak fluorescent signal due 
nonspecific protein binding to the ZP. Only oocytes 
incubated with buffer or hGH developed into 2-cell 
embryos. (D) Number of ZP-bound sperm after 
oocyte treatment with purified scFV or hGH (Inset).
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Materials and Methods

Proteins were expressed in human embryonic kidney 293 cells and purified by 
IMAC and SEC. IVF assays were performed using oocytes from juvenile C57BL6/J 
female mice and cauda epididymis sperm from mature male mice. Diffraction 
data were collected at beamline ID29, European Synchrotron Radiation Facility 
(France). Binding affinities were determined by MST. A full description of the 
methodology is detailed in SI Appendix, Materials and Methods.

Data, Materials, and Software Availability. Sequences, structure factors 
and model coordinates data have been deposited in GenBank; Protein Data 

Bank (PDB) [MH212328, MH212329; 9H4R (14), 9H4S (15)]. All study data are 
included in the article and/or SI Appendix.
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Fig. 2.   Structural analysis of mZP2-N1 recognition 
by IE-3. (A) Superposition of the mZP2-N1/VHVL 
complex structure onto hZP2-N1N2N3 (PDB ID: 
8RKE) with RMSD of 1.25 Å across 78 aligned 
residues. Selected CDRs at the interface are 
indicated. (B) Detail of mZP2-N1 fg loop/VHVL CDR 
interactions. Dashed lines indicate hydrogen 
bonds; water molecules are omitted for clarity. 
(C and D) Coomassie-stained SDS-PAGE analysis 
of pull-down experiments using mZP2-N1 
mutants (C) or scFV mutants and mZP2-N1/scFV 
double mutants (D). Immunoblots display the 
respective scFV input levels (100 µl). (E) Microscale 
thermophoresis (MST) analysis of the interaction 
between the fragment antigen-binding (Fab) 
region of IE-3 and mZP2/rZP2 constructs. MBP 
was used as a negative control. Kd values are 
reported (error bars = SD; n = 3). (F) Sequence 
alignment of rodent ZP2-N1 fg loops. A red arrow 
indicates mZP2 R124 and rZP2 S113. (G) While 
wild-type rZP2-N1 does not bind IE-3, the S113R 
mutant shows significant binding. (H) Pull-downs 
of rZP2-N1 mutants show that S113R forms a 
stable complex with IE-3 scFV.
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Supplementary Materials and Methods 

 

DNA constructs 

The details of the mZP2-N1 expression construct used in this study have been described 

previously (1). For producing additional ZP2 proteins used for binding assays, a construct 

encoding C-terminally 6His-tagged rZP2-N1 (rZP2M1-Q127 with N-glycosylation site 

mutation N72S) was synthesized (Life Technologies/Thermo Fisher Scientific) and cloned 

into mammalian expression vector pHLsec3 (2); additionally, a cDNA fragment encoding 

mZP2 T103-Q138, essentially corresponding to the protein’s B cell epitope (3), was 

subcloned in frame with the MBP ORF of pLJMBP6 (4). 

 The cDNAs for the IE-3 heavy and light chains (HC/LC) were amplified by RT-

PCR from hybridoma cell line CRL-2463 (5) (ATCC) and sequenced (GenScript); the 

corresponding sequences have been deposited with GenBank under accession numbers 

MH212328 and MH212329, respectively. Note that the VL sequence used in this study 

differs from that included in a previously described synthetic construct (6) at 5 positions 

(T71, H75, W76, Q81 and S82, corresponding to GenBank entry ALJ49777 K579, S583, 

L584, E589 and T590, respectively). Although none of these residues is in contact with 

ZP2, W76 stabilizes the VH/VL interface by interacting with VH Y122, at the periphery of 

the hydrophobic pocket that binds the mZP2-N1 fg loop. 

For IE-3 Fab expression, cDNAs encoding HCM1-R239 followed by a 6His-tag and 

LCM1-C240 were cloned into pHLsec3; for IE-3 VHVL expression, HCQ20-S139 and LCD21-R134 

were cloned in frame with the Crypα signal peptide of pHLsec3. To generate the construct 

encoding IE-3 scFV, VL and VH sequences were connected by a 16-residue (GGGS)4 

https://paperpile.com/c/COLPJg/WQrP
https://paperpile.com/c/COLPJg/6BNgk
https://paperpile.com/c/COLPJg/1qTVV
https://paperpile.com/c/COLPJg/Al13P
https://paperpile.com/c/COLPJg/8t8is
https://www.ncbi.nlm.nih.gov/nuccore/MH212328/
https://www.ncbi.nlm.nih.gov/nuccore/MH212329/
https://paperpile.com/c/COLPJg/S4RVI
https://www.ncbi.nlm.nih.gov/protein/ALJ49777/
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linker and followed by 6His or Myc tags. For expression of the C-terminally His-tagged 

hGH control protein, the corresponding gene insert was amplified by PCR from pSGHV0 

(7) and cloned into pHLsec3. 

All mutations were introduced by overlapping PCR. Oligonucleotides were ordered 

from Sigma-Aldrich and all constructs were verified by DNA sequencing (Eurofins 

Genomics). 

 

Protein expression 

Proteins were transiently expressed in human embryonic kidney (HEK) 293 cells using 

25 kDa branched polyethylenimine (2). For co-expression experiments of mZP2-N1 and 

IE-3 VHVL in HEK293T cells, 3 ng/μl mZP2-N1 DNA were mixed with 3.5 ng/μl DNA VH 

and 3.5 ng/μl DNA VL; all other co-transfections were performed using a 1:1 DNA ratio. 

MBP-mZP2T103-Q138 and control MBP were expressed in E. coli BL21 pLysS (DE3) 

(Promega) at 21ºC. Protein expression was induced for 16–18 h with 0.1 mM IPTG at an 

optical density (OD550) of 0.5–1. Cells from 1 L culture, suspended in 10 mL 50 mM Tris–

HCl pH 7.5, 50 mM NaCl, 1 mM MgCl2, 0.2 mg mL-1 lysozyme, 25 U mL-1 Benzonase 

(Sigma-Aldrich) and cOmplete mini EDTA-free protease inhibitors (Roche), were 

disrupted using three freeze-thaw cycles. Bacterial debris was removed by centrifugation 

at 18,000 x g for 30 min. 

 

Protein purification 

72 h after transfection, the conditioned media from mammalian cells was harvested, 0.22 

μm-filtered (Sarstedt) and adjusted to 20 mM Na-HEPES pH 7.8, 500 mM NaCl, 5-10 mM 

https://paperpile.com/c/COLPJg/6qVUc
https://paperpile.com/c/COLPJg/6BNgk
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imidazole (IMAC buffer). 10 mL pre-equilibrated nickel agarose slurry (Ni-NTA; QIAGEN) 

was added per liter of medium and incubated for 1 h at room temperature (RT). After 

washing the beads with 100 column volumes IMAC buffer, proteins were batch-eluted 

with 5 column volumes elution buffer (20 mM Na-HEPES pH 7.8, 150 mM NaCl, 500 mM 

imidazole). Proteins were concentrated with appropriate centrifugal filtration devices 

(Amicon) and further purified by SEC at 4ºC using an ÄKTAFPLC chromatography system 

(GE Healthcare). mZP2-N1/IE-3 VHVL complex was injected into a Superdex 75 26/60 

column (GE Healthcare) pre-equilibrated with 10 mM Tris-HCl pH 7.2, 50 mM NaCl. Peak 

fractions were pooled and the protein complex was concentrated to 27 mg mL-1 for 

crystallization trials. 

Batch IMAC of MBP-mZP2T103-Q138 and MBP were carried out for 1 h at RT in 50 

mM Tris-HCl pH 7.5, 1 M NaCl, 20 mM imidazole; proteins were eluted with 50 mM Tris-

HCl pH 7.5, 150 mM NaCl, 500 mM Imidazole and further polished by SEC using a 

Superdex 200 26/600 column (GE Healthcare) pre-equilibrated with 10 mM Na-HEPES 

pH 7.5, 150 mM NaCl. 

 

Protein analysis 

For immunoblotting, proteins separated by SDS-PAGE were transferred to a 

nitrocellulose membrane (GE Healthcare Life Sciences) and probed with the following 

primary antibodies: anti-mZP2 IE-3 monoclonal (1:1,000); anti-5His monoclonal (1:1,000; 

QIAGEN); anti-Myc monoclonal (1:1,000; Sigma-Aldrich clone 9E10). Secondary 

antibodies were goat anti-rat (1:10,000; Thermo Fisher Scientific); horseradish 

peroxidase-conjugated goat anti-mouse (1:10,000) (Life Technologies/Thermo Fisher 
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Scientific). Chemiluminescence detection was performed with Western Lightning ECL 

Plus (Perkin Elmer). 

 

Pull-down analysis of protein-protein interaction 

2 mL conditioned medium containing 6His-tagged mZP2-N1 were harvested three days 

post-transfection and centrifuged for 5 min at 500 x g. 20 mM Na-HEPES pH 7.8, 150 

mM NaCl and 5 mM imidazole were added and samples were incubated with 50 μL Ni-

NTA beads for 1 h at RT. Beads were collected by centrifugation at 100 x g and washed 

3 times with 1 mL 20 mM Na-HEPES pH 7.8, 150 mM NaCl, 10 mM imidazole. Bound 

material was eluted with 100 μL 20 mM Na-HEPES pH 7.8, 150 mM NaCl, 500 mM 

imidazole and 20 µL were analyzed by immunoblot or Coomassie blue staining. 

 

Binding affinity determination by microscale thermophoresis 

MST analysis was performed using a NanoTemper Monolith NT.115 instrument 

(NanoTemper Technologies). Because of severe bleaching of IE-3 scFV, recombinantly 

expressed IE-3 Fab was used and labeled with the Blue-NHS labeling kit (NanoTemper 

Technologies GmbH), according to the manufacturer’s instructions and using a labeling 

buffer containing 10 mM Na-HEPES pH 7.5, 150 mM NaCl, 0.01% (v/v) Tween 20. 

Varying concentration of mZP2-N1, rZP2-N1 S113R and MBP-mZP2T103-Q138 in labeling 

buffer were titrated against labeled IE-3 Fab (8 nM) in 20 mM Na-HEPES pH 7.8, 200 

mM NaCl, 0.01% (v/v) Tween 20. Unfused MBP was used as negative control. Samples 

were loaded into Premium Coated Capillaries (NanoTemper Technologies) and 

measurements were performed using 20% MST power and 85% LED power. Laser-on 



 6 

and -off times were 30 s and 5 s, respectively. Each of the graphs superimposed in Fig. 

2E displays merged data from three independent experiments. Datasets were processed 

with the MO.Affinity Analysis software (NanoTemper Technologies) using the signal from 

the thermophoresis T jump. 

 

Protein crystallization 

Crystallization experiments were performed by hanging drop vapor diffusion at 20ºC using 

a mosquito crystallization robot (TTP Labtech) using a Nunc 96 multiwell plate (Thermo 

Scientific) with a ratio protein:reservoir 1:1 (drop size 200 nL). The mZP2-N1/IE-3 VHVL 

complex crystallized in 24% (v/v) PEG 3350, 0.2 M sodium tartrate, 0.1 M Na-HEPES pH 

6.5 (crystal form I; P212121) as well as 2.0 M lithium sulfate, 0.2 M ammonium sulfate, 0.1 

M tri-sodium citrate pH 5.6 (crystal form II; P43). 

 

X-ray diffraction data collection 

Crystals were cryoprotected using mother liquor solutions supplemented with 15% (v/v) 

PEG 200 (crystal form I) or 10% (v/v) PEG 200 (crystal form II). 

All datasets were collected from single crystals at 100 K. The initial orthorhombic 

dataset of mZP2-N1/IE-3 VHVL was collected in house using a Compact HomeLab system 

(Rigaku) equipped with a PILATUS 200K detector (DECTRIS), while final datasets for 

both crystal forms were collected at a wavelength of 0.9763 Å at European Synchrotron 

Radiation Facility (ESRF) beamline ID29 (8), using a PILATUS 6M-F detector 

(DECTRIS). For crystal form I, data collection statistics generated using phenix.table_one 

(9) were: completeness 93.4 (83.8) %, multiplicity 3.3 (3.4), mean I/sigma(I) 20.2 (1.1), 

https://paperpile.com/c/COLPJg/ZxefD
https://paperpile.com/c/COLPJg/aUOQU
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Rmerge 0.025 (1.166), Rmeas 0.030 (1.375), Rpim 0.016 (0.720), CC1/2 1.00 (0.54), CC* 1.00 

(0.84) (with the values in parentheses being for the highest resolution shell, 1.58-1.53 Å). 

For crystal form II, statistics were: completeness 97.3 (92.5) %, multiplicity 6.8 (7.1), mean 

I/sigma(I) 26.1 (1.5), Rmerge 0.052 (1.369), Rmeas 0.056 (1.478), Rpim 0.021 (0.553), CC1/2 

1 (0.53), CC* 1.00 (0.83) (with the values in parentheses being for the highest resolution 

shell, 2.09  - 2.02 Å). 

 

Data processing and structure determination 

X-ray diffraction datasets were processed using XDS (10). A 2.30 Å resolution dataset 

collected in house was used to determine the orthorhombic structure of the mZP2-N1/IE-

3 VHVL complex by molecular replacement (MR) with Phaser (11), using as independent 

search models the structure of unbound mZP2-N1 (PDB ID 5II6, chain A residues P43-

Q138) (1) and those of the VH domain of anti-porphyrin antibody 13G10 (PDB ID 4AMK, 

chain H residues Q3-S118) (12) and the VL domain of chimeric antibody X836 (PDB ID 

3MBX, chain L residues D1-R114) (13), both of which were pre-processed with Sculptor 

(14). An initial model, consisting of two copies of the complex related by non-

crystallographic symmetry (NCS) (corresponding to mZP2-N1, VH, VL chains A, H, L and 

B, X, Y, respectively), was autotraced with PHENIX AutoBuild (15). After manual 

rebuilding in Coot (16), the model was refined to R/Rfree 0.206/0.233 against the 1.53 Å 

resolution synchrotron dataset using phenix.refine (17) (with torsion-based NCS 

restraints, as well as twinning operator k, h, -l and twinning fraction 0.3). Protein geometry 

and all-atom contacts were validated with MolProbity (18): Ramachandran 

https://paperpile.com/c/COLPJg/0E4zk
https://paperpile.com/c/COLPJg/6Mn1G
https://www.rcsb.org/structure/5II6
https://paperpile.com/c/COLPJg/WQrP
https://www.rcsb.org/structure/4AMK
https://paperpile.com/c/COLPJg/JfmVR
https://www.rcsb.org/structure/3MBX
https://paperpile.com/c/COLPJg/dbjh5
https://paperpile.com/c/COLPJg/h1DJ9
https://paperpile.com/c/COLPJg/Ymwdd
https://paperpile.com/c/COLPJg/TcBw8
https://paperpile.com/c/COLPJg/BzFQE
https://paperpile.com/c/COLPJg/Zl029
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favored/allowed/outliers: 98.2/1.8/0.0 %; Rama distribution Z-score: 0.53 ± 0.31; 

favored/poor rotamers: 96.5/0.0 %; MolProbity score: 1.12; clashscore 3.28. 

The tetragonal structure of mZP2-N1/IE-3 VHVL, whose asymmetric unit also 

includes two complexes, was solved by MR using a partially refined model of the P212121 

structure. The solution was rebuilt, refined to R/Rfree 0.189/0.203 at 2.02 Å resolution and 

validated as above (Ramachandran favored/allowed/outliers: 98.0/2.0/0.0 %; Rama 

distribution Z-score: -0.08 ± 0.31; favored/poor rotamers: 98.1/0.2 %; MolProbity score: 

1.00; clashscore 2.24). The average B-factor of VL (chain L) in the orthorhombic structure 

of the complex is significantly higher than that of the other chains (50 Å2 vs 34 Å2); 

similarly, the average B-factor of VH (chain H) in the tetragonal structure of the complex 

is higher than that of the other chains (79 Å2 vs 52 Å2). However, in both cases, the B-

factors of the ZP2/IE-3 interface residues in the AHL and BXY complexes are comparable 

(30 Å2 vs 28 Å2 (crystal form I); 45 Å2 vs 42 Å2 (crystal form II)). 

Structural alignments were performed using Chimera (19), Coot and PyMOL 

(Schrödinger, LLC). Protein-protein interfaces and oligomeric states were analyzed using 

PIC (20) and PDBsum (21). All figures were created with PyMOL. 

 

Mouse gamete collection 

3- to 5-week old C57BL6/J female mice were used as oocyte donors. Mice were kept 

under controlled light and temperature conditions with free access to food and water at 

the Preclinical Laboratory Portal South Core Facility of Karolinska University Hospital 

(Huddinge, Sweden). Ovarian stimulation was induced by intraperitoneal administration 

of 5 IU Pregnant Mare Serum Gonadotrophin (PMSG; Folligon, Intervet) and, 48 h later, 

https://paperpile.com/c/COLPJg/DXaC9
https://paperpile.com/c/COLPJg/Ab3jX
https://paperpile.com/c/COLPJg/oYWI7
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5 IU human Chorionic Gonadotropin (hCG; Chorulon, Intervet). 12 h after the hCG 

injection females were sacrificed and ampullas from individual animals were retrieved and 

equilibrated in HTF medium (Embryo Max, Millipore). Caudae epididymis were dissected 

from mature male mice and placed into 1 mL drops of HTF medium supplemented with 

0.4% (w/v) BSA and covered with oil (OVOIL, Vitrolife). Sperm was capacitated by 

incubation for 1 h at 37ºC, 5% CO2. All animal experiments were performed in accordance 

with the approval of the local ethical committee (Stockholm South Animal Ethics 

Committee, Sweden; application number S-26-15). 

 

In vitro fertilization assays 

IE-3 scFV and control hGH, purified in 10 mM Na-HEPES pH 7.5 and 150 mM NaCl, were 

concentrated to 1.2 mg mL-1 and 1.3 mg mL-1, respectively. After 15 min equilibration in 

HTF medium at RT, 5 μL protein was added to IVF drops containing an average of 16 

oocytes surrounded by cumulus cells and covered with oil. Protein and oocytes were 

incubated for 1 h at 37ºC, 5% CO2. Because the fertilization block induced by IE-3 is 

concentration-dependent (22), a 10-fold excess of IE-3 scFV (corresponding to 2.2 μM 

final protein concentration in the IVF drop) was used to ensure full saturation of its binding 

sites in the ZP. Control hGH was used at the same molar concentration of IE-3 scFV. 

After capacitation, ~ 5 x 106 mL-1 highly motile sperm was added to the IVF drops 

containing oocytes and proteins; 4 h later, oocytes were washed, incubated overnight, 

and observed to assess 2-cell cleavage occurrence. Fertilization rates were calculated 

based on the number of healthy cells. 

https://paperpile.com/c/COLPJg/gyHwf


 10 

To count the number of sperm attached to the ZP, 5 groups of 5-10 oocytes (hGH) 

or 6 groups of 5-15 oocytes (IE-3 scFV), corresponding to a total of 36 or 54 oocytes, 

respectively, were washed in PBS 1 h after having added capacitated sperm and fixed in 

2% (v/v) paraformaldehyde (PFA; Sigma-Aldrich). Oocytes were then washed three times 

and finally fixed using 2-cell embryos as washing controls. Sperm was counted by 

performing a through-focus series on each oocyte. 

 

Confocal microscopy 

2 cell-embryos or unfertilized oocytes were fixed with 2% (v/v) PFA, washed with 100 μL 

PBS and blocked with a solution containing 1x PBS, 3% (w/v) BSA for 1 h at RT. After 

three washing steps with PBS, cells were incubated overnight at 4˚C with anti-5His 

monoclonal (1:1000). The day after, after three washing steps in 1x PBS, cells were 

transferred into a drop containing PBS supplemented with 3% BSA and goat anti-mouse 

IgG Alexa 488 secondary antibody (1:1000; Thermo Fisher Scientific) and incubated for 

1 h at RT. Samples were washed, transferred to a glass coverslip with PBS and imaging 

was performed on a Nikon A1R confocal microscope at RT, at the Karolinska Institutet 

Live Cell Imaging Core Facility (Huddinge, Sweden).  
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