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Abstract

Purpose The PLCC p.Arg385GIn (R385Q) variant was recently identified in infertile patients with recurrent fertilization
failure and markedly reduced sperm PLCC levels. However, whether this variant causes infertility through loss of catalytic
function or protein insufficiency remains unknown.

Methods The structural and functional consequences of the R385Q variant were investigated using structural modelling,
protein stability prediction, recombinant PLC{ enzymatic assays, and mouse oocyte microinjection followed by Ca** oscil-
lation analysis.

Results Structural modelling predicted that the R385Q substitution destabilizes the catalytic domain without disrupting the
active site. Consistent with this prediction, recombinant PLC{R*5Q exhibited phosphatidylinositol 4,5-bisphosphate (PIP,)
hydrolytic activity comparable to wild-type PLCZ. Likewise, microinjection of PLC{®*#Q cRNA into mouse oocytes induced
Ca”* oscillations with frequencies and patterns indistinguishable from those elicited by wild-type PLC{, demonstrating
preserved catalytic and oocyte activation activity.

Conclusion These findings indicate that the R385Q variant is catalytically competent and does not cause infertility through
loss of enzymatic function. Instead, together with our previous demonstration of markedly reduced PLCC protein levels in
patient sperm, the results support a protein insufficiency mechanism in which fertilization failure arises when PLCC levels fall
below the threshold required for physiological oocyte activation. This study expands the spectrum of pathogenic mechanisms
underlying PLCC-associated male infertility.
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Introduction

59 Michail Nomikos Fertilization in mammals is initiated by a series of intracellu-
mnomikos @qu.edu.ga lar calcium (Ca®") oscillations that arise shortly after sperm-
Alazeldin Saleh oocyte fusion. These repetitive Ca>" transients constitute
alaaeldin.saleh@qu.edu.qa the universal trigger of oocyte activation and regulate key
Zizhen Huang developmental processes, including cortical granule exocy-
HuangZ42 @cardiff.ac.uk tosis, completion of meiosis, pronuclear formation, and the
Zeyaul Islam onset of embryonic gene expression [1, 2]. Failure to initiate
zislam@hbku.edu.qa these Ca** oscillations results in oocyte activation deficiency
Karl Swann (OAD), a significant cause of fertilization failure in assisted
SwannK 1 @cardiff.ac.uk reproductive technologies (ART) [3, 4].

A large body of evidence has established that the sperm-
specific phospholipase C zeta (PLCU) is the physiologi-
cal trigger of these Ca®* oscillations during mammalian
fertilization [5-8]. Following sperm-egg fusion, PLCC is
delivered into the egg cytoplasm, where it hydrolyzes phos-
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1,4,5-trisphosphate (IP;). Binding of IP; to its receptors on
the endoplasmic reticulum induces Ca** release and initiates
the characteristic oscillatory Ca** signaling pattern observed
at fertilization [5, 7]. Importantly, microinjection of PLC{
cRNA or recombinant protein into mammalian oocytes is
sufficient to induce fertilization-like Ca** oscillations and
oocyte activation, demonstrating its central role in this pro-
cess [5,9].

Structurally, PLCC belongs to the phospholipase C family
but exhibits distinct features that underlie its unique function
in fertilization. The protein comprises an N-terminal EF-
hand domain, a catalytic core formed by X and Y domains
connected by an XY linker and a C-terminal C2 domain
[10]. Unlike somatic PLC isoforms, PLC{ lacks a pleckstrin
homology domain and is highly sensitive to Ca®*, enabling
activity at the low resting Ca** concentrations present in the
oocyte cytoplasm [11, 12]. The catalytic X and Y domains
form the enzymatic core responsible for PIP, hydrolysis,
while the EF-hand and C2 domains contribute to Ca** sen-
sitivity and membrane targeting [11-15].

Mutations in the PLCZI gene are increasingly recognized
as a cause of male infertility associated with fertilization
failure or OAD. Numerous pathogenic variants have been
identified in infertile patients, many of which impair PLCC
expression, localization, or catalytic activity [16—-22]. Func-
tional analyses of these variants have provided important
insights into the molecular basis of PLCC-mediated oocyte
activation and support the use of PLCC as a diagnostic bio-
marker in cases of unexplained fertilization failure [23, 24].

Recently, a new PLC{ variant (c.1154G > A;
p-Arg385GIn, R385Q) was identified in infertile patients
presenting with recurrent fertilization failure, in whom
sperm exhibited markedly reduced PLCC levels and altered
localization [25]. Structural predictions suggested that the
R385Q substitution may disrupt stabilizing intramolecular
interactions within the catalytic domain, potentially affecting
protein folding and stability [25]. Notably, while this variant
has previously been reported in the heterozygous state [26],
these findings revealed its occurrence in the homozygous
state in a distinct population, indicating broader clinical
relevance.

However, while these findings established the clinical
phenotype associated with the R385Q variant, they did not
determine whether the mutation itself compromises the
intrinsic biochemical function of PLCC or whether fertili-
zation failure results primarily from reduced protein abun-
dance in sperm.

Although our previous study demonstrated markedly
reduced PLCC protein levels and abnormal localization in
sperm from affected patients [25], the molecular mecha-
nism underlying the pathogenicity of the R385Q variant
remained unresolved. Specifically, it was unclear whether
the mutation directly impairs the catalytic activity of PLCC,
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disrupts its ability to induce Ca** oscillations, or whether
the mutant protein retains normal catalytic function despite
being present at insufficient levels to support physiological
oocyte activation. Distinguishing between these possibilities
is essential for understanding the expanding spectrum of
pathogenic mechanisms underlying PLCC-associated male
infertility.

The present study was therefore designed as a mecha-
nistic follow-up to our previous clinical investigation. We
investigated the intrinsic structural and functional proper-
ties of the PLC{ R385Q variant using computational mod-
elling, recombinant protein enzymatic assays, and evalu-
ation of its Ca’*-oscillation-inducing activity in mouse
oocytes. By directly assessing the catalytic competence of
the mutant protein, we sought to determine whether infertil-
ity associated with the R385Q variant results from impaired
enzymatic function or from protein insufficiency despite
preserved catalytic activity. Our findings demonstrate
that the R385Q variant retains both catalytic activity and
Ca**-oscillation-inducing capacity, supporting a pathogenic
mechanism based on reduced functional PLCC dosage rather
than catalytic dysfunction.

Materials and methods

Modelling of full-length human PLC{ and in silico
analysis of the R385Q mutation

The three-dimensional structure of full-length human PLCC
was not available in the Protein Data Bank (PDB). Therefore,
homology modelling was performed to generate a structural
model of the full-length protein. The amino acid sequence of
human PLC{ was submitted to the SWISS-MODEL server
[27], and the closest available template was identified as
chicken PLCC in complex with calcium and phosphorylated
threonine (PDB ID: 9BCZ), which was subsequently used
for model generation.

To assess the structural and thermodynamic impact of
the R385Q substitution, protein stability changes (AAG)
were predicted using three complementary structure-based
computational tools: mCSM, SDM, and CUPSAT. mCSM
(mutation Cutoff Scanning Matrix) employs a graph-based
approach to model the effects of non-synonymous muta-
tions by analyzing atomic distance patterns surrounding
the mutated residue [28]. SDM (Site-Directed Mutator)
estimates stability changes based on environment-specific
substitution frequencies derived from known protein struc-
tures and utilizes PDB coordinate data [29]. CUPSAT
(Cologne University Protein Stability Analysis Tool) pre-
dicts the impact of point mutations on protein stability by
combining amino acid-atom potentials with torsion angle
distributions, taking into account solvent accessibility and
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secondary structure context [30]. For mCSM and SDM, neg-
ative AAG values indicate a predicted destabilizing effect,
whereas CUPSAT predictions were interpreted according to
the tool-specific stability convention.

A structural model of the R385Q mutant PLCC was gen-
erated based on the wild-type model to enable compara-
tive structural analysis. UCSF ChimeraX [31] was used for
visualization and examination of local structural changes
and intramolecular interactions in both wild-type and mutant
proteins.

To further characterize non-covalent interactions, both
wild-type and mutant PLCC models were analyzed using
the Arpeggio web server [32]. Arpeggio calculates multiple
classes of interatomic interactions (~ 15 types), including
hydrogen bonds, hydrophobic contacts, and van der Waals
interactions. PDB files of the wild-type and R385Q mutant
structures were submitted, and atom typing was performed
using OpenBabel via SMARTS queries. Interactions were
identified within a 5 A distance cutoff, and structural inter-
action fingerprints (SIFts) were generated for each residue
pair. These analyses enabled quantitative and comparative
assessment of interaction networks affected by the R385Q
mutation.

Plasmid construction, recombinant protein
expression, and cRNA synthesis

The PLCLR?*Q mutant was generated by site-directed
mutagenesis (GenScript Biotech, Piscataway, NJ, USA) and
subcloned into the pCR3-LUC expression vector [33]. The
mutant construct was amplified by polymerase chain reac-
tion (PCR) using Phusion High-Fidelity DNA polymerase
(Thermo Fisher Scientific) with primers incorporating a 5'
BamHI site and a 3’ Notl site. The PCR product was subse-
quently cloned into a modified pCR3-LUC vector. The prim-
ers used were as follows: forward 5'-ACCCGGATCCAT
GGAAATGAGATGGTTTTTGTC-3' and reverse 5-CCA
AGCGGCCGCACATCTGACGTACCAAACATAAAC-3".
The PLCCR?¥3Q construct was further subcloned into the
pETMMA41 vector to allow recombinant protein expression
in Escherichia coli [34].

Recombinant MBP-tagged PLCC (wild-type and R385Q)
was expressed in Escherichia coli BL21CodonPlus(DE3)-
RILP cells transformed with the pETMM41-PLCC con-
structs, as previously described [34]. Briefly, cultures were
grown at 37 °C to an ODsg of ~ 0.6, and protein expression
was induced with 0.1 mM IPTG at 16 °C for 18 h. Cells
were harvested by centrifugation and lysed by sonication,
and soluble PLCC proteins were purified by amylose affin-
ity chromatography. Eluted proteins were dialyzed in phos-
phate-buffered saline (PBS) and concentrated using 30 kDa
molecular weight cut-off centrifugal concentrators (Sarto-
rius; Stonehouse, Gloucestershire, UK).

For cRNA synthesis, all plasmids were linearized prior to
in vitro transcription. cRNA was then synthesized as previ-
ously described [33] using the mMESSAGE mMACHINE
T7 transcription kit (Invitrogen, Waltham, MA, USA), fol-
lowed by poly(A) tailing with the Poly(A) Tailing Kit (Inv-
itrogen), according to the manufacturer’s instructions.

Phospholipase C activity assay

Recombinant PLCC activity was assessed using a com-
mercial colorimetric phospholipase C assay kit (ab273343,
Abcam, Cambridge, UK) according to the manufacturer’s
instructions and as previously described [35] with some
modifications. Equal amounts of purified wild-type and the
mutant PLCC protein were incubated with the provided chro-
mogenic PLC substrate, and enzymatic activity was quanti-
fied by measuring absorbance at 405 nm using a microplate
reader (Synergy LX Multi-Mode reader, BioTek, USA). The
increase in absorbance at 405 nm, corresponding to substrate
hydrolysis, was measured kinetically using a microplate
reader, and enzyme activity was calculated from the linear
portion of the reaction curve and expressed as relative activ-
ity normalized to wild type PLCC assayed in parallel. All
reactions were performed in triplicate, and background sig-
nal from control reactions lacking enzyme was subtracted.
Relative PLC activity was expressed as normalized absorb-
ance values compared to wild-type PLCC.

Microinjection of PLC{ cRNA into mouse oocytes
and Ca?* imaging

Metaphase II (MII) oocytes were collected from superovu-
lated CD-1 female mice as previously described [33, 36].
All animal experiments complied with ARRIVE guidelines
and were carried out in accordance with the U.K. Animals
(Scientific Procedures) Act 1986, EU Directive 2010/63/EU,
and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH Publications No. 8023,
revised 1978). Oocytes were microinjected with PLCC
cRNA as described previously [33, 37], using KCI-HEPES
injection buffer (100 mM KCI, 20 mM HEPES, pH 7.4). The
cRNA was mixed 1:1 with 1 mM Oregon Green BAPTA
dextran (OGBD) prior to injection to enable Ca>* imaging.
Following injection, oocytes were maintained in HKSOM
medium supplemented with 1 mM D-luciferin under mineral
oil during imaging.

Fluorescence and luminescence imaging were performed
using an inverted microscope (Zeiss Axiovert 100) equipped
with a Retiga-LUMO CCD camera, as previously described
[33]. Ca?* oscillations were monitored via OGBD fluores-
cence for up to 5 h, followed by measurement of luciferase
activity (relative light units, RLU) over 30 min using 10 min
integration intervals.
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Image analysis was performed using ImageJ (v1.54p,
NIH) and SigmaPlot (v12, Systat Software). Background
signals were subtracted using regions of interest of equal
size to the oocytes. Statistical comparisons between
PLC{R3#5Q mutant and wild-type PLC{ were performed
using unpaired Student’s z-tests, with significance deter-
mined using SigmaPlot.

Results

Structural modeling reveals destabilizing effects
of the PLC{ R385Q mutation on the catalytic domain

A structural model of human PLC{ was generated using
SWISS-MODEL, with chicken PLC{ (PDB ID: 9BCZ)
serving as the structural template. The modeled structure
revealed three well-defined domains: an N-terminal EF-
hand domain, a central catalytic domain, and a C-terminal
C2 domain. The catalytic domain adopts a TIM-barrel-like
topology and is divided into two subdomains, the X-box and
Y-box, which are connected by the XY linker region (Fig. 1).
This catalytic region forms the functional core of the enzyme
and is responsible for substrate binding and Ca**-dependent
catalytic activity. The R385Q mutation is located within the
Y-box of the catalytic domain. Structural stability predic-
tions indicated a destabilizing effect of the R385Q substi-
tution according to mCSM (AAG = —0.75 kcal/mol) and
SDM (AAG = —0.51 kcal/mol), while CUPSAT yielded a
AAG value of 0.15 kcal/mol (Table 1). The predicted AAG
values were interpreted according to the respective tool-
specific conventions.

Fig.1 Structural model of
human PLC{ and predicted
structural effects of the R385Q
mutation. Cartoon representa-
tion of the modeled human
PLCC protein showing the
domain organization. The
Y-box region of the catalytic
domain is highlighted in pink.
The wild-type residue (R385)
and the mutant residue (Q385)
are shown in tan. Predicted
hydrogen-bond interactions are
indicated by red dashed lines
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Table 1 Predicted effects of the PLC{ R385Q mutation on protein
stability using three structure-based prediction tools. Predicted AAG
values are expressed in kcal/mol. For mCSM and SDM, negative
AAG values indicate a predicted destabilizing effect, whereas CUP-
SAT predictions were interpreted according to the tool-specific sta-
bility convention. The overall stability classification reflects the com-
bined predictions of the three structure-based tools

S.No Mutations Predicted AAG (kcal/mol) Outcome/overall
stability
mCSM  SDM  CUPSAT
WT 0.00 0.00 0.00 -
2 R385Q -0.75 -=051 0.15 Destabilizing

Comparative structural analysis between the wild-type
and mutant models revealed notable alterations in local
intramolecular interactions. In the wild-type structure,
Arg3835, a positively charged residue, forms multiple stabi-
lizing interactions with neighboring residues. Specifically,
Arg385 participates in six hydrogen-bond interactions with
Glu381, Ser388, and Glu422, contributing to the stabiliza-
tion of the catalytic domain. Substitution with glutamine,
which lacks a positively charged side chain, reduces the
number of hydrogen-bond interactions to five and disrupts
favorable electrostatic interactions with nearby negatively
charged residues. In particular, the mutant residue is unable
to form a side-chain interaction with Glu381, leading to
altered local interaction patterns (Fig. 1).

To further characterize the structural consequences of this
mutation, we quantified intramolecular non-covalent interac-
tions, including van der Waals, hydrogen bonding, and elec-
trostatic and hydrophobic interactions, using the Arpeggio
server. Notably, the R385Q mutant lacked ionic interactions
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Table 2 Comparative analysis of intramolecular non-covalent interac-
tions in PLCC wild-type and R385Q mutant derived from the mod-
eled protein structures

Non-covalent interactions WT R385Q
Van der Waals interactions 130 128
Hydrogen bonds 6 5

Tonic interactions 7 0
Polar contacts 9 7
Hydrophobic contacts 0 3

entirely, whereas seven ionic interactions were detected in
the wild-type structure (Table 2).

Collectively, these analyses indicate that the R385Q
mutation disrupts key stabilizing interactions within the
catalytic domain of PLCC, leading to reduced structural sta-
bility compared with the wild-type protein.

The PLC{ R385Q mutation does not affect in vitro
PIP, hydrolysis activity

To evaluate whether the R385Q mutation affects the enzy-
matic activity of PLCC, the coding sequences of PLC{WT
and PLCCR¥5Q were subcloned into the pPETMM41 expres-
sion vector to enable prokaryotic expression as 6xHis-MBP
fusion recombinant proteins. We have previously shown that
the MBP tag greatly enhances PLCC expression, purification
efficiency, and the long-term protein stability [14]. Follow-
ing expression in E. coli, recombinant proteins were purified
using amylose affinity chromatography, and the enzymatic
activities of PLC{WT and PLCLR85Q were then directly com-
pared using an in vitro colorimetric PIP, hydrolysis assay, as
previously described [35]. As shown in Fig. 2, both proteins
exhibited comparable enzymatic activities, with no signifi-
cant difference between the wild-type and the mutant pro-
tein. These results indicate that the R385Q mutation does
not impair the ability of PLCC to hydrolyze PIP, in vitro.

The PLC{ R385Q mutation does not impair Ca%*
oscillation-inducing activity in mouse eggs

To determine the effect of the PLC{ R385Q mutation on
Ca”* oscillation activity, cRNA encoding luciferase-tagged
human PLCCWT and PLCCR#5Q mutant constructs was
microinjected into mouse eggs, and Ca** oscillations were
monitored as previously described [33, 37]. To confirm
comparable intracellular protein expression levels, relative
luminescence units (RLUs) were measured in each egg 5 h
after injection. Following optimization experiments, micro-
injection of PLC{VT induced high-frequency and sustained
Ca®* oscillations, with a mean number of 8.00 oscillations
per egg (Table 3; Fig. 3A). Similarly, microinjection of the
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Fig.2 Comparison of enzymatic activity between wild-type PLCC
and PLCC R385Q mutant. Phospholipase C activity was quanti-
fied using 100 ng of recombinant PLC{ wild-type or R385Q mutant
protein using a commercial colorimetric phospholipase C assay kit
according to the manufacturer’s instructions and as described in the
“Materials and methods” section. Results are expressed as a percent-
age of wild-type activity (set to 100%). Individual data points are
shown for each group, with bars representing the mean + SEM (n=23).
No statistically significant difference was observed between PLCCWT
and PLCCR385Q (Student’s #-test, p >0.05)

PLCCR5Q mutant triggered a comparable pattern of high-
frequency and persistent Ca*" oscillations, with a mean of
7.65 oscillations per egg, comparable to that observed for the
wild-type protein (Table 3; Fig. 3B). These findings indicate
that the R385Q mutation does not impair the Ca** oscilla-
tion-inducing activity of PLCC in mouse eggs.

Discussion

The present study is a mechanistic extension of the recently
published clinical report describing the homozygous PLCC
R385Q yariant [25]. In that study, sperm from affected patients
were shown to exhibit markedly reduced PLCC protein levels
together with abnormal localization, establishing a clinical
association between the R385Q variant and recurrent fertili-
zation failure. However, whether this variant caused infertil-
ity through intrinsic catalytic dysfunction or through reduced
protein abundance remained unresolved. The objective of the
present work was to determine whether the R385Q substitu-
tion intrinsically alters the catalytic competence of PLCC. By
combining structural modelling, recombinant protein enzy-
matic assays and mouse oocyte Ca** oscillation analysis,
our findings demonstrate that the mutant protein remains
catalytically competent despite its clinical association with
infertility.

Our study provides new mechanistic insight into the func-
tional consequences of the PLC{R*®Q mutant, revealing a

@ Springer



Journal of Assisted Reproduction and Genetics

Table 3 Comparison of the

O, . Luciferase-tagged RLU
Ca”" oscillation-inducing

Number of Ca®*
oscillations (mean value) eggs

Number of Std. Dev.
(number of Ca* oscillations)

. . PLCC construct (luciferase)
activity of luciferase-tagged
PLCCR®Q mutant and wild- PLCCMT 9]
WT
type PLCC (PLCC™ ) PLCLRIQ 72

8.00 27 2.55
7.65 20 1.90

clear dissociation between predicted structural destabili-
zation and preserved catalytic and physiological activity.
While in silico modelling consistently indicates that sub-
stitution of Arg385 perturbs local intramolecular interac-
tions within the catalytic Y-domain, our experimental data
demonstrate that this mutation does not impair either PIP,
hydrolysis in vitro or Ca** oscillation-inducing activity
in mouse oocytes. This apparent paradox challenges the
conventional interpretation of PLC{ mutants, as primarily
catalytic loss-of-function mutations and instead supports
a model in which subtle structural perturbations can lead
to functional insufficiency in vivo without compromising
intrinsic enzymatic competence.

Structurally, Arg385 is positioned within the Y-box of
the catalytic TIM-barrel-like domain, which forms the
enzymatic core responsible for phosphoinositide hydroly-
sis. Our modelling suggests that Arg385 contributes to the
stabilization of this domain through an extensive network
of hydrogen bonds and electrostatic interactions, particu-
larly with negatively charged residues, such as Glu381

Fig.3 Ca* oscillations and

luciferase expression in mouse 30

eggs following injection of

luciferase-tagged wild-type 25+

PLCC and the PLCC R385Q

mutant. Fluorescence and 2.0 -

luminescence measurements

from mouse eggs following € 154

microinjection of PLC{ mRNA. w

Each trace shows Ca®" oscil- . ¥
1.0 1

lations recorded during the
first 5 h after mRNA injection.
Fluorescence intensities were 05 4
normalized to the starting val-

ues and are presented as fluores-

cence (F) divided by the initial 3.0
fluorescence (F). Representa-
tive traces are shown for (A)
wild-type PLCE (PLCE™T) and
(B) PLCC carrying the R385Q
mutation (PLCLR*3?). Images 2.0 -
on the right show the lumines-

25 4

cence signal from luciferase o

. . . L 154
expression (10-min integration) o
from the group of eggs from b By )
which the single OGBD fluores- 1.0 4
cence trace displayed on the left
was obtained

0.5
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and Glu422. Substitution with glutamine abolishes the
positive charge at this position, leading to disruption of
ionic contacts and a measurable reduction in intramo-
lecular interaction density. Notably, Arpeggio analysis
revealed a complete loss of ionic interactions in the mutant
structure, despite only a modest predicted destabilization
(AAG~ —0.5 to—0.7 kcal/mol). These findings are con-
sistent with previous structural studies of phospholipase
C enzymes, which have highlighted the importance of
electrostatic networks in maintaining catalytic domain
integrity without necessarily determining catalytic activ-
ity [38-40].

Importantly, this structural perturbation does not trans-
late into functional impairment under experimental condi-
tions. Both the in vitro recombinant protein activity assays
and cRNA microinjection experiments demonstrate that
PLCER3®Q retains full catalytic activity and is capable of
triggering fertilization-like Ca>* oscillations indistinguish-
able from those induced by the wild-type PLCC protein.
This observation aligns with earlier studies showing that the

PLCOWT RLU image

30 mins

PLC{R385Q

30 mins
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catalytic machinery of PLCC is highly robust and that many
residues outside the active site can tolerate substitution with-
out abolishing enzymatic function [13, 41]. The preserved
oscillatory activity further indicates that key processes such
as substrate recognition, catalytic turnover, and IPs receptor-
mediated Ca** release remain intact.

The coexistence of structural destabilization and pre-
served function is consistent with a protein insufficiency
model of pathogenicity. In this framework, the R385Q
mutation does not impair enzyme activity directly but
instead reduces the effective amount of functional PLC{
protein delivered to the oocyte. Clinical and experimen-
tal evidence increasingly supports the notion that PLC{
levels in sperm are a critical determinant of fertilization
competence. Reduced PLCC expression and abnormal
localization have been consistently associated with oocyte
activation deficiency (OAD) and fertilization failure fol-
lowing ICSI [16, 17, 19, 25]. Even modest reductions in
protein stability during spermatogenesis could therefore
lead to insufficient accumulation of PLCC, ultimately fall-
ing below the threshold required to initiate Ca>* oscilla-
tions at fertilization.

An important aspect of the present experimental design
is that it specifically isolates the intrinsic functional conse-
quences of the R385Q substitution. By expressing equivalent
amounts of recombinant wild-type and mutant PLCC, we
minimized biological variables inherent to patient sperm,
including differences in sperm quality, PLCC abundance,
sperm heterogeneity, and other patient-specific factors. Con-
sequently, the preserved catalytic activity observed in our
experiments can be attributed directly to the mutant protein
itself rather than differences in protein expression. When
considered together with our previous demonstration of
markedly reduced PLCC protein levels and abnormal locali-
zation in patient sperm [25], the present findings support
protein insufficiency, rather than intrinsic catalytic dysfunc-
tion, as the most plausible mechanism underlying infertility
associated with the R385Q variant. However, this dosage/
insufficiency model remains an inference from the combined
clinical and experimental evidence and is not directly dem-
onstrated by the present study.

This concept is further reinforced by the well-established
dose-dependent nature of PLC{-induced Ca?* oscillations.
Microinjection studies have shown that both the frequency
and persistence of Ca** oscillations depend on the intracellu-
lar concentration of PLCC, with a defined threshold required
to reproduce physiological oscillatory patterns [5, 11, 12].
In our experimental system, supraphysiological expression
levels achieved via cRNA injection likely compensate for
any destabilizing effects of the mutation, thereby masking
subtle defects. In contrast, in the physiological context of
sperm delivery, where PLCC is present in limited quantities,
even small reductions in protein stability or accumulation

may have significant functional consequences. In our experi-
ments, mouse oocytes were used, which are considerably
more sensitive to PLCC than human oocytes [42]. Conse-
quently, under physiological conditions in the human oocyte,
PLCC activity may be closer to the threshold required for
successful oocyte activation.

Thus, it is possible that the PLC{®**Q variant represents
a threshold-dependent insufficiency variant, rather than a
classical catalytic loss-of-function allele.

An additional layer of complexity arises from the poten-
tial impact of the R385Q mutation on protein dynamics and
regulatory interactions. The catalytic XY region of PLCC,
including the XY-linker, is increasingly recognized as a
hub for regulatory modulation, influencing Ca?* sensitivity,
membrane association, and protein—protein interactions [13,
38]. Subtle conformational changes induced by the R385Q
substitution may alter the accessibility or flexibility of this
region, thereby affecting interactions with regulatory part-
ners. This suggests that PLCC activity is not solely deter-
mined by its catalytic domain but is dynamically regulated
within a broader molecular network that fine-tunes Ca>*
oscillatory patterns during fertilization.

Within this context, it is plausible that the R385Q muta-
tion influences PLCC function indirectly by modulating its
interaction landscape. For example, destabilization of the
catalytic domain may increase transient exposure of hydro-
phobic or flexible regions, enhancing susceptibility to chap-
erone binding or proteasomal degradation. Alternatively,
altered electrostatic properties could affect membrane asso-
ciation or PIP, accessibility, particularly under physiological
conditions where substrate availability is tightly regulated.
These possibilities highlight the importance of considering
protein context and regulatory environment, rather than rely-
ing solely on in vitro enzymatic assays, when assessing the
functional impact of PLCC variants.

Our findings therefore expand the pathogenic spectrum of
PLCC mutations to include structurally destabilizing, cata-
lytically competent variants. This distinction has important
implications for both diagnosis and treatment of male infer-
tility. Traditional approaches have focused on identifying
mutations that abolish enzymatic activity; however, our data
suggest that variants affecting protein stability or expression
may be equally clinically relevant. Accordingly, comprehen-
sive assessment of PLCC function should include not only
enzymatic assays but also evaluation of protein abundance,
localization, and stability in sperm. This integrated approach
has been advocated in recent diagnostic frameworks for
OAD and may improve the identification of patients who
could benefit from assisted oocyte activation or PLCC-based
therapeutic strategies [42—44].

The present study has several limitations that should be
acknowledged. First, the functional experiments were per-
formed using recombinant protein and cRNA microinjection,
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which assess the intrinsic activity of the mutant protein
under controlled experimental conditions rather than repro-
ducing physiological sperm-mediated PLCC delivery. Con-
sequently, supraphysiological PLCC expression following
cRNA injection may compensate for subtle effects of the
R385Q mutation that become biologically relevant when
only physiological quantities of PLC{ are delivered by
sperm. Furthermore, mouse oocytes are known to be more
sensitive to PLCC than human oocytes [42], which may fur-
ther reduce the ability to detect mild functional defects.

We noted that all mouse oocytes that showed Ca** oscilla-
tions formed 2nd polar bodies during the recordings; hence,
they underwent early signs of activation. Although assess-
ment of 2nd polar body formation or pronuclear formation
following recombinant protein injection would provide an
additional downstream measure of oocyte activation, the
number or frequency of Ca>* oscillations remains the most
quantitative and sensitive functional readout of PLCC activ-
ity because they represent the direct physiological conse-
quence of PLCC function, whereas activation events are
all-or-none and less sensitive as an assay of PLCC activity.

Finally, recombinant PLCC protein titration studies across
arange of physiological concentrations, together with assess-
ment of patient sperm-induced Ca®* oscillations in mouse
oocytes, would further test the threshold model proposed in
the present study. Such experiments represent important future
directions for determining the quantitative PLCC requirements
necessary for successful human oocyte activation.

In conclusion, we demonstrate that the PLC{ R385Q
mutation induces local structural destabilization
while preserving intrinsic enzymatic activity and
Ca”*-oscillation-inducing capacity under the experimental
conditions tested. Taken together with our previous dem-
onstration of markedly reduced PLCC protein abundance
and abnormal localization in patient sperm, these findings
support a reduced functional PLCC dosage/protein insuffi-
ciency model as the most plausible mechanism underlying
the fertilization failure associated with the R385Q variant,
rather than intrinsic catalytic inactivation. However, this
mechanism remains an inference from the combined clini-
cal and experimental evidence and is not directly estab-
lished by the present study. Further studies examining
PLCCR*85Q across physiological protein concentrations and
in the context of sperm-mediated delivery will be required
to directly test this model. More broadly, these findings
demonstrate that preservation of intrinsic catalytic com-
petence does not exclude pathogenicity and emphasize the
importance of integrating protein abundance, localization,
and functional analysis when evaluating PLC{ variants
associated with human infertility.

Acknowledgements Open Access funding provided by the Qatar
National Library.

@ Springer

Author contribution Conceptualization: K.S., M.N.; Methodology:
Z.1., K.S., M.N.; Formal Analysis: A.S., Z.H., Z.1., K.S., M.N,; Vali-
dation: Z.I., K.S., M.N.; Investigation: A.S., Z.H., Z.I., K.S., M.N_;
Resources: M.N.; Data Curation: A.S., Z.H., Z.1., K.S., M.N.; Super-
vision: K.S., M.N.; Writing—Original Draft Preparation: M.N.; Writ-
ing—Review & Editing: A.S., Z.H., Z.1., K.S., M.N.; All authors have
read and agreed to the published version of the manuscript. ***please
note for Alaaeldin Saleh1#, Zizhen Huang2# — #These authors con-
tributed equally to this work.

Funding This work was funded by a Qatar Research Development and
Innovation (QRDI) NPRP-BSRA grant (NPRP-BSRA01-0504-210082)
to MN.

Data availability All data generated or analyzed during this study are
included within the paper.

Declarations

Ethics approval and consent to participate Procedures on mice were
reviewed and approved by the Animal Welfare and Review Body at
Cardiff University and carried out in the Biological Services Unit in the
School of Biosciences at Cardiff University. They were in compliance
with, and under the authority, of a UK Home Office Licence held by K.S.
at Cardiff University.Procedures on mice were reviewed and approved by
the Animal Welfare and Review Body at Cardiff University and carried
out in the Biological Services Unit in the School of Biosciences at Car-
diff University. They were in compliance with, and under the authority,
of a UK Home Office Licence held by K.S. at Cardiff University.

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Stricker SA. Comparative biology of calcium signaling dur-
ing fertilization and egg activation in animals. Dev Biol.
1999;211(2):157-76.

2. Ducibella T, et al. Egg-to-embryo transition is driven by dif-
ferential responses to Ca(2+) oscillation number. Dev Biol.
2002;250(2):280-91.

3. Saleh A, et al. Essential role of sperm-specific PLC-zeta in egg
activation and male factor infertility: an update. Front Cell Dev
Biol. 2020;8:28.

4. Campos G, Sciorio R, Esteves SC. Total fertilization failure after
ICSI: insights into pathophysiology, diagnosis, and manage-
ment through artificial oocyte activation. Hum Reprod Update.
2023;29(4):369-94.


http://creativecommons.org/licenses/by/4.0/

Journal of Assisted Reproduction and Genetics

10.

11.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

Saunders CM, et al. PLC zeta: a sperm-specific trigger of Ca(2+)
oscillations in eggs and embryo development. Development.
2002;129(15):3533—44.

Cox LJ, et al. Sperm phospholipase Czeta from humans and cyn-
omolgus monkeys triggers Ca2+ oscillations, activation and devel-
opment of mouse oocytes. Reproduction. 2002;124(5):611-23.
Thanassoulas A, et al. Sperm factors and egg activation: the
structure and function relationship of sperm PLCZ1. Reprod.
2022;164(1):F1-8.

Hachem A, et al. PLCzeta is the physiological trigger of
the Ca(2+) oscillations that induce embryogenesis in mam-
mals but conception can occur in its absence. Development.
2017;144(16):2914-24.

Nomikos M, et al. Phospholipase Czeta rescues failed oocyte
activation in a prototype of male factor infertility. Fertil Steril.
2013;99(1):76-85.

Nomikos M. Novel signalling mechanism and clinical appli-
cations of sperm-specific PLCzeta. Biochem Soc Trans.
2015;43(3):371-6.

Kouchi Z, et al. Recombinant phospholipase Czeta has high Ca2+
sensitivity and induces Ca2+ oscillations in mouse eggs. J Biol
Chem. 2004;279(11):10408-12.

. Nomikos M, et al. Role of phospholipase C-zeta domains

in Ca2+-dependent phosphatidylinositol 4,5-bisphosphate
hydrolysis and cytoplasmic Ca2+ oscillations. J Biol Chem.
2005;280(35):31011-8.

Nomikos M, et al. Phospholipase Czeta binding to PtdIns(4,5)
P2 requires the XY-linker region. J Cell Sci. 2011;124(Pt
15):2582-90.

Nomikos M, et al. Male infertility-linked point mutation reveals a
vital binding role for the C2 domain of sperm PLCzeta. Biochem
J.2017;474(6):1003-16.

Nomikos M, et al. Essential role of the EF-hand domain in target-
ing sperm phospholipase Czeta to membrane phosphatidylinositol
4,5-bisphosphate (PIP2). J Biol Chem. 2015;290(49):29519-30.
Yoon SY, et al. Human sperm devoid of PLC, zeta 1 fail to induce
Ca”* release and are unable to initiate the first step of embryo
development. J Clin Invest. 2008;118(11):3671-81.

. Heytens E, et al. Reduced amounts and abnormal forms of phos-

pholipase C zeta (PLCzeta) in spermatozoa from infertile men.
Hum Reprod. 2009;24(10):2417-28.

Torra-Massana M, et al. Novel phospholipase C zeta 1 mutations
associated with fertilization failures after ICSI. Hum Reprod.
2019;34(8):1494-504.

Escoffier J, et al. Homozygous mutation of PLCZ1 leads to
defective human oocyte activation and infertility that is not
rescued by the WW-binding protein PAWP. Hum Mol Genet.
2016;25(5):878-91.

Dai J, et al. Novel homozygous variations in PLCZ1 lead to poor
or failed fertilization characterized by abnormal localization pat-
terns of PLCzeta in sperm. Clin Genet. 2020;97(2):347-51.

Yan Z, et al. Novel mutations in PLCZ1 cause male infertility
due to fertilization failure or poor fertilization. Hum Reprod.
2020;35(2):472-81.

Li Q, et al. Novel PLCZ1 compound heterozygous mutations indi-
cate gene dosage effect involved in total fertilisation failure after
ICSI. Reproduction. 2024. https://doi.org/10.1530/REP-23-0466.
Jones C, Meng X, Coward K. Sperm factors and egg activation:
phospholipase C zeta (PLCZ1) and the clinical diagnosis of
oocyte activation deficiency. Reprod. 2022;164(1):F53-66.
Kashir J, et al. Oocyte activation deficiency and assisted oocyte
activation: mechanisms, obstacles and prospects for clinical appli-
cation. Hum Reprod Open. 2022. https://doi.org/10.1093/hropen/
hoac003.

Kashir J, et al. Pathogenic homozygous PLCZ1 mutation
reduces sperm protein levels with a simulated reduction of PIP2

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

binding: a case report. Reprod Fertil. 2026. https://doi.org/10.
1530/RAF-25-0085.

Tong KY, et al. Novel PLCZ1 mutation caused polyspermy during
in vitro fertilization. Asian J Androl. 2024;26(4):389-95.
Waterhouse A, et al. SWISS-MODEL: homology model-
ling of protein structures and complexes. Nucleic Acids Res.
2018;46(W1):W296-303.

Pires DE, Ascher DB, Blundell TL. mCSM: predicting the effects
of mutations in proteins using graph-based signatures. Bioinfor-
matics. 2014;30(3):335-42.

Pandurangan AP, et al. SDM: a server for predicting effects
of mutations on protein stability. Nucleic Acids Res.
2017;:45(W1):W229-35.

Parthiban V, Gromiha MM, Schomburg D. CUPSAT: prediction
of protein stability upon point mutations. Nucleic Acids Res.
2006;34(Web Server issue):W239-42.

Pettersen EF, et al. UCSF ChimeraX: structure visualiza-
tion for researchers, educators, and developers. Protein Sci.
2021;30(1):70-82.

Jubb HC, et al. Arpeggio: a web server for calculating and visu-
alising interatomic interactions in protein structures. J Mol Biol.
2017;429(3):365-71.

Saleh A, Huang Z, Al Shaikh M, Jurkowski TP, Islam Z, Swann
K, et al. A novel PLC{ mutation linked to male factor infertility
induces a gain-of-function effect on Ca2+ oscillations in eggs. Int
J Mol Sci. 2025;26(13):6241.

Saleh A, et al. Development of recombinant PLC-zeta protein
as a therapeutic intervention for the clinical treatment of oocyte
activation failure. Biomedicines. 2024. https://doi.org/10.3390/
biomedicines12061183.

Edwards-Hicks J, et al. Phosphoinositide acyl chain saturation
drives CD8(+) effector T cell signaling and function. Nat Immu-
nol. 2023;24(3):516-30.

Ikie-Eshalomi C, et al. Sperm induce a secondary increase in ATP
levels in mouse eggs that is independent of Ca2+ oscillations.
Biochem J. 2023;480(24):2023-35.

FitzHarris G, Carroll J, Swann K. Electrical-assisted microinjec-
tion for analysis of fertilization and cell division in mammalian
oocytes and early embryos. Methods Cell Biol. 2018;144:431-40.
Nomikos M, et al. Novel regulation of PLCzeta activity via its
XY-linker. Biochem J. 2011;438(3):427-32.

Bunney TD, et al. Structural and functional integration of
the PLCgamma interaction domains critical for regula-
tory mechanisms and signaling deregulation. Structure.
2012;20(12):2062-75.

Esquina CM, et al. Intramolecular electrostatic interactions contribute
to phospholipase Cbeta3 autoinhibition. Cell Signal. 2019;62.
Kouchi Z, et al. The role of EF-hand domains and C2 domain in
regulation of enzymatic activity of phospholipase Czeta. J Biol
Chem. 2005;280(22):21015-21.

Godin Pagé M-H, et al. Validated approach for flow cytometric
quantification of phospholipase C zeta (PLCC, PLCZ1) protein
levels in sperm. J Mol Pathol. 2026;7(1).

Abdulsamad HMR, et al. The therapeutic and diagnostic potential
of phospholipase C zeta, oocyte activation, and calcium in treating
human infertility. Pharmaceuticals (Basel). 2023. https://doi.org/
10.3390/ph16030441.

Kaltsas A, Kyrgiafini MA, Mamuris Z, Dimitriadis F, Zachariou
A, Chrisofos M, Sofikitis N. Phospholipase CC, the molecular
spark of fertilization and male infertility: insights from bench to
bedside. Medicina. 2025;61(6):963.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1530/REP-23-0466
https://doi.org/10.1093/hropen/hoac003
https://doi.org/10.1093/hropen/hoac003
https://doi.org/10.1530/RAF-25-0085
https://doi.org/10.1530/RAF-25-0085
https://doi.org/10.3390/biomedicines12061183
https://doi.org/10.3390/biomedicines12061183
https://doi.org/10.3390/ph16030441
https://doi.org/10.3390/ph16030441

	A catalytically competent sperm PLCzeta variant causes fertilization failure through protein insufficiency
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Modelling of full-length human PLCζ and in silico analysis of the R385Q mutation
	Plasmid construction, recombinant protein expression, and cRNA synthesis
	Phospholipase C activity assay
	Microinjection of PLCζ cRNA into mouse oocytes and Ca2⁺ imaging

	Results
	Structural modeling reveals destabilizing effects of the PLCζ R385Q mutation on the catalytic domain
	The PLCζ R385Q mutation does not affect in vitro PIP₂ hydrolysis activity
	The PLCζ R385Q mutation does not impair Ca2+ oscillation-inducing activity in mouse eggs

	Discussion
	Acknowledgements 
	References


