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Abstract: Fibrous sheath CABYR binding protein (FSCB) is regulated by protein kinase A (PKA)-mediated tyrosine 
phosphorylation in the spermatozoa capacitation. Recently, we showed that FSCB phosphorylation activated sper-
matozoa motility. Nevertheless, the underlying mechanisms have not been completely elucidated. Here, we showed 
that FSCB phosphorylation inhibited SUMOylation of two crucial proteins ROPN1/ROPN1L that are associated with 
PKA/A kinase activity and spermatozoa motility. Suppression of SUMOylation of ROPN1/ROPN1L mimicked the 
effects of FSCB phosphorylation on spermatozoa motility. Immunoprecipitation assay showed that phosphorylated 
FSCB had a significantly higher affinity to ROPN1/ROPN1L than non-phosphorylated FSCB. Together, our data sug-
gest that FSCB phosphorylation may regulate mouse spermatozoa capacitation through suppressing SUMOylation 
of ROPN1/ROPN1L, which sheds new light on creating a therapeutic strategy targeting FSCB phosphorylation in the 
study of infertility.
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Introduction

Ejaculation of Spermatozoa freshly into the 
female reproductive tract is followed by a series 
of biochemical changes for obtaining capacity 
of fertilization, called spermatozoa capacita-
tion [1-3]. Tyrosine phosphorylation is a critical 
regulator during spermatozoa capacitation to 
generate spermatozoa tail fibrous sheath as an 
important mechanical component of flagella 
that produce glycolytic enzymes important for 
sperm motility and for constituents of signaling 
cascades [4].

There are more than 20 proteins associated 
with the fibrous sheath, including Calcium 
Binding Tyrosine-(Y)-Phosphorylation Regulat- 
ed (CABYR) protein, fibrous sheath CABYR bind-
ing protein (FSCB), ROPN1 (ropporin 1), ROPN1L 
(ROPN1-like protein, formerly known as ASP), 
etc [1-3]. Among these proteins, FSCB is a re- 
cently detected protein expressed specifically 
on the surface of the fibrous sheath of the 
mouse spermatozoa principal piece, which can 
be phosphorylated by PKA. We recently report-

ed that FSCB is capable of being phosphorylat-
ed and binding to calcium, which enhance the 
spermatozoa flagellar movement, spermatozoa 
capacitation and activation [5]. However, the 
underlying mechanisms have not been com-
pletely elucidated. On the other hand, ROPN1/
POPN1L are proteins associated with cAMP-
dependent protein kinase (PKA)/A-kinase an- 
choring protein (AKAP), and are essential for 
murine sperm motility, phosphorylation, and 
fibrous sheath integrity [6, 7]. Nevertheless,  
the relationship between FSCB and ROPN1/
POPN1L has not been determined.

SUMO is a small ubiquitin-like protein which is 
covalently attached to proteins through gener-
ating isopeptide bonds with specific lysine re- 
sidues of target proteins [8-12]. The mammali-
an SUMO protein family includes 4 members 
(SUMO-1-4) [8-12]. SUMO targets lysine by an 
enzymatic cascade composed of 3 enzymes: 
E1 (Uba2/Aos1), E2 (Ubc9), and E3 ligases 
[8-12]. SUMO conjugation is initiated by forma-
tion of a thioester bond with the activating 
enzyme E1, a heterodimer of Aos1 and Uba2 
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[8-12]. Afterwards, Aos1/Uba2 transfers SUMO 
to the single E2-conjugating enzyme Ubc9, 
which is responsible for SUMOylation of the 
substrate [8-12]. The Ubc9 substrate recogni-
tion is substantialized by specific E3 SUMO 
ligases [8-12]. Of note, whether protein SUMO- 
ylation is involved in the regulation of ROPN1/
POPN1L degradation has not been studied 
before.

Here, we showed that FSCB phosphorylation 
inhibited SUMOylation and subsequent degra-
dation of two crucial proteins ROPN1/ROPN1L 
that are associated with PKA/A kinase acti- 
vity and spermatozoa motility. Suppression of 
SUMOylation of ROPN1/ROPN1L mimicked the 
effects of FSCB phosphorylation on spermato-
zoa motility. Immunoprecipitation assay show- 
ed that phosphorylated FSCB had a significant-
ly higher affinity to ROPN1/ROPN1L than non-
phosphorylated FSCB.

Materials and methods

Mouse spermatozoa isolation and culture

Male Kunming mice (Chongqing Laboratory Ani- 
mal Center, Chongqing, China) were maintained 
in pathogen-free conditions. All of the animal 
studies were approved by the Institutional 
Animal Care and Use Committee at the Third 
Military Medical University, Chongqing, China. 
The mice were sacrificed at 12 weeks of age, 
and the epididymal end was cut as a whole,  
and was squeezed to the end by two tweezers. 
White mucilage was oozed out and a syringe 
was used to cut the epididymis, to allow large 
amounts of spermatozoa to flow out into a pre-
equilibrated spermatozoa medium. Two kinds 
of spermatozoa M2 medium were used in the 
current study. HTF medium (human tubal fluid 
SAGE, Trumbull, CT, USA) was a capacitation 
medium and M2 media (Millipore, Billerica, MA, 
USA) was a non-capacitation medium. Inhibi- 
tor of SUMOylation 2D08 (2-(2,3,4-Trihydroxy- 
phenyl)-4H-chromen-4-one, Millipore) is a cell-
permeable trihydroxyflavone compound that 
prevents the transfer of SUMO from the E2 
thioester to the substrate without affecting 
SUMO-activating enzyme E1 or E2 thioester  
formation, as was used in a concentration M2 
of 100 µmol/l in vitro.

Co-immunoprecipitation assay

Spermatozoa were cultured at a density of 108 
cells/ml in pre-equilibrated HTF or M2 media  

in a CO2 incubator at 37°C for 2 h and lysed  
in 200 μl Cell lysis buffer (Sigma-Aldrich, St. 
Louis, MO, USA). The lysates were processed  
to increase the solubility of the proteins with 
high molecular weight, as has been previously 
described [5]. The liquid in the ultrafiltration 
tube, i.e., post-ultrafiltration spermatozoa ly- 
sates, was transferred into an EP tube. 50 μl of 
Protein G (Sigma-Aldrich) was washed 3 times 
with 0.15 mol/l NaCl, and centrifuged at 
10,000 × g for 1 min. The supernatants were 
discarded, and the sediments were incubated 
with the antibody for immunoprecipitation and 
480 μl of 0.15 mol/l NaCl. The mixture was 
shaken for 90 min at room temperature, centri-
fuged at 10,000 × g for 1 min, and washed 3 
times with 0.15 mol/l NaCl. Then, the sedi-
ments were added to 500 μl 0.15 mol/l NaCl 
containing 1 mg BS3 (Thermo Scientific, Rock- 
ford, IL, USA), and shaken for 1 h at room tem-
perature, followed by addition of 20 μl 1 mol/l 
Tris.HCl of pH 7.5, with a 30 min incubation at 
room temperature, then 1 min centrifugation  
at 10,000 × g. The sediments were washed 3 
times with 0.15 mol/l NaCl. The supernatants 
were then removed, and post-ultrafiltration 
spermatozoa lysates were added to the sedi-
ments. The mixture was shaken overnight at 
4°C, then centrifuged for 1 min at 12,000 × g. 
The supernatants were removed, and the sedi-
ments were washed 3 times with a balanced 
solution, and centrifuged at 12,000 × g for 1 
min. The sediments were washed with 250 μl 
Cell lysis buffer, and centrifuged at 12,000 × g 
for 5 min. The final supernatants were used for 
immunoblot assay.

Immunoblot

The above co-immunoprecipitation products 
with different antibodies were quantified for 
total protein and subjected to 4-12% SDS-
PAGE, followed by immunoblot analysis. After 
incubation with horseradish peroxidase-conju-
gated second antibody, autoradiograms were 
prepared using the enhanced chemilumines-
cent system to visualize the protein antigen. 
The signals were recorded using X-ray film. The 
antibodies used in the IP and IB are anti-
SUMO-1 antibody (Santa Cruz Biotechnology, 
Dallas, Texas, USA), anti-PY20 (Cell Signaling, 
San Jose, CA, USA), anti-FSCB (Abcam, Cam- 
bridge, MA, USA), anti-ROPN1 (Abcam) and 
anti-ROPN1L (Abcam). Secondary antibody is 
HRP-conjugated anti-rabbit (Jackson Immuno- 
Research Labs, West Grove, PA, USA). Images 
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shown in the figures were representative from 5 
individuals. Densitometry of Western blots was 
quantified with NIH ImageJ software (Bethesda, 
MA, USA). The protein levels were normalized to 
experimental controls.

Spermatozoa motility assay

Mouse spermatozoa were cultured in HTF 
medium, or M2 medium, and M2 medium con-
taining 100 µmol/l 2D08. A 5 μl aliquot of sper-
matozoa was added to Microcells (Conception 
Technology, Benachity, India), and analyzed at 
37°C at 1, 2, 5, 10, 20, 30, 60 and 120 min 
after capacitation using a CASA Spermatozoa 
Class Analyzer (Barcelona, Spain). Spermatozoa 
motility was classified into the following groups: 
class A (moving forward quickly), class B (mov-
ing forward slowly), class C (wobbling in-place), 
and class D (not moving). In addition, the VCL 
(curvilinear velocity) was all measured. (A + B)% 
and VCL were used and presented in this study 
for Spermatozoa motility.

In vitro SUMOylation assay

In vitro SUMOylation assays were performed 
using the SUMOylation kit (Enzo Life Sciences 
International, Inc., Plymouth Meeting, PA, USA) 
according to the manufacturer’s protocol. In 
brief, 200 nmol/l of purified recombinant hu- 
man ROPN1 or ROPN1L protein was incubated 
with reaction mixture containing 50 mmol/Tris.
HCl (pH 7.4), 2 mmol/l DTT, 5 mmol/l ATP, 10 
mmol/l MgCl2, Aos-1 (150 ng), His-Uba2 (400 

ng), GST-Ubc9 (500 ng), and GST-SUMO-1 for 1 
hour at 30°C. The control reaction was carried 
out in the absence of ATP. After the incubation, 
protein SUMOylation was identified by immu-
noblotting using the anti-SUMO antibody pro-
vided with the kit.

Statistical analysis

Data were expressed as means ± standard 
deviation (SD). Statistical significance was eval-
uated by Student’s t test or one-way analysis  
of variance (ANOVA) followed by the Fisher’s 
Exact Test, using GraphPad Prism software 
(GraphPad Software, Inc. La Jolla, CA, USA). 
Differences were considered statistically sig-
nificant at p < 0.05.

Results

FSCB phosphorylation in mouse spermatozoa 
is induced in HTF media

The isolated mouse spermatozoa were cultured 
either in M2 media (non-capacitation media)  
or HTF media (capacitation media). Then the 
protein was extracted 24 hours after cultur- 
ing in the specific media, immunoprecipitated 
with anti-FSCB, and subsequently immunoblot-
ted with PY20 antibody, which detected all 
phosphorylated proteins. We detected signifi-
cantly increases in the phosphorylated FSCB 
protein in mouse spermatozoa induced by HTF 
media, compared to in M2 media (by about 35 
fold increase), shown by representative blots 

Figure 1. FSCB phosphorylation in mouse spermatozoa is induced in HTF media. The isolated mouse spermatozoa 
were cultured either in M2 media (non-capacitation media) or HTF media (capacitation media). Then the protein 
was extracted 24 hours after culturing in the specific media, immunoprecipitated with anti-FSCB, and subsequently 
immunoblotted with PY20 antibody. (A, B) The results were shown by representative blots (A), and by quantification 
(B). pFSCB: phosphorylated FSCB. IP: immunoprecipitation. IB: immunoblot. *p<0.05. N=5.
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(Figure 1A), and by quantification (Figure 1B). 
Thus, FSCB phosphorylation in mouse sperma-
tozoa is induced in HTF media, consistent with 
our previous reports.

FSCB phosphorylation by HTF media inhibits 
SUMOylation of ROPN1/ROPN1L

ROPN1/ROPN1L are two proteins associated 
with PKC/A kinase activity and play critical roles 
spermatozoa motility. Then, we analyzed the 
effect of FSCB phosphorylation by HTF media 
on the SUMOylation of ROPN1/ROPN1L. The 
protein was extracted 24 hours after culturing 
in the specific media, immunoprecipitated with 
anti-ROPN1, and subsequently immunoblotted 
with anti-SUMO1 antibody, which detected all 
SUMOylated proteins. We detected significantly 
decreases in the SUMOylated ROPN1 protein  

blotted with anti-SUMO1 antibody. Similarly,  
we detected significantly decreases in the 
SUMOylated ROPN1L protein in mouse sperma-
tozoa induced by HTF media, compared to in  
M2 media (by about 80%), shown by representa-
tive blots (Figure 2C), and by quantification 
(Figure 2D). Together, these data suggest that 
FSCB phosphorylation by HTF media inhibits 
SUMOylation of ROPN1/ROPN1L.

SUMOylation of ROPN1/ROPN1L is confirmed 
in in vitro SUMOylation assay

To further confirm the occurrence of the 
SUMOylation of ROPN1/ROPN1L, we performed 
an in vitro SUMOylation assay. Slow moving 
immunoreactive bands of both ROPN1 was rec-
ognized by the anti-SUMO antibody. When the 
assay was performed without ATP as a control, 

Figure 2. FSCB phosphorylation by HTF media inhibits SUMOylation of ROPN1/ROPN1L. The protein was extracted 
24 hours after culturing in the M2 media or HTF media or M2 media with 100 µmol/l 2D08. (A, B) The protein was 
immunoprecipitated with anti-ROPN1, and subsequently immunoblotted with anti-SUMO1 antibody, which detected 
all SUMOylated proteins. The results were shown by representative blots (A), and by quantification (B). (C, D) The pro-
tein was immunoprecipitated with anti-ROPN1L, and subsequently immunoblotted with anti-SUMO1 antibody. The 
results were shown by representative blots (C), and by quantification (D). sROPN1: SUMOylated ROPN1. sROPN1L: 
SUMOylated ROPN1L. IP: immunoprecipitation. IB: immunoblot. *p<0.05. N=5.

Figure 3. SUMOylation of ROPN1/ROPN1L is confirmed in in vitro SUMOylation 
assay. (A, B) In vitro SUMOylation assay was performed for ROPN1 (A), and for 
ROPN1L (B). N=5.

in mouse spermatozoa in- 
duced by HTF media, com-
pared to in M2 media (by 
about 80%), shown by repre-
sentative blots (Figure 2A), 
and by quantification (Figure 
2B). Moreover, the extracted 
protein was also immunopre-
cipitated with anti-ROPN1L, 
and subsequently immuno- 
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no SUMOylation was detected (Figure 3A). 
Similarly, Slow moving immunoreactive bands 
of both ROPN1L was recognized by the anti-
SUMO antibody. When the assay was perform- 
ed without ATP as a control, no SUMOylation 
was detected (Figure 3B). These data thus  
suggest that SUMOylation of both ROPN1 and 
ROPN1L in vitro is not a random event, but a 

ROPN1L on spermatozoa motility. Our data 
showed that the (A + B)% (% moving forward 
spermatozoa) was significantly higher in the 
HTF-cultured group than the M2-cultured group 
(Figure 4A), while the adding of 2D08 in the  
M2 medium significantly increased the (A +  
B)%, and thus mimicked the effects of HTF 
media, which represented FSCB phosphoryla-
tion (Figure 4A). Similarly, the VCL (curvilinear 
velocity) was significantly higher in the HTF-
cultured group than the M2-cultured group 
(Figure 4B), while the adding of 2D08 in the  
M2 medium significantly increased the VCL,  
and thus mimicked the effects of HTF media, 
which represented FSCB phosphorylation (Fig- 
ure 4B). Together, these data suggest that  
HTF-induced FSCB phosphorylation may incre- 
ase spermatozoa motility through suppression 
of SUMOylation of ROPN1/ROPN1L.

Phosphorylated FSCB has a significantly 
higher affinity to ROPN1/ROPN1L than non-
phosphorylated FSCB

Based on the data, we hypothesized that the 
FSCB phosphorylation may increase the affinity 

Figure 4. Suppression of SUMOylation of ROPN1/ROPN1L mimics the effects 
of FSCB phosphorylation on spermatozoa motility. We examined the effects 
of Suppression of SUMOylation of ROPN1/ROPN1L on spermatozoa motility. 
A. Quantification of the (A + B)% (% moving forward spermatozoa) in the HTF-
cultured group, the M2-cultured group and the M2+2D08 group. B. Quantifica-
tion of the VCL (curvilinear velocity) in the HTF-cultured group, the M2-cultured 
group and the M2+2D08 group. *p<0.05. N=5.

Figure 5. Phosphorylated FSCB has a significantly 
higher affinity to ROPN1/ROPN1L than non-phos-
phorylated FSCB. We cultured the isolated mouse 
spermatozoa either in M2 media or HTF media. Then 
the protein was extracted 24 hours after culture, im-
munoprecipitated with anti-FSCB, and subsequently 
immunoblotted with either ROPN1 or ROPN1L anti-
body, shown by representative blots. IP: immunopre-
cipitation. IB: immunoblot.

specific process dependent 
on ATP, which is required in 
the first step of the SUMO- 
ylation process for the activa-
tion of SUMO proteins by the 
E1 heterodimer AOS1-UBA2 
enzyme complex.

Suppression of SUMOylation 
of ROPN1/ROPN1L mimics 
the effects of FSCB phos-
phorylation on spermatozoa 
motility

We next examined whether 
the alteration of SUMOylat- 
ion of ROPN1/ROPN1L by 
HTF-induced FSCB phosphor-
ylation may have effects on 
spermatozoa motility. We 
used a specific SUMOylation 
inhibitor, 2D08, in the M2 
media to suppress SUMO- 
ylation. We found that the 
2D08 significantly decreas- 
ed the SUMOylation of both 
ROPN1 and ROPN1L (Figure 
2A-D). Next, we examined 
the effects of Suppression  
of SUMOylation of ROPN1/
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of FSCB to ROPN1/ROPN1L to inhibit their 
SUMOylation and subsequent protein degrada-
tion, resulting in the increases in spermatozoa 
motility. To prove it, we cultured the isolated 
mouse spermatozoa either in M2 media or HTF 
media. Then the protein was extracted 24 
hours after culture, immunoprecipitated with 
anti-FSCB, and subsequently immunoblotted 
with either ROPN1 or ROPN1L antibody. We 
detected significantly increases in the co-
immunoprecipitated ROPN1 and ROPN1L pro-
tein with FSCB protein in mouse spermatozoa 
induced by HTF media, compared to in M2 
media (Figure 5). Since significant phosphory-
lated FSCS was in the HTF-treated mouse  
spermatozoa, compared to M2-treated mouse 
spermatozoa, our data suggest that phos- 
phorylated FSCB has a significantly higher  
affinity to ROPN1/ROPN1L than non-phosphor-
ylated FSCB.

Discussion

The regulation of spermatozoa capacitation 
involves more than 20 associated proteins,  
e.g. AKAP3, AKAP4, TAKAP-80, GAPDS, HK1-S, 
GSK3β, ALDOA, LDHA, SFEC, triose phosphate 
isomerase, GAPDH, pyruvate kinase, LDH-C, 
sorbitol dehydrogenase, GSTM5, FS39, Rop- 
porin, Rhophilin, SP17, PDE4A, FSIP1 and 
FSIP2, ASP, and CABYR [5]. In addition, FSCB  
is a CABYR binding protein, while ROPN1 and 
ROPN1L are known to bind AKAP3 [5]. However, 
an association between FSCB and ROPN1/
ROPN1L has not been appreciated in the previ-
ous studies.

SUMOylation is a major mechanism for protein 
degradation. However, the regulation of ROPN1 
and ROPN1L has not been studied before. 
Here, we not only showed that the phosphoryla-
tion of FSCB increased the affinity of FSCB  
to ROPN1 and ROPN1L, but also showed that 
this association between FSCB and ROPN1/
ROPN1L seemed to protect ROPN1/ROPN1L 
from being SUMOylated, which may result in 
the increases in both proteins to favor the 
mobility of the mouse spermatozoa.

We previously reported that phosphorylation of 
FSCB occurred as early as 1 min after mouse 
spermatozoa capacitation, which increased 
over time and remained stable after 60 min  
[5]. We also used immunoprecipitation to show 

that the tyrosine and Ser/Thr phosphorylation 
of FSCB occurred during spermatozoa capaci-
tation [5]. The extent of phosphorylation and 
was closely associated with the PKA activity 
and spermatozoa motility. FSCB phosphoryla-
tion could be induced by PKA agonist DB-cAMP, 
but was blocked by PKA antagonist H-89 [5].
Then, we conclude that FSCB contributes to 
spermatozoa capacitation in a tyrosine-phos-
phorylated manner. To summarize both stud-
ies, we think that the FSCB may be phosphory-
lated during the mouse spermatozoa capacita-
tion, which induces the mobility of mouse sper-
matozoa through two mechanisms. First, FSCB 
phosphorylation may activate CABYR. Second, 
FSCB phosphorylation may increase ROPN1/
ROPN1L through suppression protein SUMO- 
ylation-mediated degradation.

There are some novel questions based on  
the results from the current study. First, how 
does FSCB phosphorylation regulate SUMO- 
ylation of ROPN1/ROPN1L. Since our immuno-
precipitation experiment showed that phos-
phorylated FSCB has a significantly higher affin-
ity to ROPN1/ROPN1L than non-phosphorylat-
ed FSCB, the association of the phosphorylat- 
ed FSCB to ROPN1/ROPN1L may inhibit the 
association of those two proteins with enzymes  
that catalyze their SUMOylation. In future, fur-
ther approaches should be taken to verify this 
hypothesis. Second, what is the contribution of 
FSCB/CABYR and of FSCB/ ROPN1/ROPN1L to 
the increases in the mobility of mouse sperma-
tozoa. Inhibition of either pathway followed by 
comparative analyses may help to find the 
answer.

In summary, our data suggest that suppression 
of SUMOylation of ROPN1 and ROPN1L partially 
mediate the effects of FSCB phosphorylation 
on the mobility of mouse spermatozoa. Hence, 
our study sheds new light on a therapeutic 
strategy targeting FSCB phosphorylation in the 
study of infertility.
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