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The sperm mitochondria-associated cysteine-rich protein (SMCP) is a cysteine- and proline-rich structural
protein that is closely associated with the keratinous capsules of sperm mitochondria in the mitochondrial
sheath surrounding the outer dense fibers and axoneme. To investigate the function of SMCP, we generated
mice with a targeted disruption of the gene Smcp by homologous recombination. Homozygous mutant males on
a mixed genetic background (C57BL/6J � 129/Sv) are fully fertile, while they are infertile on the 129/Sv
background, although spermatogenesis and mating are normal. Homozygous Smcp�/� female mice are fertile
on both genetic backgrounds. Electron microscopical examination demonstrated normal structures of sperm
head, mitochondria, and tail. In vivo experiments with sperm of Smcp�/� 129/Sv mice revealed that the
migration of spermatozoa from the uterus into the oviduct is reduced. This result is supported by the
observation that sperm motility as determined by the computer-assisted semen analysis system (CASA) is
significantly affected as compared to wild-type spermatozoa. In vitro fertilization assays showed that Smcp-
deficient spermatozoa are able to bind to the oocyte but that the number of fertilized eggs is reduced by more
than threefold relative to the wild-type control. However, removal of the zona pellucida resulted in an
unaffected sperm-egg fusion which was monitored by the presence of pronuclei and generation of blastocyts.
These results indicate that the infertility of the male Smcp�/� mice on the 129/Sv background is due to reduced
motility of the spermatozoa and decreased capability of the spermatozoa to penetrate oocytes.

Mitochondria are confined to a structure known as the mi-
tochondrial sheath in the midpiece of mammalian spermato-
zoa. The mitochondria in the sheath are elongated, crescent
shaped, and aligned end-to-end in helices wrapped around the
outer dense fibers which in turn surround the flagellar axon-
eme (21). Pallini et al. (22) purified sonication- and sodium
dodecyl sulfate (SDS)-resistant structures from sperm mito-
chondria, known as capsules, that retain the size and shape of
the outer membranes of sperm mitochondria. The integrity of
capsules is maintained by disulfide bridges, and purified cap-
sules from bull sperm contain three proteins, including a pe-
culiar hydrophilic protein containing a large amount of proline
(26%) and cysteine (18%), the sperm mitochondria-associated
cysteine-rich protein (SMCP). For many years, SMCP was
thought to be a 20-kDa selenoprotein and the predominant
capsular protein (7), but recent work demonstrates that those
attributes belong to phospholipid hydroxide glutathione per-
oxidase, which functions as a cytosolic enzyme in somatic cells
and an enzymatically inactive structural protein in the mito-
chondrial capsule (33). Electron microscope immunocyto-
chemistry localizes mouse SMCP to the outer mitochondrial
membranes and intermitochondrial spaces of the mitochon-
drial sheath (8). Since SMCP is neither a selenoprotein nor the
major capsule protein, earlier names (mitochondrial capsule
protein and mitochondrial capsule selenoprotein) seem inap-
propriate.

Smcp cDNAs have been isolated from mouse, human, rat,

and hamster (2, 4, 15, 19). In mice, expression of the Smcp
mRNA is restricted to haploid spermatogenic cells and the
mRNA is present throughout most of the haploid phase (26).
The Smcp mRNA is stored as a translationally inactive free
mRNP in early haploid cells and is translated actively on poly-
somes in late haploid cells (8, 14). The Smcp gene is present as
a single copy in the mouse genome and encodes a 143-amino-
acid protein. It is composed of two exons and lacks the typical
TATA and CAAT box motifs.

Several functions have been proposed for SMCP. The ob-
servation that SMCP becomes associated with mitochondria
after the mitochondrial sheath has formed indicates that it is
not necessary for the formation of the sheath (8). However,
SMCP could still function to stabilize the mitochondrial cap-
sules and sheath and/or attach the sheath to the outer dense
fibers (8). Cummins et al. (10) have suggested that SMCP may
be involved in the maternal inheritance of mitochondrial DNA
by targeting proteolytic degradation of paternal mitochondria
after fertilization. SMCP is also a major autoantigen in the
Lewis rat and a candidate for the target of an immunocontra-
ceptive (11).

To investigate the physiological role of the SMCP, we dis-
rupted the Smcp gene in mice. Smcp-deficient mice are viable
and females are fertile; however, male fertility depends
strongly on the genetic background and is associated with de-
fects in sperm motility.

MATERIALS AND METHODS

Generation of Smcp mutant mice. A � phage clone carrying the mouse Smcp
gene was isolated from a 129/Sv genomic mouse library (Stratagene, La Jolla,
Calif.) by using the rat Smcp cDNA (2). For the determination of the restriction
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map of the Smcp locus and localization of the exonic sequences, the isolated
phage clone was examined by Southern blot analysis. The Smcp-targeting vector
was constructed by using the plasmid pPNT (32), which contained a neomycin
resistance gene driven by a PGK promoter (pgk-neo) and a herpes simplex virus
thymidine kinase gene (tk) cassette. A 4.5-kb SpeI/SalI fragment containing the
5�-flanking region of the Smcp gene was isolated and ligated with XhoI-digested
pPNT vector after filling the end with Klenow enzyme (clone Smcp/1). Finally,
the 3-kb XbaI/SalI fragment (SalI site from polylinker of phage clone) containing
the 3�-flanking region of the Smcp gene was isolated and inserted into the
XbaI-digested clone Smcp/1 by blunt end ligation. The resulting targeting con-
struct was linearized with NotI (Fig. 1A) and transfected into RI embryonic stem
cells (35), and colonies resistant to G418 (400 �g/ml) and ganciclovir (GANC) (2
�M) were selected.

Genomic DNA extracted from embryonic stem (ES) cell clones using standard
methods (16) was digested with EcoRI, electrophoresed, and blotted onto Hy-
bond N membranes (Amersham, Braunschweig, Germany). Filters were hybrid-
ized with a 32P-labeled 1.5-kb KpnI/SpeI fragment (Fig. 1A) at 65°C overnight
and washed twice at 65°C to final stringency at 0.2� SSC–0.1% SDS (1� SSC is
0.15 M NaCl plus 0.015 M sodium citrate). To confirm a correct homologous
recombination event of the targeted Smcp gene and the absence of additional
random integration of the targeting construct, a neomycin fragment was used to
reprobe Southern blots. One ES clone carrying the disrupted Smcp allele was
injected into C57BL/6J blastocyts (35), and two male chimeric mice were gen-

erated. These males were mated to C57BL/6J and 129/Sv females, and the
resulting F1 offspring were genotyped by PCR analyses. Heterozygous Smcp
animals were crossed to obtain homozygous mice.

Genomic DNA was extracted from mouse tails by using standard protocols
(12). PCR was carried out for 35 cycles using the following conditions: 30 s at
94°C, 30 s at 57°C, and 45 s at 72°C. The following primers were used to
discriminate wild-type and mutant alleles: 1 (Smcp sense), 5�-GAGCCCTTCTC
CAGAGTTTGG-3�; 2 (Smcp antisense), 5�-GTCTTAGTTTTTACCCTGGAG-
3�; 3 (Pgk antisense), 5�-TTCCATTGCTCAGGGTGCTG-3�. The amplification
products were analyzed on 2% agarose gels. A 480-bp fragment of the mutant
allele was amplified with primers 2 and 3 whereas primers 1 and 2 (Fig. 1A)
amplified a 550-bp wild-type product with template DNA from both heterozy-
gous and wild-type animals.

Northern blot analysis. Total RNA was extracted from mouse testes using the
RNA Now kit (ITC Biotechnologies, Heidelberg, Germany) according to the
manufacturer’s recommendation. Twenty micrograms of RNA were size frac-
tionated by electrophoresis on a 1% agarose gel containing formaldehyde and
transferred to a nylon membrane. The membrane was hybridized with a 32P-
labeled Smcp cDNA fragment (2) and reprobed with elongation factor-2 cDNA
(24) to ensure equal loading.

Western blot analysis. Testes were homogenized in 10 volumes of SEM buffer
(0.32 M sucrose, 1 mM EDTA, 0.1% [vol/vol] mercaptoethanol) and adjusted to
a final protein concentration of 10 �g/�l. Twenty micrograms of each protein

FIG. 1. Targeted disruption of Smcp gene. (A) The structures of the wild type, targeting vector (Smcp-Neo-Tk), and mutant allele are shown
together with the relevant restriction sites. A 2.8-kb SalI/XbaI fragment containing exon 2 of the Smcp gene was replaced by a pgk-neo selection
cassette (NEO). TK, Thymidine kinase cassette; B, BamHI; E, EcoRI; K, KpnI; S, SalI; Sp, SpeI; X, XbaI. Primers 1, 2, and 3, which were used
to amplify the wild-type and mutated alleles by PCR, are indicated. (B) Southern blot analysis of ES clones. Genomic DNA extracted from ES
clones was digested with EcoRI and probed with a 5� external probe shown in panel A. Homologous recombination events yielded a 13-kb
hybridizing band detected in heterozygous (�/�) cell lines, while wild-type (�/�) cell lines showed a 14-kb band. (C) Northern blotting of
testicular RNA from the three genotypes. Hybridization with the mouse Smcp cDNA probe revealed a 0.8-kb mRNA prominent in Smcp�/�,
reduced in Smcp�/�, and absent in Smcp�/� mice. Rehybridization was performed with human elongation factor 2 cDNA (HEF2). (D) Western
blots with testicular proteins from wild-type (�/�), heterozygous (�/�), and knockout (�/�) mice were incubated with anti-SMCP, anti-
neomycin, and anti-�-tubulin antiserum. The immunoreactive 28-kDa SMCP protein was detectable in wild-type and heterozygous mice but not
in Smcp�/� mice. The immunoreactive �26-kDa neomycin phosphotransferase II protein (Neo) was detectable only in Smcp�/� and Smcp�/�

mice. The �-tubulin antiserum revealed equal protein loading.
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homogenate was loaded onto a precast 4 to 12% NuPAGE Bis-Tris gel (Invitro-
gen, Groningen, The Netherlands). After electrophoresis, the proteins were
blotted to polyvinylidene difluoride membranes (Machery & Nagel, Düren, Ger-
many) as previously described (17). Smcp was probed with Smcp antisera (8).
Neomycin phosphotransferase II and �-tubulin were detected using commer-
cially available antibodies (5Prime33Prime, Boulder, Colo.; Sigma-Aldrich Che-
mie, Deisenhofen, Germany). For detection of bound antibodies, filters were
incubated with a 1:10,000 dilution of alkaline phosphatase-conjugated goat anti-
rabbit or goat anti-mouse immunoglobulin G (Sigma-Aldrich Chemie), and
proteins were visualized with 0.35 mg of nitroblue tetrazolium/ml and 0.18 mg of
5-bromo-4-chloro-indolylphosphate substrate (BCIP)/ml.

Fertility test. To investigate the fertility of the Smcp-deficient males on a
mixed background (C57BL/6J � 129/Sv) and on a 129/Sv genetic background,
respectively, five sexually mature male Smcp�/� mice from each genetic back-
ground were mated, each with two females, for 3 months. Females were checked
for the presence of vaginal plugs and/or pregnancy. Pregnant females were
removed to holding cages to give birth. The number and size of litters sired by
each group of males were determined in a 3-month mating period.

Furthermore, 8-week-old CD1 female mice were superovulated by intraperi-
toneal injections of 5 IU of pregnant mare serum gonadotrophin (PMSG) (In-
tergonan; Intervet, Tönisvorst, Germany) followed by 5 IU of human chorionic
gonadotrophin (HCG) (Predalon; Organon, Oberschlei	heim, Germany) 46 to
48 h later, and they were mated with Smcp�/� or Smcp�/� males of the 129/Sv
genetic background. Oocytes from females with a copulatory plug were isolated.
The oviducts were dissected out and flushed with M2 medium (Sigma, St. Louis,
Mo.). The oocytes were treated with M2 medium containing hyaluronidase (300
�g/ml) to remove the cumulus cells, washed in M2, maintained in M16 (Sigma-
Aldrich Chemie), and examined for the presence of male and female pronuclei.
The eggs were then cultured in M16 covered with mineral oil to check for
embryonic development.

In vitro fertilization assays. Sexually mature Smcp�/� and Smcp�/� male mice
of 129/Sv genetic background were used for these experiments. Female CD1
mice were superovulated as described before, and oocytes were collected 10 to
12 h after hCG administration. The cumulus cells were removed by hyaluroni-
dase treatment, and the oocytes were washed in fertilization medium (MediCult,
Jyllinge, Denmark) and then maintained in this medium. To remove the zona
pellucida, oocytes were treated with acidic Tyrode’s and washed three times with
phosphate-buffered saline (PBS) as previously described (12). Spermatozoa were
isolated from the cauda epididymis and vas deferens of each male group, capac-
itated in Tyrode’s medium at 37°C for 1.5 h, and then added to the intact and the
zona-free oocytes in 100-�l drops of fertilization medium and incubated for 6 h
at 37°C in 5% CO2 covered with mineral oil. Using a large bore micropipette,
eggs were washed in M16, photographed, and cultured further in M16 as de-
scribed above.

Sperm analysis. From five Smcp�/� and Smcp�/� male mice of the 129/Sv
genetic background, the epididymides were collected and dissected in Tyrode’s
medium. Sperm number in corpus and cauda epididymis was determined using
the Neubauer cell chamber. To investigate the acrosome reaction, spermatozoa
were capacitated for 1.5 h in Tyrode’s medium and then incubated for 5 min at
37°C in 5% CO2 with Tyrode’s medium plus 20 �M calcium ionophor A23187
(Sigma-Aldrich Chemie). For the determination of the percentage of sperm that
had undergone an acrosome reaction, sperm were fixed and stained with Coo-
massie brilliant blue R250 as described by Thaler and Cardullo (29). At least 200
spermatozoa from each male were examined for the presence or absence of the
characteristic dark blue acrosomal crescent. To investigate the sperm migration
in the female reproductive tract, five Smcp�/� and Scmp�/� males each were
mated with two mature CD1 females. Six hours after mating, uteri and oviducts
from females with vaginal plug were flushed with M2 medium and the sperm
number was determined.

Sperm motility analyses. Epididymes of wild-type and mutant homozygous
Smcp mice were dissected in in vitro fertilization (IVF) medium (Medi-Cult,
Jyllinge, Denmark). Spermatozoa were allowed to swim out of the epididymes
and were incubated for 1.5, 3.5, or 5.5 h at 37°C. A drop of the sperm suspension
was transferred to the incubation chamber, which was set at a temperature of
37°C. Sperm movement was quantified using the CEROS computer-assisted
semen analysis system (version 10; Hamilton Thorne Research, Beverly, Mass.).
Then, 6,000 to 11,000 spermatozoa from each of four Smcp�/� and four Smcp�/�

mice were analyzed using the following parameters: negative phase-contrast
optics; recording, 60 frames/s; minimum contrast, 60; minimum cell size, 6 pixels;
straightness (STR) threshold, �50%; cutoff of the average path velocity (VAP)
and straight line velocity (VSL) were 25 and 30 �m/s, respectively; minimum
progressive average path velocity (VAP), 75 �m/s; slow cells motile, no (this limit

avoids counting sperm moved by others or Brownian motion and low-velocity
nonprogressive cells); and minimum static contrast, 15 pixels.

For statistical analysis, frequencies of the six sperm motility parameters VAP,
VSL, VCL, ALH, BCF, and STR were examined by probability plots categorized
by mouse type (wild-type/mutant Smcp) and by time of observation (1.5, 3.5 and
5.5 h after preparation). VAP, VSL, VCL, and BCF were log normally distrib-
uted, but ALH and STR were not. For statistical testing, sperm motility mea-
surements of each parameter were pooled for mouse type and for time of
observation. Considering the log-normal distribution, Student’s tests for inde-
pendent observations were applied in order to define differences in VAP, VSL,
VCL, and BCF means (normalized by natural logarithms) comparing wild-type
and mutant Smcp mice. For the same purpose, the nonparametric ALH and STR
distributions were tested by Friedman’s analysis of variance. Statistical analyses
were performed by Statistica (StatSoft, Inc., Tulsa, Okla.).

Electron microscopy. Testes and epididymides were fixed with 5% glutaralde-
hyde in 0.2 M phosphate buffer, postfixed with 2% osmium tetroxide, and em-
bedded in epoxy (Epon) resin. Selected areas were thin sectioned and examined
by electron microscopy.

RESULTS

Generation of Smcp-deficient mice. The mouse Smcp gene
contains a single intron, and the second exon contains the
complete 143-amino-acid coding region (13). To disrupt the
Scmp gene, a replacement-targeting construct was achieved by
replacing exon 2 of the Smcp gene with the neomycin phospho-
transferase II gene (Pgk-neo). The herpex simplex virus thymi-
dine kinase (tk) gene at the 3� end of the construct enabled us
to use positive and negative selection (Fig. 1A) (18). R1 ES
cells were transfected with the targeting construct and selected
for homologous recombination events. Drug-resistant clones
were selected, and DNA was isolated and screened by South-
ern blot analysis using a 1.5-kb KpnI/SpeI fragment. A probe
upstream of the targeting construct detected a 14-kb EcoRI
fragment in the wild-type allele and 13-kb recombinant frag-
ment in the disrupted allele (Fig. 1A and B). One ES cell clone
injected into C57BL/6J blastocyts gave rise to two chimeric
mice that transmitted the mutant Smcp allele to their offspring.
Chimeric mice were intercrossed to C57BL/6J and 129/Sv fe-
males in order to establish the Smcp-disrupted allele on a
C57BL/6J � 129/Sv hybrid background and on a 129/Sv back-
ground, respectively. In both genetic backgrounds male and
female heterozygotes developed normally and were fertile. The
heterozygous animals were crossed, and PCR analyses re-
vealed that approximately 25% (47 of 197 and 49 of 202) of the
offspring were homozygous for the mutant Smcp�/�.

The targeted disruption of the Smcp gene resulted in the
absence of expression of the Smcp RNA and protein. Northern
blot analysis of RNA derived from the testes of the different
genotypes revealed the absence of the 0.8-kb Smcp transcript
in the homozygous mutant mice (Fig. 1C). Western blot anal-
ysis with polyclonal anti-Smcp antisera identified the 28-kDa
Smcp protein in testicular extracts of wild-type and heterozy-
gous mice but not in extracts of Smcp�/� homozygous mice
(Fig. 1D). Probing the Western blot with neomycin phospho-
transferase II antibodies revealed that the Neo protein derived
from the targeting construct was expressed in the testes of
Smcp�/� and Smcp�/� mice and that it was not detectable in
wild-type mice. Anti-�-tubulin antibodies established equal
protein loading in the Western blots (Fig. 1D).

Infertility of Smcp homozygous mutant males on 129/Sv
background. To investigate the consequences of disruption of
the Smcp gene for male fertility, we mated the Smcp�/� males
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on mixed C57BL6J � 129/Sv and 129/Sv genetic backgrounds,
each with two females for 3 months. All matings with Smcp�/�

males on the hybrid background were productive, and the
average litter size was not significantly different from that of
breeding of wild-type litter males with wild-type females (Ta-
ble 1). In contrast, all Smcp�/� males on the background
129/Sv were infertile despite normal sexual behavior towards
female mice and production of copulation plugs. The 129/Sv
background was utilized in all of the remaining experiments
described below.

To further evaluate Smcp�/� male fertility on the 129/Sv
background, we performed in vivo and in vitro fertilization
assays. Wild-type females were mated with wild-type and
Smcp�/� males, and oocytes were collected 12 h later and
scored for fertilization. Eighty-four percent of the oocytes (165
of 196) harvested from females inseminated by wild-type males
had male pronuclei, whereas all oocytes examined from fe-
males inseminated by Smcp�/� 129/Sv males lacked male pro-
nuclei (0 of 188).

To study whether the infertility of the Smcp-deficient mice
on 129/Sv is due to the failure of sperm to penetrate the zona
pellucida or due to the failure of sperm to fuse with the egg
plasma membrane, we performed in vitro experiments. As
summarized in Fig. 2A, only 24.5% of oocytes with intact zona
pellucida were fertilized by Smcp-deficient sperm and 14% of
all oocytes developed into normal blastocyts, whereas 82.6% of
eggs were fertilized with sperm of the wild-type counterparts

and 54% of them developed into blastocysts. In contrast, in-
semination of zona-free oocytes by sperm from Scmp�/� and
wild-type mice did not result in significant differences in the
fertilization rate (Fig. 2B). Our findings indicate that the lack
of Smcp significantly affects the ability of sperm to penetrate
the zona pellucida of the oocytes but does not prevent the
fusion of sperm and egg plasma membranes.

To address the question whether the fertility of Smcp�/�

mice might be influenced by an acrosomal defect, we examined
the response of spermatozoa from Smcp�/� and wild-type mice
to the calcium ionophore A23187. There was no significant
difference in the assay of acrosome reaction between Smcp�/�

and wild-type spermatozoa (Table 2).
Sperm analysis of Smcp mutant males on 129/Sv back-

ground. For a closer investigation into the causes of male
infertility, sperm numbers were determined in the corpus and
cauda epididymis as well as in uteri and oviducts of females
inseminated by Smcp�/� and wild-type males. As shown in
Table 2, a significant reduction (P 
 0.05) in sperm number
was found only in oviducts of females mated with Smcp�/�

males. This result let us to suggest that the migration of Smcp-
deficient spermatozoa through the female genital tract is dis-
turbed.

We therefore measured sperm motility after 1.5-, 3.5-, and
5.5-h incubations in vitro. No significant differences between
the motility of spermatozoa of wild-type and heterozygous
mice were observed (data not shown). After 1.5 h, the propor-
tion of motile spermatozoa of Smcp�/� mice was slightly re-
duced and the proportion that exhibited progressive movement
in Smcp�/� mice was reduced compared with those of wild-
type mice, 24.7% versus 36% (Table 3). However, after 3.5 and
5.5 h, the proportion of motile and progressively motile sper-
matozoa in Smcp�/� and wild-type mice had decreased simi-
larly (Table 3).

FIG. 2. Zona-intact (A) and zona-free (B) oocytes were incubated
with sperm of Smcp�/� and Smcp�/� mice, and in vitro fertilization
was assessed by examination for male pronuclei and early develop-
ment. The number of oocytes (no) incubated with sperm is given as
100%. The number of oocytes with two pronuclei (pn) and the number
of oocytes that developed to the blastocyst stage (bl) appear above the
bars, and the bars are the percentages of oocytes incubated that had
two pronuclei or that developed to the blastocyst stage.

TABLE 1. Fertility of Smcp�/�, Smcp�/�, and Smcp�/� mice on
genetic backgrounds C57BL/6J � 129/Sv and 129/Sv

Genotype of male No. of mice borna Avg litter size

C57BL/6J � 129/Sv
�/� 178 7.1
�/� 177 7.0
�/� 153 6.1

129/Sv
�/� 138 5.3
�/� 126 5.0
�/� 0 0

a Five males and 10 females mated.

TABLE 2. Sperm analysis of Smcp�/� and Smcp�/� mice
(129/Sv background)a

Genotype

No. of sperm in:
Acrosome
reaction

(%)
Corpus

epididymis
(107)

Cauda
epididymis

(107)

Uterus
(106) Oviduct

�/� 1.0 � 0.2 1.8 � 0.3 0.8 � 0.2 301 � 15 81 � 7
�/� 0.8 � 0.4 1.6 � 0.6 0.9 � 0.3 78 � 7b 77 � 8

a Data from the sperm analysis represent the mean � standard error of the
mean of the individual measurements (five in each case).

b The value for this parameter of Smcp�/� mice is significantly different from
that of Smcp�/� mice (P 
 0.05).

TABLE 3. Analysis of sperm motility of Smcp�/�

and Smcp�/� mice

Genotype
of mice

Incubation
time (h)

Total no.
of measured
spermatozoa

No. of motile
spermatozoa

(%)

No. of spermatozoa
with progressive
movement (%)

�/� 1.5 10,077 5,531 (54.9) 3,623 (36.0)
3.5 11,189 5,352 (47.8) 3,273 (29.3)
5.5 8,329 3,119 (37.4) 1,688 (20.3)

�/� 1.5 8,474 4,006 (47.3) 2,096 (24.7)
3.5 8,950 3,865 (43.2) 1,946 (21.7)
5.5 6,409 2,338 (36.5) 1,210 (18.9)
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The following parameters were evaluated in more detail:
curvilinear velocity (VCL), average path velocity (VAP),
straight line velocity (VSL), beat cross frequency (BCF),
straightness (STR), linearity (LIN), and amplitude of the lat-
eral head displacement (ALH) (Fig. 3). For the linearity no
significant alterations were found (P 
 0.16). For all other
parameters, a significant reduction for Smcp�/� spermatozoa
in comparison to the wild-type sperm was observed (P 

0.001). A decrease of 20 to 30% was found for the velocity
parameters VAP, VSL, and VCL. The lower velocity of the
Smcp�/� spermatozoa could be due to a reduction of the BCF
and the ALH. The ALH was approximately 18% diminished in
the Smcp-deficient sperm in comparison to wild-type sperma-
tozoa. After 5.5 h of incubation time, the differences between
the sperm motility of Smcp�/� and wild-type mice was found to
be reduced (for example, 13 to 15% for sperm velocities).

To determine whether the Smcp-deficient spermatozoa have
structural abnormalities, light and electron microscopical anal-
yses were performed. Neither in spermatogenesis nor in sper-

matozoa were structural defects observed. Because SMCP is a
mitochondrial protein, these organelles were analyzed in more
detail, and they were found to be normal (Fig. 4).

DISCUSSION

SMCP is a conserved, cysteine-rich protein that is closely
associated with the keratinous mitochondrial capsules of bull
and mouse spermatozoa (8, 22). To determine the function of
this unusual protein, we generated a null mutation of the
mouse Smcp locus and examined the effect of Smcp deletion on
the morphology of spermatozoa and male fertility.

Breeding of the Smcp�/� mice revealed that the effects of
the null mutation on fertility depend on the genetic back-
ground. The infertility of Smcp�/� males on the 129/Sv back-
ground and the normal fertility of Smcp�/� males on the hy-
brid C57Bl/6 � 129/Sv background indicate that the mutation
of the Smcp locus interacts with as-yet-unknown modifying
genes. Interestingly, highly variable penetrance on male infer-

FIG. 3. Computer-assisted analysis of sperm motility. The results of analyses of wild-type (�) and Smcp�/� (▫) spermatozoa are shown. Sperm
velocities (micrometers/second), forward movement (percent), lateral amplitude of the sperm head (micrometers), and beat frequency (hertz) were
measured after 1.5, 3.5, and 5.5 h. For velocities (VAP, VSL, and VCL) and the beat frequency (BCF), the means and appropriate standard
deviations are illustrated. For amplitude (ALH) and straightness (STR), the medians and quartiles are shown. The Smcp-deficient spermatozoa
exhibit highly significantly reduced velocities, beat frequency, amplitude and forward movement in comparison to wild-type sperm (P 
 0.001).
(A) VAP; (B) VSL; (C) VCL; (D) BCF; (E) ALH; (F) STR.
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tility on different genetic backgrounds has also been reported
for mice carrying targeted null mutations of other genes af-
fecting spermatogenesis, including the Pou homeodomain,
transition proteins 1 and 2 genes, and desert hedgehog genes
(3, 6, 23, 36).

The reduced number of spermatozoa recovered from the
oviducts of females inseminated by Smcp�/� 129/Sv males
pointed toward a defect in sperm motility. This hypothesis was
confirmed by significant decreases in sperm velocities mea-
sured in vitro. Furthermore, we found that the ability of the
sperm of Smcp�/� mice to fertilize zona pellucida-intact oo-
cytes was strongly reduced, even though the fusion of mutant
sperm with the egg plasma membrane was unaffected after
removal of the zona pellucida, judging from the generation of
male pronuclei and development to the blastocyst stage. Taken
together, our data suggest that the infertility of the male
Smcp�/� 129/Sv mice is caused by reduced sperm motility in
the female reproductive tract and an unknown role of SMCP in
penetrating the zona pellucida. Our data also show that the
failure to penetrate the zona pellucida is not caused by an
impaired acrosome reaction. Conceivably, the impaired motil-
ity of the SMCP-deficient spermatozoa affects hypermotility,
which is required for zona pellucida penetration (5, 27, 28).

The loss of SMCP function leads to a higher proportion of
immotile spermatozoa, and the motile spermatozoa exhibited
lower velocities and reduced beat frequency and amplitude.
Loss or reduction in sperm motility is known as asthenozoo-
spermia and is one of the primary causes of untreatable infer-
tility or subfertility in men (1, 30). In about 20 to 30% of
patients with asthenozoospermia, the impaired sperm move-
ment is not correlated with abnormalities in sperm structure
(9, 34) and is therefore similar to the phenotype of the Smcp-
deficient mice. The human SMCP gene has also been identified
(4), and it is reasonable to speculate that mutations in SMCP

and/or proteins that interact with SMCP could cause astheno-
zoospermia in humans too. Recently, we have shown that mice
lacking a functional dynein heavy chain also exhibit severe
asthenozoospermia (20). Little is known about inherited de-
fects in sperm motility, and few mouse models exist for the
disruption of a gene resulting in abnormal sperm movement
(25, 31). The Smcp- and dynein-deficient mice provide exper-
imental models to study the mechanisms of asthenozoosper-
mia.

SMCP was initially thought to be the predominant structural
protein in the sperm mitochondrial capsules (7, 22). However,
rat sperm mitochondrial capsules purified by sonication and
treatment with SDS and trypsin contain a single protein (7),
phospholipid hydroperoxide glutathione peroxidase (33). The
absence of SMCP suggests that SMCP is not the predominant
capsular protein, but it does not demonstrate that SMCP is not
part of the capsule, because these capsules were purified with
trypsin, an enzyme that is expected to rapidly degrade SMCP
because it contains �10% lysine (2). The finding that SMCP
copurifies with bull sperm mitochondrial capsules prepared
without trypsin and electron microscope immunocytochemistry
localization of SMCP to the sperm mitochondrial membranes
and intermitochondrial spaces (8, 22) imply that SMCP is
closely associated with, but not necessarily an integral part, of
the capsule. Herr et al. (11) confirmed the localization of
SMCP to the mitochondrial sheath of rat spermatozoa by light
microscope immunocytochemistry. Our results show that the
mitochondrial sheath develops normally in Smcp�/� sperm,
demonstrating that SMCP is not necessary for the formation of
the sheath. Further studies are needed to determine whether
the impaired motility of the SMCP-deficient spermatozoa is
correlated with subtle ultrastructural changes. It is also possi-
ble that SMCP deficiency impairs motility by reducing the
production or transfer of respiratory energy to the flagellum.

The mammalian sperm tail contains several specialized
structures, the mitochondrial capsule and sheath, the outer
dense fibers, and the fibrous sheath. Our results suggest that a
subtle modification in the mid-piece can have profound effects
on sperm motility, a process that is under intense evolutionary
pressure because it affects reproductive success directly. Tar-
geted gene deletion provides a powerful approach to dissect
the assembly and function of the specialized structures of the
sperm tail.
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