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Glyceraldehyde 3-phosphate dehydrogenase-S,
a sperm-specific glycolytic enzyme, is required
for sperm motility and male fertility
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Although glycolysis is highly conserved, it is remarkable that
several unique isozymes in this central metabolic pathway are
found in mammalian sperm. Glyceraldehyde 3-phosphate dehy-
drogenase-S (GAPDS) is the product of a mouse gene expressed
only during spermatogenesis and, like its human ortholog
(GAPD2), is the sole GAPDH isozyme in sperm. It is tightly bound to
the fibrous sheath, a cytoskeletal structure that extends most of
the length of the sperm flagellum. We disrupted Gapds expression
by gene targeting to selectively block sperm glycolysis and assess
its relative importance for in vivo sperm function. Gapds—/— males
were infertile and had profound defects in sperm motility, exhib-
iting sluggish movement without forward progression. Although
mitochondrial oxygen consumption was unchanged, sperm from
Gapds~—/~ mice had ATP levels that were only 10.4% of those in
sperm from WT mice. These results imply that most of the energy
required for sperm motility is generated by glycolysis rather than
oxidative phosphorylation. Furthermore, the critical role of glyco-
lysis in sperm and its dependence on this sperm-specific enzyme
suggest that GAPDS is a potential contraceptive target, and that
mutations or environmental agents that disrupt its activity could
lead to male infertility.
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Sperm motility is essential for normal fertilization, and as-
thenozoospermia, or low sperm motility, is common in
infertile men. In a recent study of 1,085 sperm samples from
infertile men, 81% had defects in motility, and 19% had asthe-
nozoospermia without other defects in sperm number or mor-
phology (1). Motility is generated by the extremely long flagel-
lum that comprises >90% of the length of a mammalian sperm.
This process requires substantial ATP to support coordinated
movement of the central axoneme and surrounding flagellar
structures (2). ATP is hydrolyzed by dynein ATPases, which
function as force-generating molecular motors along the axo-
neme. Although quiescent in the epididymis, mammalian sperm
display vigorous forward movement, termed activated or pro-
gressive motility, immediately upon ejaculation or collection into
physiological medium. The motility waveform changes in the
female reproductive tract, with increases in both the amplitude
and asymmetry of flagellar bending. These changes result in a
whiplash-like motion, termed hyperactivated motility, which
facilitates sperm transport in the oviduct and penetration of the
zona pellucida surrounding the oocyte (3).

Potential sources of ATP to support sperm motility are
compartmentalized in distinct regions along the length of the
flagellum. Oxidative phosphorylation is confined to the proxi-
mal segment of the flagellum where the mitochondria are
localized (middle piece). In contrast, glycolysis appears to be
restricted to the principal piece, which is distal to the middle
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piece and is the longest segment of the sperm flagellum (4-8).
Several glycolytic enzymes in mammalian sperm are distinct
from the isozymes present in somatic tissues. Three isozymes,
glyceraldehyde 3-phosphate dehydrogenase-S (GAPDS), phos-
phoglycerate kinase-2, and lactate dehydrogenase-C,, are en-
coded by paralogous genes expressed only during spermatogen-
esis (5, 9-13). At least five other enzymes in the glycolytic
pathway have unique structural or functional properties in
spermatogenic cells (6, 14-18). GAPDS, one of the germ
cell-specific isozymes, is tightly bound to the fibrous sheath, a
cytoskeletal structure that defines the limits of the principal
piece (4). This localization of respiration and glycolysis in distinct
compartments led us to question whether both metabolic path-
ways are needed to provide sufficient ATP along the entire
length of the flagellum to support activated and hyperactivated
sperm motility.

Although oxidative phosphorylation is more efficient than
glycolysis for ATP production, it is unclear whether diffusion of
ATP from the middle-piece mitochondria could adequately
supply all of the energy needs in the distal regions of the
flagellum (19). There appear to be some species differences in
sperm metabolism (2), but previous in vitro studies reported that
glycolysis is required for mouse (20-22), rat (23), and human
sperm (24, 25) to achieve hyperactivated motility and penetrate
the zona pellucida during fertilization. The tyrosine phosphor-
ylation of sperm proteins that occurs during acquisition of
hyperactivated motility in vitro also depends upon glycolysis (26,
27). Based on these in vitro results, we hypothesized that
elimination of a sperm-specific glycolytic enzyme would block
hyperactivated motility in vivo, resulting in male infertility.

Materials and Methods

Generation of Gapds—/~ Mice. Gapds was isolated from a P1 phage
library of 129/0laHsd mouse genomic DNA (Incyte Genomics,
Palo Alto, CA). Nucleotide numbers in the Gapds genomic
sequence refer to GenBank accession no. U09964. After diges-
tion with Tthl1I1 and Sspl, the DNA restriction fragment
beginning in exon 1 and ending in intron 4 (nucleotides 1887—
7193) was cloned into the Srfl site of the cloning vector
pUCBM21/KO (28). This fragment, along with thymidine ki-
nase (tk) and neomycin resistance (neo) genes, was ligated into
the NotI-Xhol site of pMCI1TKbpA (29), which contains another
tk cassette. The Gapds DNA fragment beginning in exon 6 and
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ending in exon 9 (nucleotides 8108-9181) was amplified by PCR
using the P1 clone as template and then ligated into the
Spel-Xbal site of pMCITKbpA to produce the gene-targeting
construct pL3KaSTK2 (Fig. 5, which is published as supporting
information on the PNAS web site). Transfection of pL3KaSTK2
DNA, screening of targeted TC-1 embryonic stem (ES) cells
(gift of Philip Leder, Harvard Medical School, Boston), and
blastocyst injections were performed as described (28). The PCR
primers used to detect homologous recombination were forward
5'-AGCGTTGGCTACCCGTGATA-3" and reverse 5'-CGT-
GATAGCCGAGTAAGAAGCAGG-3', corresponding to se-
quences in the neo gene and exon 9, respectively. Genotypes were
confirmed by Southern blotting (Fig. 6, which is published as
supporting information on the PNAS web site) after digestion
with Dral, using a probe (nucleotides 1080-1830) outside the
targeting construct (Fig. 5). Chimeric males generated from
correctly targeted ES cells were mated with C57BL/6N females
to obtain germ-line transmission. Heterozygous animals were
mated to produce Gapds~'~ and Gapds™'* males for the analysis
of fertility and sperm function. Animal maintenance and exper-
imental protocols were approved by the University of North
Carolina and National Institute on Environmental Health Sci-
ences Institutional Animal Care and Use Committees.

Western Blotting and Immunocytochemistry. Sperm were collected
from the cauda epididymis, washed in PBS (140 mM NaCl/10
mM phosphate buffer, pH 7.4), and lysed in SDS sample buffer.
Testis lysates were prepared by homogenization in lysis buffer (1
ml per testis) containing 140 mM NacCl, 0.1% Triton X-100,
Complete protease inhibitor mixture (Roche Applied Science,
Indianapolis), and 20 mM Hepes buffer, pH 7.4. Lysates corre-
sponding to 2 X 10* sperm or 0.5 mg of testis (wet weight) were
analyzed by Western blotting using anti-mouse GAPDS antibody
B1 (4), as described (30). For the detection of GAPDS by

indirect immunofluorescence, sperm were fixed on glass slides
and stained with the same anti-mouse GAPDS antibody (30).

GAPDS Enzyme Activity. Cauda epididymal sperm were collected
in M16 or M2 medium (Specialty Media, Lavellette, NJ), washed
with PBS, suspended in enzyme assay buffer (5), and sonicated
for 7 sec on ice. The GAPDS/GAPDH enzyme assay was carried
out as described (31). To monitor GAPDS substrate accumu-
lation, glyceraldehyde 3-phosphate was assayed (32) immedi-
ately after collection of cauda epididymal sperm.

Histology and Electron Microscopy. Testes were fixed in Bouin’s
solution, dehydrated, and embedded in paraffin (4). Sections
were stained with hematoxylin/eosin for histological analysis.
Sperm ultrastructure was examined by transmission and scan-
ning electron microscopy as described (30), except that sperm
analyzed by scanning electron microscopy were demembranated
by treating with 1% Triton X-100 in PBS for 15 min at room
temperature before fixation with 5% glutaraldehyde in 0.2 M
sodium cacodylate buffer.

Fertility and Sperm Motility. To monitor mating behavior, indi-
vidual Gapds~—'~ males were housed with two superovulated
females for 2 h, and females were then examined for copulatory
plugs. To determine fertility, individual Gapds~'~ males were
mated continuously with two WT females for 1 month, followed
by a second month with two different females. All females were
maintained for 1 month after the mating period. Individual
Gapds~'~ females were mated with one WT male for 2 months.
To assess motility, sperm were collected from the cauda epidid-
ymis of 4- to 6-month-old mice in M16 medium and incubated
at 37°C in 5% CO; and air. At the indicated time points, sperm
were diluted 10-fold with M2 medium, and motility was scored
by phase—contrast microscopy. More than 200 sperm were

A
Glulcose
ATP--:
ATP =
\/
Glyceraldehyde
3-phosphate D vestis Sperm E
+ ++ +]- |- +]+ #]- |-
capps |~ NAP . Sl 8 -110 A
NADH i - 90

1, 3-Bisphosphoglycerate

| . :
I, 2 ATP - "
1 - 51

1= 2 ATP

Pyruvate

£

o]

- 36

GAPDS/GAPD activity (unitsno'sperm}

++ +- /-

Fig. 1. Targeted disruption of Gapds. (A) Abbreviated diagram of sperm glycolysis showing that GAPDS is required for all ATP production via this pathway.
(B and C) Indirectimmunofluorescence shows that GAPDS is localized in the principal piece of the flagellum in WT sperm (B) but is absent in sperm from Gapds~/~
mice (C). Sperm morphology is indistinguishable in these merged immunofluorescence and phase-contrast images. The arrow in B denotes the junction between
the middle piece and principal piece of the flagellum. (D) Testis and sperm proteins from WT (+/+), heterozygous (+/—), and homozygous mutant (—/—) males
were analyzed by Western blotting with an antibody specific for GAPDS. Similar results were obtained with antibodies that recognize peptide sequences either
upstream (data not shown) or downstream of the deletion. The relative molecular weights (X 10-3) of protein standards are shown at right. (£) GAPDS/GAPDH
enzyme activity was measured for sperm isolated from +/+, +/—, and —/— males. Values show mean activity = SEM.
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examined from each animal at each time point. Videos were
recorded at real-time rate by using Nomarski differential inter-
ference contrast optics.

Quantitative parameters of sperm motility were determined
by computer-assisted sperm analysis (CASA), as described for
rat sperm with adjustments for tracking smaller mouse sperm
(33). Cauda epididymides were removed and transported in M16
medium on ice, and sperm were collected within 60 min. Sperm
were collected in M16 (37°C, 5% CO, and air), and CASA
parameters were determined immediately after collection (time
0) and after incubation for 1 h. Sperm tracks (1.5 sec, 90 frames)
were captured at 60 Hz by using an HTM-IVOS sperm analysis
system (Hamilton Thorne Research, Beverly, MA, software
version 12). Statistical analyses comparing WT and Gapds =/~
CASA parameters were conducted by using the General Linear
Models procedure in SAS (SAS Institute, Cary, NC). Differences
were considered significant when P < 0.05.

Sperm ATP Levels. After incubation in M16 medium at 37°C in 5%
CO; and air, sperm were centrifuged at 1,000 X g for 3 min.
Excess medium was removed, and sperm in the remaining 50 ul
were resuspended, transferred to a tube containing 450 ul of
boiling extraction buffer (4 mM EDTA/0.1 M Tris-HCI, pH 7.8),
and incubated at 100°C for 2 min. The supernatant was collected
after centrifugation at 20,000 X g for 5 min and diluted 10-fold
with H>O. ATP was measured in duplicate 50-ul aliquots of the
supernatant by using a luciferase bioluminescence assay accord-
ing to the manufacturer’s protocol (ATP Bioluminescence Assay
kit CLS II; Roche Applied Science).

Oxygen Consumption. Sperm were collected from the cauda
epididymis and vas deferens in glucose-free M2 medium. Oxygen
consumption of the sperm suspension was determined by using
an oxygen probe (YSI 5531, YSI, Yellow Springs, OH) calibrated
to air-saturated medium. Samples (4—6 X 107 sperm in glucose-
free M2 medium) were stirred vigorously in the reaction cham-
ber (1.8 ml) at room temperature. The reaction was terminated
by adding 1 mM KCN, and the baseline was obtained by
additional monitoring. Consumed oxygen was calculated by
using the solubility factor of 0.237 wmol/ml.

Results and Discussion

Sperm Glycolysis Is Blocked by the Targeted Deletion of GAPDS.
Previous studies detected only the germ cell-specific GAPDS/
GAPD?2 isozyme in both mouse and human sperm (4, 5).
Because this enzyme precedes both ATP-generating steps in
glycolysis, elimination of GAPDS activity should block all gly-
colytic ATP production in sperm (Fig. 14). ATP levels should be
further depleted under these conditions by the ATP-consuming
steps that precede GAPDS in the glycolytic pathway. We deleted
exon 5 and part of exon 6 of Gapds by gene targeting (Fig. 5) to
eliminate the downstream catalytic cysteine and six of eight
amino acids essential for NAD* cofactor binding (9, 34). Dis-
ruption of the gene was confirmed by Southern blot analysis (Fig.
6). GAPDS protein was not detected in sperm or testis from
homozygous mutant (Gapds~'~) males by immunocytochemistry

Table 1. Characteristics of Gapds—/~ and WT males

Sperm count, Testes Body
Genotype X 107 weight, g weight, g
WT (n = 6) 2.6 = 0.31 0.22 = 0.01 348 + 2.3
Gapds~/~ (n = 6) 2.6 = 0.22 0.22 = 0.01 31.8 £ 2.1

Values are means = SEM. For each animal, the sperm count was the number
collected from both cauda epididymides, and the testes weight was the
combined weight of both testes.
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(compare Fig. 1 B and C) or Western blotting (Fig. 1D) with
antibodies specific for the sperm isozyme. GAPDS enzyme
activity was absent in sperm from Gapds~'~ males and was
reduced by ~50% in sperm from heterozygous (Gapds™'™)
animals (Fig. 1E). The lack of enzymatic activity in sperm from
Gapds™'~ males verified previous immunocytochemical results
indicating that the somatic GAPDH isozyme is not present in
sperm (4, 5). The block in glycolysis at the reaction catalyzed by
GAPDS resulted in a 4-fold accumulation of the substrate,
glyceraldehyde 3-phosphate, in sperm from Gapds™'~ mice
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Fig.2. GAPDS is required for sperm motility. (A) Sperm were collected from
WT (n = 6) and Gapds~/~ mice (n = 6) and incubated in M16 medium at 37°C
in 5% CO; and air. Forward movement was scored by phase-contrast micros-
copy for >200 sperm per animal at each time point. Mean percentages of
forward movement + SEM are shown for WT (circles) and Gapds~/~ (squares)
males. (B and C) Sperm tracks generated by CASA. Green tracks illustrate the
movement of individual sperm in 1.5 sec and red dots indicate immotile or
dead sperm. WT sperm (B) displayed vigorous progressive motility, whereas
sperm from Gapds—/~ males (C) were motile but nonprogressive.
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Fig.3. Fibrous sheath formation does not require GAPDS. Sperm ultrastructure was compared by transmission (A, B, E, and F) and scanning (C and D) electron
microscopy. The ribs (R) and columns (C) of the fibrous sheath appear similar in cross sections of sperm from WT (A) and Gapds~'~ (B) mice. The outer dense fibers
(0) and axonemes are also indistinguishable in these flagellar cross sections. Longitudinal sections of sperm from WT (C and E) and Gapds~'~ (D and F) mice show
some variation in the spacing between the ribs of the fibrous sheath. (Bar: 0.1 um in A, B, E, and F; 1 um in C and D.)

(1.22 = 0.02 wmol per 107 sperm, n = 3) compared with the levels
of substrate in sperm from WT mice (0.30 = 0.01 wmol per 107
sperm, n = 3).

GAPDS Is Required for Male Fertility. Gapds ~/~ males were infertile,
although they produced comparable numbers of sperm to those
of WT males and had normal testis weights, body weights (Table
1), and testis histology (Fig. 7, which is published as supporting
information on the PNAS web site). Mating behavior also
appeared normal when assessed by housing individual Gapds /'~
males with two superovulated females for 2 h. Six of seven
Gapds—'~ males mated with at least one female within the 2-h
period, as confirmed by the presence of copulatory plugs.
However, Gapds~—'~ males sired no pups when mated continu-
ously with two WT females for 1 month, followed by a second
month with two different females (n = 7 males, n = 28 females).
Heterozygous (Gapds™~) males, as well as Gapds~'~ females,
had normal fertility. Gapds '~ mice of both sexes were produced
in the expected proportions from heterozygous matings (64
homozygous mutant, 140 heterozygous, 59 WT) and were not
visibly different from their WT littermates.

Sperm Motility Is Severely Impaired in Gapds—/~ Mice. Sperm from
Gapds~'~ males exhibited normal morphology by phase-contrast
microscopy (compare Fig. 1 B and C) but had profound defects
in motility that were more severe than predicted. For both WT
and Gapds~'~ males, >50% of sperm typically displayed some
movement immediately after isolation from the cauda epididy-
mis in M16 medium at 37°C in 5% CO, and air. However, the
flagellar motion of sperm lacking GAPDS was quite sluggish and
rarely resulted in forward movement (Movie 1, which is pub-
lished as supporting information on the PNAS web site) com-
pared with the vigorous progressive motility of WT sperm
(Movie 2, which is published as supporting information on the
PNAS web site). Only 3.2 = 1.5% of sperm from Gapds '~ males
(n = 6) showed some forward movement immediately after
collection from the cauda epididymis in M16 medium, whereas
69.5 += 2.6% of sperm from WT males (n = 6) showed rapid
progressive motility (Fig. 24). The motility of WT sperm re-
mained high over a 4-h incubation period. Sperm from Gapds /'~

16504 | www.pnas.org/cgi/doi/10.1073/pnas.0407708101

mice showed no forward movement after 2 h, although 50-60%
of sperm showed weak nonprogressive movement throughout
the 4-h incubation period.

CASA was used for quantitative comparisons of the motility
parameters of sperm from Gapds~'~ (n = 4) and WT (n = 3)
males. Only 0.1% of motile sperm from Gapds~'~ mice were
progressive (average path velocity of >50 um/sec and straight-
ness >50%), compared with 60.8% of motile WT sperm (P <
0.0001). Mean straight-line velocities of sperm lacking GAPDS
were only 8.2 um/sec, compared with 63 um/sec for WT sperm
(P < 0.0001). All other CASA parameters measured were also
significantly lower for sperm from Gapds™'~ mice immediately
after collection and after incubation in M16 for 1 h (Table 2,
which is published as supporting information on the PNAS web
site). CASA-generated sperm tracks showed clear differences
between the highly progressive motility of WT sperm (Fig. 2B)
and the nonprogressive back-and-forth movement of sperm
lacking GAPDS (Fig. 2C). In some cases, video analysis of sperm
from Gapds~'~ mice detected flagellar bending in the middle
piece that was not propagated effectively along the principal
piece of the sperm tail (Movie 3, which is published as supporting
information on the PNAS web site).

GAPDS Is Not Required for Formation of the Fibrous Sheath. Because
GAPDS is tightly bound to the fibrous sheath (4), we examined
sperm ultrastructure by scanning and transmission electron
microscopy to determine whether the structure of the flagellum
was altered in Gapds™'~ mice. The fibrous sheath is composed
of two longitudinal columns (C, Fig. 34) connected by circum-
ferential ribs (R, Fig. 34). Because the flagellum tapers in a
proximal to distal direction, the diameter of the fibrous sheath
gradually decreases, and the outer dense fibers (O, in Fig. 34)
terminate along the length of the principal piece. The fibrous
sheaths were indistinguishable in appearance in flagellar cross
sections of sperm from WT (Fig. 34) and Gapds~—'~ (Fig. 3B)
mice, both in proximal and more distal regions of the principal
piece. Because the longitudinal columns and ribs were correctly
positioned around the axoneme throughout the entire length of
the principal piece in sperm from Gapds '~ mice, GAPDS is not
required for formation of the fibrous sheath. Although we

Miki et al.
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Fig.4. Sperm from Gapds~'~ mice have extremely low ATP levels. (A) Sperm
ATP was extracted and measured by using a luciferase bioluminescence assay
after incubation in M16 medium at 37°Cin 5% CO, and air. Mean ATP levels =
SEM were ~10-fold higher for sperm from WT mice (n = 6) compared with
sperm from Gapds ™/~ males (n = 6). (B) Oxygen consumption was determined
with an oxygen probe. Sperm from WT (n = 4) and Gapds~/'~ (n = 4) mice
consumed similar amounts of oxygen, indicating comparable mitochondrial
activity.

observed substantial variation in rib spacing in sperm from both
genotypes, gaps between the ribs of the fibrous sheath sometimes
appeared wider in sperm from Gapds~'~ mice (Fig. 3 D and F)
compared with sperm from WT mice (Fig. 3 C and E). However,
it appears unlikely that these subtle structural changes cause the
profound differences observed in sperm motility.

Sperm ATP Levels Are Very Low When GAPDS Is Absent. A more
striking defect was found when sperm ATP levels were mea-
sured. Immediately after collection from the cauda epididymis
in M16 medium, sperm from Gapds~'~ mice had ATP levels
that were only 10.4% of the levels in sperm from WT mice (Fig.
44). ATP concentrations declined even further when sperm
from Gapds '~ mice were incubated at 37°C for 4 h in 5% CO,
and air, reaching values that were 1.9% of WT sperm levels.
Sperm from WT mice showed no significant change in ATP
levels when incubated for 4 h under identical conditions. It is
likely that the extremely low ATP levels in sperm from
Gapds~'~ mice are responsible for the observed lack of
progressive motility.

Loss of GAPDS Does Not Alter Sperm Mitochondrial Oxygen Consump-
tion. Because pyruvate produced in the glycolytic pathway (Fig.
14) is a major substrate for mitochondrial metabolism, a
defect in sperm glycolysis could alter mitochondrial ATP
production. However, sperm were collected and assayed in
M16 medium, which contains physiological concentrations of
both pyruvate (0.33 mM) and lactate (23.28 mM). A mono-
carboxylate transporter (MCT2) is localized in the sperm
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flagellum (35, 36) and should enable sperm to metabolize
these exogenous substrates via the mitochondrial tricarboxylic
acid cycle. We also tested the effects of increasing the pyruvate
concentration in the medium up to 20 mM and found that these
additions did not enhance the motility of sperm lacking
GAPDS. Furthermore, sperm from WT and Gapds~'~ mice
had similar oxygen consumption levels (Fig. 4B), providing
evidence that the low ATP levels observed in sperm lacking
GAPDS were not due to mitochondrial defects.

We initially predicted that Gapds™'~ males would be infertile
because of defects in hyperactivated motility. However, the
observed defects were substantially more severe, with sperm
exhibiting very minimal movement and extremely low ATP
levels. These results imply that most of the energy required for
sperm motility is generated by glycolysis. This conclusion is
supported by the finding that mice lacking the testis-specific
cytochrome cr, the only cytochrome ¢ in sperm mitochondria,
are fertile (37). In addition, in vitro studies indicate that inhib-
itors of oxidative metabolism do not block fertilization (20) or
sperm motility (38) in the presence of glucose. Taken together,
these results indicate that glycolysis, but not oxidative phosphor-
ylation, is essential for sperm motility and fertility.

Distinctive features of GAPDS and other germ cell-specific
glycolytic enzymes may be critical for ensuring that there is a
sufficient localized supply of ATP along the length of the sperm
flagellum for sperm motility. For example, GAPDS has a novel
proline-rich N-terminal extension and is tightly bound to the
fibrous sheath, which extends throughout most of the length of
the sperm tail (4, 9). It remains to be determined whether the
germ cell-specific glycolytic enzymes have lower K., values for
substrates and/or less sensitivity to feedback regulation by ATP,
leading to higher local ATP concentrations for the sperm dynein
ATPases. Another difference between the GAPDH isozymes is
that GAPDS appears to be more sensitive than the somatic
isozyme to substrate inhibition by the active metabolite of
a-chlorohydrin and related toxicants (39-41). Based on its
unique features and restricted expression during spermatogen-
esis, as well as the infertility, lack of progressive sperm motility
and low sperm ATP levels of Gapds™'~ males, GAPDS may be
an excellent and highly specific target for male contraceptive
strategies. Because GAPD?2, the ortholog of GAPDS, is the only
GAPDH isozyme in human sperm (5), specific inhibition of
GAPD?2 is likely to have similar effects on sperm motility and
fertility in men.
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