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Thioredoxins compose a growing family of proteins
that participate in different cellular processes via re-
dox-mediated reactions. We report here the cloning, de-
velopmental expression, and location of murid Sptrx-2.
Mouse and rat SPTRX-2 proteins display a high homol-
ogy to their human ortholog in the thioredoxin and NDP
kinase domains, and the coding genes are located at
syntenic positions. Northern blotting and in situ hybrid-
ization confirmed the testis-specific expression of mu-
rine Sptrx-2 mRNA, mostly in round spermatids. Immu-
nohistochemical analysis of the 19 steps of rat
spermiogenesis showed that SPTRX-2 expression be-
comes prominent in the cytoplasmic lobe of step 15–18
spermatids and diminishes in step 19 just before sper-
miation. However, in the spermatid tail, SPTRX-2 immu-
noreactivity increased from step 15 to 19 and was con-
fined to the principal piece. By immunogold electron
microscopy, SPTRX-2 was first detected scattered
throughout the cytoplasm of the axoneme in step 14–15
spermatids, but began to be incorporated by step 16 into
the fibrous sheath (FS). During steps 17–18, the labeling
increased over the ribs and columns of the assembled
FS. It peaked in step 19 and remained in the FS of epi-
didymal spermatozoa. Immunoblots of isolated FS ob-
tained from spermatozoa confirmed that SPTRX-2 is an
integral component of the FS and a post-obstruction

autoantigen in vasectomized rats. Our data indicate
that SPTRX-2 incorporation into the FS lags well behind
FS assembly, suggesting it is required during the final
stages of sperm tail maturation in the testis and/or
epididymis, where extensive disulfide bonding of FS
proteins occurs.

Thioredoxins are a class of multifunctional proteins that
participate in a variety of redox reactions by the reversible
oxidation of the cysteine residues in their conserved active-site
Cys-Gly-Pro-Cys (1). Based on this active-site sequence, seven
thioredoxin proteins in humans have been reported to date.
Four members of the family are found ubiquitously expressed
in all tissues within the same organism and are composed of
either thioredoxin domains alone (TRX-1 and TRX-2) or thiore-
doxin fusions with other protein domains (TXL-1 and ERDJ5):
TRX-1, a cytosolic enzyme that can translocate into the nucleus
upon certain stimuli (2); TRX-2, a mitochondrial protein (3);
TXL-1/TRP32, a cytosolic enzyme of unknown function (4, 5);
and ERDJ5, an endoplasmic reticulum resident protein also
belonging to the DnaJ/Hsp40 chaperone family (6, 7). In addi-
tion, two tissue-specific testicular thioredoxins named
SPTRX-1 and SPTRX-2 have been recently reported in the tail
of spermatozoa (8, 9), and another member named TXL-2 has
been found in tissues harboring cilia and flagella and shown to
have microtubule-binding activity (10). The number of func-
tions assigned to the different thioredoxins is increasing pro-
portionally to the number of new members of the family being
discovered. For example, thioredoxins are electron donors for
essential enzymes such as ribonucleotide reductase, regulators
of transcription factor DNA-binding activity, modulators of
apoptosis and antioxidant defense, and participants in the reg-
ulation of the protein folding process (reviewed in Refs. 1, 11,
and 12).

The primary function of the spermatozoon is to contribute
the paternal half of chromosomes to the offspring. In higher
vertebrates, the complexity of the fertilization process is in-
creased by the advent of internal fertilization and by the func-
tional adaptations of the oocyte vestments. To circumvent
these hurdles, the spermatozoon has acquired a highly special-
ized morphology comprising cytoskeletal components, which
appear to have no structural counterpart in somatic cells. The
most evident among these cytoskeletal structures are the pe-
rinuclear theca of the sperm head and the outer dense fibers

* This work was supported in part by grants from the Canadian
Institutes of Health Research and National Sciences and Engineering
Research Council of Canada (to R. O.) and by Swedish Medical Re-
search Council Projects 03P-14096, 03X-14041, and 13X-10370 and
grants from the Åke Wibergs Stiftelse and the Karolinska Institutet (to
A. M.-V.). The costs of publication of this article were defrayed in part
by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBankTM/EBI Data Bank with accession number(s) AF548543
and AF548544.

b Both authors contributed equally to this work.
d Supported by the Fundación Margit and Folke Pehrzon.
f Supported by the Research Fund of the Tampere University Hospi-

tal, Tampere University.
h Supported by NIDDK Grant P50 DK45179 and NICHD Grant HD

U54-29009 from the National Institutes of Health.
j Supported by the Food for the 21st Century Program of the Univer-

sity of Missouri, United States Department of Agriculture Grants 2002-
02069 and 99-35203-7785, and National Institute for Occupational
Safety and Health Grant OH07324-01.

k To whom correspondence should be addressed. Tel.: 613-533-2858;
Fax: 613-533-2566; E-mail: ro3@post.queensu.ca.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 278, No. 45, Issue of November 7, pp. 44874–44885, 2003
© 2003 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org44874

 at Stephen B
. T

hacker C
D

C
 L

ibrary on A
pril 23, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


(ODFs)1 and fibrous sheath (FS) of the sperm tail (13–15). The
perinuclear theca is a condensed layer of selected cytoplasmic
proteins that are sandwiched between the nuclear envelope
and the inner acrosomal membrane apically and between the
nuclear envelope and the plasma membrane caudally. It is
assumed to play a pivotal role in acrosomal-nuclear docking,
nuclear shaping, and sperm-oocyte interactions (16, 17). ODFs
surround the axoneme in the middle and principal pieces of the
sperm tail. In the middle piece, nine ODFs associate with the
corresponding microtubule doublets of the axoneme, whereas
in the principal piece, ODF3 and ODF8 are fused to the two
longitudinal columns of the FS, which are bridged by FS ribs
and together surround the seven remaining ODFs (14, 18).

The function of the ODFs and FS is not fully elucidated, but
it seems to be related to the control of flagellar motility (13, 19)
and protection against shearing forces during epididymal tran-
sit (20). However, evidence for an active rather than a merely
structural role of the ODFs and FS in sperm function is in-
creasing, supported by the fact that, among their constituent
proteins, there are several molecules displaying either enzy-
matic or regulatory functions. For example, in the FS, glycer-
aldehyde 3-phosphate dehydrogenase produces ATP via the
glycolytic pathway. This is critical for the transition to hyper-
activated motility as well as capacitation (21). Moreover, the
initiation and maintenance of sperm motility are regulated by
a cascade of phosphorylation/dephosphorylation events (re-
viewed in Ref. 22). In this respect, AKAP82 (A kinase-anchor-
ing protein of 82 kDa), also located in the FS, presumably
tethers cAMP-dependent protein kinase A, directing and spec-
ifying the actions of the kinase in close proximity to the sperm’s
axonemal machinery (reviewed in Ref. 23). Both the ODFs and
FS are composed of many different polypeptides, of which only
a few have been cloned and characterized to date. ODF1 (also
known as RT7 and ODF27) (24–26), ODF2 (also named
ODF84) (27–29), ODF3 (30), TPX-1 (31), and SAK57 (32) are
among the characterized ODF proteins. A similar number of FS
proteins have been described in mammalian spermatozoa:
AKAP4 (also named p82, FSC1, and FS75) (33–38), AKAP3
(FS95) (37–39), TAKAP80 (40), glutathione S-transferase (41),
glyceraldehyde 3-phosphate dehydrogenase-S (42), type I hex-
okinase (43), ropporin (44), rhophilin (45), FS39 (46), and
CABYR (47). In addition, some other proteins found in the
sperm tail, such as SHIPPO1 and OPPO1 (48, 49), may con-
tribute to the molecular makeup of the FS and ODFs.

In this context, we have recently described the identification
and characterization of SPTRX-1 (spermatid-specific thiore-
doxin-1), a novel member of the thioredoxin family of proteins
that transiently associates with the longitudinal columns of the
FS during sperm tail assembly (8, 50). A second member of the
thioredoxin family named SPTRX-2 has also been identified in
the human sperm tail and is composed of an N-terminal thi-
oredoxin domain followed by three NDP kinase domains (9). We
report here the cloning of mouse and rat Sptrx-2, their patterns
of development during spermiogenesis, and their exact local-
izations within the sperm tail. SPTRX-2 incorporates into both
the ribs and longitudinal columns of the FS in the last steps of
spermatid development and remains as an integral FS compo-
nent in mature epididymal spermatozoa. Its expression pattern
contrasts with the transient nature of SPTRX-1 expression
during FS formation (50). Finally, we identify SPTRX-2 as a
novel sperm autoantigen after vasectomy.

MATERIALS AND METHODS

Cloning of Mouse and Rat Sptrx-2 cDNAs—BLAST (51) was used to
perform a survey of different data bases at NCBI2 to identify entries
encoding the potential mouse and rat orthologs of human SPTRX-2 (9).
Using this strategy, we found the expressed sequence tag entries
BQ839895 and BB573861 to partially code for the putative mouse
Sptrx-2 sequence. Based on these sequences, we designed nested for-
ward and reverse primers that were used for 5�- and 3�-rapid amplifi-
cation of cDNA ends of a mouse testis cDNA library (Clontech). The
resulting sequences were used to amplify by PCR the full-length cDNA
of mouse Sptrx-2 from the same library. The amplification product was
cloned in the pGEM-Teasy vector (Promega) and sequenced in both
directions. For the rat ortholog, the same strategy was followed using
mouse Sptrx-2 sequence and a BLAST search against the rat trace
archive.3 This search strategy rendered several potential rat sequences
that were used to design specific primers at the putative translation
initiation and stop codons and to amplify by PCR the rat Sptrx-2 open
reading frame from a rat testis cDNA library (Clontech).

Northern Blot Analysis and in Situ Hybridization—A mouse multi-
ple-tissue Northern blot and mouse RNA Master blots with poly(A)�

RNA from different tissues were purchased from Clontech. The mouse
Sptrx-2 open reading frame was labeled with [�-32P]dCTP (Rediprime
random primer labeling kit, Amersham Biosciences) and hybridized at
60 °C overnight in UltrahybTM solution following the protocol provided
by Ambion Inc. The blot was also hybridized with mouse �-actin as a
control. The blots were scanned and quantified with the Gel Pro Ana-
lyzer program (Media Cybernetics). For in situ hybridization, mouse
and rat testes were frozen on dry ice, sectioned with a Microm HM500
cryostat at 14 �m, and thaw-mounted onto Polylysine glass slides
(Menzel). The sections were stored at �20 °C until used. Four different
probes (based on mouse and rat Sptrx-2 cDNA sequences, respectively)
were used. Because all produced similar results when used separately,
they were usually used simultaneously to intensify the signal. Several
control probes with the same length and similar GC content and specific
activity were used to determine the specificity of the hybridization.
In situ hybridization was carried out as described previously (52).

Production of Recombinant SPTRX-2 Protein and Affinity-purified
Antibodies—The open reading frame encoding human SPTRX-2 was
cloned into the BamHI-EcoRI sites of the pGEX-4T-1 expression vector
(Amersham Biosciences) and used to transform Escherichia coli
BL21(DE3). A single positive colony was inoculated in 1 liter of LB
medium plus ampicillin and grown at 37 °C to A600 � 0.5. The produc-
tion and purification of the fusion protein were performed as described
previously (9). Protein concentration was determined from the absorb-
ance at 280 nm using a molar extinction coefficient of 47,330 M�1 cm�1.

Purified glutathione S-transferase-human SPTRX-2 was used to im-
munize rabbits (Zeneca Research Biochemicals). After six immuniza-
tions, sera from rabbits were purified by ammonium sulfate precipita-
tion. Affinity-purified antibodies were prepared using a cyanogen
bromide-activated Sepharose 4B column (Amersham Biosciences) to
which 0.5 mg of recombinant SPTRX-2 had been coupled using the
procedure recommended by the manufacturer. Antibody specificity was
tested by Western blotting using recombinant SPTRX-2 and testicular
cell extracts.

Mouse/Rat Testicular and Epididymal Sample Preparation, Immu-
nocytochemistry, and Electron Microscopy—Adult male Sprague-Daw-
ley rats and CD-1 mice were anesthetized, and the testes and epididy-
mides were fixed by perfusion through the abdominal aorta and heart,
respectively, with 0.8% glutaraldehyde and 4% paraformaldehyde in 0.1
M phosphate buffer containing 50 mM lysine (pH 7.4), with 4%
paraformaldehyde (mice only), or in Bouin’s fixative (for light micros-
copy). Tissues destined for Lowicryl (SPI Supplies, West Chester, PA) or
LR White (Polysciences, Inc., Warrington, PA) embedding (for electron
microscopy) were immersed in the respective fixatives for 2 h at 4 °C,
washed three times with phosphate buffer, and incubated with phos-
phate buffer containing 50 mM NH4Cl for 1 h at 4 °C. Tissues were
subsequently washed with buffer, dehydrated in graded methanol up to
90%, and infiltrated and embedded in Lowicryl K4M or LR White. Thin
sections were mounted on Formvar-coated nickel grids for immunogold
labeling. Rat and mouse tissues fixed in Bouin’s fixative were washed
extensively with 75% alcohol before being completely dehydrated in
ethanol and embedded in paraffin. For light microscopic immunocyto-
chemistry, 5-�m paraffin sections were deparaffinized and hydrated
through a graded series of ethanol concentrations before immunoper-

1 The abbreviations used are: ODFs, outer dense fibers; FS, fibrous
sheath; TRITC, tetramethylrhodamine isothiocyanate; contig, group of
overlapping clones.

2 Available at www.ncbi.nlm.nih.gov/.
3 Available at www.ncbi.nlm.nih.gov/Traces/trace.cgi.
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oxidase localization with anti-SPTRX-1 antibody by standard proce-
dures (14). For electron microscopic immunocytochemistry, ultrathin
Lowicryl or LR White sections on Formvar-coated nickel grids were
immunogold-labeled according to the procedure of Oko et al. (53). Stag-
ing of the cycle of the seminiferous epithelium and determining the
steps of spermiogenesis were done according to the classifications of
Leblond and Clermont (54).

For immunofluorescence, mouse testes were isolated, cut into small
pieces (5 � 5 � 5 mm), and fixed by immersion in 4% paraformaldehyde.
After vigorous repeated washing with phosphate-buffered saline and
sucrose, the tissues were embedded in paraffin using conventional
histochemical techniques and sectioned. Four-millimeter-thick sections
were mounted on slides, dewaxed by xylene and ethanol changes,
treated for autofluorescence reduction in 1% picric acid in a steamer,
and blocked for 30 min in 5% normal goat serum (Sigma) in phosphate-
buffered saline. In the same trials, mouse epididymides were removed,

and the spermatozoa were released by gentle mincing into Tyrode’s
albumin lactate pyruvate/HEPES medium. Spermatozoa were collected
by a 5-min centrifugation at 350 � g and attached to poly-L-lysine-
coated coverslips (22 � 22 mm). A labeling solution composed of phos-
phate-buffered saline with 1% normal goat serum and 0.1% Triton
X-100 was used for antibody dilutions, incubations, and washes.

Immunofluorescence processing of paraffin sections was performed
on a histology tray under humid and dark conditions. Samples were
first incubated for 40 min with anti-SPTRX-2 serum (diluted 1:100) and
then washed by submersion for 5 min and incubated with a mixture of
red fluorescent TRITC-labeled goat anti-rabbit IgG (diluted 1:80;
Zymed Laboratories Inc., South San Francisco, CA) and 2.5 �g/ml
4,6-diamidino-2-phenylindole (Molecular Probes, Inc. Eugene, OR). Af-
ter washing, the samples were mounted on slides (whole mounted
spermatozoa on coverslips) or covered with coverslips (tissue sections on
slides) in Vectashield mounting medium (Vector Labs, Inc.). Negative

FIG. 1. Alignment of the predicted amino acid sequences of the human, mouse, and rat SPTRX-2 proteins. Alignment was performed
using the ClustalW program included in the DNAStart package (75). Identical residues are shaded, and the thioredoxin and NDP kinase active
sites are boxed.
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controls were performed by the replacement of the first antibody with
nonimmune rabbit serum or with anti-SPTRX-2 serum saturated with
recombinant SPTRX-2. Samples were examined in a Nikon Eclipse 800
microscope. Images were captured with a CoolSnap HQ RTE/CCD 1217
digital camera using MetaMorph software.

Western Blot Analysis of Sperm Autoantibodies and the FS—Adult
male Lewis rats (225–275 g; Charles River Laboratories, Wilmington,
MA) received a bilateral vasectomy as described previously (55). Sera
were collected prior to vasectomy and 3 months after the operation.
Sperm were prepared from Lewis rat cauda epididymides by back-
flushing fluid through the vas deferens (55).

For two-dimensional gel electrophoresis, sperm were pelleted by
centrifugation and solubilized in sample buffer containing 7 M urea, 2 M

thiourea, 0.2% Nonidet P-40, 100 mM dithiothreitol, and 0.2% pH
3.5–10 Ampholine (Amersham Biosciences). Aliquots of the extracts
containing 150–200 �g of protein were applied to a Protean IEF cell
(Bio-Rad) with pH 3–10 immobilized pH gradient strips for the first
dimension isoelectric focusing. After active rehydration of immobilized
pH gradient strips with sample buffer at 50 V, they were focused at 250
V for 15 min and stepped up to 8000 V until 30,000 total V-h were
reached (�6 h). SDS-PAGE on 8–15% gels in the second dimension was
performed as described previously (56), and proteins were stained on
the gels with Coomassie Blue or were electroblotted onto nitrocellulose
membranes (56). For Western blot analysis, membranes containing
sperm proteins were washed and blocked with milk. Primary pre- or
post-obstruction sera (diluted 1:250) were incubated with the mem-
branes overnight at 4 °C and exposed to the secondary antibody (diluted
1:5000), horseradish peroxidase-conjugated goat anti-rat IgG (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA). Other two-di-
mensional blots of sperm proteins were incubated with a 1:25,000
dilution of affinity-purified rabbit antiserum raised against recombi-
nant SPTRX-2. These blots were subsequently exposed to horseradish
peroxidase-conjugated goat anti-rabbit IgG (diluted 1:5000), washed,
and treated with the peroxidase substrate 3,3�,5,5�-tetramethylbenzi-
dine and 0.01% H2O2 (Kirkegaard & Perry Laboratories, Gaithersburg,
MD).

For one-dimensional Western blots of recombinant SPTRX-2, the
protein was solubilized in Laemmli buffer (57). Three micrograms of
protein were loaded per lane for staining with post-vasectomy serum,
and 50 ng were loaded per lane for use with anti-SPTRX-2 serum.

SDS-PAGE was conducted as described previously (58); and after trans-
fer to nitrocellulose, the membranes were exposed to post-vasectomy rat
serum (diluted 1:250) or to anti-SPTRX-2 serum (diluted 1:100,000),
followed by the appropriate secondary antibody and development of the
reaction product as described for two-dimensional analysis. Controls
consisted of pre-vasectomy rat serum, preimmune rabbit serum (for
anti-SPTRX-2 antibody), and omission of the postvasectomy serum.
Isolation procedures, SDS-PAGE (under reduced conditions), Western
blotting, and immunoblotting of sperm head and tail fractions including
the FS were done as described by Yu et al. (50).

RESULTS

cDNA Cloning, Sequence Analysis, Genomic Organization,
and Chromosomal Localization of the Mouse and Rat Sptrx-2
Genes—By sequence comparison with human SPTRX-2 (9), we
found several GenBankTM/EBI mouse-expressed sequence tag
entries that, when translated, displayed high homology to the
human ortholog. Therefore, we designed specific primers based
on these sequences and performed 5�- and 3�-rapid amplifica-
tion of cDNA ends/PCR analysis using a mouse testis cDNA
library to clone the full-length mouse Sptrx-2 cDNA. An iden-
tical strategy was followed to identify the rat ortholog using the
rat trace archive and a rat testis cDNA library. Both mouse and
rat Sptrx-2 cDNAs encode very similar proteins of 586 and 595
amino acids with calculated molecular masses of 66.9 and 68.1
kDa, respectively. A comparison of these two proteins with
human SPTRX-2 (9) shows a high degree of homology among
the three orthologs, which are organized into two distinct do-
mains: an N-terminal domain (comprising the first 105 resi-
dues) similar to thioredoxins and a C-terminal domain com-
posed of three (one incomplete and two complete) tandem-
repeated NDP kinase domains (Fig. 1). The major differences
are located in the incomplete first NDP kinase domain, where
the rat protein has a stretch of glutamine residues not present
in either the human or mouse ortholog and the function of
which remains unknown. As inferred from Fig. 1, the amino

FIG. 2. Chromosomal localization of the mammalian Sptrx-2 orthologs. The human SPTRX-2 gene is located between markers D7S2209
and D7S2846 at 58.84–59.12 centimorgams from the top of the linkage group of human chromosome 7 (based on the deCODE high resolution
recombination map of the human genome (76)). By comparing this location with other genes in the region, we have mapped the human SPTRX-2
gene to chromosome 7p14.1 flanked by the genes LOC223047 and SFRP4. The mouse Sptrx-2 gene maps between markers D13Mit154 and
D13Mit79 at 11.0–12.0 centimorgans from the top of the linkage group of mouse chromosome 13, in a region syntenic to that of human chromosome
7p14.1 (Whitehead Institute/Massachusetts Institute of Technology, Center for Genome Research, Database Release 1999 at www.informatics.
jax.org). By comparing this location with the mouse Sfrp4 gene (60), we have mapped the mouse Sptrx-2 gene to chromosome 13A3.3. The rat
Sptrx-2 gene maps between markers D17Rat29 and D17Rat64 at 38.87–39.69 centimorgans from the top of the linkage group of rat chromosome
17, also in a region syntenic to that of human chromosome 7p14.1. By comparing this location with the rat Sfrp4 gene, we have mapped the rat
Sptrx-2 gene to chromosome 17q12.1. Mb, megabases.
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acid identity among the three orthologs is higher in the N-
terminal thioredoxin domain than in the NDP kinase domains.
All of the structural amino acids that are conserved in previ-
ously characterized mammalian thioredoxins (including hu-
man SPTRX-2) are also conserved in mouse and rat SPTRX-2,
including those residues shown to be essential for catalysis,
maintenance of three-dimensional structure, or protein-protein
interactions such as Asp-26, Trp-31, Pro-75, and Gly-91 (num-
bers refer to positions in human TRX-1). Consistent with this,
the typical thioredoxin active site (WCGPC) is conserved
among the three proteins, whereas the active sites of the last
two NDP kinase domains in mouse and rat differ from that of
the human counterpart. Thus, whereas the sequence of the
active sites of the two complete NDP kinase domains are NQLY

and NIVH in human SPTRX-2 (9), these sequences are altered
to NQFY and NAVH in mouse and rat, respectively.

A comparison of the mouse and rat SPTRX-2 protein se-
quences with the PROSITE Database (59) identified, along
with the above-mentioned thioredoxin and NDP kinase do-
mains, several potential phosphorylation sites and a PEST
sequence for ubiquitin/proteasome-dependent degradation cen-
tered at residue 242. This result is identical to that obtained
with human SPTRX-2 and supports a common regulatory
mechanism for the three orthologs.

To determine the genomic organization, the mouse and rat
Sptrx-2 cDNA sequences were BLAST-searched against their
respective data bases at NCBI. The results obtained indicate
that the mouse Sptrx-2 gene is present in the supercontig

FIG. 3. Expression pattern of mouse Sptrx-2 mRNA. A, mouse
multiple-tissue Northern blot. The mouse Sptrx-2 probe hybridized
with one mRNA species at 2.5 kb only in the testis. �-Actin was used as
control. B, shown is the mouse mRNA master blot in which the Sptrx-2
probe hybridized only with testicular mRNA (arrow) (for a complete list
of mouse tissues, see www.clontech.com/archive/OCT97UPD/Master-
Blot.shtml). C, in situ hybridization in mouse testicular sections studied
at different ages shows the presence of Sptrx-2 mRNA in the testes from
3-week (wk)-old to adult mice, but not in pre-pubertal testis (2-week-
old) or liver used as negative control tissues. D, in rat testis, all semi-
niferous tubules exhibited a strong signal for Sptrx-2 mRNA. E, in
dipped sections of adult mouse testis, the strongest signal (epipolariza-
tion signal seen as white grains) can be identified in the middle part of
the seminiferous epithelium, whereas the rest of the tubule and label-
ing of the interstitial Leydig cells (Lc) did not exceed background levels.
Bar � 50 �m. F, at higher magnification, round spermatids (rs) showed
a strong signal, whereas elongating spermatids (es) and early spermat-
ogenic cells and Leydig cells exhibited only background labeling. Bar �
20 �m.

FIG. 4. Expression pattern of mouse SPTRX-2 protein. A, shown
is a low magnification view of a paraffin section of rat seminiferous
epithelium immunoperoxidase-stained with affinity-purified anti-
SPTRX-2 antibody (diluted 1:250). Immunoperoxidase staining (brown
precipitate) was most evident in the elongated spermatid layer (e) of the
seminiferous epithelium, whereas staining in the cytoplasm of round
spermatids (r) was barely detectable. Cytoplasmic immunoreactivity
was prominent in step 15–18 spermatids (stages I–VI), but diminished
in step 19 spermatids (stages VII and VIII). Sperm tail immunoreac-
tivity became detectable in steps 15 and 16 (stages I and II) and
gradually increased in intensity until step 18 and 19 spermatids (stages
VI–VIII). Bar � 20 �m. B, shown is a higher magnification section of rat
testis immunoperoxidase-stained with anti-SPTRX-2 antibody. Immu-
nostaining was strong in the tails of elongated spermatids from late
step 17 to step 19 (stages V–VIII). It is evident that tails in step 19 were
strongly stained at their distal end (arrow). Bar � 10 �m. C, in rat
seminiferous epithelium, no immunoreactivity was detectable when
anti-SPTRX-2 antibody was preincubated with recombinant SPTRX-2
prior to staining. Bar � 10 �m.
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NT_039578 and that the rat Sptrx-2 gene is found in the
supercontig NW_043107; and in both cases, the genomic orga-
nization is identical to that of the reported human SPTRX-2
gene (9), being composed of 17 exons and spanning �52 kb,
with all of the introns conforming to the GT/AG rule. The
mouse Sptrx-2 gene maps at chromosome 13A3.3 between
markers D13Mit154 and D13Mit79, very close to the mouse
Sfrp4 locus (60), although running in the opposite direction
(Fig. 2). The rat Sptrx-2 gene is also found in close proximity to
the rat Sfrp4 locus, which has been map at chromosome
17q12.1. These positions are syntenic with that of the human
gene at chromosome 7p14.1 (9).

Murine Sptrx-2 mRNA Is Exclusively Expressed in the Tes-
tis—Multiple-tissue Northern blots were used to determine the
size and tissue distribution of mouse Sptrx-2 mRNA using the
open reading frame as a probe. Mouse Sptrx-2 mRNA was
detected in the testis only as a single band of �2.5 kb (Fig. 3A),
which is in good agreement with the size of the cloned cDNA
plus addition of the poly(A)� tail (GenBankTM/EBI accession
number AF548543). In contrast to our findings on human
SPTRX-2 mRNA (9), mouse RNA blots did not require as long
an exposure time to identify a hybridization signal of compa-
rable intensity. To evaluate the possibility that mouse Sptrx-2
mRNA could be expressed during fetal development or in other
tissues, we also screened an RNA dot blot containing poly(A)�

RNA from 18 adult tissues and four fetal stages. Of the tissues
examined, a hybridization signal was observed only in the
testicular mRNA (Fig. 3B). To further investigate the expres-
sion pattern of murine Sptrx-2 mRNA, in situ hybridization

was performed in mouse and rat testicular sections. Mouse
Sptrx-2 mRNA was first detected in some (but not all) seminif-
erous tubules of testes from 3-week-old mice, whereas the vast
majority of the tubules from 4-week-old or adult mice were
labeled. In contrast, testes from 2-week-old pre-pubertal mice
were not labeled and neither were the control sections of adult
liver (Fig. 3C). Similarly, analysis of adult rat testicular sec-
tions showed strong labeling in all seminiferous tubules (Fig.
3D). In dipped sections of mouse testis, a strong signal was seen
in the middle part of the seminiferous epithelium (Fig. 3E). At
higher magnification, the strongest labeling corresponded to
round spermatids, with a low-to-moderate signal in late pri-
mary spermatocytes and secondary spermatocytes (Fig. 3F). No
signal was evident in the remaining testicular tissue or when
control probes were used. This expression pattern is consistent
with the in situ data reported for human SPTRX-2 mRNA (9).

SPTRX-2 Protein Is Expressed during the Final Steps of
Spermiogenesis—We have previously determined that human
SPTRX-2 protein is mostly expressed in round and elongating
spermatid stages of spermatogenesis (9). However, the tempo-
ral sequence of expression was difficult to determine at the
histological level because of the intermingling of stages within
the human seminiferous tubular cross-sections. Therefore, we
performed a detailed SPTRX-2 expression analysis in rat and
mouse testicular sections, in which the stages of the seminif-
erous epithelium are easily discernible within each seminifer-
ous tubular cross-section. As shown in Fig. 4A, SPTRX-2 im-
munostaining became prominent in the cytoplasmic lobe of step
15 spermatids in stage I of the seminiferous epithelium cycle

FIG. 5. Immunofluorescence of
mouse SPTRX-2 on testicular (A–C, J,
and J�) and epididymal (D and E) tis-
sue sections and in isolated testicu-
lar (F) and epididymal (G–I and I�)
spermatozoa. A–C, in the testis,
SPTRX-2 (green) is located near the lu-
men of seminiferous tubules, correspond-
ing to the elongated spermatids and fully
differentiated spermatozoa. D and E,
SPTRX-2 in the epididymis is confined to
the principal piece of the tails of sperma-
tozoa collected in the epididymal lumen.
Autofluorescence of the basal lamina of
the epididymal tubules is visible in D. F,
residual bodies (black arrowhead), distal
cytoplasmic droplets (white arrowheads),
and the testicular sperm tail principal
pieces (arrows) display intense anti-
SPTRX-2 antibody immunoreactivity
(red). G and H, SPTRX-2 (red) is mainly
present in the sperm tail principal piece
and in the detached cytoplasmic droplets
(arrows in H) isolated from mouse epidid-
ymis. I and I�, shown are epifluorescence
(I) and differential interference contrast
(DIC; I�) views of the negative control,
cauda epididymal spermatozoa processed
with the recombinant protein-saturated
anti-SPTRX-2 serum and red fluorescent
goat anti-rabbit IgG. J and J�, shown are
the results from a similar negative control
performed on testicular tissue sections.
DNA in all images was counterstained
with the blue fluorescent DNA-binding
probe 4,6-diamidino-2-phenylindole. The
epifluorescence signals in B, C, and E–H
were superimposed over the differential
interference contrast images acquired in
the same focal planes. FITC, fluorescein
isothiocyanate.
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(see Fig. 10 for orientation of rat spermatid steps), remained so
until step 18, and diminished in step 19. On the other hand, tail
immunoreactivity gradually increased through steps 15–18
and peaked in step 19 spermatids. By step 19 (stage VII), it was
evident that immunoperoxidase labeling was confined to the
distal part of the tail, i.e. the principal piece (Fig. 4B). Prein-
cubation of anti-SPTRX-2 antibody with recombinant SPTRX-2
eliminated the immunostaining (Fig. 4C) and hence confirmed
the specificity of the immunoreactivity of antibodies raised
against human SPTRX-2 in rat testicular tubular sections.
Mouse testis showed an expression pattern similar to that in
rat testis (data not shown).

SPTRX-2 Is Incorporated into the Spermatid FS and Is an
Integral FS Component of Mature Spermatozoa—To identify
those structures in the developing spermatid tail with which
SPTRX-2 associates, immunofluorescence microscopy was
first performed on mouse testis and epididymal spermatozoa.
As shown in Fig. 5 (A–C), SPTRX-2 was readily detectable in
late spermatids in mouse testicular tissue sections, similar to
the rat developmental analysis described above. In mouse
epididymal sections, SPTRX-2 was found in the tails of sper-
matozoa (Fig. 5, D and E), and isolated spermatozoa clearly
showed labeling in the tail principal piece compatible with

localization to the FS (Fig. 5, F–H). During epididymal tran-
sit, SPTRX-2 was also found in the cytoplasmic droplet before
and after it was shed from the distal mid-piece of the tail (Fig.
5, F and H) in what appears to be a common route for
elimination of residual FS proteins (77). Pre-absorbed anti-
body with the recombinant protein was used as a negative
control and demonstrated the specificity of the labeling (Fig.
5, I and J).

To characterize in detail the developmental localization of
SPTRX-2, a complete survey of the spermatid steps was carried
out by immunogold electron microscopy of the rat testicular
tissue sections (Fig. 6, A–E). Immunogold labeling first ap-
peared in the tails of steps 14 and 15 spermatids and was
randomly scattered throughout the cytoplasm of the axoneme
(Fig. 6A). The development of the principal piece in these steps
and earlier is characterized by the assembly of FS precursor
material (FS anlagen). It assembles in a distal-to-proximal
direction along the plasmalemma of the tail and precedes the
assembly of the ribs and columns of the FS that follow in its
wake (61). In these steps, neither the anlagen nor the more
distally located mature FS was immunolabeled (Fig. 6A). From
a structural point of view, the assembly of the FS is almost
completed in step 16; and therefore, it is surprising that the

FIG. 6. Electron micrographs of the
sperm tail sections in steps 15–19
spermatids at stages I–VII of the cy-
cle of the rat seminiferous epithe-
lium, immunogold-labeled with anti-
SPTRX-2 antibody. In step 15 (A),
labeling was scattered throughout the cy-
toplasm of the tail, whereas little was
found on the FS anlagen (AN), ribs (R), or
longitudinal columns (LC) of the FS. In-
corporation of the label into the FS began
in step 16 (B) and gradually increased
through steps 17 and 18 (C) to reach a
peak by step 19 (D). The oblique section
through the principal piece of step 19
spermatids (E) shows the label to be in-
terspersed throughout the longitudinal
columns and ribs of the FS; little labeling
was found in the axoneme (A) and ODFs
at this late step. Bars � 0.2 �m.
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labeling first began to appear over the FS at this step of
spermiogenesis (Fig. 6B). During steps 17 and 18, the immu-
nogold labeling progressively increased over both the ribs and
longitudinal columns of the FS, and a much lesser labeling was
found free in the cytoplasmic lobe surrounding the flagellum
(Fig. 6C). In step 19 spermatids, labeling of the FS reached its
peak (Fig. 6D). From observing the immunolabeling of tangen-
tial sections through the principal piece at this step, it was
apparent that SPTRX-2 was incorporated deeply through the
ribs and longitudinal columns of the FS (Fig. 6E). Confirmation
that SPTRX-2 is an integral component of the mature FS came
from the analysis of spermatozoa in the cauda epididymis,
where immunogold labeling of SPTRX-2 was found throughout
the FS (Fig. 7A). Preincubation of anti-SPTRX-2 antibody with
recombinant SPTRX-2 blocked this signal (Fig. 7B). Immuno-
blots of isolated FS from mature spermatozoa verified SPTRX-2
as an authentic constituent of the FS (Fig. 8). Interestingly,
SPTRX-2 was resistant to extraction by urea under reducing
conditions, a property of FS proteins that facilitates selective
isolation of the FS from other sperm tail components.

Components of the sperm accessory structures (ODFs and
FS) of mammalian spermatozoa are detected frequently as
autoantigens in screens of sperm proteins with post-obstruc-
tion sera (62). Because rat SPTRX-2 was found to be a compo-
nent of the FS, we asked whether it is recognized by antibodies
in post-obstruction sera generated by performing vasectomies
on rats (55). On two-dimensional Western blots of rat sperm
extracts, the region between 65 and 84 kDa at pI �5.0–5.7,
where SPTRX-2 is expected to migrate, was strongly stained
both by anti-SPTRX-2 serum (Fig. 9A) and by post-vasectomy

serum (Fig. 9D). Comigration of protein spots stained by anti-
SPTRX-2 and post-vasectomy sera suggested that SPTRX-2 is
an auto- and/or isoantigen in rats. To confirm this, Western
blot analysis was conducted on one-dimensional polyacryl-
amide gels of human recombinant SPTRX-2 protein (Fig. 9, C
and F). Anti-SPTRX-2 and post-vasectomy sera both reacted
with a recombinant protein band at 68 kDa as well as with
bands at lower molecular masses that are believed to be break-
down products of SPTRX-2. When blots of recombinant
SPTRX-2 were stained with a panel of 13 post-vasectomy rat
sera, 9 of the 13 sera (69%) showed a positive reaction: four
bound a 68-kDa protein; two reacted with bands at 68 and 17
kDa; and five stained the putative breakdown product of
17 kDa.

FIG. 8. Western blot of denatured (under reducing conditions)
and SDS-PAGE-run human recombinant SPTRX-2 (lane 1),
whole rat sperm (lane 2), isolated rat sperm FS (lane 3), rat
sperm tails (lane 4), and rat sperm heads (lane 5) probed with
anti-SPTRX-2 antibody (diluted 1:1000). Note that immunoreactiv-
ity was retained in isolated FS.

FIG. 7. Electron micrographs of
cauda epididymal sperm tails immu-
nogold-labeled with anti-SPTRX-2
antibody (A) or with anti-SPTRX-2
antibody preincubated with recom-
binant SPTRX-2 (B). Immunogold label-
ing was predominantly found over the FS.
M, mitochondrial sheath; A, axoneme;
CD, cyloplasmic droplet. Bar � 10 �m.
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DISCUSSION

We recently reported that human SPTRX-2, a protein com-
posed of thioredoxin and NDP kinase domains, is present only
in male germ cells (9). To determine its specific subcellular
localization, we cloned both mouse and rat testicular Sptrx-2
cDNAs and performed a detailed developmental study in the
testes and spermatozoa of these two organisms, which identi-
fied SPTRX-2 as an integral component of the sperm FS. Murid
Sptrx-2 mRNA is exclusively expressed in the testis, mainly in
round spermatids; it is restricted to the post-pubertal testis as
shown by the absence of corresponding transcripts in 2-week-
old testis, but presence in 3-week-old testicular tissue sections.
This expression pattern follows that of other FS mRNAs such
as FS39 and FS75 (35, 46), which are synthesized in round
spermatids, stored for several days and translated in elongat-
ing spermatids following the termination of transcription,
which occurs during nuclear condensation (63).

The murid SPTRX-2 protein has a domain organization iden-
tical to that of its human counterpart (9): an N-terminal thi-
oredoxin domain followed by three NDP kinase domains, the
first of which is incomplete, lacking the typical active site of
this class of enzymes. Interestingly, this domain organization
is found not only in mammals, but also in lower organisms such
as the intermediate chain-1 protein from the sea urchin sperm
axoneme (64) and the ascidian Ciona intestinalis intermediate
chain-3 flagellar protein (65). In contrast, a search of animal
model data bases including Drosophila and zebrafish failed to
identify the corresponding orthologs. Moreover, whereas these
proteins are part of the flagellum axoneme in sea urchins and
ascidians, mammalian SPTRX-2 is located in the FS, a cy-
toskeletal structure that envelopes the sperm axoneme. It is
thus tempting to speculate that, during evolution, the SPTRX-2
ancestor shifted from an axonemal to a periaxonemal localiza-
tion. Because we have recently identified another protein in
human axonemal structures (sperm flagella and lung cilia) that

is composed of one N-terminal thioredoxin domain followed by
only one NDP kinase domain, it is possible that this protein
might substitute functionally for the SPTRX-2 ancestor in the
axoneme (10). Such an axonemal-to-FS transition has been
proposed recently due to the fact that the DnaHc8 gene, which
codes for a mouse testis-specific axonemal dynein heavy chain,
might also code for an unusual isoform that could play a role in
FS morphogenesis (66).

In addition to the axoneme, the mammalian sperm tail con-
tains unique structural components such as ODFs and FS,
which are synthesized during spermiogenesis and are involved
in the regulation of sperm motility (14). By electron microscopic
immunocytochemistry, we have determined that SPTRX-2 is
an integral component of the sperm FS. Fig. 10 illustrates the
expression pattern of SPTRX-2 during spermiogenesis in com-
parison with the pattern found for the majority of sperm FS
proteins to date (14, 35, 77), including the transiently ex-
pressed thioredoxin SPTRX-1 (50). As shown, SPTRX-2 is in-
corporated into the FS after the bulk of FS proteins have
already assembled to form it. Interestingly, the incorporation of
SPTRX-2 into the FS during steps 17–19 is concomitant with
the gradual disappearance of SPTRX-1 from the longitudinal
columns of the FS. This replacement of one thioredoxin for
another in the FS indicates a specific developmental/matura-
tional function for each of these thioredoxins. Equally intrigu-
ing is that the FS has the appearance of a very electron-dense
structure by step 17, yet is still penetrable by proteins. In this
context, it is possible that not until the incorporation of
SPTRX-2 into the FS is intensive disulfide bonding of this
structure initiated. Alternatively, the S–S cross-linking could
be delayed even further after SPTRX-2 incorporation into the
FS and could occur during final sperm maturation in the
epididymis.

Protein spots stained by anti-SPTRX-2 and post-vasectomy
rat sera comigrated on two-dimensional Western blots of sperm

FIG. 9. Identification of SPTRX-2 as a sperm autoantigen. Shown are Western blots of rat sperm extracts stained with affinity-purified
rabbit anti-SPTRX-2 antibody (A and C) or with a representative post-vasectomy rat serum (D and F). The arrows indicate groups of protein spots
stained with anti-SPTRX-2 serum (A) that comigrated with sperm proteins bound by post-vasectomy serum (D), including the region between 65
and 75 kDa at pI 5.0–5.7, where sperm SPTRX-2 is expected to migrate. C and F show staining of a one-dimensional blot of recombinant SPTRX-2
protein with the identical sera used for A and D, respectively. Note that the post-vasectomy serum (F) stained a recombinant protein band at �68
kDa, as did anti-SPTRX-2 serum (C). The bands at 26 and 18 kDa are believed to represent breakdown products of SPTRX-2. The preimmune
anti-SPTRX-2 serum (B and C, lane 1) and the pre-vasectomy serum (E and F, lane 1) showed little reactivity.
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extracts, and identification of SPTRX-2 as an autoantigen was
subsequently confirmed by demonstrating that post-vasectomy
rat serum bound recombinant SPTRX-2. Several characteris-
tics of SPTRX-2 may be related to its antigenicity in vasecto-
mized animals. Like other proteins expressed only during sper-
matogenesis, SPTRX-2 may be autoantigenic because it is not
produced until after puberty, thus avoiding identification as a
self-protein during the earlier development of the immune sys-
tem (67). In addition, SPTRX-2 is associated with the FS, and
components of the sperm cytoskeleton such as the ODFs are
known to be prominent post-obstruction autoantigens (62), per-
haps because the cytoskeleton is among the most degradation-
resistant components of spermatozoa after obstruction, thus
furnishing a supply of slowly released antigen to stimulate the
immune system.

Both thioredoxins and NDP kinases are regarded as catalytic
molecules, the first one being involved in redox reactions as a
general disulfide reductase (1) and the second one catalyzing
the transfer of �-phosphates between nucleoside and de-

oxynucleoside di- and triphosphates (68). Surprisingly, we have
not been able to detect any thioredoxin or NDP kinase enzy-
matic activity using recombinant SPTRX-2 expressed in bacte-
ria (9). To our knowledge, neither activity has been detected in
isolated sea urchin and ascidian intermediate chain-1 proteins
(64, 65), suggesting that additional factors are required.

Although the thioredoxins are traditionally regarded to be
general protein-disulfide reductases (1), disulfide bond forma-
tion (rather than reduction) is a major requirement for the
stabilization of the different components of the cytoskeletal
structures that provide the scaffolding for the sperm head and
tail skeleton (69). The presence of two novel thioredoxins
(SPTRX-1 and SPTRX-2) that are associated with the sperm FS
at different times during its assembly raises important ques-
tions regarding the requirement of this class of proteins in
spermiogenesis. We have recently reported that recombinant
SPTRX-1 can act both as a reducing and an oxidizing protein
(8, 70). This may facilitate the formation of disulfide bonds
among individual components of the FS as well as destabilize

FIG. 10. Comparison between the expression pattern of known FS proteins and SPTRX-2. A, schematic presentation of rat spermio-
genesis, adapted from Oko and Clermont (77), providing a summary of the areas and intensity of immunolabeling with antibodies raised against
prominent FS proteins. The peak of assembly and cytoplasmic reactivity for FS proteins is in steps 15–17 (stages I–V), shown by asterisks. The
structural assembly of the FS is complete by step 17. B, immunolabeling with anti-SPTRX-2 antibody shows the same peak of cytoplasmic
reactivity as indicated above with the other FS proteins; however, maximum incorporation of SPTRX-2 into the structurally mature FS occurs
during steps 17–19 (see asterisks). Comparatively, the incorporation of SPTRX-2 lags far behind the assembly of the majority of FS proteins. CD,
cytoplasmic droplet.
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the misfolded and/or improperly incorporated sperm tail pro-
teins. However, we have not been able to demonstrate any
thioredoxin-dependent activity (either reducing or oxidizing)
using recombinant SPTRX-2. Several reasons might account
for this lack of activity in vitro, such as the requirement for
additional cofactors not present in bacteria, post-translational
modifications that might expose the active site upon conforma-
tional changes, etc. Nevertheless, given its FS localization and
expression pattern during spermiogenesis, it is reasonable to
speculate that SPTRX-2 might play a crucial role in disulfide
bonding within the FS.

It is also conceivable that, although SPTRX-1 may fulfill a
transitional function in sperm flagellar differentiation/biogen-
esis during spermiogenesis (50), SPTRX-2 may be necessary for
post-testicular events such as epididymal sperm maturation,
hyperactivation/capacitation, or even fertilization and zygotic
development. In this regard, we have shown previously that
the sperm tail FS, where SPTRX-2 resides, is one of the first
sperm structures to be degraded in the zygotic cytoplasm upon
fertilization. Solubilization of the FS precedes the degradation
of paternal mitochondria and ODFs and coincides with the
early stages of male pronuclear development (71). Extensive
studies demonstrated the requirement of disulfide bond reduc-
tion for the successful processing of the sperm nucleus and
sperm accessory structures during mammalian fertilization
(72), and SPTRX-2 might help in regulating this process.

Furthermore, although we could not detect any kinase activ-
ity with recombinant SPTRX-2, its well conserved NDP kinase
domain supports the idea that SPTRX-2 could be a phosphate
donor for the phosphorylation of other FS proteins. Phospho-
rylation is the major regulatory mechanism in spermatozoa
and underlies important processes during the acquisition of
fertilizing capability by the spermatozoon, such as capacitation
and hyperactivation (73). Interestingly, the major protein in
the sperm FS is AKAP4, whose proposed function is to recruit/
anchor protein kinase A to the FS to facilitate phosphorylation
of proteins that regulate sperm flagellar motility (74). SPTRX-2
has several potential sites of phosphorylation by protein kinase
A and other kinases and could be associated with the scaffold
formed by AKAP4 and structural proteins of the sperm FS. The
recent characterization of the mouse AKAP4 knockout pheno-
type suggests that AKAP4 does not affect the initial formation
of the longitudinal columns and connecting ribs that charac-
terize the mature FS, but AKAP4 does affect later steps of its
assembly, leading to incomplete FS development (74). In this
context, SPTRX-2 could then be incorporated into the fully
differentiated FS as an associated protein of AKAP4, which
remains in the mature FS and might play a role in later events
undergone by the sperm by virtue of its proposed thioredoxin/
kinase activity.
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