























Alternative Transcription of Prx IV Gene

FIGURE 6. Occurrence of Prx IV in vertebrates. Forty-seven vertebrate genomes with substantial sequence coverage were selected to illustrate the distribu-
tion of Prx IV in vertebrates. In each organism, the presence of Prx IV-L or Prx IV-S forms is indicated. EST databases were also analyzed for the presence of Prx

IV-L cDNAs. Prx IV-L orthologs were only detected in eutherian mammals.

revealed Prx IV-S to be present in various cell types throughout
seminiferous tubules, including Sertoli cells and their associ-
ated germ cells (spermatogonia, primary spermatocytes, and
spermatids), but it was not detected in luminal spermatozoa.
Analysis of the Prx IV-S KO mouse testis indicated that Prx
IV-L expression is restricted to spermatids, and analysis with
the antibodies specific for the exon 1A-encoded sequence con-
firmed this observation. Prx IV-L was not detected by immu-
noblot analysis in a sperm protein extract prepared with a
denaturing buffer containing 2-mercaptoethanol. These ob-
servations thus suggested that Prx IV-L accumulates in sperma-
tids during spermatogenesis and that it is released into the
residual body during spermiogenesis. The accumulation of Prx
IV-L in spermatids and its subsequent exclusion from sperm
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are reminiscent of the expression pattern for thioredoxin-glu-
tathione reductase, which serves as a disulfide isomerase during
chromatin condensation and capsule formation in sperm.

Computational analysis of Prx IV indicated that the Prx IV-S
gene is present in all vertebrates examined. However, the Prx
IV-L gene was detected only in advanced vertebrates with non-
mammalian vertebrates (birds, reptiles, amphibians, and fish)
appearing not to possess the gene. Furthermore, the Prx IV-L
gene was found to be present in placental mammals but not in
nonplacental mammals such as the opossum, wallaby, and plat-
ypus, suggesting that it may have evolved in the common ances-
tor of placental mammals.

The functional maturation and capacitation of mammalian
spermatozoa are associated with H,O, production and gluta-
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thione depletion that result in increased oxidative stress in the
germ cells (24, 28). As a result of this increased oxidative stress,
protein thiols are vastly oxidized during spermiogenesis (24,
29 -31). Such thiol oxidation is associated with intra- or inter-
molecular disulfide formation that is required for chromatin
condensation and formation of the supramolecular structure of
the sperm tail (24, 32, 33). Condensation of spermatid chroma-
tin is accompanied by replacement of histones with prota-
mines, which are basic nuclear proteins with a high Cys con-
tent, as well as by subsequent oxidation of protamine thiol
groups to form disulfide linkages that result in protein cross-
linking (32, 34). The chromatin of sperm is highly compacted to
protect the DNA from deleterious environments with insuffi-
cient oxidation of protamine thiol groups being associated with
damage to sperm DNA (35-37). The reduction of sperm disul-
fides followed by decondensation of sperm chromatin in read-
iness for fertilization is accomplished in oocytes, which contain
high levels of glutathione (38). The thiol-disulfide transition of
sperm proteins is a unique feature of eutherian reproduction
(39, 40). Thus, eutherian sperm nuclei can be decondensed in
vitro only by treatment with a denaturing agent and thiols,
whereas sperm nuclei of nonmammalian vertebrates or of pro-
therian or metatherian mammals are readily decondensed (40,
41). This difference is related to the fact that protamines of
nonmammalian vertebrates and noneutherian mammals lack
Cys residues (40). In addition, the supramolecular structure of
the sperm tail is strengthened by disulfide bridges in eutherian
sperm but not in the sperm of other vertebrates (38).

In view of the facts that expression of Prx IV-L is restricted to
eutherian mammals and that the thiol-disulfide transition of
structural proteins during sperm development occurs only in
such mammals, we speculate that Prx IV-L participates in the
formation of disulfide linkages during spermiogenesis. This
notion is consistent with the recently suggested role of Prx IV-S
in protein folding in the ER (26). Oxidation of thiols to disulfide
linkages during protein folding in the ER is achieved with the
use of H,0, produced by oxidant-generating sources such as
ER oxidation 1, NADPH oxidase, and mitochondria. In the pro-
posed model, C,-SH and C-SH of Prx IV-S are first oxidized by
H,O, to form a disulfide. The oxidation status of Prx IV-S is
then transferred to PDI thiols, thereby converting them to a
disulfide, which finally results in the formation of a disulfide in
the protein to be folded. Prx IV in the ER physically interacts
with PDI. Prx IV-S is thus thought to function as a sensor of
H,0, in PDI-mediated protein folding (12, 26). Similar to the
proposed function of Prx IV-S in the ER, Prx IV-L may sense
H,0, in the cytosol and mediate the formation of disulfide link-
ages in proteins that participate in chromatin condensation and
contribute to the supramolecular structure of the sperm tail. A
sensor function for 2-Cys Prx has also been demonstrated in
yeast (42, 43). Such a function for 2-Cys Prx proteins is attrib-
uted to the fact that their structure facilitates the reaction of
Cp-SH with low levels of H,O, (4, 44 —46) and to their interac-
tion with target molecules such as PDI (12). The presence of Prx
IV in the ER and in maturing eutherian male germ cells may
thus allow protein disulfide formation without the production
of damaging levels of H,O,. Given that most protein sulfhydryl
groups are not highly sensitive to oxidation by H,O,, much
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higher levels of H,O, would be required for such oxidation
without the presence of sensor proteins.

During the catalytic cycle of 2-Cys Prxs, only a small fraction
of C,-SOH is further oxidized to C,-SO,H; for example, only
seven of 10,000 catalytic cycles result in hyperoxidation of Prx I
(5). After C,-SOH forms a disulfide with C-SH, it is no longer
susceptible to further oxidation. Incubation of 2-Cys Prxs with
a high concentration of H,O, in the absence of the reduced
form of thioredoxin thus does not result in a substantial level of
hyperoxidation; the sulfinic form of Prx I accumulates only
when Prx I molecules turn over continuously. Such accumula-
tion is possible because the reduction of sulfinic forms of 2-Cys
Prxs by sulfiredoxin is a slow process (k_,, = 0.18/min for Prx I
and Prx II) (47). In the present study, incubation of testis tissue
with a millimolar concentration of H,O, resulted in hyperoxi-
dation of Prxs I/II and Prx III but not in that of Prx IV-S or Prx
IV-L, consistent with the notion that Prx IV-L does not func-
tion as a peroxidase but rather as an H,O, sensor like Prx IV-S.
Whereas most thiol groups of various proteins are oxidized to
form disulfide linkages during spermiogenesis and sperm mat-
uration, conservation of some residual thiols in the extracellu-
lar domains of membrane proteins appears to be necessary for
sperm motility and capacitation (48). Furthermore, conserva-
tion of protamine thiols is required for the decondensation of
sperm nuclei that is initiated by thiol-disulfide exchange after
fertilization (34). The conservation of certain thiols under con-
ditions that promote massive oxidation likely requires specific
interaction between an H,O, sensor protein such as Prx IV-L
and the potential protein target of oxidation. Further under-
standing of the role of Prx IV-L will require identification of
such target proteins.
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SUPPLEMENTAL DATA

Computational analyses - To identify transcription initiation sites and promoter regions for both
mouse Prx IV genes, we extracted a 5000-bp genomic sequence (Fig. 2A) containing the upstream
region of exon 1B (>gi|149272536: 14188586-14193585 Mus musculus strain C57BL/6J
chromosome X genomic contig, MGSCv37 C57BL/6J) and analyzed it with Web-based programs.
Promoter prediction with BDGP (http://www.fruitfly.org/seq_tools/promoter.html) identified two
transcription start sites at positions -306 bp — -356 bp and -2486 bp — -2536 bp in the analyzed
5000-bp genomic sequence, which are correspond to the transcription start sites of Prx IV-S and a
position —90 bp relative to Prx I\VV-L. The Promoter 2.0 prediction program
(http://www.cbs.dtu.dk/services/promoter) identified the position —204 bp upstream of exon 1B as a
possible transcription promoter site with the highest prediction score (1.191) in the region analyzed.
Overall, the computational prediction of transcription start sites identified two independent such sites.
We further analyzed Prdx4-001 (ENSMUST00000026328, Prx IV-S) and Prdx4-003
(ENSMUST00000130349, Prx IV-L). A 400-bp region upstream of exon 1A and a 400-bp region
upstream of exon 1B were analyzed for potential transcription factor binding sites with the use of
TFSEARCH (http://molsunl.cbrc.aist.go.jp/research/db/tfsearch.html). In the immediate upstream
sequence of exon 1B, three USF binding sites, two sites each for AP-1, MZF1, Nkx-2, N-Myc, and
Spl, as well as single sites for C/EBPa, E2F, FATA-1, FATA-2, GATA-X, k-2, SRY, and Tst-1 were
identified. Analysis of the upstream sequence of exon 1A revealed nine sites for CdxA, two sites each
for deltak and SRY, and one site each for AML-1a, k-2, MZF1, Oct-1, SREBP, TATA, Th1/E4, and
v-Myb. Analysis of promoter signals with BIMAS (http://www-bimas.cit.nih.gov/cgi-
bin/molbio/signal) identified 16 binding sites for Sp1 as well as sites for a-CB, ATF, CACCC-binding
factor, CBF-B, CP1, GR, and NF-1 in the immediate upstream region of exon 1B; NF-1, NF-E, NF-
E2, and NF-Y binding sites were identified multiple times in the upstream region of exon 1A. These
data thus suggest that the two alternative promoters for the Prx IV gene locus are regulated
independently by specific transcription factors.
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Supplemental Figure S1. Expression of Prx IV in mouse tissues. A. Immunoblot analysis of Prx IV
in various tissues from 12-week-old C56BL/6J mice. Proteins were separated by SDS-PAGE on a 14%
gel and probed with polyclonal antibodies specific for the COOH-terminal region of Prx IV. The testis
exhibited two pronounced immunoreactive proteins of 29.5 and 27 kDa. Abbreviations: Bn, brain; Sg,
salivary gland; Th, thymus; Lg, lung; Ht, heart; Ao, aorta; Di, diaphragm; Lv, liver; Kd, kidney; Ad,
adrenal gland; Sp, spleen; Pn, pancreas; St, stomach; Du, duodenum; Jj, jejunum; I, ileum; CI, colon;
Bt, brown adipose tissue; Wt, white adipose tissue; Sm, soleus muscle; Gm, gastrocnemius muscle;
Sn, skin; Ts, testis; Ep, epididymis; Mg, mammary gland; Ov, ovary; Ut, uterus. The faster moving
band in the pancreas tissue is likely due to proteolyzed Prx IV. B. Immunoblot analysis of Prx
isoforms in the testis of C57BL/6J mice of the indicated ages in weeks (w), months (m), and years (y)
is shown in the upper panels. a-Tubulin served as a loading control. Immunoblot analysis of Prx 111
and Prx 1V in the liver of the same animals as well as in the testis sample of the 10-week-old mouse is
shown in the lower panels.
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Supplemental Figure S2. Expression of Prx IV-L and Prx IV-S in testis-derived cell lines. Lysates
of TM3 (neonatal mouse Leydig), TM4 (neonatal mouse Sertoli), F9 (mouse embryonic testis
carcinoma), LC540 (adult rat Leydig), and R2C (adult rat Leydig cell tumor) cells were fractionated
by SDS-PAGE on a 14% gel and probed with antibodies to the COOH-terminal sequence of Prx IV.
Homogenates of the testis (Ts), liver (Lv), and pancreas (Pn) of adult C57BL/6J mice were also
analyzed as positive controls.
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Supplemental Figure S3. Multiple alignment of Prx IV-L protein sequences. The last residue
of the first exon is indicated with arrow. Residues shown in white on black or on gray are identical or
conserved, respectively, among homologs.
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