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Abstract
Tektins are important components of flagella. Alterations in the expression of or mutations in
mouse tektins are correlated with defective sperm motility, a cause of male infertility. Our
proteomic studies of flagellar accessory structures previously identified a novel tektin, TEKT5,
whose function is unknown. To understand the role of TEKT5 in mouse sperm, we characterized
the expression of the mouse Tekt5 gene and the presence of TEKT5 in spermatogenic cells and
spermatozoa. A complete cDNA encoding the Tekt5 transcript was assembled following RT-PCR
and 3'-RACE and predicted that TEKT5 is a 62,730 Dalton protein with an unusual, long C-
terminus. Tekt5 mRNA was highly expressed during late stages of spermiogenesis. Among
examined tissues, Tekt5 mRNA was only present in testis and brain and quantitative RT-PCR
showed that the expression level of mRNA in testis was 6.8-fold higher than that of brain. At the
protein level, TEKT5 was present in sperm and was enriched in the accessory structures of
flagella. Immunofluorescence confirmed that TEKT5 was localized throughout the sperm tail in
flagellar accessory structures. The expression pattern suggests that TEKT5 plays an important role
in flagella formation during spermiogenesis as well as being implicated in sperm motility.
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Introduction
A properly formed flagellum is required for sperm motility and is essential for bringing the
sperm to the egg for fertilization. At the most basic level, flagellar and ciliary motility is
driven by a core structure, the axoneme, which contains a characteristic “9 + 2”
microtubular doublet configuration and is remarkably conserved during evolution. In
mammalian sperm, however, structural studies have demonstrated that the flagellum is a
complex and compartmentalized organelle that is composed of three different segments,
midpiece, principal piece, and end piece. The axoneme extends throughout the complete
flagellum. Surrounding the axoneme in the various segments are three types of accessory
structures (Supplemental Figure 1). In the midpiece, outer dense fibers 1–9 emanate from
each outer doublet of the axoneme. The mitochondrial sheath surrounds the outer dense
fibers and the axoneme and defines the extent of the midpiece. In the principal piece, outer
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dense fibers 3 and 8 are replaced by the longitudinal columns of the fibrous sheath, which
are held together by transverse ribs of this structure. The end piece lacks accessory
structures and is remarkable only for the presence of the axoneme. All regions of the
flagellum are encased by the plasma membrane. Previously, it was thought that the
accessory structures mainly existed to provide mechanical support for the axoneme.
However, in the past decade and a half, evidence has accumulated showing that these
structures are involved in a variety of critical physiological processes such as signal
transduction, protection against oxidative damage, and energy production (Carrera et al,
1994, Godeas et al, 1997, Miki et al, 2004). More recently, our proteomic study identified
additional signaling and metabolic proteins in the accessory structures (Cao et al, 2006a).

Along with known proteins of the mitochondrial sheath, outer dense fibers, and fibrous
sheath, several tektins – members of a group of proteins generally considered to be
axonemal proteins – were also identified in the flagellar accessory structures. Extensive
studies with sea urchin sperm flagella (which lack outer dense fibers and fibrous sheaths in
their flagella) and cilia identified three tektins (A, B, C) found in association with tubulin of
axonemal outer microtubular doublets. These tektins form heteropolymeric protofilaments
(tektins A and B) or homodimers (tektin C) and are considered as structural components of
outer doublet microtubules in cilia and flagella (Pirner and Linck, 1994). In contrast to sea
urchin sperm axonemes, we recently found two additional tektins in the accessory structures
of mouse sperm (Cao et al, 2006a). Furthermore, since 2004, there have been several
functional studies demonstrating tektins are critical for sperm motility (Roy et al, 2007, Roy
et al, 2004, Tanaka et al, 2004). These studies imply tektins play important roles in sperm
function.

Among all tektins, TEKT5 was unknown at the time of our earlier proteomic study. Since
the publication of our 2006 report, a recent analysis of the rat orthologue demonstrated that
rat TEKT5 is a 62,837 Dalton protein (Murayama et al, 2008). For the mouse, multiple
entries in the genomic database paint a confusing picture concerning the cDNA sequence
and the resulting deduced protein structure. Moreover, all the sequences available in the
databases for mouse TEKT5 are in silico genomic predictions or are based upon high-
throughput transcriptomic studies (Carninci et al, 2005, Strausberg et al, 2002) without
experimental confirmation. Our proteomic analysis on sperm indicated TEKT5 is present in
flagellar accessory structures. The actual localization study needs to be done to refine the
TEKT5 localization. Toward a better understanding of the role of TEKT5 in mouse sperm,
we carried out a detailed characterization of a Tekt5 cDNA, examined the expression of the
RNA and protein during spermatogenesis, and determined that TEKT5 is localized
throughout the midpiece and principal piece of the sperm flagellum.

Methods
Sperm and germ cell preparation

All animal procedures were approved by the University of Pennsylvania Institutional
Animal Care and Use Committee. Mixed germ cells were prepared from decapsulated testes
of adult male mice (CD1 retired breeders, Charles River Laboratories, Wilmington, MA) by
sequential dissociation with collagenase and trypsin-DNase I (Bellvé et al, 1977). To purify
populations of pachytene spermatocytes, round spermatids, and condensing spermatids, the
mixed germ cells were separated at unit gravity in a 2–4% bovine serum albumin (BSA)
gradient in enriched Krebs-bicarbonate medium (Romrell et al, 1976). Both the pachytene
spermatocyte and round spermatid populations were at least 85% pure as determined by
microscopic examination and differential counting with a hemocytometer, while the
condensing spermatid population was approximately 40%–50% pure with the balance
primarily being anucleate residual bodies and round spermatids.
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Sperm were collected by mincing the caudae epididymides and allowing the sperm to swim
out in PBS (2.68 mM KCl, 136.09 mM NaCl, 1.47mM KH2PO4, 8.07 mM Na2HPO4, pH
7.4). The supernatant was gently aspirated and the sperm in the suspension (>99% pure as
assessed by light microscopy) were collected by centrifugation at 800 × g for 5 min at room
temperature. The sperm were then homogenized in 1% sodium dodecyl sulfate (SDS), 75
mM NaCl, 24 mM EDTA, pH 6.0 (S-EDTA), layered onto a 1.6 M sucrose cushion in S-
EDTA, and centrifuged at 5000 × g for 1 h at room temperature (O'Brien and Bellvé, 1980).
The SDS-resistant tail structures (flagellar accessory structures) were collected from the
interface. The purity was visually assessed by light microscopy, electron microscopy, and
immunoblotting as performed in our previous studies (Cao et al, 2006a, Cao et al, 2006b).

Preparation of RNA, RT-PCR, 3'-RACE, cloning of Tekt5, and cDNA sequence analysis
RNA was prepared from germ cells, testes, and various somatic tissues using TRI Reagent
(Sigma-Aldrich Corp., St. Louis, MO). Reverse transcription using 1 μg mRNA was
performed using SuperScript II Reverse Transcriptase according to the manufacturer's
instructions (Invitrogen Corp., Carlsbad, CA). Products were amplified using the appropriate
primers with Ex TaqTM DNA polymerase (Takara Co., Tokyo, Japan) for short products or
Easy-ATM High-Fidelity PCR Master Mix (Stratagene, La Jolla, CA) for long products.
Amplicons were then cloned into the pCR2.1-TOPO vector (Invitrogen Corp.). Plasmid
DNA was prepared and sequenced as directed by the manufacturer's instruction manuals.
The initial primer designs were based on the peptides identified in the mass spectrum of the
proteomics study as well as the available computer-predicted sequence. The RLM-RACE kit
(Ambion, Austin, TX) was used for 3'-RACE and 1 μg mixed germ cell total RNA aliquots
were used as templates for reverse transcription with the supplied 3'-RACE adapter (5'-GCG
AGC ACA GAA TTA ATA CGA CTC ACT ATA GGT 12VN-3'). The cDNA was then
subjected to PCR using the 3'-RACE primers, which were complementary to the anchored
adapter (5'-GCG AGC ACA GAA TTA ATA CGA CT-3'), and a primer specific for Tekt5
(5'-GCG TGG AGA AGT TTG ACG GAA C-3'). Gradient PCR was used to optimize
annealing temperatures. All PCR products were sequenced in both directions. The cloned
sequences were spliced by Sequencher 4.5 (Gene Codes Corp., Ann Arbor, MI). Different
tektin isoforms were aligned by Genedoc (http://www.psc.edu/biomed/genedoc). The
deduced amino acid sequence was analyzed by the Simple Modular Architecture Research
Tool (SMART, http://smart.embl-heidelberg.de/).

Quantitative PCR analyses
For quantitative RT-PCR assays, primers were designed using Primer Express 1.5 Taqman
Primer Design software (Applied Biosystems, Foster City, CA). The Tekt5 primers, 5'-TGA
GGA GAC AGA TGT GAA GAA CAA G-3' (forward) and 5'-TGG CCC TCT CCA GCA
ACA-3' (reverse), were each used at a concentration of 22.5 nM and yielded a product of
101 bp. The ribosomal protein S16 [Rps16, (GenBank accession number: BC082286)]
primers, 5'-AGA TGA TCG AGC CGC GC-3' (forward) and 5'-GCT ACC AGG GCC TTT
GAG ATG GA-3' (reverse), were each used at a concentration of 11.25 nM and yielded a
product of 163 bp (Jeong et al, 2005). Products were amplified with the SYBR Green PCR
Master Mix (Applied Biosystems Inc, Foster City, CA) and analyzed with the ABI 7900 HT
Sequence Detection system. The following PCR protocol was used: 1) denaturation (50°C
for 2 min, 95°C for 10 min), 2) amplification and quantification (95°C for 15 sec, 60°C for 1
min) repeated for 40 cycles, 3) a dissociation curve program (95°C for 15 sec, 60°C for 15
sec, 95°C for 15 sec), and 4) cooling at 4°C. Amplicons were analyzed by generating a
dissociation curve and determining the threshold cycle (CT) value for each transcript. The
relative quantification of gene expression was analyzed by the 2-−ΔΔCT method (Livak and
Schmittgen, 2001). The mRNA corresponding to Rps16 was used as a control (Jeong et al,
2005).
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Northern blotting
Total RNAs from mixed germ cell and round spermatid (20 μg each) were separated by
electrophoresis in a 1% agarose gel and transferred to Hybond N+ membranes (GE
Healthcare, Little Chalfont, Bucks, UK). The probe was derived from the initial PCR
product (P1–P2, see Table 1, product size 202 bp), which was purified with the QIAquick
Gel extraction kit (Qiagen Inc., Valencia, CA). The probe was then quantified by
comparison to a Hind III ladder (New England Biolabs, Ipswich, MA) and labeled with
[32P]dCTP using the RadPrime DNA Labeling System (Invitrogen Corp.), followed by
centrifugation through a NucleoSpin Extraction Spin column (Clontech, Mountain View,
CA) to remove the unincorporated nucleotides. The probe was later used for overnight
hybridization at 42°C to Hybond N+ membranes. Membranes were washed to a stringency
of 0.1x SSC and 0.1% SDS up to 55°C. Relative sample loading was assessed using
radiolabeled cDNAs encoding AKAP4 (accession number NM_001042542).

Generation of TEKT5 Antibody and Immunological Procedures
A region of the Tekt5 cDNA, encoding the C-terminal 72 amino acids of TEKT5 (amino
acids 486–557, accession number XP_913425), was cloned into a prokaryotic expression
vector, pGEX-6p-1 (GE Healthcare). A glutathione S-transferase (GST) fusion protein,
GST-TEKT5486-557, was expressed in large quantities in E. coli and isolated using a
GSTrapTM FF column (GE Healthcare) according to the manufacturer's instructions,
followed by electrophoretic purification in an SDS-polyacrylamide gel. The purified GST-
TEKT5486-557 was then sent to Cocalico Biologicals (Reamstown, PA) to generate antibody
against TEKT5. The antiserum was used in immunoblot assays at a 1:1000 dilution. To
decrease the background in immunohistochemical analyses, we purified the IgG fraction
from the antiserum further using HiTrapTM Protein A HP column (GE Healthcare). The
purified antibody was only used in immunolocalization studies.

Gel electrophoresis and immunoblot analyses
The sperm and flagellar accessory structures were concentrated by centrifugation, washed in
1 ml of PBS, resuspended in sample buffer (62.5 mM Tris-HCl, pH 6.8, 1.67% SDS, 10%
glycerol), and boiled for 5 min. Other tissues were homogenized, sonicated, and boiled in
the sample buffer. After centrifugation, the supernatants were recovered and saved. After
protein concentrations were determined by the BCA protein assay (Pierce Chemical Co.,
Rockford, IL), dithiothreitol (DTT) and bromophenol blue were added to final
concentrations of 100 mM and 0.002%, respectively. The samples were boiled for 5 min,
and protein samples (10 μg per lane) were separated by SDS-PAGE in 10% polyacrylamide
gels (Laemmli, 1970). The gels were then transferred to PVDF membranes (Millipore,
Bedford, MA) (Towbin et al, 1979). After the membranes were blocked with TBST (125
mM NaCl; 0.1% Tween 20; 25 mM Tris-HCl, pH 8.0) containing 5% BSA, they were
incubated with primary antibody (rabbit anti-GST-TEKT5486-557 serum, 1:1000 in 5% BSA-
TBST) for 1 h. After washing with TBST, the blots were incubated for 1 h with secondary
antibody (donkey anti-rabbit IgG conjugated with horseradish peroxidase [GE Healthcare],
1:5000 in 5% BSA-TBST) and, after washing with TBST, the bound enzyme was developed
with the ECL kit (GE Healthcare) according to the manufacturer's directions and exposed to
film. As a control, the anti-TEKT5 was neutralized by adding a 10-fold molar excess of the
peptide in 200 μl 5% BSA in TBST and incubating the mixture at 4°C overnight. After
centrifugation to remove any particulate material, the supernatant was used for
immunoblotting.
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Two-dimensional Gel Electrophoresis and Mass Spectrometry
Two-dimensional gel electrophoresis was performed with the Ettan IPGphor II and Ettan
DALTsix equipment with PlusOne™ reagents from GE Healthcare. Samples (900 μg of
protein in 200 μl of sample buffer) were mixed with 250 μl of rehydration buffer (8 M urea,
2% (w/v) CHAPS, 1% IPG buffer [pH 3–11, non-linear], 2 mg/ml DTT) and loaded in the
IPGphor strip holder. Immobiline Drystrips (pH 3–11 non-linear, 24 cm) were placed in the
holder and overlaid with ~4 ml of DryStrip cover fluid (GE Healthcare). Strips were
hydrated under 50 V for 24 h and focused afterward on the IPGphor IEF system for a total
of 80 kV-h at 20°C. After electrophoresis, each strip was incubated with 15 ml of
equilibration buffer A (6 M urea; 30% (v/v) glycerol; 2% (w/v) SDS; 1% DTT; 100 mM
Tris-HCl, pH 8.8) on a rocking platform for 15 min and then with 15 ml of equilibration
buffer B (6 M urea; 30% (v/v) glycerol; 2% (w/v) SDS; 2.5% iodoacetamide; 100 mM Tris-
HCl, pH 8.8) for an additional 15 min. For the second dimension, the strips then were placed
on top of 10% polyacrylamide gels containing SDS and the proteins separated using the
Ettan DALTsix apparatus. After electrophoresis, proteins were stained with colloidal
Coomassie Blue. Two-dimensional gels were scanned with a Typhoon 9400 scanner (GE
Healthcare), and the spots were analyzed with DeCyder software (GE Healthcare). Protein
spots were selected and the corresponding gel pieces were cored manually. After the cored
gel pieces were digested with trypsin, a portion of the digest was analyzed directly by
MALDI-TOF for molecular weight determination of released peptides and MALDI-TOF/
TOF for sequence information using a Voyager 4700 proteomics analyzer mass
spectrometer (Applied Biosystems). Another portion of the digest was subjected to nanoLC/
Qstar-XL analysis (Applied Biosystems). The data were acquired and analyzed with Analyst
QS. The protein identification and database search were performed with Mascot.dll script of
Analyst QS; the combined MS and MS/MS data were used for the Mascot database search.
A protein score of >70 with a confidence identification of >95% was considered acceptable.

Indirect immunofluorescence analyses
Cauda epididymal sperm were collected, processed with the S-EDTA solution to solubilize
the sperm, cytoplasm, membranes and the axoneme, resulting in separate head and tail
remnants (i.e., flagellar accessory structures). The heads and flagellar accessory structures
were washed 3 times in PBS, then attached to slides, and fixed with 4% paraformaldehyde in
PBS for 15 min. The slides were washed with PBS and the samples were incubated with
10% horse serum in PBS (blocking solution) for 1 h at room temperature and then with the
mixed solution of primary antibody (10 μg/ml rabbit anti-GST-TEKT5486-557 antibody) in
blocking solution for 1 h at room temperature. For a control, an equivalent amount of
primary antibody pre-absorbed with GST-TEKT5486-557 fusion protein was substituted.
After washing with PBS, the samples were incubated for 1 h at room temperature with
secondary antibody (1 μg/ml of goat anti-rabbit IgG linked with Alexa Fluo-568 [Molecular
Probes, Eugene, OR]) in blocking solution. After washing with PBS, the samples were
mounted with coverslips using Fluoromount-G (Southern Biotechnology Associates, Inc.,
Birmingham, AL), examined using an inverted microscope (Nikon Eclipse TE 2000-U,
Nikon Corp., Melville, NY) and photographed with a Scion Corporation (Frederick, MD)
CFW-1610C digital FireWire camera using the NIH ImageJ Imaging Software (Rasband,
2007). As a positive control for ODFs, goat anti-ODF2 polyclonal antibody (Invitrogen) was
used as a primary antibody (0.2 μg/ml), the secondary antibody is (1 μg/ml of rabbit anti-
goat IgG linked with Alexa Fluo-488 [Molecular Probes])
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Results
Proteomic Identification of TEKT5 in mouse sperm and in silico analysis

Previously we performed two-dimensional gel electrophoresis of flagellar accessory
structures and selected about 200 protein spots for analysis (Cao et al, 2006a). Several of
these spots were determined to be tektin family members, TEKT1–4 (Fig.1). In addition,
two protein spots (A and B in Fig. 1) were determined to be related variants of a new tektin
family member. Each protein spot yielded a peptide identified by mass spectrometry (Table
2) that contained the first 8 amino acids of the tektin nonapeptide signature sequence
(RPNVELCRD), confirming that this novel protein belongs to the tektin family. Spots A and
B yielded 17 and 27 peptides, respectively. Sixteen peptides recovered from each of the two
protein spots were identical and the seventeenth peptide from spot A overlapped with a
peptide of spot B. Further in silico analysis demonstrated that all of the peptides from
protein spots A and B were included within the deduced translation product encoded by the
RIKEN cDNA 3300001K11Rik. By using BLAST to compare the peptides with the NCBI
database at that time, we identified several other cDNA sequences encoding some but not all
of the experimentally identified peptides. These sequences were predicted to encode
variously sized proteins and had also been designated as Tekt5 cDNA clones (Fig. 2A).
Thus, it was necessary to determine experimentally the true sequence of the protein
expressed in the testis. To address this problem, we isolated and characterized a full-length
Tekt5 cDNA.

Cloning of Tekt5
Based on the peptide sequences identified by mass spectrometry and cDNA sequences
available in NCBI, primers (P1 and P2) were designed and RT-PCR was successfully
performed. The amplicon was sequenced (Fig. 2B). Northern blotting was conducted to
determine the size of Tekt5 mRNA using the PCR product as a probe, revealing the
transcript to be about 2.3 kb (Fig. 2C). To clone the full-length cDNA, regular RT-PCR and
3'-RACE were performed. First, three 5'-primers (P1, P3, and P4) were designed based on
the predicted Tekt5 cDNA and genomic sequences. Also, a number of 3'-primers specific to
the different purported Tekt5 sequences in the NCBI database were designed (Fig. 2A). A
pilot experiment testing for small amplicons was done to determine which primer pairs (P3–
P5, P4–P5, P1–P6, P1–P7, P1–P8, and P1–P9) would work and the PCR results showed that
P4–P5, P1–P6, and P1–P8 successfully yielded amplicons (Fig. 3A). Furthermore, larger
products could be amplified using the 5'-primer P4 with the 3'-primers P6 and P8 whereas
the P4–P9 primer combination was unsuccessful (Fig. 3B). It should be noted that the primer
P8 sequence (TCA CCT GAA CTG TGG CAC ATC) is based on the 3'end of the cDNA
BC115969, which terminates with a stop codon (TGA); the remaining 18 bases of the primer
are identical to the corresponding regions of two other purported Tekt5 sequences
(XM_908332 and XM_980627). To determine the 3' sequence of the Tekt5 mRNA
expressed in male germ cells, 3'-RACE with the P1 primer and the P10 primer of the
commercial kit was conducted, which yielded an approximately 1 kbp band (Fig. 3C).
Further analysis demonstrated that the 3' sequence is identical to XM_908332. In addition,
we identified a complete polyadenylation signal (AATAAA) and a poly-A tail. The cDNA
sequences of the P4–P6 PCR product and the 3'-RACE product overlapped by 418 base
pairs and were spliced together in silico by Sequencher 4.5 software, providing the complete
sequence of male germ cell Tekt5 mRNA (Supplemental Figure 2). To confirm the above
finding, we performed long-range RT-PCR of male germ cell mRNA to amplify the
complete cDNA product from 5'-UTR to 3'-UTR. The expected sized PCR product (1747
bp) was seen and sequenced from both directions (Fig. 3D). The complete Tekt5 mRNA
sequence, which contains an in-frame stop codon upstream from the start codon as well as
the polyadenylation signal and poly-A tail, was submitted to GenBank (accession number
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GQ292766). The total cDNA sequence was 1785 bp, which differed from the 2.0–2.3 kb
length of the mRNA as determined by northern blotting analysis (Fig. 2C). The discrepancy
between the lengths of the experimentally determined cDNA sequence and the mRNA
detected by northern blotting is probably due to the incompletely defined 5'-UTR and a more
extended poly A region of the 3'-UTR of the mRNA (our 5'-UTR was 36 bp and the poly-A
tail was only 11 bp). The 1785 bp cDNA reported here is 508 bp longer than the cDNA
available at NCBI (Accession BC115969), which terminates at amino acid 415 of TEKT5.

Features of the TEKT5 protein
TEKT5 has a deduced molecular weight of 62,730, which is 107 Daltons smaller than the rat
sequence (Murayama et al, 2008). The identical amino acids between the orthologues of
mouse and rat account for 89%. Among all identified tektins, TEKT5 has the highest
homology to TEKT3 (Fig. 3E). Using bl2seq (NCBI/BLAST), the identity ratio is 48% and
the positive ratio is 67%. The closer homology between TEKT3 (56,669 Da) and TEKT5
partly results from the property that both of these tektins possess extended N-termini. Like
other tektins, TEKT5 possesses the tektin motif, RPNVELCRD, which is located at amino
acids 402–410 and a coiled coil region (amino acids 345–385). The tektin motif in most
tektins is located close to the C-terminus (<100 amino acid from the end of the protein),
whereas the tektin domain of TEKT5 is 147 amino acids away from the C-terminus as the
result of an unusually long C-terminal tail (Fig. 3E). By analyzing the unique C-terminal tail
between amino acids 486–557, we found there is a low complexity region
CSGSALCKGPASCGGGASCGGGASCGGHAPCGSAL (amino acids 507–541)
(supplemental figure 3). Analyses of amino acid composition also revealed that there are no
aspartates or glutamates in the region of amino acids 485–557 but basic amino acids account
for 8.3%. That is probably the reason why TEKT5 is the most basic tektin (Fig 1). Also this
region has a high abundance of small amino acids like alanine (13.9%) and glycine (22.2%),
as well as serine (19.4%), cysteine 12.5% and proline 9.7% (Table 3).

Tekt5 mRNA expression is up-regulated during late spermiogenesis
To examine the expression pattern of Tekt5 mRNA in male germ cells, quantitative real-time
RT-PCR was conducted (Fig. 4A). Tekt5 mRNA was present in pachytene spermatocytes,
round spermatids, and condensing spermatids. On a per microgram of RNA basis, the level
was highest in condensing spermatids and was greater than 6~7-fold higher than that found
in pachytene spermatocytes. Tekt5 mRNA expression in several somatic tissues was also
examined. The results showed that Tekt5 mRNA was specifically expressed in testes and
brain (Fig. 4C). Beta-actin served as a loading control (Fig. 4D). By quantitative real-time
RT-PCR, the expression level of Tekt5 mRNA in the testis was about 6.8-fold higher than
that in the brain (Fig. 4B).

TEKT5 protein is enriched in flagellar accessory structures
Recombinant fusion protein GST-TEKT5486-557 was expressed in bacteria and purified by
chromatography on a GSTrap™ FF column. The antiserum against GST-TEKT5486-557 was
characterized using immunoblotting. The results showed that the antiserum recognized the
GST-TEKT5486-557 fusion protein, while preimmune serum did not exhibit any signal (Fig.
5A). The antiserum also recognized a ~62,000 Mr protein in sperm, which is consistent with
the deduced mass of the translation product of Tekt5 transcript (62,730 Da). Of note, a minor
immunoreactive band at 43,000 Mr was detectable in whole sperm. This band was not seen
in flagellar accessory structures (Fig. 5C). Antiserum preabsorbed with the GST-
TEKT5486-557 fusion protein did not recognize the ~62,000 Mr TEKT5, but still reacted with
the 43,000 Mr protein, indicating that the detection of this smaller protein resulted from a
non-specific interaction with the antiserum (Fig. 5B). When equivalent amounts of protein
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were examined, a stronger TEKT5 signal was detected in flagellar accessory structure
preparations relative to whole sperm extracts, indicating that TEKT5 was enriched in these
cytoskeletal elements (Fig. 5C–b). The purity of the flagellar accessory structures was
assessed biochemically by immunoblotting with antibody against α-tubulin (Fig. 5C–a),
which confirmed that this sperm fraction lacked microtubules and demonstrated that TEKT5
was more likely associated with a flagellar cytoskeletal element other than the axoneme.
Further experiments showed that TEKT5 was resistant to 1% S-EDTA extraction, whereas
the 43,000 Mr protein was not (Fig. 5D). The brain extract did not contain the
immunoreactive band at 62,000 Mr (Fig. 5E).

TEKT5 is present in the sperm tail
We were concerned that the 43,000 Mr band recognized by anti-GST-TEKT5486-557 might
confound any results seen in whole sperm, so immunolocalization was performed using
flagellar accessory structures, which do not contain this non-specific protein (Fig. 5C and
5D). The immunofluorescence images demonstrate that the TEKT5 signal stained the full
length of flagellar accessory structures (note: the SDS-processed sperm tail structures lack
axonemes and thus do not contain end piece, please see the Supplemental Figure 1), which
further indicated that TEKT5 was present in the midpiece and principal piece (Fig. 6A, B).
This suggests that TEKT5, like TEKT4 (Iida et al, 2006), was associated with outer dense
fibers since these structures are common to both the midpiece and principal piece. The pre-
absorbed antibody exhibited a much weaker signal (Fig. 6C, D), indicating the signal caused
by anti-GST-TEKT5486-557 antibody was specific. The immunostaining of ODF2 was also
present in the full length of flagellar accessory structures, but the staining pattern was
different from the TEKT5. Although the TEKT5 staining was present throughout the
flagellar accessory structures, the antibody signal was much more intense in the midpiece
than ODF2.

Discussion
Axonemes are highly structurally conserved from unicellular algae to mammals. This core
structure of eukaryotic cilia and flagella is responsible for generating the motive force
required for ciliary beating and sperm motility and is composed of a characteristic “9 + 2”
array of microtubules and associated structures (Supplemental Figure 1). Tektins were first
isolated from sea urchin sperm tail axonemes (Linck and Stephens, 1987) but the locations
and functions of the multitude of tektin forms in mammalian sperm flagella remain unclear.
In sea urchin flagella, tektins were proposed to form protofilaments near the site where the B
tubules attach to A tubules in the outer doublets (Nojima et al, 1995). Also, electron
microscopy has revealed a longitudinally continuous thin filament, which might bind to the
protofilaments between the A-and B-tubules and support microtubule sliding and bending
(Sui and Downing, 2006). Sea urchin tektins A1 and B1 heterodimers co-assemble with
tektin C1 dimers to produce filaments with overall repeats of multiples of 8 nm and form the
basis for the complex spatial arrangements of axonemal components (Norrander et al, 1996).

Compared to the sea urchin, mammalian sperm flagella are more complex. Echinoderm
sperm contain a very small mitochondrial midpiece at the head-tail junction. Mammalian
sperm possess a more developed midpiece with an extensive mitochondria sheath
surrounding nine outer dense fibers that emanate from the nine outer doublets of the
axoneme. At the annulus, the mitochondrial sheath terminates and two of the outer dense
fibers (numbers 3 and 8) are replaced with the longitudinal columns of the fibrous sheath,
which run the length of the principal piece and are bridged by circumferential ribs. The
tektin involvement in mammals appears to be complicated as well. To date, five tektin genes
have been cloned in rodents. Mouse TEKT1 is found in the centrosomes of round spermatids
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and gradually disappears during spermiogenesis (Larsson et al, 2000). The actual function of
TEKT1 is poorly understood. Human TEKT2 (also named as Tektin-t) is present in the
principal piece (Tanaka et al, 2004). Disruption of the corresponding gene in the mouse
causes male infertility, which might result from impaired inner dynein arm function. The
location of TEKT3 in mouse sperm in unclear but mice deficient in TEKT3 display reduced
sperm motility and forward progression (Roy et al, 2009). Mouse TEKT4 is present in outer
dense fibers and deletion of the Tekt4 gene causes drastically reduced forward motility
resulting from poor coordinated beating of the flagellum (Roy et al, 2007). Rat TEKT5 is
localized between the mitochondria and the outer dense fibers (Murayama et al, 2008).
Functional studies have not been reported for TEKT5. However, it is clear that tektins are
intimately involved with spermiogenesis and dysfunction of tektins can severely impair
sperm motility, leading to male infertility.

Flagellar accessory structures were once considered as passive supportive structures
(Supplemental Figure 1). However, the discovery of the protein kinase A-anchoring property
of AKAP4 of the sperm fibrous sheath suggested that these structures could have more
active roles than people originally imagined (Carrera et al, 1994, Miki and Eddy, 1999).
Proteomic studies conducted by our group identified protein components of flagellar
accessory structures, including many glycolytic and metabolic proteins, anti-oxidant
enzymes, all five tektins, as well as other proteins (Cao et al, 2006a). We were surprised to
find tektins in the flagellar accessory structures and confirmed that these samples were not
contaminated by axonemal proteins such as tubulin (Fig. 5C). Additional studies are
required to establish the function of TEKT5 in the flagellar accessory structures.

Prior to this study, a cDNA encoding mouse Tekt5 cDNA had not been cloned. There are
several sequences for Tekt5 cDNA in the NCBI database but these in silico predictions are
either computer deduced sequences (Accession Numbers XM_908332 and XM_980627), or
identified from global transcriptome analyses, such as Accession Number BC115969
(Carninci et al, 2005, Strausberg et al, 2002). These high-throughput procedures provide
much valuable information, but the data must be interpreted with caution because sequence
errors are occasionally introduced by the methodology. In 2005, our proteomic study of
flagellar accessory structures identified TEKT5 peptides that correspond to nucleotide
sequences XM_156349, which was assigned the Tekt5 gene nomenclature. As the genome
annotation progressed, the representative sequence became known as BC115969 in the
NCBI database. This predicts a protein of 48,000 Da, but this size does not correspond to
our two-dimensional gel electrophoresis experimental results (Fig. 1). In our study with
RNA from mixed germ cells, we characterized a transcript possessing a complete open
reading frame, the size of which was consistent with our Northern blot result (Fig. 2C).
Furthermore, this transcript encoded a protein whose deduced molecular weight and pI were
consistent with our two-dimensional gel result (Fig. 1). In addition, the peptides we
identified by mass spectrometry spanned the full length of the amino acid sequence deduced
from our cDNA, including the extended C-terminal region unique to TEKT5 (Table 2).
Sequence analyses of our Tekt5 cDNA and peptides identified by mass spectrometry
demonstrated that TEKT5 contains the characteristic C-terminal signature tektin motif “R(P/
S)NVELCRD” (Fig. 3E) and coiled-coil secondary structure (Supplemental Figure 3)
characteristic of tektin family members (Norrander et al, 1996). Although we cannot
completely exclude the possible existence of an mRNA corresponding to the shorter
reported transcript BC115969, the majority of transcripts should resemble GQ292766, as
determined by northern blotting and 3'-RACE. If transcripts similar to BC115969 were
highly abundant, a different PCR product would have been detected by northern blotting
(Fig. 2C) and 3'-RACE (Fig. 3C). Since a shorter transcript was not detected, we suspect
that BC115969 represents an incomplete cDNA. The cloned mouse Tekt5 cDNA sequence
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reported in our study establishes a solid foundation for further functional studies using
methodology such as genetic manipulation.

The deduced mouse TEKT5 is 89% identical to rat TEKT5, which is a higher homology
than is found for any of the other mouse tektins, suggesting that each type of tektin has a
specific role. In comparison to other tektins, one distinguishing feature of TEKT5 is its long
C-terminal tail composed of over 70 extra amino acids (Fig. 3E). Use of the Simple Modular
Architecture Research Tool (SMART) demonstrated that this region exhibits extremely low
complexity (Letunic et al, 2009, Schultz et al, 1998) (Supplemental Figure 3). In particular,
this tail is rich in glycine (22.2%), serine (19.4%), alanine (13.9%), cysteines (12.5%), and
proline (9.7%) with six repeats of the hexpeptide pattern C-[GSK]-G-[GSPH]-A-[SLP] from
amino acids 507–541. There are no acidic amino acids in this region and the few basic
amino acids confer a predicted isoelectric point of 11.23 to this domain. The biological
significance of this region is unclear but the sequence and composition suggest that this
domain may possess the ability to form multiple disulfide cross-links and/or interact with
acidic regions of other proteins. Low complexity regions are widely used by signaling
proteins or to mediate protein-protein interactions (Dunker et al, 2001, Kay et al, 2000,
Michelitsch and Weissman, 2000). Coincidently, the rat sperm outer dense fiber proteins
have high cysteine (as high as 11–12%) and proline content (Olson and Sammons, 1980).
The C-terminus of ODF1 contains a Cys-Gly-Pro repeat (Morales et al, 1994). By yeast two-
hybrid screening, ODF1 interacts with axonemal proteins Spag4 and Spag5 (Shao et al,
1999, Shao et al, 2001). Therefore, ODF1 mediates interactions between the outer dense
fibers and the axoneme. The structural similarity between ODF and TEKT5 (low complexity
region with repeats high in cysteine and proline) suggests to us that this C-terminal
extension may be important for axonemal or outer dense fiber protein interactions.

We compared the expression pattern of mouseTekt5 mRNA to that of rat Tekt5 (Murayama
et al, 2008). Murayama et al reported that Tekt5 expression in the rat testis was first
detectable by RT-PCR at 5 weeks after birth. We found that Tekt5 was expressed at a low
level at the pachytene spermatocyte stage. During spermiogenesis when flagella biogenesis
occurs in round and condensing spermatids, the level of Tekt5 expression increased about 6–
7 fold (Fig. 4A). When we examined extracts of cilia-rich tissues, Tekt5 mRNA was
identified by RT-PCR in extracts of the brain but was undetectable in the lung. This finding
differs from the reported lack of mRNA expression in the rat brain (Murayama et al, 2008).
However, TEKT5 protein was not detected in immunoblots of mouse brain (Fig. 5E). The
biological significance of the Tekt5 mRNA expression in the brain remains to be elucidated.

Consistent with our previous proteomic study, mouse sperm TEKT5 was insoluble in 1% S-
EDTA, suggesting that this protein was localized in the flagellar accessory structures (Fig.
5D). The lower molecular weight band of 43,000 Mr detected by immunoblotting posed
some challenges for our studies of the localization of TEKT5 in sperm (Fig. 5C). The extra
band was due to non-specific binding since the immunoreactivity of the specific band at
62,000 Mr could be blocked by preabsorption with the recombinant protein antigen (Fig.
5B). Fortunately for our immunolocalization experiments, the non-specific protein was
removed by extraction with 1% S-EDTA (Fig. 5D), allowing us to localize TEKT5 in
flagellar accessory structures. The results showed that mouse TEKT5 was present
throughout the full length of accessory structures with a much stronger signal in the
midpiece (Fig. 6A). However, using indirect immunofluorescence and immunoelectron
microscopy of autoclaved cells, Murayama et al. (2008) concluded that rat TEKT5 is
restricted to the sperm midpiece. Our ability to detect lower levels of TEKT5 in the mouse
sperm principal piece might be due to our immunohistochemical protocol or a difference in
species. We localized TEKT5 in mouse sperm flagellar accessory structures that had been
prepared in 1% S-EDTA and fixed in 4% paraformaldehyde. On the other hand, Murayama
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et al (2008) were unable to preserve immunoreactivity with their antibody following
extraction with the detergents Triton X-100 or 1% SDS, and they autoclaved the rat sperm
samples as part of their immunolocalization protocol. We repeatedly tried to localize TEKT5
in mouse sperm by immunoelectron microscopy without success.

In summary, we cloned Tekt5 cDNA through RACE and RT-PCR. It contained a complete
coding region with polyadenylation signal and poly-A tail. The cDNA sequence encodes an
appropriately sized TEKT5 protein compared to the smaller size predicted from the NCBI
and MGI database representative sequence. The TEKT5 protein was highly expressed in
mouse spermatids and was localized in the flagellar accessory structures. The stable
association of tektins with the flagellar accessory structures raises many questions
concerning their roles in sperm. The N-terminal extension of TEKT5 and its unusually long
C terminus with a strange amino acid composition containing six repeats of the hexpeptide
pattern C-[GSK]-G-[GSPH]-A-[SLP] is intriguing and worthy of more extensive study.
Genetic manipulation of the Tekt5 gene may yield additional important information
concerning the functions of this flagellar protein.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Five tektin members present in flagellar accessory structures. Sperm were processed by 1%
S-EDTA, homogenized. Detached head and tail remnants were then separated by sucrose
gradient centrifugation. The enriched sperm tail fraction (flagellar accessory structures) was
further solubilized in 2D sample buffer. The protein sample (~900 μg) was separated by IEF
on a non-linear pH 3–11 IPG strip, followed by a second dimension of SDS-PAGE. The gel
was stained with colloidal Coomassie Blue. Gel pieces containing individual protein spots
were excised and treated with trypsin. The resulting peptides were analyzed by mass
spectrometry for protein identification. All identified tektins are labeled. Based on the two-
dimensional gel data, the molecular weights of the two TEKT5 spots (A, B) were around
62,000 Mr, and the isoelectric points were near 7, which corresponded to the respective
values of 62,730 and 8.83 predicted by the MacVector computer program. The molecular
weights of the tektins were estimated by comparison to the theoretical molecular weights of
other proteins identified in this analysis.
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Figure 2.
Determination of the Tekt5 cDNA sequence. (A): TEKT5 peptide sequences determined by
mass spectrometry (Table 2) were used to search the NCBI nucleotide database using the
blastP algorithm. The four corresponding nucleotide sequences are listed, schematically
showing the comparison of four possible nucleotide sequences. The same color denotes the
same DNA sequence. The arrows indicate the approximate positions of primers used for
cloning the testicular Tekt5 cDNA. The primer sequences are listed in Table 1. (B): Primers
derived from peptide sequence of TEKT5 successfully amplified the expected size product
and the amplicons were sequenced. (C): Northern blot, using the previous amplicon as
probe, showed the size of Tekt5 in mixed germ cell (MGC) and round spermatid (RS)
mRNA is around 2.3 kb. AKAP4 was used as a loading control.
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Figure 3.
Utilization of PCR and 3'-RACE to clone the testicular Tekt5 cDNA. The primers used in
the molecular cloning procedure are labeled in Fig. 2A, and listed in Table 1. (A): Primer P4
was designed from the 5'-UTR region described for Tekt5 sequences present in the NCBI
database. Primer P3 was based upon genomic sequence upstream from this region. P4
produced the expected size of product with P5 and was verified by DNA sequencing. P6, P7,
P8, P9 are 3' corresponding primers for XM_908332, XM_980627, BC115969, and
XM_156349, respectively. P6 and P8 produced the expected sizes of PCR products with P1.
(B): Attempts to amplify longer PCR products with P4–P6 and P4–P8 were successful. The
identities of the PCR products were verified by sequencing. (C): The 3'-UTR of Tekt5 was
characterized by 3'-RACE. A positive control encompassing part of the Tekt5 open reading
frame, (lane 1), was included to confirm that the RACE reverse transcription was successful.
Gradient PCR reactions at different annealing temperatures (lanes 2–5 are 55°C, 57.5°C,
60°C, and 62.5°C, respectively) were used to optimize the RACE conditions. A predominant
PCR product was seen at about 1 kb. (D): P11 was located in the 3'-UTR of Tekt5 RACE
results. P4–P11 amplified the Tekt5 cDNA sequence from 5'-UTR to 3'-UTR (lanes 1–2 are
49°C, 52°C). The sequencing results showed that our Tekt5 cDNA sequence is similar to the
computer-predicted sequence XM_908332, but that our Tekt5 cDNA sequence includes a
complete polyadenylation signal (AATAAA) and a poly-A tail. Note: All PCR products
were verified by nucleotide sequencing. The no-template control PCR reaction used water in
place of the sample. (E): alignment of encoded Tektin 5 with other known Tektins. The
peptide sequences identified by mass spectroscopy are underlined in red and the canonical
tektin domain is outlined with a blue box.
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Figure 4.
Tekt5 mRNA levels increase substantially in spermiogenesis. (A): Quantitative RT-PCR of
Tekt5 from mixed germ cell (MGC), pachytene spermatocytes (PS), round spermatids (RS),
and condensing spermatids (CS). Results were normalized to mRNA corresponding to
ribosomal protein S16. (B): Tekt5 mRNA was detected in testis and brain by RT-PCR. (C):
RT-PCR analysis of Tekt5 mRNA from brain (Br), fat (Fa), heart (He), liver (Li), lung (Lu),
oviduct (Ov), spleen (Sl), smooth muscle (Sm), and testis (Te). (D): Beta-actin was used as a
loading control for various tissue samples.
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Figure 5.
TEKT5 protein was present in sperm (Sp) and was particularly enriched in sperm flagellar
accessory structures (Ta). (A): Preimmune serum (a) did not recognize the recombinant
GST-TEKT5486-557 but immune serum (b) did. (B): Anti-GST-TEKT5486-557 recognized a
~62,000 Mr protein present in sperm, as well as a 43,000 Mr band (a). Reactivity of the
~62,000 Mr protein with the antibody was blocked by purified antigen GST-TEKT5486-557,
while the 43,000 Mr signal was not, demonstrating the non-specific nature of this band (b).
(C): The flagellar accessory structures lacked axonemal components as demonstrated by
immunoblotting of equal amounts of sperm (Sp) and flagellar accessory structure protein
(Ta). The axonemal protein, α–tubulin, was present in extracts of whole sperm but was
absent in the flagellar accessory structure protein preparation (a). After 1% S-EDTA
treatment, TEKT5 remained associated with the flagellar accessory structures, whereas the
43,000 Mr protein, which non-specifically bound to the anti-GST-TEKT5486-557 antibody,
was solubilized. (b). (D): Equal amounts of protein from the 1% S-EDTA soluble
supernatant or insoluble pellet (flagellar accessory structures) were analyzed by
immunoblotting with the anti-GST-TEKT5486-557 antibody. This treatment effectively
partitions the ~62,000 Mr protein into the S-EDTA insoluble fraction (a), whereas the non-
specific 43,000 Mr signal was extracted into the supernatant (b). (E): The ~62,000 Mr, signal
was detectable in sperm protein (Sp) but was absent in protein extracts of brain (Br).
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Figure 6.
As determined by indirect immunofluorescence, TEKT5 was present along the full length of
flagellar accessory structures with much stronger staining in the midpiece. Paired indirect
immunofluorescence and Nomarski differential interference contrast images of sperm
probed with anti-GST-TEKT5486-557 antibody (A and B) or anti-GST-TEKT5486-557
antibody preabsorbed with GST-TEKT5486-557 peptide (C and D). Paired indirect
immunofluorescence and Nomarski differential interference contrast images of sperm
probed with anti-ODF2 antibody (E and F) or normal goat IgG (G and H), Bar = 10 μm.
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Table 1

List of Primers Used in Cloning

Primer name Sequence 5–3' Gene related Direction

P1 GCGTGGAGAAGTTTGACGGAAC common Forward

P2 TCAGAGATGCGAGCGTTGAAGG common Reverse

P3 CAGCACTAAGTCACAGAGGC XM_156349 5' side genomic sequence Forward

P4 CTGGCCCCTTGGGTAAAGTT common to XM_156349, XM_908332, BC115969 Forward

P5 ACTTCCAGAAACCGAGGTC common Reverse

P6 AAGACCTCATTCACGAGCC specific to XM_908332 Reverse

P7 TGCTTTTCAGTTGCTCGTC specific to XM_980627 Reverse

P8 TCACCTGAACTGTGGCACATC common to XM_908332, XM_980627, BC115969 Reverse

P9 TAGTCTCCTCTCACCCCAAC XM_156349 3' side genomic sequence Reverse

p10 GCGAGCACAGAATTAATACGACT 3'-RACE outer primer Reverse

p11 TTTGAGCCTTTTCCAGCG specific to XM_908332 Reverse

P12 GCTGATGGGGAAAGATGGAA common Forward
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Table 2

Peptides identified from Spots A and B (TEKT5)

Start End Peptide sequence Spot A Spot B

47 58 YLNAWRPSVFHK + +

59 73 IATSQTIPEECSGIR + +

74 83 RPPTILPSLR + +

94 104 DWDRSNDLQIR +

123 140 IMQDKDQLIHQMQEGTSR +

146 153 LSDLGFWK + +

154 162 SELCYELDR + +

201 213 RIGIDLVHDNVEK + +

202 213 IGIDLVHDNVEK +

224 230 CCQDQMR +

235 241 RIDFQIR + +

245 252 DAQHSLER +

253 271 DIEDKSSAQYIDENCFNL +

258 271 SSAQYIDENCFNLR + +

272 285 STSDSISFFHGVEK + +

286 298 FDGTVSIPETWAK + +

299 311 FSNDNIRHAQNMR +

335 346 QFTNTNLAFNAR + +

364 380 ILQEIFQAENTIMLLER + +

391 399 MAQTMLACR +

400 409 TRRPNVELCR +

402 409 RPNVELCR + +

416 431 LVNEVFTIDDTLQTLK + +

434 448 LRETQDTLQLLVMTK +

449 458 SRLEHELAIK + +

451 466 LEHELAIKANTLCIDK +

474 481 KSFPSTPR +

482 501 LTGYTCSAIGSGPYANHAPR + +
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Table 3

Amino Acid Composition of TEKT5486-557
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