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Proteomic Profiling of Accessory Structures
from the Mouse Sperm Flagellum*s

Wenlei Cao, George L. Gertont, and Stuart B. Mosst§

The flagellum of a mammalian spermatozoon consists of
an axoneme surrounded in distinct regions by accessory
structures known as the fibrous sheath, outer dense fi-
bers, and the mitochondrial sheath. Although the charac-
terization of individual proteins has provided clues about
the roles of these accessory structures, a more complete
understanding of flagellar function requires the identifica-
tion of all the polypeptides in these assemblies. Epididy-
mal mouse sperm were treated with SDS to dislodge
sperm heads and to extract the axoneme and membra-
nous elements. The remaining flagellar accessory struc-
tures were purified by sucrose gradient centrifugation.
Analysis of proteins from these structures by two-dimen-
sional gel electrophoresis and colloidal Coomassie Blue
staining showed a highly reproducible pattern of >200
spots. Individual spots were picked, digested with trypsin,
and identified by mass spectrometry and peptide microse-
quencing. Approximately 50 individual proteins were iden-
tified that could be assigned to five general categories: 1)
proteins previously reported to localize to the accessory
structures, e.g. ODF2 in the outer dense fibers, the sperm-
specific glyceraldehyde-3-phosphate dehydrogenase in the
fibrous sheath, and glutathione peroxidase in the mitochon-
drial sheath, validating this proteomic approach; 2) proteins
that had not been shown to localize to any accessory struc-
ture but would be predicted to be present, e.g. glycolytic
enzymes; 3) proteins known to be part of the flagellum but
not localized to a specific site, e.g. adenylate kinase; 4)
proteins not expected to be part of the accessory struc-
tures based on their previously reported locations, e.g. tek-
tins; and 5) unknown proteins for which no information is
available to make a determination as to location. The unex-
pected presence of the tektins in the accessory structures
of the flagellum was confirmed by both immunoblot and
immunofluorescence analysis. This proteomic analysis
identified a number of unexpected and novel proteins in the
accessory structures of the mammalian flagellum.
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The mammalian sperm flagellum is a complex structure
whose proper assembly and function are critical for sperm
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motility and subsequent fertilization of the egg. Morphologi-
cally the flagellum is characterized by three distinct regions:
the midpiece, the principal piece, and the end piece. Common
to these three segments is the axoneme or “motor” of the
flagellum that runs the length of this structure and is com-
posed of the typical “9 + 2” array of microtubules (1, 2). In the
different segments, the axoneme may be surrounded by ac-
cessory structures: the mitochondrial sheath, outer dense
fibers (ODFs)," and/or the fibrous sheath (FS). The midpiece is
proximal to the sperm head and contains nine ODFs paired
with the nine peripheral doublet microtubules, forming a “9 +
9 + 2” pattern. The mitochondrial sheath contains all the
mitochondria of the sperm and is helically arranged around
the ODFs in this region. Proximal to the midpiece is the
principal piece. Seven of the nine ODFs extend through the
principal piece, but fibers 3 and 8 are replaced by the longi-
tudinal columns of the FS that are connected by numerous
regularly spaced circumferential ribs. The FS underlies the
plasma membrane and encases the ODFs and axoneme.
Toward the distal end of the principal piece, the ODFs and FS
taper off and terminate. The remaining short segment is the end
piece that consists of the axoneme surrounded by the plasma
membrane. Although the 9 + 2 arrangement of the axoneme
is similar to other ciliary structures, the ODFs and FS are
unique to sperm flagella.

Numerous genetic and proteomic studies of cilia have elu-
cidated the primary structure of axonemal proteins, leading to
a better understanding of their function (3, 4); however, less
attention has been paid to the accessory structures unique to
sperm flagella. Each structure is composed of a heterogene-
ous array of polypeptides, but relatively few of these have
been identified and characterized (5-9). The ODF, FS, and
mitochondrial sheath proteins that have been identified are
conserved among various mammalian species, suggesting
they perform critical functions. Although the identification of
specific proteins has not been particularly informative as to
the function(s) of the ODFs, the characterization of FS pro-
teins has been more revealing. In addition to being a structural
entity that provides a support for the flagellum, FS proteins
are involved in cellular signaling and metabolism (5, 10).

" The abbreviations used are: ODF, outer dense fiber; FS, fibrous
sheath; 1D, one-dimensional; 2D, two-dimensional; AK, adenylate
kinase; AKAP, A-kinase anchor protein; PKA, cAMP-dependent pro-
tein kinase A; GAPD-S, sperm-specific isoform of glyceraldehyde-3-
phosphate dehydrogenase.
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Recognizing that only a few flagellar accessory structure
proteins have been characterized at the molecular level, we
hypothesized that the identification of additional ODF, FS, and
mitochondrial sheath components would provide a better un-
derstanding of their function. Taking advantage of the SDS-
insoluble nature of the accessory structures to isolate them
free of axonemal and plasma membrane components, we
utilized two-dimensional gel electrophoresis and mass spec-
trometry to identify >50 proteins present in these structures.
These findings support a role for these structures in cell
signaling, glycolysis, and metabolism during sperm function.

EXPERIMENTAL PROCEDURES

Sperm Preparation— Epididymal sperm were collected from male
mice (CD1 retired breeders, Charles River Laboratories, Wilmington,
MA) by mincing the caudae epididymides and allowing the sperm to
swim out in PBS. The sperm were collected by centrifugation at 800 X
g for 5 min at room temperature, and SDS-resistant head and tail
structures were isolated (11). Briefly sperm were homogenized in 1%
SDS, 75 mm NaCl, 24 mm EDTA, pH 6.0 (S-EDTA); layered on 1.6 m
sucrose gradient in S-EDTA; and centrifuged at 5000 X g for 1 h at
room temperature. The SDS-resistant tail structures were collected
from the interface. For one-dimensional (1D) gel electrophoresis, the
sample was dissolved in SDS sample buffer (62.5 mwm Tris-HCI, pH
6.8, 2% SDS, 100 mm DTT, 10% glycerol, 0.005% bromphenol blue)
and boiled for 5 min. For two-dimensional (2D) gel electrophoresis,
the sample was dissolved in 2D sample buffer (40 mm Tris-HCI, pH 9,
8 M urea, 4% (w/v) CHAPS, 100 mm DTT, 1X protease inhibitor
mixture (Roche Applied Science)). Samples for both 1D and 2D elec-
trophoresis were centrifuged at 10,000 X g for 5 min, and the pellet
was discarded. The amount of protein was determined by the BCA
method prior to 1D gel electrophoresis and the Bradford method prior
to 2D gel electrophoresis (12, 13).

Gel Electrophoresis—Two-dimensional gel electrophoresis was
performed with the Ettan IPGphor Il and Ettan DALTsix equipment
and PlusOne™ reagents from Amersham Biosciences. Samples
(~100-900 pg of protein in 200 ul of sample buffer) were mixed with
250 pl 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.
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 equilibrated with 15 ml of
equilibration buffer A (6 m urea, 100 mm Tris-HCI, pH 8.8, 30% (v/v)
glycerol, 2% (w/v) SDS, 1% DTT) by rocking for 15 min and then with
15 ml of equilibration buffer B (6 M urea, 100 mm Tris-HCI, pH 8.8,
30% (v/v) glycerol, 2% (w/v) SDS, 2.5% iodoacetamide) for an addi-
tional 15 min. For the second dimension, the strips then were placed
on top of 10% polyacrylamide gels containing SDS using the Ettan
DALTsix apparatus. After electrophoresis, proteins were either
stained with silver or with colloidal Coomassie Blue (for subsequent
protein identification). The sizes of the proteins were estimated by
comparing their positions with their theoretical molecular weights.

Mass Spectrometry and Microsequencing—Equipment and soft-
ware were available in the Proteomics Core Facility at the University
of Pennsylvania. Two-dimensional gels were scanned with a Typhoon
9400 scanner (Amersham Biosciences), and the spots were analyzed
with Decyder software (Amersham Biosciences) and picked either
manually or robotically. After digestion with trypsin, proteins were
identified by MALDI-TOF/TOF mass spectrometry using a Voyager
4700 Proteomics Analyzer mass spectrometer (Applied Biosystems,

Foster City, CA). MALDI plates were calibrated using six calibration
spots as recommended by the manufacturer, resulting in a mass
accuracy of approximately =50 ppm. Peptide mass maps were ac-
quired in reflectron mode (20-keV accelerating voltage) with 155-ns
delayed extraction, averaging 2000 laser shots per spectrum. Trypsin
autolytic peptides (m/z 842.51, 1045.56, and 2211.10) were used to
internally calibrate each spectrum to a mass accuracy within 20 ppm.
The MS/MS spectra were centroided and deisotoped using the AB
4700 controlling software based on a specified signal/noise ratio and
the intensities of the fragment ions and then automatically stored by
the AB 4700 controlling software. Additional filtering provided by the
standard software package was in terms of the number of peaks per
m/z region, which was set to the 20 most intense peaks per 200 Da.
The mass range for fragment ions was always from 70 Da to the
precursor mass minus 50 Da.

The spectra were analyzed using GPS Explorer (Version 3.0, Ap-
plied Biosystems), which acts as an interface between the Oracle
database containing raw spectra and a local copy of the Mascot
search engine (Version 1.9.05). Peptide peaks with a signal/noise ratio
greater than 5 and a mass between m/z 900 and 4000 were searched
against the National Center for Biotechnology Information (NCBI)
Mouse Reference Sequence (RefSeq) database, release 5 (release
date, May 02, 2004; number of accessions included, 1,255,613). The
10 most intense peaks were automatically selected for MS/MS. Up to
one missed trypsin cut was allowed, and the data were searched
using oxidation of methionine and carbamidomethylation of cysteine
as variable modifications.

For microsequencing, peptide samples were dissolved in 5 ul of
0.1% formic acid, injected into a C,g capillary column, and eluted by
linearly increasing the mobile phase composition to 98% B (0.1%
formic acid in 100% acetonitrile) at a flow rate of 200 nl/min. The
eluted peptides were sequenced on line with a nanospray/Qstar-XL
mass spectrometer (Applied Biosystems). The data were acquired
and analyzed with Analyst QS. The protein identification and data-
base 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 protein confidence of identifi-
cation of >95% was considered acceptable.

Indirect Immunofluorescence Analyses— Epididymal sperm were
collected, attached to slides, and fixed with 4% paraformaldehyde for
15 min. After washing with PBS, the sperm were permeabilized with
—20 °C methanol for 2 min. The slides were washed with PBS, and
the samples were incubated with 10% goat serum in PBS (blocking
solution) for 30 min at room temperature and then with a rabbit
anti-tektin antibody (generous gift of Dr. Christian H66g, 1:25 dilution)
(14) in blocking solution for 1 h at room temperature. For a control,
PBS-goat serum was substituted for the primary antibody. After
washing with PBS, the samples were incubated with a secondary
antibody linked with Fluo-488 (Molecular Probes, Eugene, OR) diluted
1:500 in blocking solution for 1 h at room temperature. After washing
with PBS, the samples were mounted with coverslips using Fluoro-
mount-G, examined using a Nikon Eclipse TE 300 microscope (Nikon
Corp., Tokyo, Japan), and photographed with the MetaMorph® im-
aging system (Universal Imaging Corp., Downingtown, PA).

Immunoblot Analyses—Proteins from epididymal sperm and tail
preparations were separated by SDS-PAGE on a 10% polyacrylamide
gel and transferred to PVDF membranes (Millipore Corp., Bedford,
MA). The membranes were blocked with TBST (25 mm Tris-HCI, pH
8.0, 125 mm NaCl, 0.1% Tween 20) containing 5% nonfat dry milk and
incubated with either a mouse anti-bovine a-tubulin antibody (1:100
dilution) (Molecular Probes) or the rabbit anti-tektin antibody (1:100
dilution). After washing with TBST, the blots were incubated with
either a goat anti-mouse IgG (to visualize tubulins) or a goat anti-
rabbit IgG (to visualize tektins); both antibodies were conjugated to
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Fic. 1. Analytical 2D gel electrophoresis of whole sperm pro-
teins (A) and SDS-resistant flagellar proteins (B) stained with
silver. Some spots (arrows in A) were present only in the whole sperm
sample, whereas others (arrowheads in both A and B) were present in
both samples. Numbers along the top denote the pH gradient. Values
on the left side represent approximate molecular weights.

horseradish peroxidase (Amersham Biosciences) and were used at a
1:5000 dilution. The bound enzyme was detected with the ECL kit
(Amersham Biosciences) according to the manufacturer’s directions
and exposed to film.

RESULTS

Isolation of Accessory Structure Proteins and Separation by
2D Gel Electrophoresis—To isolate and identify proteins that
comprise the accessory structures of the mammalian sperm
flagellum, we prepared a particulate fraction containing SDS-
resistant tail structures from epididymal sperm (15). As de-
scribed previously, this tail fraction consists primarily of the
accessory structures of the flagella (5). Although the axoneme
and plasma membranes of the flagella are absent, the SDS-
insoluble structures, i.e. the mitochondrial sheath, the ODF,
and FS, still remain (schematic diagrams of whole sperm and
of SDS-insoluble flagellar accessory structures are shown in

Fig. 5, I and J).

Both whole sperm and tail proteins were separated by 2D
gel electrophoresis using a non-linear pH 3-11 gradient strip
in the first dimension followed by SDS-PAGE in the second
dimension. Multiple gels containing whole sperm proteins
(~200 ng) showed that, after silver staining, a highly repro-
ducible pattern of protein spots was visualized (Fig. 1A). When
SDS-insoluble tail proteins (~200 wg) were analyzed, the pat-
tern in multiple gels also was very reproducible (Fig. 1B). As
expected, the patterns between the two protein samples were
not identical. By comparison with whole sperm samples, we
identified proteins that were absent in the tail preparations;
these proteins represent components of the sperm head,
axoneme, cytoplasm, or plasma membrane. Because high
molecular weight proteins are difficult to detect by 2D gel
electrophoresis, we were concerned that we would not be
able to identify such polypeptides in the tail (16). However,
after silver staining tail proteins separated by 1D SDS-PAGE,
only one prominent band with M, >90,000 was observed,
suggesting that we did not miss a large number of higher
molecular weight proteins in our analysis.?

To identify proteins by mass spectrometry, the amount of
SDS-insoluble tail proteins loaded for resolution by 2D gel
electrophoresis was increased to 900 ng, and the gel was
stained with colloidal Coomassie Blue (Fig. 2A). When com-
pared with a gel of tail proteins stained with silver (Fig. 1B), a
similar, but not identical, protein pattern was observed. For
example, a strong protein signal in the M, ~30,000-40,000
range was observed in the basic area (pH 7-9) of the gel (Fig.
2A, see proteins denoted 130, 131, and 132); the similar
region in the silver-stained gel was less intense. The differ-
ence between the patterns of the two gels could be due to the
stains used. The linear dynamic range of colloidal Coomassie
Blue is 30-250 ng, whereas silver stain is not quantitative
when amounts >60 ng are present (17). In addition, silver
stain shows more protein-to-protein variability, suggesting
that some proteins may not be detected or may not appear to
be as abundant as proteins stained with Coomassie. Variabil-
ity in the detection of low abundance proteins by the two
stains also may contribute to the differences in protein pat-
terns. There also were two areas of the gel that did not resolve
well presumably due to overloading, one at M, ~80,000, pH
5.5-6.0 and one at M, ~30,000, pH 7.0-9.0. To identify
proteins in these regions, we decreased the amount of protein
loaded to 100 ug (Fig. 2B).

Identification of Accessory Structure Proteins—The desig-
nated spots from gels shown in Fig. 2 were submitted to the
proteomic core for analysis by MALDI-TOF/TOF mass spec-
trometry and microsequencing. Sequence information was
obtained on more than 200 spots, and peptide matches to
entries in the databases are shown (Supplemental Table 1). A
few proteins were identified in multiple and diverse locations;

2 W. Cao, G. L. Gerton, and S. B. Moss, unpublished observations.
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Fic. 2. Preparative 2D gel electro-
phoresis of SDS-resistant flagellar
proteins stained with colloidal Coo-
massie Brilliant Blue. The gel in A con-
tains ~900 pg of protein. The gel in B
contains ~200 pg of protein and allowed
the overloaded regions in A (rectangles)
to be resolved. The numbered spots
were picked and identified by MS and 2 4
peptide microsequencing. Numbers | |
along the top denote the pH gradient.
Values on the left side represent approx-
imate molecular weights.
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T

this was particularly true for ODF2 (or ODF84). There were
instances of multiple spots of the same protein that differed
slightly by their pl, suggesting the presence of post-transla-
tional modifications (Fig. 2A, e.g. spots 92-95 represent glu-
tathione peroxidase). Several spots contained peptides that
corresponded to two proteins; however, one of these proteins

8 9 1011
I | I S S

typically had a low “score” relative to the other. Some spots
were not identified in this analysis. Many of the spots labeled
“No ID” (e.g. spots 75, 79, 80, 81, 83, 87, and 88) were acidic
proteins that probably do not have multiple cleavage sites for
trypsin. Such digested peptides would be too long to be
identified by MS. Other spots (e.g. spots 43 and 65) may not
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Fic. 3. Tubulin is not detected in proteins from the SDS-resist-
ant flagellar preparation. A, immunoblot analysis of whole sperm
proteins (Sp) and SDS-resistant flagellar proteins (Ta) with an anti-a-
tubulin antibody. B, no primary antibody control.

Tektin Tektin
Sp Ta Sp Ta
175—
83 —
2 —
- =
475 —
325—
A B

FiG. 4. Multiple tektins are present in proteins from the SDS-
resistant flagellar preparation. A, immunoblot analysis of whole
sperm proteins (Sp) and SDS-resistant flagellar proteins (Ta) with an
anti-tektin antibody. B, no primary antibody control.

contain sufficient protein to be identified.

This analysis identified ~50 individual proteins that could
be separated into five general categories: 1) proteins previ-
ously reported to localize to these structures, 2) proteins that
had not been shown to localize to any accessory structures
but would be predicted to be present, 3) proteins known to be
part of the flagellum but not localized to a specific site, 4)
proteins not expected to be part of the accessory structures
based on their previously reported locations, and 5) unknown
proteins for which information is not available to make a
determination as to location or function (Table I). We did not
find proteins associated with components of the sperm head,
e.g. nucleus, perinuclear theca, and acrosome. Even though
the tubulins are the most abundant proteins of the axoneme,
neither a- nor B-tubulin was identified in the proteomic anal-
ysis. Furthermore a-tubulin was not detected by immunoblot
analysis of SDS-insoluble tail proteins (Fig. 3).

Multiple Tektins Are Present in the Accessory Structures—
The absence of tubulin in these tail preparations, combined

- Mitochondrial sheath
—Mitochondrion
M Outer dense fiber

Mid-plece

i f ‘Axoneme (“9 + 2")

Tail Plasma membrane

Principal
piece

" Fibrous sheath
= ~— Longitudinal column
“~_ __Transverse rib

End-piece

Fic. 5. Tektins are localized to the SDS-resistant flagellar struc-
tures. Whole sperm (A-D) and SDS-resistant flagellar structures (E-H)
were prepared for immunofluorescence. A and E, cells incubated with
an anti-tektin antibody. In A, the arrow denotes the principal piece,
and the arrowhead denotes the midpiece of the sperm. C and G,
corresponding brightfield images. B and F, flagellar structures incu-
bated with secondary antibody alone. D and H, corresponding bright-
field images. Magnification, 600X. /, schematic of whole sperm. J,
schematic of SDS-insoluble flagellar accessory structures.
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with transmission electron microscopy of the flagellar acces-
sory structures (5), indicated that axonemal components were
not present. As a consequence, we were surprised to identify
multiple members of the tektin family; tektins 1, 2, and 3 and
two mouse RIKEN clones (1700010L19 and 3300001K11)
corresponding to novel tektins. The genes corresponding to
these latter two clones have been designated Tekt4 and
Tekt5.2 To confirm the presence of these tektins in the acces-
sory structures, proteins from both sperm and an SDS-insol-
uble tail preparation were separated by SDS-PAGE and
probed with an antibody that recognizes multiple tektin iso-
forms (Fig. 4). Immunoreactive bands were detected in the
sperm protein preparation at molecular weights consistent
with those of tektins (M, ~45,000-55,000). This immunoreac-
tivity was even more predominant when SDS-insoluble tail
proteins were analyzed. In addition, immunofluorescence of
whole sperm detected tektins in the principal piece; however,
SDS-insoluble tail preparations showed that tektins were
present along the entire length of the flagellum (Fig. 5), sug-
gesting that the tektins in the midpiece of intact sperm may
not be accessible to the antibody.

DISCUSSION

The accessory structures, the FS, ODFs, and mitochondrial
sheath, are unique to the sperm flagellum and are not found in
cilia of other cells. We took advantage of the SDS-insoluble
nature of these structures as a starting point for a proteomic
analysis utilizing 2D gel electrophoresis and protein identifi-
cation by mass spectrometry. From our proteomic analysis of
the SDS-insoluble flagellar accessory structures, we analyzed
>200 spots that represented ~50 individual proteins. These
were placed into five different categories (Table |) and are
discussed below.

Proteins Previously Reported to Localize to the Accessory
Structures—The proteomic approach is validated by our iden-
tification of proteins that were shown previously to be in
flagellar accessory structures. The protein kinase A anchor
protein (AKAP), AKAP3, and the sperm-specific isoform of
glyceraldehyde-3-phosphate dehydrogenase, GAPD-S, are
present in the FS (8, 18, 19). We also identified ODF1 and
ODF2, which are part of the outer dense fibers (7, 20). Gluta-
thione peroxidase is found in mitochondria of the flagellar
midpiece (21).

Of note from this analysis, many of the protein spots were
identified as either ODF1 or ODF2. The identification of mul-
tiple forms of ODF proteins is not a new observation. For
example, one-dimensional immunoblot analysis of ODF2
shows a very diverse pattern of polypeptides of M, ~20,000-
90,000 (7). There are several potential explanations for these
observations. The multiple ODF1 or ODF2 spots could repre-
sent isoforms or post-translationally modified (e.g. phospho-

3 L. J. Maltais, The Jackson Laboratory, Bar Harbor, ME, personal
communication.

glucose
l hexokinase
glucose 6-phosphate
l phosphoglucose isomerase
fructose 6-bisphophate
phosphofructokinase

fructose 1 6-bisphophate
aldolase

triose phosphate isomerase
glyceraldehyde 3-phosphate «—— dihydroxyacetone phosphate

Mdahuda 2k ke dhd

oy P

1.3-bisphosphoglycerate
l phosphoglycerate kinase
3-phosphoglycerate
l phosphoglycerate mutase
2-phosphoglycerate
enolase
phosphoenolpyruvate
pyruvate kinase
pyruvate

Fic. 6. Enzymes of the glycolytic pathway are part of the SDS-
insoluble tail. Enzymes shaded in blue were identified in this study.
Hexokinase (shaded in green) has been localized to the FS previously
(6, 27). Aldolase cleaves fructose 1,6-bisphosphate to glyceraldehyde
3-phosphate and dihydroxyacetone phosphate.

rylated or proteolytically processed) versions of either protein.
Alternatively these proteins might be particularly susceptible
to degradation even though protease inhibitors were included
in all steps of protein preparation and gel electrophoresis.

Proteins That Had Not Been Shown to Localize to Any
Accessory Structure but Would be Predicted to be Present—
Glycolytic enzymes, e.g. GAPD-S and the sperm-specific iso-
forms of hexokinase, HK1-sc, are localized to the FS where
they are involved in ATP production. In this regard, the genetic
ablation of GAPD-S results in the production of immotile
sperm, implicating glycolysis as a critical source of energy for
motility and suggesting that other glycolytic enzymes are
tethered to the FS (10). We report in this study that aldolase 1,
triose-phosphate isomerase, and phosphoglycerate kinase 2
were present in the SDS-insoluble tail preparation. As shown
in Fig. 6, these findings indicate that the enzymes responsible
for four consecutive steps in the glycolytic pathway (from the
conversion of fructose 1,6-diphosphate to 3-phosphoglycer-
ate) are localized to the accessory structures of the sperm
flagellum. Because both HK1-sc and GAPD-S are part of the
FS, we anticipate that aldolase, triose-phosphate isomerase,
and phosphoglycerate kinase 2 also will be found tethered to
this structure. Many of the remaining glycolytic enzymes are
quite large (M, >100,000), suggesting that they would not be
detected by this type of 2D electrophoretic analysis. Never-
theless we predict that these enzymes will be localized to the
principal piece and, perhaps, restricted to the FS. The assem-
bly of the glycolytic components in the FS would create a
“metabolosome” that could organize and coordinate the pro-
duction of ATP in the sperm flagellum.

Proteins Known to Be Part of the Flagellum but Not Local-
ized to a Specific Site—The demonstration that adenylate

Molecular & Cellular Proteomics 5.5 807



Proteome of Sperm Flagellar Accessory Structures

kinases (AK1 and AK2) (ATP:AMP phosphotransferase) are
present in the accessory structure(s) is intriguing. Schoff et al.
(22) previously showed that AK activity exists in flagella and
can generate sufficient ATP to produce normal motility in
digitonin-permeabilized bovine sperm treated with 0.5 mm
MgADP. Furthermore P',P°-di(adenosine 5')-pentaphosphate
(ApsA), an adenylate kinase-specific inhibitor, blocks AK ac-
tivity and sperm motility. Based on analogy to somatic cells,
we predict that the two isoforms identified in our study have
different localizations, i.e. AK2 is in the sperm mitochondria,
whereas the “cytoplasmic” AK1 is associated with the FS
and/or ODFs. Experiments to verify these predictions are in
progress. The localization of AK to flagellar accessory struc-
tures of mammalian sperm (this study) and trypanosomes
(paraflagellar rod) (23) suggests that a common mechanism
exists for the generation of ATP in these structures.

Proteins Known to Be Part of the Flagellum but Not Ex-
pected to Be Part of the Accessory Structures—The tektins
are constitutive proteins of microtubules in cilia, flagella, basal
bodies, and centrioles and are thought to play a role in the
stability of axonemal microtubules. They comprise one of the
protofilaments in the wall of the A tubule and have different
extraction properties compared with doublet microtubules
(24). We discovered and confirmed by immunoblot and im-
munofluorescence analysis that five members of the tektin
family, tektins 1-3 and the newly identified tektins 4 and 5, are
part of the tail structures that are insoluble in SDS.

Additional Proteins Found in the Flagellar Accessory Struc-
tures—Two additional classes of proteins were identified in
the SDS-insoluble tail fraction. One class consists of previ-
ously uncharacterized proteins. The second class includes
proteins that have already been described, but their discovery
in sperm flagellar structures was unexpected. For example,
the meiosis-specific nuclear structural protein 1 is a skeletal
protein that has been proposed to be nuclear and/or perinu-
clear during meiotic prophase (25). Another protein, speriolin
(RIKEN cDNA 1700084J23), recently was identified and char-
acterized by its ability to interact with Cdc20 (26). Speriolin
associates with centrosomes during meiosis and then is
found in the cytoplasm of condensing spermatids; although
present in sperm, its location was not reported. As we found
for sperm, both meiosis-specific nuclear structural protein 1
and speriolin are detergent-resistant proteins in spermatids.
The presence of these proteins in flagellar structures suggests
that they may have additional functions in sperm.

Known Flagellar Accessory Proteins Not Found in This Anal-
ysis—Although the identification of a number of proteins
known to be part of the accessory structures of the sperm
flagellum verified this proteomic approach, some proteins that
we predicted to be found were not. Many of these polypep-
tides, e.g. glycolytic enzymes, have molecular weights
>100,000, a size that does not resolve well by 2D gel elec-
trophoresis. For example, HK1-sc (M, ~116,000) was not
found even though it is present in both the midpiece and

principal piece (6, 27). Furthermore HK1-sc is not tightly teth-
ered to the FS, suggesting that it was extracted during the
preparation of the tail structures (28).

We also expected that AKAP4 (M, ~82,000), the major
protein of the FS, would have been more readily detected.
However, our procedure was to isolate discrete spots follow-
ing 2D gel electrophoresis. Mouse AKAP4, on the other hand,
tends to migrate as a broad smear under these conditions.?
This may be an inherent solubility property of AKAP4 and
reflect the phosphorylation status of the protein (29).

Implications—We identified ~50 proteins as being part of
the SDS-insoluble flagellar structures. Previous investigators
considered the FS and ODFs as structures that modulate
flagellar bending in motile sperm (1, 30). However, with the
identification of polypeptides that comprise these structures,
it is becoming clear that they are also dynamic entities, having
roles in signaling, metabolism, and oxidative stress (5, 10, 31).
We initially identified AKAP4, the major FS component, as a
scaffolding protein by its ability to bind the regulatory subunit
of the cAMP-dependent protein kinase A (PKA) (5). Because
sperm motility is regulated by a series of protein phosphoryl-
ation/dephosphorylation events, the tethering of PKA to a
specific subdomain of the flagellum suggests that AKAP4 is
involved in the cAMP regulation of motility. The subsequent
identification of other AKAPs in the FS and mitochondrial
sheath indicates that the scaffolding of proteins may be a
common mechanism in the highly compartmentalized sper-
matozoon (18, 32-34). In addition, proteins other than PKA
have been shown to bind these sperm AKAPs (35, 36). These
findings have caused a reassessment of our previous con-
cepts of multicomponent signal transduction systems. The
assembly of signaling molecules into macromolecular com-
plexes, i.e.“transducisomes” or “signalosomes” may provide
specificity, sensitivity, and speed in intracellular signaling
pathways.

Many of the proteins from the SDS-insoluble tail structures
are involved in the generation and utilization of ATP. Glycol-
ysis occurs in the FS to generate ATP utilized both by PKA to
regulate motility as well as by the dynein ATPases, which
function as the flagellar motors. We identified the voltage-de-
pendent anion channel 2 as part of our proteomic analysis, a
finding consistent with its known presence in ODFs (37). The
ability of the voltage-dependent anion channel 2 protein to
bind and transport ATP has led to the hypothesis that their
presence in the ODFs is important for the trafficking of ATP
along the flagellum (37). Another mechanism to ensure avail-
ability of ATP is the reaction catalyzed by adenylate kinase
that can generate one molecule each of ATP and AMP from
two molecules of ADP. Mammalian sperm do not have the
components of a phosphocreatine shuttle system as found in
the sea urchin that allows the transport of high energy phos-
phate from the mitochondria to the axoneme (38). Instead of
diffusion of ATP from mitochondria, energy for sperm motility
is generated in the FS by glycolysis (10). AK can produce
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either ADP or stoichiometric amounts of ATP and AMP de-
pending on the concentrations of the three nucleotides. In
locations where ATP is utilized rapidly, e.g. the sperm flagel-
lum, the direction favors the production of one molecule each
of ATP and AMP from two molecules of ADP.

AK activity and tektins have been reported in cilia and
flagella from a number of organisms (22, 23, 39, 40). Our
proteomic analysis identified AK and tektins in the detergent-
insoluble structures, which lack the axoneme. In Chlamydo-
monas, whose flagella do not contain the accessory struc-
tures typical of mammalian sperm, AK is found in association
with the outer dynein arm-docking complex (41). This assem-
bly is part of the A tubule of the outer microtubular doublets of
the axoneme. Similarly the tektins also are localized to the
walls of the A tubule; specifically they are near the binding site
for the radial spokes, inner dynein arms, and nexin links (24).
The genetic ablation of tektin-t (tektin 2) results in immotile
sperm that show defects in dynein inner arm structure, sug-
gesting that this tektin participates in inner arm formation and
attachment (42). Tektin 4 also has been reported in flagella of
rat sperm (43). Based on the identification of both AKs and
tektins as part of the SDS-insoluble tail, we would predict that
these proteins form a tight association with the ODFs as part
of the 9 + 9 + 2 axonemal ODF organization. We are currently
examining whether these proteins are involved in linking the
axoneme to the accessory structures.

This study, along with previous investigations, demon-
strates that the flagellar accessory structures are more than
passive cytoskeletal elements. The presence of metabolic and
signaling proteins indicates that the FS, mitochondrial sheath,
and ODFs have active roles in sperm physiology. A knowl-
edge of the assembly and activities of these structures may
open up new avenues for understanding the basis for male
reproduction.
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