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Dynamic repositioning of telomeres is a unique feature of meiotic
prophase I that is highly conserved among eukaryotes. At least in
fission yeast it was shown to be required for proper alignment and
recombination of homologous chromosomes. On entry into meiosis
telomeres attach to the nuclear envelope and transiently cluster at a
limited area to form a chromosomal bouquet. Telomere clustering is
thought to promote chromosome recognition and stable pairing of
the homologs. However, the molecular basis of telomere attachment
and movement is largely unknown. Here we report that mammalian
SUN-domain protein Sun2 specifically localizes to the nuclear enve-
lope attachment sites of meiotic telomeres. Sun2–telomere associa-
tion is maintained throughout the dynamic movement of telomeres.
This association does not require the assembly of chromosomal axial
elements or the presence of A-type lamins. Detailed EM analysis
revealed that Sun2 is part of a membrane-spanning fibrillar complex
that interconnects attached telomeres with cytoplasmic structures.
Together with recent findings in fission yeast, our study indicates that
the molecular mechanisms required for tethering meiotic telomeres
and their dynamic movements during bouquet formation are con-
served among eukaryotes.

meiosis � SUN-domain proteins � telomere attachment

Meiosis is a unique type of cell division that ensures the
proper segregation of genetic material and the generation

of viable haploid gametes. This is accomplished by a complex
series of chromosomal interactions during first meiotic division
that include alignment, pairing, synapsis, and recombination of
the homologous chromosomes during prophase I, which in turn
are prerequisites for the reductional segregation. Despite its
incontestable significance for sexual reproduction and the gen-
eration of genetic variability, many questions regarding the most
crucial events remain to be answered, among which is the
understanding of the mechanisms that lead to specific alignment
and stable pairing of the homologous chromosomes.

Induction of meiosis causes a unique redistribution of telomeres,
which is highly conserved among eukaryotes. During early meiotic
prophase telomeres migrate to the nuclear periphery, where they
become physically attached to the nuclear envelope (NE). Once
attached, they start to move along the inner NE and transiently
cluster at a limited area to form a so-called chromosomal bouquet
(for review see refs. 1 and 2). The bouquet configuration disappears
at pachytene stage, and telomeres, while still remaining attached,
redisperse around the inner surface of the NE. Because of the close
temporal correlation between telomere clustering and homologue
pairing as well as synapsis, it was suggested that the unique telomere
dynamics during meiotic prophase are required for facilitating
chromosome recognition and stable pairing of the homologs (1,
3–5). This hypothesis has been supported by previous studies in
yeast. In mutants that are characterized by the absence of telomere
clustering, homologue pairing and recombination are significantly
delayed or disrupted (6–9). Formation of a bouquet is certainly not
sufficient to ensure pairing and synapsis as evidenced by several

mutants that are defective for early recombination events such as
formation of double-strand breaks (for review see ref. 10). Never-
theless, the bouquet mutants demonstrated that telomere clustering
is essential for proper meiotic progression, most likely by supporting
recognition and alignment of the homologs. However, the molec-
ular mechanisms that are required for attachment and movement
of chromosomal ends are largely unknown.

In the past, several studies provided evidence that the NE for its
part may play an important role in meiotic chromosome dynamics
(for review see refs. 2, 11, and 12). Support for this came from
observations that the NE of a meiotic cell differs remarkably from
that of a somatic one. For instance, compared with somatic cells, in
mammalian spermatocytes the nuclear lamina, i.e., the structural
element of the NE that is critically involved in many fundamental
cellular and developmental processes (for a recent review see ref.
13), shows significant differences regarding its composition and
organization. Somatic lamins A, C, and B2 are absent. Instead,
these cells express somatic lamin B1 together with lamin C2, a
N-terminally shortened meiosis-specific variant of the lamin A gene
(14–16). Contrary to somatic lamins, lamin C2 forms discontinuous
domains at the NE of meiotic cells. Moreover, it is highly enriched
at the attachment sites of the telomeres, indicating that in the
immediate vicinity of these sites the NE becomes locally modulated.
It was suggested that lamin C2 might lead to a local flexibility of the
NE at the attachment sites that in turn enables the movement of
telomeres and therefore supports pairing, recombination, and
synapsis (17, 18). Beside the changes in its composition, at the
attachment sites of meiotic chromosomes the NE exhibits some
additional characteristic features as revealed by ultrastructural
analyses (12, 19–21). The attachment of meiotic telomeres to the
NE involves a terminal morphological specialization of the axial
elements (AEs) of the synaptonemal complexes (SCs) called at-
tachment plates. These structures appear as disk-shaped electron-
dense plates that are intimately associated with the nuclear face of
the inner nuclear membrane (INM) (21). Adjacent to the plates the
nuclear membranes are more dense than in other regions. Thin
fibrils arise from the plates, some of which traverse the perinuclear
space and emanate into the cytoplasm, suggesting that chromo-
somal ends are directly interconnected with cytoplasmic structures.
Such filaments bridging the nuclear membranes have been ob-
served at zygotene and pachytene telomeres in a variety of different
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species, but up to the present their composition and function have
remained elusive (12, 19, 20).

Recently, a new family of INM proteins has been identified that
share a conserved SUN (Sad1/UNC-84 homology) domain. In
somatic cells SUN-domain proteins were shown to be part of a
protein complex spanning the nuclear membranes that provides a
structural linkage between the cytoskeleton and nuclear compo-
nents, which in turn is crucial for nuclear anchoring, migration, and
positioning (22–27). In mammals two INM-localized SUN-domain
proteins were identified, Sun1 and Sun2, that are derived from two
different genes (28, 29). Both proteins contain a N-terminal nu-
cleoplasmic domain that was found to bind nuclear lamins. The C
terminus containing the conserved SUN domain extends into the
perinuclear space, where it interacts with the KASH domain of both
nesprin1 and nesprin2, which are outer nuclear membrane proteins
that for their part are directly connected to the actin cytoskeleton
(22–24). Thus, in somatic cells SUN-domain proteins appear to be
at the very center of a nucleocytoplasmic bridge that is essential for
nuclear motility. Since during meiotic prophase I a filamentous
nucleocytoplasmic connection is established specifically at the
attachment sites of meiotic telomeres, SUN-domain proteins may
take part in forming these bridging filaments and therefore repre-
sent quite good candidates for being involved in tethering meiotic
telomeres to the NE. In the present study we focused our interest
on Sun2, and we report on its specific localization pattern and
behavior in the context of meiotic chromosome dynamics. Our
findings provide novel insights into meiotic chromosome dynamics,
and we show further support for the existence of a nuclear–
cytoplasmic linkage that is suggested to be required for homologue
pairing and synapsis occurring in the nuclear interior.

Results
During Meiotic Prophase I Sun2 Is Selectively Located at the Attach-
ment Sites of Meiotic Chromosomes. As described above, Sun2 is
part of a membrane-spanning protein complex that was sug-
gested to interconnect the nucleoskeleton with cytoplasmic actin
filaments in somatic cells. Remarkably, in meiotic cells thin
fibrils have been observed at the attachment sites of telomeres
that arise from the attachment plates, traverse the perinuclear
space, and apparently emanate into the cytoplasm (see below).
Therefore, we hypothesized that Sun2 may be involved in
forming these interconnecting filaments. To test this hypothesis
we investigated the localization of Sun2 in the context of meiotic
telomere anchoring to the NE. Thus, we made use of an
affinity-purified anti-Sun2 antibody (29), which we applied to
detailed immunofluorescence microscopy. Consistently with
previous findings, in somatic cells of rat testes Sun2 showed a
homogeneous rim-like pattern within the NE (29) (see Fig. 1A).
However, in contrast to the situation in somatic interphase cells,
this pattern is not maintained when cells enter meiosis. In rat as
well as mouse pachytene spermatocytes we found a remarkable
redistribution of Sun2. Instead of the homogeneous distribution
throughout the NE, we observed a distinct dotted staining
pattern with the signals nevertheless being located along the
nuclear periphery (Figs. 1 B–D and 2A). As shown in Fig. 1B� and
in agreement with our previous findings (17), such a redistribu-
tion is not seen in the case of LAP2 isoforms, which represent
another group of integral proteins of the INM (for review see ref.
30). In meiotic cells that are characterized by a punctured
distribution of Sun2, integral LAP2 are evenly spread through-
out the NE. This indicates that the punctured distribution is a
specific property of Sun2 and not a general behavior of INM
proteins during meiotic prophase I (Fig. 1 B–B�).

Due to the fact that the punctate pattern observed with the Sun2
antibody is reminiscent of the telomere distribution pattern during
meiotic prophase I (see, e.g., ref. 31), we asked whether there is a
spatial relationship between Sun2 signals and the attachment sites
of meiotic telomeres. In double immunofluorescence analyses using

Sun2 antibody together with an anti-SYCP3 antiserum, which labels
the AEs/lateral elements (LEs) of the SCs (16), we observed that
Sun2 signals were closely associated with the sites where AEs/LEs
make intimate contact to the NE (Fig. 1 C and D). Evaluation of
�600 Sun2 signals in whole-cell preparations of rat pachytene
spermatocytes recorded with wide-field epifluorescence micros-
copy displayed a mean of 42.93 spots per nucleus (� 0.26 SD),
whereby all spots were associated with ends of the bivalents (Fig. 1
D–D�). This clearly indicates that virtually every SC end is deco-
rated with a Sun2 signal (in the rat there are 40 ends corresponding
to the autosomal bivalents and three ends corresponding to the
partially paired X and Y chromosomes). By closer inspection using

Fig. 1. Sun2 localizes to the NE attachment sites of meiotic telomeres. (A)
Sun2 (green) shows a homogeneous rim-like pattern within the NE of rat
somatic testicular cells. (B–G) Localization of Sun2 in prophase I spermato-
cytes. Sun2 displays a punctate pattern in pachytene (B–D) as well as leptotene
(E), zygotene (F), and diplotene (G) stages. (A�–G�) The same cells were
costained for LAP2 or SYCP3 (red). Overlays are seen in A�–G�. All sections were
labeled with the DNA-specific fluorochrome Hoechst 33258 (A�–G�). Some of
the Sun2 spots are denoted by arrows; arrowheads indicate the midplane of
nuclei. Images were taken from testis cryosections by confocal laser scanning
microscopy, with the exception of D, which represents a whole-cell prepara-
tion recorded with wide-field epifluorescence microscopy. (Scale bars: 10 �m.)
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confocal microscopy we could find Sun2 residing directly on top of
the SC ends (Inset in Fig. 1C�), pointing to a close contact between
Sun2 and the chromosomal ends at the NE. This observation could
be corroborated by immunogold electron microscopy. In mouse
pachytene spermatocytes we found strong Sun2 labeling within NE
domains that are associated with the attachment sites of telomeres,
whereas adjacent NE areas as well as the surrounding cytoplasm
and nucleoplasm were virtually free of gold particles (Fig. 3 B–D).
Remarkably, most gold particles decorated thin filaments that arise
form the attachment plates (Fig. 3 B–D), suggesting that Sun2 is
part of the filamentous structures that originate from the attach-
ment plates, traverse the perinuclear space, and protrude into the
cytoplasm (Fig. 3A) (19, 20).

Sun2 Redistribution Within the NE Is Temporally Associated With
Meiotic Telomere Dynamics. One of the most striking observations
during early meiotic prophase is that telomeres, once attached, start
to move on the plane of the NE and congregate at one pole to form
a so-called bouquet (1, 2). The observations described above clearly
demonstrate that in pachytene stage of meiotic prophase I Sun2
localizes to the NE attachment sites of meiotic chromosomes. Given
the role that Sun2 connects nuclear components to the actin
cytoskeleton via its interaction with nesprin2 Giant (nesp2G) (22,
23), and because of the fact that SUN-domain proteins are critically
involved in nuclear motions (25, 32), we propose that Sun2 might
also be crucially involved in telomere movement during bouquet
formation. If so, Sun2 localization has to be closely related to the
attachment sites of the chromosomal ends during the whole process
when telomeres move actively along the plane of the NE. To address
this issue we started to investigate the specific behavior of Sun2 in
the context of meiotic telomere dynamics. Remarkably, as early as
leptotene stage when AEs become formed and telomeres, having
attached to the NE, actively congregate at one pole (for review see

ref. 1), Sun2 already displayed a discontinuous, rather punctate
pattern along the nuclear periphery (Fig. 1E). This pattern reflects
the above-described situation in pachytene cells in principle (Figs.
1 B–D and 2A). However, in contrast to the pattern in pachytene
and concomitant with the specific congregation of telomeres during
early meiotic prophase, Sun2-containing domains were not found
evenly distributed throughout the NE, but they were clearly polar-
ized to one half of the nucleus (Fig. 1E). A similar behavior of Sun2
could be observed in early zygotene stage as well, i.e., Sun2-
containing spots were restricted to one side of the cell nucleus (Fig.
1F). Moreover, during the latter stage Sun2 could be found
exclusively residing at the sites where the now-established AEs are
in contact with the NE (Fig. 1F). Finally, after resolution of the
bouquet configuration, from pachytene to diplotene stage Sun2
domains, although being directly associated with the chromosomal
ends, are randomly distributed throughout the NE (Figs. 1 B–D and
G, 2A, and 3). Taken together, these results provide strong evidence
that the close contact between Sun2-containing structures and the
attachment sites is established early in meiotic prophase and
maintained throughout the process of dynamic movement of mei-
otic telomeres.

Sun2 Localization in Spermatocytes Is Independent of A-Type Lamins
and Does Not Require AE/LE Assembly. In a previous study we
demonstrated that meiotic cells express a single A-type lamin

Fig. 2. Sun2 localization is independent of A-type lamins and does not
require AE/LE assembly. Shown is immunolocalization of Sun2 (green) in
spermatocytes (A, B, and D) or somatic testicular cells (C) from wild-type (A),
Lmna�/� (B and C), and Sycp3�/� (D) mice. Sections were costained with
antibodies against SYCP3 (A–C) or alternatively with CREST serum, which
labels centromeres that, in the mouse, are located at one end of each chro-
mosome (D) (red). All sections were labeled with the DNA-specific fluoro-
chrome Hoechst 33258 (A�–F�). Overlays are seen in A�–D�. (Scale bars: 10 �m.)

Fig. 3. Immunogold EM examination of Sun2 in mouse spermatocytes. (A)
Electron microscopic analysis of a telomere attachment site in pachytene. Ch,
chromatin; CE, central element of the SC. (B–D) Electron microscopic immu-
nolocalization of Sun2. Attachment plates are denoted by arrowheads; arrows
indicate some of the cytoplasmic fibrils that are attached to the NE. (Scale bar:
100 nm.)
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isoform, namely the meiosis-specific lamin C2, which shows a
remarkable behavior as it is discontinuously distributed within
the NE, highly enriched at the attachment sites of meiotic
chromosomes (16, 17). Because it was shown that somatic A-type
lamins interact with Sun2 (23), Sun2 localization to the attach-
ment plates might be a direct consequence of lamin C2 enrich-
ment at these sites. To test this possibility we investigated Sun2
distribution in mice lacking A-type lamins (33). Previously it was
shown that in mammalian somatic cells the absence of A-type
lamins has only weak consequence for Sun2 distribution, if any
(see refs. 22–24 and 34). Consistently, we found that Sun2
distribution in somatic cells of Lmna�/� testes is not affected,
i.e., Sun2 showed a continuous rim-like pattern throughout the
NE (Fig. 2C). Similar to the situation in somatic cells, within
meiotic prophase cells the absence of the meiotic A-type lamin,
lamin C2, has virtually no effect on Sun2 localization as well. We
could find that Sun2 was still distributed in a punctured pattern
whereby the close association with the attachment sites of
meiotic chromosomes was maintained (Fig. 2B). Thus, our
results clearly demonstrate that meiosis-specific redistribution of
Sun2 and its association with chromosomal ends are independent
of lamin C2 enrichment at these sites.

Due to the fact that AEs/LEs were shown to be in continuity with
the filaments emanating into the cytoplasm (for review see ref. 1),
we asked whether the formation of AEs might be responsible for the
recruitment of Sun2 to the attachment sites of meiotic chromo-
somes. Therefore, we analyzed Sun2 distribution in spermatocytes
of mice lacking SYCP3, a protein that represents the major
structural component of the AEs/LEs (21, 35). In Sycp3�/� males
cells enter meiosis, but meiotic progression is impaired, leading to
apoptotic cell death in zygotene stage of meiotic prophase I (35).
Furthermore, ultrastructural analysis of Sycp3�/� spermatocytes
revealed that SC formation is disrupted with AE/LEs being absent
(21). In analyzing Sun2 localization in male Sycp3�/� meiocytes, we
could find that Sun2 distribution is indistinguishable between
normal spermatocytes and Sycp3�/� spermatocytes lacking AE/
LEs. Similar to the wild-type situation, Sun2 is concentrated in
small-sized spots residing at the attachment sites of telomeres (Fig.
2 A and D). Thus, this result provides strong evidence that Sun2
does not require AE assembly for its localization to the attachment
sites of chromosomal ends, which is consistent with our previous
observation that the fibrillar material extending into the cytoplasm
can still be found associated with the attachment plates in Sycp3�/�

spermatocytes (21).

Discussion
In previous studies in yeast it has been demonstrated that meiotic
telomere clustering is mandatory for meiotic progression (6–9).
However, up to the present the molecular requirements for NE
attachment and congregation of chromosomal ends during meiotic
prophase I remained largely unknown. Progress in this issue came
from recent observations in fission yeast. In meiosis of Schizosac-
charomyces pombe, telomeres become clustered at the NE adjacent
to the spindle pole body (SPB) (36). This clustering is mediated by
the SPB-associated protein Sad1p, which is thought to function as
a transmembrane linker involved in interconnecting meiotic telo-
meres with the SPB (37, 38). Sad1p belongs to a novel group of INM
proteins, termed SUN-domain proteins, that are found across all
eukaryotes. SUN-domain proteins were shown to be required for
nuclear anchoring, migration, and positioning in somatic cells.
Thus, they hold a key position at the nuclear–cytoplasmic interface,
where they appear to be part of a transmembrane complex that links
nuclear components to the cytoskeleton (for recent overview see
refs. 27 and 39). Recently, Tomita and Cooper (40) hypothesized
that, like Sad1p in S. pombe, SUN-domain proteins may be essen-
tially involved in mammalian bouquet formation as well, i.e., in NE
tethering and directed movement of telomeres. However, until now

the expression and behavior of SUN-domain proteins in mamma-
lian meiotic cells remained speculative.

In our present study we could demonstrate that with Sun2 at least
one of the mammalian SUN-domain proteins is expressed during
mammalian male meiosis. Sun2 was previously identified as an INM
protein that in somatic cells is homogeneously distributed through-
out the NE (29). However, within meiotic cells it shows a remark-
ably different behavior, as we could find Sun2 exclusively residing
at the attachment sites of telomeres. This specific Sun2–telomere
association appears as early as leptotene stage and is maintained
throughout the dynamic movement of chromosomal ends. Based on
these results we suggest that within meiotic cells Sun2 represents a
constitutive component of the meiotic attachment complex that
structurally links telomeres to the NE. Consistently, by EM immu-
nolocalization we found that Sun2 is concentrated at membrane-
spanning fibrillar complexes that connect to telomeres along the
inner nuclear surface, traverse the perinuclear space, and radiate
into the cytoplasm. Such telomere-associated filaments have been
observed in a variety of different species, but up to the present their
function and composition have remained elusive (12, 19, 20).
Hence, our results now provide a hint for the molecular nature of
these filaments, with Sun2 appearing to be a central component.
Moreover, our findings suggest that the mammalian meiotic cell
recruits NE components also expressed in somatic cells for teth-
ering telomeres to the NE, and they provide clear support for the
model described above whereby in mammals, with Sun2, a SUN-
domain protein appears to be implicated in forming a meiotic
telomere attachment complex that in turn might be functional in
telomere clustering (ref. 40 and see below).

Recently, Chikashige et al. (38) presented compelling evidence
that in fission yeast SUN-domain protein Sad1p holds a key position
in meiotic telomere clustering. During meiotic prophase, the nu-
cleoplasmic domain of Sad1p interacts with Bqt1p, which in turn
binds telomere-associated Rap1p in the presence of Bqt2p, result-
ing in a structural linkage between telomeres and the NE (38, 41).
On the other hand, the C-terminal conserved SUN domain of
Sad1p, which most likely is located within the perinuclear space, was
shown to interact with the KASH domain of Kms1p, an outer
nuclear membrane protein that directly connects to the SPB (32,
42–44). Thus, Sad1p appears to hold a central position in a linker
complex that interconnects meiotic telomeres with cytoskeletal
structures. Our findings in the present study suggest a similar
function for Sun2 in mammalian meiotic cells: (i) during meiotic
prophase I, Sun2 is strictly associated with telomeres, which resem-
bles Sad1p behavior in S. pombe; (ii) during bouquet formation
telomeres that are linked to the Sun2-containing attachment com-
plex congregate near the centrosome, the animal equivalent of the
yeast SPB (2, 21); and (iii) Sun2 takes part in forming fibrillar
structures that provide a nucleocytoplasmic bridge, hence inter-
connecting telomeres with cytoplasmic structures. Interestingly, it
was recently found that Sun2 interacts with the KASH domain of
outer nuclear membrane protein nesp2G to form a bridge across
the NE (23), thus reflecting the Sad1p-Kms1p NE bridging complex
formed in fission yeast. Taken together, the overt correlation
between S. pombe Sad1p and mammalian Sun2 suggests that
telomere anchoring and clustering follow a general mechanism that
is conserved upon eukaryotes. In agreement with this assumption,
in Caenorhabditis elegans SUN-1/matefin, a germ line-specific SUN-
domain protein, was found to be essential for germ cell viability;
however, up to the present it is completely unknown whether
SUN-1/matefin is functionally involved in telomere attachment and
movement (45). In mammals the INM of somatic cells contains a
second SUN-domain protein, namely Sun1, which was suggested to
have overlapping functions with Sun2 (23, 28). Up to now, it is not
known whether Sun1 is expressed in the germ line as well. Thus, this
point has to be clarified before a putative involvement of Sun1 in
meiotic events can be postulated.
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Because Sun2 was shown to interact with nesp2G and given that
nesp2G connects to the actin cytoskeleton (23, 46) we propose a
model describing NE attachment and movement of meiotic telo-
meres in mammals (Fig. 4). Upon entry into meiosis telomeres
move toward the nuclear periphery to contact the NE. Then, Sun2
initially dispersed in the INM becomes recruited to telomeres by a
yet-unknown mechanism, forming a mechanically stable telomere–
INM connection. As we have shown here, this specific Sun2
redistribution is independent of AE formation as well as of lamin
C2 enrichment at the attachment sites and thus requires other
proteins, perhaps yet unidentified orthologues of S. pombe Bqt1p
and Bqt2p that were shown to recruit Sad1p, hence tethering
telomeres to the NE (38, 40, 41). Finally, through its interaction with
nesp2G, Sun2 could link telomeres directly to the actin cytoskele-
ton. Thus, our model would favor a cytoplasmic actin-based mech-
anism that generates the forces needed for meiotic telomere
dynamics, including their congregation during bouquet formation.
Notably, in budding yeast inhibition of actin polymerization leads
to disruption of telomere clustering, indicating the existence of such
a mechanism; however, it is not known whether cytoplasmic or
nuclear actin is involved in these processes (47). Also unknown is
whether actin-dependent bouquet formation applies to other spe-
cies like mammals. Beside a putative role in telomere clustering,
linkage of telomeres to the cytoskeleton via the Sun2-containing
attachment complex might contribute to more basic nuclear events

occurring during early meiotic prophase I, such as the vigorous
nuclear rotations and chromosomal oscillations observed during
leptotene/zygotene in the rat that are thought to be required for
alignment of the homologs (48). The movements of the entire
nucleus could be induced by simply pulling at individual and/or
groups of telomeres with respect to the centrosome, hence placing
the affected telomeres near the centrosome (see also ref. 31).
However, further analyses are required to clarify these important
questions.

Materials and Methods
Animals and Tissue Preparation. Male Wistar rats (39–42 days old)
were obtained from Charles River (Sulzfeld, Germany). Wild-type,
Lmna�/�, and Sycp3�/� C57BL/6 mice used in this study were
described previously (33, 35). Animals were anesthetized and killed
with CO2. Testes were immediately resected, shock-frozen for 5 min
in 2-methylbutane (Carl Roth, Karlsruhe, Germany), cooled with
liquid nitrogen to �140°C, and stored at �70°C in the presence of
2-methylbutane until further use. For immunofluorescence micros-
copy, 6-�m-thin cryosections were made with a Reichert-Jung
Kryostat 2800 Frigocut-E (Leica, Bensheim, Germany).

For testis suspensions, fresh rat testes were transferred in a glass
Petri dish containing ice-cold PBS (140 mM NaCl/2.6 mM KCl/6.4
mM Na2HPO4/1.4 mM KH2PO4, pH 7.4). After removing the
tunica albuginea, seminiferous tubules were cut into small pieces

Fig. 4. Model for the organization of the NE at the attachment sites of meiotic chromosomes. In meiotic cells Sun2 is exclusively located at the attachment plates,
where it is involved in tethering meiotic telomeres to the NE. Within the perinuclear space its C-terminal SUN domain binds to the KASH domain of nesp2G, thus
forming a stable fibrillar complex bridging both nuclear membranes. Because nesp2G interacts with cytoplasmic actin via its actin binding domain, the formation
of such a complex would link telomeres to the actin cytoskeleton. This model is consistent with recent findings that identified an actin-dependent mechanism
for bouquet formation. AP, attachment plate; CE, central element of the SC; NPC, nuclear pore complex; PNS, perinuclear space; ONM, outer nuclear membrane.
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and carefully resuspended. To obtain a fraction of singularized cells
enriched with spermatogenic stages, the suspension was filtered
through a nylon filter (mesh size 30 �m). The cells were washed
once with ice-cold PBS, resuspended in a suitable volume of PBS,
and transferred to Superfrost Plus coverslips (Menzel, Braun-
schweig, Germany). Attached cells were then fixed as described
below.

Antibodies. The following primary antibodies were used: affinity-
purified rabbit anti-Sun2 antiserum (29), affinity-purified guinea
pig anti-SYCP3 (16), mAb 13d4 against LAP2 (49), and human
CREST serum (gift from Georg Krohne University of Würzburg,
Germany). Secondary antibodies conjugated to Cy2 or Texas red
were purchased from Dianova (Hamburg, Germany).

Immunofluorescence Microscopy. Cryosections or cells from testes
suspensions were fixed for 5 min in PBS containing 1% formalde-
hyde and permeabilized for 10 min in PBS containing 0.1% Triton
X-100. After blocking for 1 h with PBT (PBS containing 1.5% BSA
and 0.1% Tween 20), slides were incubated simultaneously with
selected primary antibodies for 20 min. Then specimens were
washed twice in PBS, and bound antibodies were detected with
corresponding secondary antibodies. DNA was visualized with the
fluorochrome Hoechst 33258 (Hoechst, Frankfurt, Germany). Af-
ter a final washing in PBS, the cells were embedded in Mowiol.

Epifluorescence analyses were done with an Axiophot stereo
fluorescence microscope (Zeiss, Jena, Germany) equipped with a
Pixelfly digital system (PCO Computer Optics, Kelheim, Ger-
many). For confocal microscopy, we used a Leica TCS-SP2 AOBS
confocal laser scanning microscope. Settings were identical for all
scanning procedures. Single optical sections were taken with a HCX
PL APO lbd.Bl �63/1.4 oil-immersion objective with zoom 4, a
pinhole setting at 114.78 �m, and �4 accumulations. All fluoro-

chromes were scanned sequentially. Cy2 was excited with a wave-
length of 488 nm, Texas red with 561 nm, and Hoechst 33258 with
405 nm. Series of three sections with a step size of 0.122 �m were
taken. The maximum projection algorithm of the Leica software
was then used to calculate information sectored in different ranks
to a two-dimensional projection with a defined thickness of 0.244
�m. The obtained data were processed by using Photoshop (Adobe
Systems, San Jose, CA).

EM. Mouse testes were fixed in 2.5% cacodylate buffered glutaral-
dehyde (1 h, 4°C) and then postfixed with 1% osmium tetroxide (1
h). After overnight staining with 0.5% uranyl acetate, testes were
dehydrated in ethanol series and embedded in Epon. Ultrathin
sections of Epon-embedded testes were double-stained with uranyl
acetate and lead citrate according to standard procedures.

For immunogold localization of Sun2, mouse testis cryosections
were processed similar to the immunofluorescence protocol with
the exception that Fluoro Nanogold� anti-rabbit (Nanoprobes,
New York, NY) was used as secondary antibody. After washing in
PBS, the cryosections were refixed for 10 min in 2% glutaraldehyde
in PBS and washed several times in distilled water. For silver
enhancement, the Aurion R-GENT SE-EM Kit (Aurion, Wagenin-
gen, The Netherlands) was used. Sections were dehydrated in
ethanol series and embedded in Epon according to standard
protocols. Ultrathin sections were stained as described above.
Micrographs were obtained with a Zeiss EM-10 electron
microscope.
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