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ABSTRACT Four different SYP proteins (SYP-1, SYP-2, SYP-3, and SYP-4) have been proposed to form the central region of the
synaptonemal complex (SC) thereby bridging the axes of paired meiotic chromosomes in Caenorhabditis elegans. Their interdependent
localization suggests that they may interact within the SC. Our studies reveal for the first time how these SYP proteins are organized in
the central region of the SC. Yeast two-hybrid and co-immunoprecipitation studies show that SYP-1 is the only SYP protein that is
capable of homotypic interactions, and is able to interact with both SYP-2 and SYP-3 directly, whereas SYP-2 and SYP-3 do not seem to
interact with each other. Specifically, the coiled-coil domain of SYP-1 is required both for its homotypic interactions and its interaction
with the C-terminal domain of SYP-2. Meanwhile, SYP-3 interacts with the C-terminal end of SYP-1 via its N-terminal domain.
Immunoelectron microscopy analysis provides insight into the orientation of these proteins within the SC. While the C-terminal domain
of SYP-3 localizes in close proximity to the chromosome axes, the N-terminal domains of both SYP-1 and SYP-4, as well as the
C-terminal domain of SYP-2, are located in the middle of the SC. Taking into account the different sizes of these proteins, their
interaction abilities, and their orientation within the SC, we propose a model of how the SYP proteins link the homologous axes to
provide the conserved structure and width of the SC in C. elegans.

THE meiotic cell division process is unique in that it re-
duces the number of chromosomes by half, resulting in

the formation of haploid gametes. This reduction in chromo-
some number is accomplished by following a single round of
DNA replication with two consecutive rounds of meiotic
chromosome segregation. During meiosis I (the reductional
division), homologs segregate away from each other, while
during meiosis II (the equational division), sister chromatids
are separated. To successfully achieve the formation of hap-
loid gametes, chromosomes undergo homologous pairing,

synapsis, and recombination during meiosis I. Problems in
any of these processes can result in chromosome missegre-
gation and the formation of aneuploid gametes, underscor-
ing the importance of meiosis for sexually reproducing
organisms and obtaining genetic diversity (Zickler and
Kleckner 1999; Page and Hawley 2003).

Of particular importance during meiosis is the formation
of a proteinaceous structure known as the synaptonemal
complex (SC), which assembles at the interface between
homologs, thereby stabilizing pairing interactions and pro-
moting the completion of crossover recombination events
(reciprocal exchanges of genetic information) between
homologs (Page and Hawley 2004). The SC is a tripartite
structure ubiquitously present from yeast to humans (Zickler
and Kleckner 1999). First, proteins associate along chromo-
some axes forming the axial elements, which are referred
to as lateral elements in the context of the fully formed SC.
As the axes of homologous chromosomes align, central re-
gion components of the SC, consisting of transverse filament
proteins, and in many cases also a central element, bridge
the gap between lateral elements, thereby connecting the
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homologs (Page and Hawley 2004). Although this meiotic
structure is present in most sexually reproducing organisms,
SC formation and organization are still poorly understood.

A number of structural components of the SC have been
identified in different organisms. Interestingly, while some
degree of homology is shared among lateral element
proteins throughout different organisms, central region
components lack such homology. Specifically, Zip1 in Sac-
charomyces cerevisiae (Sym et al. 1993), C(3)G in Drosophila
melanogaster (Page and Hawley 2001), ZYP1 in Arabidopsis
thaliana (Higgins et al. 2005; Osman et al. 2006), SYP-1, SYP-2,
SYP-3, and SYP-4 in Caenorhabditis elegans (MacQueen et al.
2002; Colaiacovo et al. 2003; Smolikov et al. 2007, 2009),
and SCP1 in mammals (Meuwissen et al. 1992), share only
a similar secondary structure consisting of a central coiled-coil
domain flanked by globular N- and C-terminal domains
(Hunter 2003). Many of these proteins form the transverse
filaments responsible in part for the zipper-like organization
that is characteristic of the SC. In recent years, additional
proteins were identified as acting in the central region of
the SC in both mammals and Drosophila. The Drosophila
CONA (Page et al. 2008) and the mammalian SYCE1, SYCE2,
SYCE3, and TEX12 proteins (Costa et al. 2005; Hamer et al.
2006; Bolcun-Filas et al. 2007; Page et al. 2008; Schramm
et al. 2011) are proposed to bind either directly or indirectly
to the transverse filaments, possibly stabilizing the zipper-like
structure of the SC.

Whereas immunofluorescence analysis revealed that trans-
verse filament proteins are found at the interface between
homologous chromosomes, electron microscopy studies have
been addressing their organization within this region. Studies
in yeast demonstrated that Zip1 is not only found in the
central region of the SC, but that when overexpressed, it can
also form aggregates corresponding to higher-order protein
structures referred to as polycomplexes (Sym and Roeder
1995). This ability to acquire a higher-order structural organiza-
tion was also detected for SCP1 (Liu et al. 1996) and C(3)G
(Anderson et al. 2005; Jeffress et al. 2007). Several common
features are observed in the process resulting in SC assembly
in various systems. Namely, the transverse filament proteins
first form polarized homodimers, which are later able to form
polydimers. Moreover, while their C termini are anchored to
chromosome axes their N termini can be found at the middle
of the central region (Liu et al. 1996; Dong and Roeder 2000;
Anderson et al.2005). This arrangement is responsible for the
distinctive and unique ladder-like organization that can be
observed on electron microscopic images of the SC in various
model organisms. Further support for an organization in
which transverse filament proteins lie perpendicular to the
chromosome axes stems from observations that the distance
between the lateral elements greatly depends on the length of
the coiled-coil domain present in the transverse filament com-
ponents. Specifically, studies in yeast demonstrated that the
width of the SC is increased in a manner that is proportional
to the increase in the length of the coiled-coil domain of the
Zip1 protein (Sym and Roeder 1995). Similar results were

found for SCP1, which was overexpressed in a heterologous
system and mimics this SC-like structure by forming polycom-
plexes, which vary in width if the expressed SCP1 carries
deletions (Öllinger et al. 2005). Therefore, it is even more
striking that these proteins, which not only differ in size and
primary amino acid sequence, but also in numbers through-
out organisms, are responsible for creating an SC that exhibits
a conserved width of �100 nm in most systems (Goldstein
1987; Sym et al. 1993; Zickler and Kleckner 1999; Page and
Hawley 2003).

C. elegans offers a unique scenario in which to further in-
vestigate SC organization. It is a multicellular organism in
which various of the key events of meiosis are conserved and
in which multiple central region components have now been
identified. Immunolocalization revealed that the four central
region components of the C. elegans SC localize at the interface
between homologous chromosomes during the pachytene
stage of meiosis, when the SC is fully formed (MacQueen
et al. 2002; Colaiacovo et al. 2003; Smolikov et al. 2007,
2009). Recent measurements of wild-type C. elegans SCs con-
firmed that the average width of the SC is approximately 100
nm (Smolikov et al. 2008). Furthermore, the loss of any one of
these proteins impairs the chromosomal localization of the
other three proteins, and as a result, SC formation is abrogated
(Colaiacovo et al. 2003; Smolikov et al. 2007, 2009).

In this article we address the issue of how the SYP proteins
interact with each other and are organized to establish the SC
structure in C. elegans. We examined the interactions of SYP-1,
SYP-2, SYP-3, and SYP-4 by two independent methods: (1)
a yeast two-hybrid analysis and (2) co-immunoprecipita-
tions studies. These studies revealed that SYP-1 can undergo
homotypic interactions using its coiled-coil domain, and also
interacts with SYP-2 and SYP-3. The interaction of SYP-1
with SYP-2 requires both the coiled-coil domain of SYP-1
and the C-terminal domain of SYP-2. We also show that
SYP-1 interacts with SYP-3 via the N-terminal region of
SYP-3 and the C-terminal region of SYP-1. The observation
that SYP-1 interacts with both SYP-2 and SYP-3 provides
a link between what had been previously thought of as two
separate structural modules within the SC (SYP-1/SYP-2 and
SYP-3/SYP-4). Finally, to examine the organization of the SYP
proteins, immunoelectron microscopy was successfully imple-
mented for the first time in studies of meiotic macromolecular
structures in C. elegans. Using antibodies recognizing either
the N or C termini of all four SYP proteins, we assessed how
these proteins are distributed with regard to each other and
the chromosome axes within the SC. These studies lead us to
propose a model of how these central region components
interact to form the SC in C. elegans, suggesting an organiza-
tion that closely resembles that observed in mammals.

Materials and Methods

Strains

C. elegans strains were cultured at 20� under standard con-
ditions (Brenner 1974). Bristol N2 worms were utilized as
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the wild-type background. The following mutations and
chromosome rearrangements were used (MacQueen et al.
2002; Colaiacovo et al. 2003; Smolikov et al. 2007, 2009):

LG I: syp-3(me42, ok758), syp-4(tm2713), hT2[bli-4(e937)
qIs48] (I;III)

LG IV: nT1[unc-?(n754) let-?(m435)] (IV; V)
LG V: syp-2(ok307), syp-1(me17)

DAPI analysis and immunostaining

Gonads were dissected from age-matched hermaphrodites
24 hr post-L4. DAPI staining, immunostaining, and analysis
of stained meiotic nuclei were carried out as in Colaiacovo
et al. (2003). The following primary antibodies were utilized
at a 1:100 dilution: guinea pig a-SYP-1, rabbit a-SYP-2,
rabbit a-SYP-3, and rabbit a-SYP-4. The secondary antibod-
ies utilized were: Cy3 anti-rabbit and FITC anti-guinea-pig
(Jackson Immunochemicals), each at 1:200.

Images were collected with an Olympus IX-70 micro-
scope coupled to a cooled CCD camera (model CH350,
Roper Scientific) driven by the DeltaVision system with
SoftWorx software (Applied Precision). Data stacks con-
sisted of 25–30 optical sections collected at 0.2-mm incre-
ments. Images are projections halfway through 3D data
stacks of whole nuclei.

Yeast two-hybrid protein-interaction assay

We utilized the Gateway cloning system (Invitrogen) to
generate sequence-verified full-length and truncated syp-1,
syp-2, and syp-3 expression clones as in Boxem et al. (2008).
First, the full-length predicted open reading frames (ORFs),
as well as truncations consisting of removing either the N
terminus (first 47, 97, and 60 amino acids for SYP-1, SYP-2,
and SYP-3, respectively) or the C terminus (last 87, 52, and
44 amino acids for SYP-1, SYP-2, and SYP-3, respectively)
for each of these genes, were PCR amplified from a mixed-
stage C. elegans cDNA library and cloned into a Gateway
compatible entry vector (pDONR223). Next, we utilized
the full-length entry clones and forward and reverse primers
designed at distance intervals of �100 bp across each ORF,
to generate a series of unbiased truncations (defined as un-
biased for disregarding any specific protein domain) stem-
ming from all possible primer combinations for each of our
genes of interest. The resulting PCR fragments (ranging in
size from 100 to 1370 bp, 542 bp, and 575 bp, respectively
for syp-1, syp-2, and syp-3) were also cloned into pDONR223.
Subsequently, full-length and truncated sequences were
transferred into pDB-Amp (pDEST32) and pAD-Amp
(pDEST22) destination vectors in a Gateway LR reaction.

Pairwise interactions between all proteins of interest (a
total of 936 interactions) were examined in budding yeast
cells by using Gal4 DNA binding domain (DB) and activation
domain (AD) fusions, which were cotransformed into the
yeast strain MaV103 described in Vidal et al. (1996). The
yeast two-hybrid assay was performed as previously de-

scribed in Walhout and Vidal (2001) except that strains
utilized for the b-galactosidase reporter assay were grown
for 48 hr in liquid synthetic complete medium (SC) lacking
tryptophan and leucine (-Trp, -Leu) and 3 ml drops were
spotted onto YEPD plates. These plates were then incubated
at 30� for 48 hr before replica plating them onto YEPD plates
containing nitrocellulose filters. Interactions were tested by
scoring for activation of the GAL1::lacZ reporter gene after
incubating the strains overnight at 37�. A subset of interac-
tions, including all positive interactions detected using the
b-galactosidase reporter assay described above, were then
retested by assaying for growth on selective plates (SC–Leu–
Trp–Ade). To this end, each entry clone was subcloned into
2m Gateway destination vectors pDB-Amp (pVV212) and
pAD-Amp (pVV213) in a LR reaction. AD-Y and DB-X fusions
were transformed into MATa Y8800 and MATa Y8930 yeast
strains, respectively. These yeast strains have three reporter
genes: GAL2-ADE2, met2::GAL7-lacZ, and LYS2::GAL1-HIS3.
MATa Y8800 and MATa Y8930 were mated on YPD plates
and diploids carrying both plasmids were selected on SC–
Leu–Trp plates. Each transformant was cultured overnight in
200 ml of liquid SC–Leu–Trp. Three-microliter drops were
spotted onto SC–Leu–Trp and SC–Leu–Trp–Ade plates and
incubated at 30� for 5 days. Primers used to generate clones
examined in the yeast two-hybrid analysis in Figure 3 are
described in Supporting Information, Table S1. Standard
controls indicating no interaction (DB and AD without any
fusion), a weak interaction (DB-pRB and AD-E2F1), and
strong interactions (DB-Fos and AD-Jun; DB-Gal4p and
AD; DB-DP and AD-E2F1; DB-DP and AD-CYH-E2F1) were
used as described in Walhout and Vidal (2001).

Worm lysate and co-immunoprecipitation reactions

Worm lysates were prepared from adult worms grown on 20
100 · 15-mm plates to a confluence of 70–80%, washed
three times with M9 medium, and centrifuged at 3000
rpm for 15 min. The worm pellet was frozen in liquid nitro-
gen, resuspended with 5· volume of homogenization buffer
(25 mM HEPES at pH 7.6, 5 mM EDTA, 0.5 M sucrose, 0.5%
Chaps, 0.5% DOC) supplemented with complete protease
inhibitor cocktail (Roche) and incubated in ice for 30 min.
The solution was then sonicated three times for 1 min each
and centrifuged at 3000 rpm for 15 min. The supernatant
was removed and the procedure repeated two to three
times. All supernatants were saved and tested on Western
blots to confirm that both SYP-1 and SYP-2 could be
detected in the worm lysate. A comparable analysis for
SYP-3 and SYP-4 was not possible, given that our antibodies
do not detect SYP-3 or SYP-4 on Western blots.

Immunoprecipitation was performed with protein A
agarose beads (Roche). The beads were equilibrated with
cold homogenization buffer (see above). To preclear about
200–300 mg of worm lysate, the lysate was incubated with
25 ml of equilibrated protein A beads at 4� for 1 hr. After
removing the beads by centrifugation at 10000 · g at 4� for
5 min, the lysate was transferred to a fresh tube and
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incubated with 1mg of affinity purified a-SYP-1 or a-SYP-2
antibody at 4� for 1 hr. Fresh equilibrated protein A beads,
25 mg, were then added to the solution and incubated over-
night at 4�. Immunocomplexes bound to protein A beads
were washed three times with cold homogenization buffer.
After removing the supernatant, the proteins were eluted in
50 ml of Laemmli sample buffer (Laemmli 1970) by boiling
for 10 min. The eluted proteins were separated from the
beads by centrifugation at 14000 rpm at room temperature
for 5 min and then transferred the supernatant to new tubes.
Ten microliters was loaded in every lane for analysis on
SDS–PAGE and immunoblotting using chemiluminescent
detection (ECL, Pharmacia).

To identify putative interaction partners of SYP-3 and
SYP-4 we set out to generate SYP-3 and SYP-4 GST and
His tag fusion constructs for pull-down experiments and
subsequent Western blot analysis. While the SYP-4 con-
structs proved difficult to express and purify under various
conditions, we succeeded in performing these pull-down
experiments with a SYP-3-GST fusion construct. However,
an interaction between SYP-3 and either SYP-1 or SYP-2 was
not observed by Western blot analysis of the SYP-3-GST
pull-down probed with SYP-1 or SYP-2 specific antibodies
(data not shown).

Immunoelectron microscopy

Wild-type adult hermaphrodites (24–26 hr post-L4) were
prepared for electron microscopy by high-pressure freezing
(HPF) followed by freeze substitution (McDonald 1998).
For HPF, 15–20 worms were transferred to a specimen car-
rier (Leica, 1.5 · 0.2 mm) filled with bacteria and cryofixed
in a high-pressure freezer (Leica EM PACT2/RTS). Frozen
worms were kept in liquid nitrogen for at least 2 days be-
fore freeze substitution in 0.2% glutaraldehyde and 0.1%
uranylacetate in acetone using the Leica automatic freeze-
substitution system EM ATS2. The system was programmed
for 2 hr at –92�, then warmed to –25� over a 13-hr period (slope
5), maintained for 5 hr at –25�, and then warmed to 0� over
a 12-hr period (slope 2). Infiltration with LR-White (LRW)
was utilized according to the following schedule: 3 · 5 min
in 100% acetone, 3 · 5 min 50% acetone/ethanol, 3 · 5 min
100% ethanol. Followed by 30 min each in 25%, 50%, and
75% LRW in ethanol and finally in 100% LRW overnight.
Worms were separated and mounted individually in flat-
bottom capsules (Ted Pella) in LRW, which polymerized
overnight at 68�.

Longitudinal 70-nm sections were cut on a Reichert
Ultracut E ultramicrotome and picked up on Formvar-/
carbon-coated slot grids. Wild-type worms were immunola-
beled with specific antibodies against SYP-1, SYP-2, SYP-3,
SYP-4, and HTP-3 according to the following protocol:
15 min 0.4% glycine in PBS, 30 min in blocking buffer
(BB; 0.8% BSA, 0.1% gelatin from cold water fish, Sigma,
0.002% Tween in PBS), 1 hr primary antibody in BB, 2 min
in PBS/0.1% Tween, 4 · 3 min in BB, 1-hr secondary anti-
body in BB, 2 min in PBS/0.1% Tween, 6 · 3 min PBS, 5 min

in 0.5% glutaraldehyde in PBS, followed by a thorough
wash with dH2O. Samples were then post-stained with 4%
uranylacetate in dH2O and Reynolds lead for 7 min each
with a thorough wash with dH2O in between.

The primary antibodies utilized were guinea pig a-SYP-1
(N terminal) (MacQueen et al. 2002), rabbit a-SYP-2 (C
terminal) (Colaiacovo et al. 2003), rabbit a-SYP-3 (C termi-
nal) (Smolikov et al., 2007), rabbit a-SYP-4 antibody (N
terminal) (Smolikov et al. 2009) and guinea pig a-HTP-3
(Goodyer et al. 2008) each at 1:100. Secondary antibodies
were coupled to either 15-nm gold (goat anti-guinea pig IgG
(H+L); Ted Pella) or 10-nm gold (goat anti-rabbit IgG F
(ab’)2(H+L)(AH); Ted Pella). Specimens were examined
using a Tecnai G2 Spirit BioTWIN transmission electron mi-
croscope operating at 80 kV. The images were obtained at
magnifications of 23,000· to 49,000·.

Results

Colocalization of SYP-1, SYP-2, SYP-3, and SYP-4 at the
interface between homologous chromosomes

Previous studies of SYP-1, SYP-2, SYP-3, and SYP-4 have
demonstrated that all four proteins share a similar localiza-
tion pattern throughout meiosis and are interdependent for
this localization (MacQueen et al. 2002; Colaiacovo et al.
2003; Smolikov et al. 2007; Smolikov et al. 2009). The SYP
proteins are first observed forming small foci and short
patches on chromosomes at transition zone (leptotene/
zygotene stages). By pachytene, these proteins localize con-
tinuously between homologous chromosomes. Co-immuno-
staining of wild-type gonads with pairwise combinations
between SYP-1 and SYP-2, SYP-3, or SYP-4 antibodies reveals
that all four proteins indeed colocalize at the interface be-
tween homologous chromosomes in pachytene nuclei when
the SC is fully formed (Figure 1 and Smolikov et al. 2007).

An interaction between SYP-1 and SYP-2 is observed
by co-immunoprecipitation

The interdependent colocalization of the SYP proteins at the
interface between homologous chromosomes during meiosis
suggests a potential interaction between these proteins.
To investigate the association between the SYP-1 and SYP-2
proteins we performed immunoprecipitation (IP) experi-
ments utilizing antibodies specific for either SYP-1 or
SYP-2 and analyzed the precipitate for the presence of these
two SYP proteins (a comparable analysis for SYP-3 and SYP-
4 was not possible given that our antibodies do not detect
these proteins on Western blots; see Materials and Methods).
Western blot analysis of a wild-type precipitate using a
SYP-1 antibody revealed a pull-down of both SYP-2 and
SYP-1 (Figure 2, A and B, respectively). A similar result
was obtained in converse co-immunoprecipitation experi-
ments utilizing the SYP-2 antibody (Figure 2C). SYP-1 and
SYP-2 were detected on IPs using wild-type lysates. Control
IPs with lysates from either syp-1 or syp-2 null mutants that

414 K. Schild-Prüfert et al.

http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-4;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-4;class=Gene
http://www.wormbase.org/db/get?name=SYP-4;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-4;class=Gene
http://www.wormbase.org/db/get?name=HTP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-4;class=Gene
http://www.wormbase.org/db/get?name=HTP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-4;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-4;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-3;class=Gene
http://www.wormbase.org/db/get?name=SYP-4;class=Gene
http://www.wormbase.org/db/get?name=SYP-4;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=SYP-1;class=Gene
http://www.wormbase.org/db/get?name=SYP-2;class=Gene
http://www.wormbase.org/db/get?name=syp-1;class=Gene
http://www.wormbase.org/db/get?name=syp-2;class=Gene


were treated with or without the antibody, and a wild-type
lysate treated without any antibody, did not reveal similar
results, hence supporting a specific interaction between the
SYP-1 and SYP-2 proteins.

A yeast two-hybrid approach reveals the domains
required for SYP-1 homotypic interactions and its
interaction with SYP-2 and SYP-3

To further examine the protein–protein interactions involv-
ing the SC central region components, we analyzed the
interactions between both full-length and truncated versions
of SYP-1, SYP-2, and SYP-3 in a yeast two-hybrid interaction
matrix (the analysis of the interactions between these SYP
proteins and SYP-4 by this approach have been previously
reported in Smolikov et al. 2009; see below).

Nine ORF-DNA-binding domain fusions consisting of the
intact full-length, N-terminus deletion (DN) and C-terminus
deletion (DC) for SYP-1, SYP-2, and SYP-3 were tested for yeast
two-hybrid interactions with 156 AD fusions. The AD fusions
consisted of full-length, DN, DC, and “domain-independent”
deletions of all three SYP proteins. Moreover, these interac-
tions were all tested in both directions by performing the
reciprocal interaction matrix. As a result, a total of 936 inter-
actions were tested. While the DN and DC constructs consist
of deletions of defined regions of these proteins, such as the
N-terminal or the C-terminal globular domains, the “domain-
independent” deletions were generated by using all pairwise
combinations of primers distributed 100 bp apart throughout
the entire syp-1, syp-2, and syp-3 cDNA sequences, regardless
of the position of any specific domains, such as coiled-coil
domains, present in the SYP proteins (see Materials and
Methods). This strategy of combining full-length and do-
main-specific constructs along with what in essence is
a “fragment library” has been recently shown to result in
the rapid identification of regions involved in protein–pro-
tein interactions and to significantly increase the sensitivity
of the yeast two-hybrid assay (Boxem et al. 2008).

Positive interactions were observed for only a subset of
these constructs, as shown in Figure 3. Specifically, an in-
teraction was observed between the full-length SYP-1, SYP-
1DC (1–402 aa), and SYP-1DN (48–489 aa) constructs and
the full-length SYP-1 as well as constructs consisting of the

N terminus plus the coiled-coil domain (1–420 aa) or just
the coiled-coil domain of SYP-1 (36–418 aa), further sup-
porting our previous results, which indicate that SYP-1 is
capable of homotypic interactions. While the coiled-coil do-
main is sufficient for observing a homotypic interaction of
SYP-1 when overexpressing these proteins from 2m plasmids
(Figure 3, A–C), both the coiled-coil and the C-terminal
domains of SYP-1 are required when expressing these pro-
teins from centromeric plasmids (Figure S1).

Furthermore, an interaction was observed between SYP-1
and SYP-2 involving the coiled-coil region of SYP-1 and re-
quiring the C-terminal region of SYP-2 (161–213 aa). These
results further support the interactions detected by the
IPs and reveal the domains that may be mediating such
interactions.

Analysis of SYP-3 showed no homotypic interactions
(data not shown). However, an interaction between SYP-3
and SYP-1 was revealed through the yeast two-hybrid ap-
proach utilizing the 2m plasmids (Figure 3, A–C). Specifi-
cally, interactions were observed between the full-length
SYP-3 construct and full-length SYP-1, the construct carry-
ing only the coiled-coil domain of SYP-1 (SYP-1cc) and the
construct carrying both the N terminus and the coiled-coil
domain of SYP-1 (SYP-1ncc). Moreover, the interaction be-
tween SYP-3 and SYP-1 requires both the N-terminal region
of SYP-3 and the C-terminal region of SYP-1. However, the
C-terminal region of SYP-1 alone is not sufficient for an in-
teraction with SYP-3 (data not shown). Furthermore, while
the loss of the N-terminal region of SYP-3 does not impede
the interaction between full-length SYP-1 and SYP-3, the
combined loss of the C-terminal region of SYP-1 and the
N-terminal region of SYP-3 weakens the interaction ability.
Assessment of a requirement for the C-terminal region of
SYP-3 is hindered by the fact that this clone shows self-
activation. Overall, the interactions observed between SYP-1
and SYP-3 were weaker than the homotypic interactions
observed for SYP-1, for example, and only clearly apparent
in the context of the 2m plasmid assay, further suggesting
that a failure to detect the interaction between SYP-1 and
SYP-3 through other methods might indeed stem from the
either weaker or less stable nature of these interactions (Fig-
ure 3 and Figure S1).

Figure 1 Colocalization of the SYP proteins at the inter-
face between homologous chromosomes. High-magnification
images of wild-type pachytene nuclei stained with DAPI
(A, E, I in blue), a-SYP-1 (B, F, J in green), a-SYP-2 (C, red),
a-SYP-3 (G, red), or a-SYP-4 (K, red). Scale bar, 2 mm.
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Finally, SYP-4 was identified as a SYP-3 interactor (Smolikov
et al. 2009). Analysis of protein–protein interactions in a matrix
utilizing full-length, N- and C-terminal truncations of all four
SYP proteins revealed the interaction between SYP-3 and SYP-4
requires the N terminus of SYP-3 and the full length of SYP-4
and did not identify an interaction between SYP-4 and any of
the other two SYP proteins (Smolikov et al. 2009).

Taken together, the findings presented in this study sup-
port a direct interaction between SYP-1 and both SYP-2 and
SYP-3 and suggest that the interaction between SYP-1 and
SYP-2 requires the coiled-coil domain of SYP-1 and the C
terminus of SYP-2, whereas the interaction between SYP-1
and SYP-3 requires the C terminus of SYP-1 and the N ter-
minus of SYP-3 (Figure 3D). Furthermore, the yeast two-
hybrid analysis revealed that only SYP-1, but not SYP-2 or
SYP-3, may be capable of homotypic interactions.

Immunoelectron microscopy analysis reveals the
organization of the SYP proteins within the SC

The interdependent immunolocalization and protein–
protein interactions observed for the SYP proteins provide
further support to the notion that they act together in the
central region of the SC. However, questions as to how these
proteins are organized within this structure remain. Since
immunostaining of whole-mounted gonads does not provide
sufficient resolution for precisely determining the organiza-
tion of SYP-1, SYP-2, SYP-3, and SYP-4 within the SC, we
utilized immunoelectron microscopy instead. Therefore, we
took advantage of antibodies raised against the N-terminal
domains of SYP-1 and SYP-4 and the C-terminal domains of
SYP-2 and SYP-3 (MacQueen et al. 2002; Colaiacovo et al.
2003; Smolikov et al. 2007, 2009) and performed immuno-
gold labeling on ultrathin sections of wild-type gonads. Elec-
tron microscopic immunolocalization of the SYP proteins
utilizing these primary antibodies, and secondary antibodies
conjugated to either 10-nm or 15-nm gold particles, enabled
us to examine the localization of the N or C termini of the
SYP proteins with regard to the paired axes of the synapsed
chromosomes in pachytene nuclei (Figure 4).

Interestingly, the gold particles corresponding to the anti-
SYP-1-N antibody (69.84%; Figure 4A), the anti-SYP-2-C anti-
body (81.83%; Figure 4B) and the anti-SYP-4-N antibody
(86.53%; Figure 4D) were located in the middle of the central
region of the SC. In contrast, gold particles corresponding to the
anti-SYP-3-C antibody (85.19%; Figure 4C) were located adja-
cent to the chromosome axes. This is the same region where
gold particles corresponding to the anti-HTP-3 antibody, which
recognizes a lateral element component of the SC (Goodyer
et al. 2008), were detected (88%; Figure 4E; Figure S2).

To determine the exact distribution of gold particles with
regard to the chromosome axes (defined by uranyl acetate
staining), the shortest distance between each gold particle
and the axis was measured (Dd; Figure 4G) and compared to
the overall distance between axes (i.e., distance between the
inner edge of the two chromosome axes) at that exact posi-
tion (DD; Figure 4G). Since the distance between the axes
varies slightly for each SC sample (90 nm - 125 nm; average
distance = 118 nm; Smolikov et al. 2008), the distance cor-
responding to the width of the SC (DD) was normalized to
100 and the distance from the gold particle to the axis (Dd)
was recalculated, respectively (Figure 4G). This normaliza-
tion of the distances allows for two things: first, it standard-
izes our measurements, which is required given the slight
variations in SC width observed between sample prepara-
tions; second, it enables unspecific immunolabeling to be
clearly identified, since the location of those gold particles
will be observed at a lower frequency than the specific label-
ing. The normalization results in values between 0 and 50,
with 0 corresponding to a localization adjacent to the chro-
matin, and 50 to a localization at the middle of the central
region of the SC as shown in Figure 4G. The results for each
analysis were pooled and divided into three regions of the SC:

Figure 2 An interaction between SYP-1 and SYP-2 is observed by co-
immunoprecipitation. Western blot analysis of co-immunoprecipitated
proteins bound to SYP-1 (A and B) and SYP-2 (C) probed with a-SYP-1
and a-SYP-2 antibodies. As a control, co-immunoprecipitation was per-
formed with the lysates of either syp-1(me17) or syp-2(ok307) null
mutants. Furthermore, lysates of all genotypes underwent the same pro-
cedure without addition of the antibody (wt, syp-2(ok307), and syp-1
(me17) only) as well as a blank control (SYP-1 or SYP-2 only).
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close proximity to the chromatin (0–10), a location midway
between the chromosome axes and the middle of the central
region (10–30), and a position in the middle of the central
region (30–50). As expected, the lateral element component
HTP-3 (n = 25), used as a control, was located adjacent to
the chromatin and only a few gold particles could be seen in
the middle of the central region of the SC (Figure 4, E and H,
and Table S2). When the SC was probed with the anti-SYP-1-
N, anti-SYP-2-C, or anti-SYP-4-N antibodies, the majority of
gold particles (n = 63, n = 44, and n = 51, respectively)
were located in the middle of the central region of the SC.
Specifically, 65.08% of the gold particles corresponding to
SYP-1-N were found in the region between 30 and 50, and
46% of all gold particles localized in the region between 40
and 50 (Figure 4H, Tables S2 and S3). In the case of SYP-2-C,
70.45% of all gold particles detected were located in the re-
gion between 30 and 50 and 54.55% in the region between
40 and 50 (Figure 4H, Table S2, and Table S3). Finally, in the
case of SYP-4-N, 66.67% of all gold particles were located in
the region between 30 and 50 and 37.25% between 40 and
50. In contrast, 85.19% of gold particles corresponding to
SYP-3-C were found in proximity to the chromosome axes
and 74.1% directly adjacent to the chromatin (Figure 4H
and Table S2).

Narrowing down the intervals comprising the middle of
the central region of the SC (30–40 and 40–50) did not
reveal a difference between the localization of SYP-1, SYP-2,
and SYP-4 suggesting that the N-terminal domain of SYP-1,
the C-terminal domain of SYP-2, and the N-terminal domain
of SYP-4 are in close proximity to each other. The proximity
between the SYP-1 and SYP-2 domains is further supported
by our double labeling experiments where gold particles
corresponding to SYP-1 and to SYP-2 could be found coloc-
alizing at the center of the SC (Figure 4F).

This is the first time that the position of the SYP proteins
both within the SC and with regard to each other is
demonstrated in C. elegans meiotic nuclei at an ultrastruc-
tural level. This analysis suggests that the C-terminal do-
main of SYP-3 is found adjacent to the chromatin, whereas
the N-terminal domain of SYP-1, the C-terminal domain of
SYP-2, and the N-terminal domain of SYP-4 are located close
to each other at the middle of the central region of the SC.

Discussion

Organization of the SC

The analyses of the SCs in different organisms reveal that
its general structure is highly conserved. The degree of

Figure 3 Yeast two-hybrid analysis reveals that SYP-1
interacts with both SYP-2 and SYP-3. The yeast two-hybrid
system was applied to assess the interaction of truncated
and full length SYP-1 (SYP-1cc, SYP-1ncc and SYP-1F, re-
spectively) fused to the activation domain (AD) of GAL4,
with full length SYP-1, SYP-2 and SYP-3 as well as N-
terminal (DN) and C-terminal (DC) truncations for each
fused to the DNA binding domain (DB) of GAL4. (A)
Scheme of the various constructs utilized in this analysis.
Globular domains are in blue, orange and green while
coiled-coil domains are in red. Amino acid lengths are in-
dicated. (B and C) Interactions were scored by growth on
SC–Leu–Trp (B) and SC–Leu–Trp–Ade (C) plates. Negative
(no. 1) and positive (nos. 2–6) controls are used as de-
scribed in Walhout and Vidal (2001) and Materials and
Methods. SYP-2DN (DB) exhibited mild self-activation
whereas SYP-3DC (DB) exhibited strong self-activation
and therefore its observed interactions are false positives.
(D) Scheme of the interactions detected between SYP-1,
SYP-2, and SYP-3. Lines interconnect the domains re-
quired for the interactions. Revolving arrows indicate self-
interaction.
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organization of the SC seems to vary slightly among species
with mammals having a lesser degree of organization than
either yeast or insects (Schmekel et al. 1993a). However, the
organization of the transverse filaments in yeast, Drosophila,
and mammals is similar. Specifically, these transverse fila-
ments homodimerize in a head-to-tail organization with
their C termini anchored to the chromosomes and their N
termini located in the center of the SC (Sym and Roeder
1995; Liu et al. 1996; Schmekel et al. 1996; Dong and
Roeder 2000; Anderson et al. 2005; Öllinger et al. 2005).
The N-terminal portions of the transverse filaments have
been proposed to overlap, allowing the proteins to form
polydimers. Deletion of the N terminus has been shown to
block this interaction. Specifically, the deletion of a small
portion of the coiled-coil region adjacent to the N terminus
of the Drosophila C(3)G protein results in a lack of formation
of anti-parallel pairs of C(3)G homodimers (tetramers), fur-
ther supporting the relevance of the N-terminal overlap
(Jeffress et al. 2007).

In addition to the transverse filament proteins, other
proteins such as SYCE1, SYCE2, SYCE3, and TEX12 in mouse
and CONA in Drosophila localize to the central region of the
SC and have been proposed to form the central element of

this structure (Costa et al. 2005; Hamer et al. 2006; Bolcun-
Filas et al. 2007; Page et al. 2008; Schramm et al. 2011; Lake
and Hawley, personal communication). Interestingly, electron
microscopic analysis of mouse testis sections failed to detect
a central element (Bolcun-Filas et al. 2009). This is most
likely due to the nature of the two-dimensional analysis per-
formed when in fact the SC is a three-dimensional structure
with thickness since it is composed of “stacked” or multilay-
ered transverse filaments and central element proteins
(Schmekel et al. 1993a,b). In addition, the central element
is less ordered and its proteins apparently less frequent in
mammals, compared to the beetle Blaps cribrosa and D. mel-
anogaster, making its detection less facile (Schmekel et al.
1993a). Interestingly, a central element is also not apparent
by electron microscopic analysis of thin sections of pachytene
nuclei in C. elegans; however, this is the only other model
system in which multiple central region components have
been identified thus far (MacQueen et al. 2002; Colaiacovo
et al. 2003; Smolikov et al. 2007, 2009). Our analysis of their
binding abilities and their localization within the SC lead us
to propose a model for how the SYP proteins are organized
with regard to each other and to the chromatin axes ulti-
mately forming the SC of C. elegans (Figure 5).

Figure 4 Ultrastructural localization of SYP-1,
SYP-2, SYP-3, and SYP-4 on the central region
of the SC by immunoelectron microscopy.
Immuno-gold labeling of the N terminus of
SYP-1 (A), C terminus of SYP-2 (B), C terminus
of SYP-3 (C), N terminus of SYP-4 (D), HTP-3 (E),
and a double labeling for SYP-1-N (15-nm gold,
black arrow) and SYP-2-C (10-nm gold, white
arrow) (F) on wild-type SCs from pachytene nu-
clei. Gray: chromatin; black dots: gold particles
(coupled to secondary antibody). (G) Distribu-
tion of gold particles on the SC. The width of
the SC (DD, distance between chromosome
axes) was measured through each gold particle
and normalized to 100. The shortest distance
between the gold particle and a chromosome
axis (Dd) was measured and recalculated ac-
cordingly. Gray: axes, red: gold particle. (H)
Graph depicting the quantitation of the num-
ber of gold particles (%) found throughout
three sectors of the SC, where 0 nm represents
the axis, whereas 50 nm represents the middle
of the SC.
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We have shown above that SYP-1, a 490-amino-acid
protein, undergoes homotypic interactions. The coiled-coil
domain of SYP-1 is important for this interaction, as deter-
mined by the yeast two-hybrid approach. Furthermore, 65%
of the gold particles specific for the N terminus of SYP-1
were found localized at the center of the SC. This suggests
that the self-interacting units of SYP-1 are most likely
arranged in a parallel orientation with their N termini posi-
tioned toward the middle of the SC. If SYP-1 would self-
interact in an anti-parallel fashion, one would predict that
the localization of the gold particles would be more wide-
spread (heterogeneous) and in closer proximity to the axes.
Therefore our findings suggest a similar homotypic organi-
zation for SYP-1 as proposed for yeast Zip1 (Dong and
Roeder 2000), fly C(3)G (Anderson et al. 2005), and mouse
SCP1 (Liu et al. 1996).

Homotypic interactions were not detected for the small
SYP-2 protein (213 amino acids), which carries a coiled-coil
domain flanked by globular domains (Colaiacovo et al.
2003). Its C-terminal domain, however, is necessary for its
interaction with SYP-1, as revealed by the yeast two-hybrid
studies, and further supporting the SYP-1/SYP-2 interaction
detected both by expression in Xenopus XTC cells, a heterol-
ogous system where meiotic proteins are not normally
expressed (data not shown), and by co-immunoprecipita-
tion. Furthermore, immuno-gold localization revealed that
gold particles corresponding to the C-terminal end of SYP-2
were localized at the center of the SC. Their localization is
in close proximity to the gold particles identifying the N-
terminal end of SYP-1 (Figure 4F). One possible configu-
ration that can accommodate these observations places the
C-terminal domain of SYP-2 both near the center of the SC
and near the N-terminal domain of SYP-1 (Figure 5), since
the distances measured between gold a-SYP-1/ gold a-SYP-2
did not reveal any significant variations (Table S2, Table S3,

and Table S4). However, we cannot rule out that the small
SYP-2 protein is folded and arranged in an opposite direction
at the same position.

SYP-3 is a 225-amino-acid protein. Immunogold labeling
places the C terminus of the SYP-3 protein at or near the
chromosome axes. An interaction between SYP-3 and SYP-1
was detected by the yeast two-hybrid approach when utiliz-
ing the overexpression plasmid system. This analysis
revealed that the interaction involves the N terminus of
SYP-3 and the C terminus of SYP-1. Moreover, utilizing
a yeast two-hybrid approach, we recently identified SYP-4
as a SYP-3 interactor in C. elegans and this interaction
involves the N terminus of SYP-3 (Smolikov et al. 2009).

The recently identified SYP-4 protein is the largest of the
SYP proteins (605 amino acids). Immunolocalization of the
protein via electron microscopy places its N-terminal end
toward the center of the SC (Figure 4D; Figure 5). The lo-
calization of SYP-4, in close proximity to SYP-1 and SYP-2,
as well as its size and its interaction with SYP-3, complete
the framework of interactions between the various SYP
proteins.

Connecting the lateral elements

Our findings provide the first insights into the localization/
organization of all four known SYP proteins within the SC,
as well as some of their binding abilities. Several interesting
features about the organization of the SC were revealed
through this study. Specifically, the two small SYP proteins
(SYP-2 and SYP-3) are separated from each other within the
SC structure given their positions and sizes. The small SYP-2
protein was localized at the center of the SC while SYP-3
was localized at the axes. However, both small proteins
share in common that they interact with larger SYP proteins.
Furthermore, the N termini of the larger SYP-1 and SYP-4
proteins both localize to the center of the SC. While a SYP-1

Figure 5 Model for the organi-
zation of the SYP proteins in the
central region of the SC in C. ele-
gans. SC structure. (A) Scheme of
the position and organization of
the SYP proteins in the SC por-
trayed on a single plain. SYP-1
(blue) is oriented in the SC reach-
ing with its N-terminus domain
into the middle of the central re-
gion. Homodimerization (or
higher-order assembly) of SYP-1
presumably occurs in a parallel
fashion although head-to-head
polymerization cannot be ruled
out. SYP-2 (orange) is localized
with its C terminus at the center

of the central region of the SC and interacts with SYP-1. Alignment to SYP-1 is depicted as antiparallel since this is the shortest possible distance
between the SYP1-N terminus and the SYP-2 C terminus (other orientation cannot be ruled out). SYP-3 (green), which interacts with SYP-4 and weakly
with SYP-1, but not SYP-2, localizes with its C-terminal domain at the chromosome axis. SYP-4 (red), which associates with SYP-3, localizes with its N
terminus at the center of the central region of the SC. Range of distances measured between homologous axes by EM in pachytene stage nuclei is
depicted. Chromatin loops (blue); lateral elements (black vertical lines). (B) Scheme of a cross-section of the SC demonstrating how the organization of
the SYP proteins may contribute not only to the width but also to the thickness of this structure.
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homodimer may be able to span over a quarter of the SC
width just with its coiled-coil domain of 34.16 nm, SYP-4
seems to span the distance from the center of the SC to the
coiled-coil domain of SYP-3. Therefore, from a theoretical
point of view, the four SYP proteins have the potential to
connect both axes of the SC.

We also detected the ability of individually expressed
GFP-tagged SYP-1, but not SYP-2, to form aggregates in XTC
cells, which most likely correspond to the higher-order pro-
tein structures referred to as polycomplexes (data not
shown). Although we have no indication that SYP-4 or
SYP-3 would be capable of homotypic interactions, the
results of the heterologous system suggest that at least
SYP-1 has this ability. Both N- and C-terminus GFP-tagged
SYP-1 proteins were able to form aggregates independent of
other meiotic proteins in the heterologous system. This abil-
ity is similar to that observed for either SYCP-1 (Öllinger
et al. 2005) or Zip1 (Sym and Roeder 1995), supporting
the capacity of SYP-1 to form polycomplexes. Furthermore,
the yeast two-hybrid data revealed that only the C terminus,
but not the N terminus, of SYP-1 is necessary for SYP-1 self-
interaction. We cannot rule out the possibility that limita-
tions of the yeast two-hybrid system precludes the detection
of a possible head-to-head interaction of two SYP-1 proteins.
This, presumably weak interaction might be stabilized by its
identified binding partner, SYP-2.

SYP-1 and SYP-2, therefore, would form a module that is
connected to a second module of interacting proteins, namely
SYP-4 and SYP-3 that would link to the lateral elements.

The width of the SC

Previous measurements of the width of the SC in pachytene
nuclei in wild-type C. elegans identified a range between 90
and 125 nm with the average width being 118 nm (Smolikov
et al. 2008). This is comparable to the widths of SCs through-
out other species (Goldstein 1987; Sym et al. 1993; Zickler
and Kleckner 1999; Page and Hawley 2003).

It has been proposed that the width of the SC is highly
dependent on the size of the coiled-coil domain of the
connecting transverse filaments (Sym and Roeder 1995;
Tung and Roeder 1998; Öllinger et al. 2005; Anderson
et al. 2005). The lengths for most transverse filaments have
been predicted to be approximately 70–90 nm (Hunter
2003) allowing some room for a head-to-head interaction
between the proteins (Liu et al. 1996; Schmekel et al. 1996).
In contrast, the predicted size of the coiled-coil domain for
SYP-1 (harboring the largest coiled-coil domain among all
the SYP-proteins) is relatively short, being only 34.16 nm.
Even a head-to-head polymerization would not be able to
span the 100 nm of the SC. However, considering the coiled-
coil domains of SYP-2, -3, and -4 (5.05, 13.51, and 12.92
nm, respectively; Smolikov et al. 2009), and the fact that we
are dealing with a three-dimensional structure, the potential
to span the given distance is within reach.

Altogether our data suggest a similar organization of the
SC in C. elegans to that proposed for this structure in rats

and mice, namely, a role for some of its components in de-
termining width while others may play a primary role in
determining thickness, as well as a less-defined central ele-
ment. Taken together, this study better delineates the plat-
form upon which various other critical meiotic events take
place, revealing both the similarities and distinct features of
the C. elegans SC compared to other organisms.
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