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During prophase | of meiosis, chromosomes become organized as
loop arrays around the proteinaceous chromosome axis. As
homologous chromosomes physically pair and recombine, the
chromosome axis is integrated into the tripartite synaptonemal
complex (SC) as this structure’s lateral elements (LEs). While the
components of the mammalian chromosome axis/LE—including
meiosis-specific cohesin complexes, the axial element proteins
SYCP3 and SYCP2, and the HORMA domain proteins HORMAD1
and HORMAD2—are known, the molecular organization of these
components within the axis is poorly understood. Here, using ex-
pansion microscopy coupled with 2-color stochastic optical recon-
struction microscopy (STORM) imaging (ExXSTORM), we address
these issues in mouse spermatocytes at a resolution of 10 to 20
nm. Our data show that SYCP3 and the SYCP2 C terminus, which
are known to form filaments in vitro, form a compact core around
which cohesin complexes, HORMADs, and the N terminus of SYCP2
are arrayed. Overall, our study provides a detailed structural view
of the meiotic chromosome axis, a key organizational and regula-
tory component of meiotic chromosomes.

synaptonemal complex | meiosis | chromosome axis |
expansion microscopy | STORM

During prophase I of meiosis, homologous chromosomes rec-
ognize one another and become physically linked through the
formation of the synaptonemal complex (SC), which bridges the
axes of paired homologs, with each axis referred to as the lateral
element (LE) (1). Chromosome axes play a central role in mei-
otic chromosome dynamics: The axis assembles in early meiotic
prophase (leptotene/zygotene) and is required to initiate meiotic
recombination and homolog recognition (2, 3). As homologs as-
sociate at sites of recombination, the axis is remodeled to suppress
further recombination (4, 5) and becomes integrated into the as-
sembling SC. The SC is fully assembled at pachytene and is then
disassembled after recombination to allow further chromosome
compaction and segregation in the meiosis I division.

Although axis/LE protein components have been identified in
various model organisms, their physical organization remains
poorly understood. In Mus musculus, the known axis protein
components include the axial element proteins SYCP2 and
SYCP3 (6, 7), the cohesin complexes (8), and HORMA domain
proteins HORMAD1 and HORMAD?2 (4). SYCP2 and SYCP3
bind one another through their coiled-coil C termini (9) and
form filaments in vitro (10). SYCP2 also possesses a structured
N-terminal domain with putative roles in chromatin localization
(11) followed by a conserved “closure motif” that binds HORMAD
proteins (10). HORMAD:s further possess closure motifs at their
C termini, presumably allowing for head-to-tail oligomerization
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of these proteins (10, 12). Major questions remain including how
cohesin complexes are linked to the axis core, and how the axis is
ultimately integrated into the tripartite SC.

With nanometer resolution, immunogold electron microscopy
(EM) studies have suggested that the axis/LE might contain
multilayered substructures (2, 13) in mammalian SC. However,
as the labeling density of immunogold EM is low and multicolor
EM is difficult, the construction of localization maps of different
proteins with respect to one another in the chromosome axis
remains challenging.

Recently, superresolution light microscopy methods, including
stochastic optical reconstruction microscopy (STORM) (14),
photoactivated localization microscopy (PALM) (15), structured
illumination microscopy (SIM) (16), and expansion microscopy
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Fig. 1. The ExXSTORM procedure produced homogenously expanded samples for meiotic chromosome axis proteins, with improved resolution. (A) A STORM
image (magenta) of a hypotonically spread mouse pachytene spermatocyte stained for SYCP3. (B) The magnified view of 1 meiotic chromosome within the
boxed region in A. (C) EXSTORM image (green) of the same chromosome after expansion. (D) Overlay of (B) preexpansion image (magenta) and (C) post-
expansion image (green). Overlapped signals are shown in white. (E) The magnified view of the blue boxed region in D. (F) Line profiles of SYCP3 intensity
taken along the yellow line in E, with EXSTORM data showing sharper peak distributions than STORM data. (G) Expansion ratio values (diamonds) calculated
by comparing preexpansion and postexpansion STORM images from 5 independent expansion samples, with mean value (red line) and SD (black bar) of
4.09 + 0.14. (H) FRC measurement of resolution shows a 2D resolution of 52.2 nm for the STORM image (B) and 14.8 nm for the ExXSTORM image (C). Similar
FRC analysis on 5 independent expansion samples yields resolutions of 48.5 + 7.3 nm (SD) for STORM and 17.9 + 4.4 nm (SD) for ExXSTORM. (/) Root-mean-
square (RMS) length measurement error [mean (squares) + 1 SD (bars) for 5 independent expansion samples] in between preexpansion and postexpansion
STORM images following the method in ref. 26. The measurement error is 10 nm at length scale of 1 pm, suggesting a distortion of 1%. (J) Zoom-in view of (/) at 0-
to 100-nm length range. The measurement error is 0.96 nm at length scale of 50 nm, suggesting a distortion of 1.9%. (Scale bars: 2 pm in A; 500 nm in B-D; 200 nm in E.)

(17), have been used to probe the axis/LE substructure. Studies
using CRISPR/Cas9-based epitope tagging with STORM/PALM
imaging methods (18) in Caenorhabditis elegans showed that
meiosis-specific HORMA domain proteins span a gap between
cohesin complexes and the central region of the SC. Another
study utilized expansion microscopy coupled with SIM to ex-
amine the 3D architecture of Drosophila SC, and revealed that
C(2)M, a kleisin-like cohesin component, lies slightly above/
below the layers of the transverse filament protein C(3)G (19).
Both of the above studies suggest that the different axis proteins
form layered structures with distinct locations for each protein.
Compared to C. elegans and Drosophila, mammals usually con-
tain additional axial element proteins SYCP2 and SYCP3 (20),
whose deficiency leads to male sterility and female subfertility (6,
9, 21, 22). Thus, here we investigate the architecture of the
mammalian meiotic chromosome axis with the major protein
components including HORMADs, cohesin, SYCP2, and SYCP3.

Here, in order to study the organization of the axis/LE com-
ponents in mice with high resolution, we modified recent expansion
microscopy protocols (17, 23) to render them compatible with
STORM (ExSTORM). Using this method, we enlarged M. musculus
pachytene spermatocytes 4-fold and visualized chromosome axis/LE
components by 2-color STORM imaging. This approach enabled 10
to 20 nm of 2D resolution for both colors, which is well suited to
probe substructures in the 30- to 100-nm-wide meiotic chromosome
axis. Our data suggest a core-shell-like arrangement for the various
axis/LE proteins, with filaments of SYCP3 and the SYCP2 C ter-
minus forming a core around which cohesin and HORMADs are
arranged, potentially through linkage to the SYCP2 N terminus.
These data show the potential for combining expansion and STORM
microscopy to uncover detailed structural information on cellular
substructures, and reveal the internal structure of the meiotic chro-
mosome axis at unprecedented resolution.

Results

Principles and Resolution of EXSTORM. For ExXSTORM imaging on
mouse meiotic chromosome structures, mouse pachytene sper-
matocytes (Fig. 14), either hypotonically spread or in situ fixed,
were immunostained with primary antibodies following standard
immunofluorescence procedures. A hydrogel was then infused
into the cells, with the primary antibodies cross-linked to the
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hydrogel through a bifunctional cross-linker (acrylic acid N-
hydroxysuccinimide ester) (23). After using proteinase K and
micrococcal nuclease to dissociate the antibodies from the cellular
antigens, the hydrogel was expanded by dialysis in a low ionic
strength buffer. Dye-conjugated secondary antibodies against the
primary antibodies were then used to stain the hydrogel.

We first validated that our experimental workflow of EXSTORM
preserves the structural features of the pachytene chromosome axes
at 50-nm length scales (Fig. 14). As shown in Fig. 1 B-D, overlaying
a preexpansion STORM image with a postexpansion EXSTORM
image on the same chromosome shows good overlap, with the ex-
pansion ratio calculated as 4.09 + 0.14 (mean + SD from 5 samples)
(Fig. 1G) in our STORM imaging buffer. Therefore, all distances
recorded from expansion samples in this report are divided by
this expansion ratio, so that they represent the original biological
dimensions.

Consistent with prior findings using standard expansion mi-
croscopy (17), we find that regions where features are close to
each other are better resolved after expansion, with the
ExSTORM signal line profile showing narrower peak distribu-
tions than STORM (Fig. 1 E and F). As the typical x-y resolution
for STORM is 40 to 50 nm (24), a 4-fold expansion of the sample
would effectively give a resolution of 10 to 20 nm. Indeed, when
we compared side-by-side the resolution of STORM and
ExSTORM for imaging the same chromosomes labeled with
SYCP3, we found that the preexpansion and postexpansion
resolutions are 48.5 = 7.3 and 17.9 + 4.4 nm (mean + SD), re-
spectively, using Fourier ring correlation (FRC) (25) analysis,
suggesting that EXSTORM provides a 3-fold resolution im-
provement compared to STORM (Fig. 1H).

We carefully measured the distortion introduced by hydrogel
expansion using the distortion vector field method (26), and found
that this distortion is 1.0% at a length scale of 1 pm and 1.9% at a
length scale of 50 nm (Fig. 1 I and J and SI Appendix, Fig. S2),
indicating that spatial expansion of the sample is mostly homo-
geneous. Immunostaining spread chromosomes with antibodies
against SYCP2, HORMADI, and cohesin also shows good pres-
ervation of structure after expansion (SI Appendix, Fig. S3).

Thus, EXSTORM is well suited to probe substructures in the
meiotic chromosome axis, which is 30 to 100 nm wide. Moreover,
2-color imaging allows in situ comparison of localizations of

Xu et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902440116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902440116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1902440116

a-SYCP2-N a-SYCP2-C
SYCP2
SYCP3—Ille[ell-

SYCP2-C

F

4
o
N

SYCP2-C
— SYCP3

00_9

“-100 0 100
Distance (nm

SYCP3

A

Prob. density (nm™)

;0.0
-%0 0 100
Distance (nm

Fig. 2. Two-color EXSTORM images of spread chromosomes immunostained
for SYCP2 and SYCP3. (A) Schematic of the M. musculus SYCP2 protein, with
its N-terminal domain (NTD; residues 1 to 394), closure motif (blue), and
C-terminal coiled-coil (CC) domain indicated. SYCP2 likely interacts with
HORMADs and SYCP3 through its closure motif and CC domain, respectively.
The immunogenic regions for the SYCP2-N and SYCP2-C antibodies are
marked. (B) Two-color ExXSTORM image on spread chromosomes labeled
with SYCP3 and SYCP2 C terminus. (C-E) Zoom-in views of the boxed region
shown in B, with SYCP2 C terminus showing a similar width to SYCP3, as
analyzed by distance distributions (F) (from 3 cells, 4 chromosomes), with
Gaussian fits in S/ Appendix, Fig. S16A. (G) Two-color EXSTORM image on
spread chromosomes labeled with SYCP3 and SYCP2 N terminus. (H-J) Zoom-
in views of the boxed region shown in G, with SYCP2 N terminus showing
broader width than that of SYCP3, as analyzed by distance distributions (K)
(from 2 cells, 4 chromosomes), with Gaussian fits in S/ Appendix, Fig. S16B.
(Scale bars: 1 pm in B and G; 200 nm in C-E and H-J.)

different proteins within the LE with more confidence, despite
the slight distortion introduced by local variations in expansion
ratio. In our imaging setup, both colors have equivalent resolu-
tions with no discernible misalignment (SI Appendix, Fig. S5). To
further confirm that EXSTORM procedure preserves SC structure,
we imaged the localizations of SYCP3 together with the SC trans-
verse filament protein SYCP1 (SI Appendix, Fig. S6). Consistent
with previous EM and STORM results (27, 28), the SYCP1 N
terminus lies in the middle of the SC central region, 108.1 + 3.4 nm
(SD) away from the paired LEs labeled by SYCP3. The SYCP1 C
terminus is located 25.5 + 2.5 nm (SD) more interior than SYCP3.

Organization of SYCP3 and SYCP2 in the Chromosome Axis. We next
performed 2-color EXSTORM imaging to determine the locali-
zation patterns of each axis/LE protein compared to SYCP3. We
first examined SYCP2, a large protein (1,500 residues in M.
musculus) known to oligomerize with SYCP3 through its coiled-
coil C terminus in vitro (Fig. 24 and SI Appendix, Fig. S1) (9, 10).
The N terminus of SYCP2 contains a 20-residue-long closure
motif sequence, which shares homology to the C termini of
HORMAD:s and was found to interact with HORMAD?2. It also
contains an ordered domain reported to interact with several
chromatin-associated proteins (10), suggesting that this domain
might serve the function of recruiting SYCP2 onto chromatin. In
order to confirm these interactions in vivo, we first colabeled
meiotic chromosomes with antibodies against SYCP3 and the C
terminus of SYCP2 (Fig. 2 B-F). Indeed, we observed good
colocalization between SYCP2-C and SYCP3. By analyzing the
regions where the paired axes appear aligned in parallel (i.e.,
frontal view) (SI Appendix, Fig. S4), we determined that SYCP3
and SYCP2-C show similar distribution widths of 48.0 + 8.1 nm
(SD) and 40.6 + 5.4 nm (SD), respectively.

The SYCP2 N terminus contains an ordered domain and a
HORMAD-binding closure motif, followed by a ~800-residue
stretch of disordered sequence (Fig. 24 and SI Appendix, Fig.
S1). To determine the arrangement of SYCP2 N terminus in the
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axis, we costained meiotic chromosomes with antibodies (SI Ap-
pendix, Fig. S1) targeting SYCP3 and the SYCP2 N terminus near
its closure motif. Our EXSTORM data (Fig. 2 G-K) revealed that
the SYCP2 N terminus [width, 84.8 + 8.9 nm (SD)] is more
broadly distributed than SYCP3 [width, 39.1 + 3.8 nm (SD)].
Consistently, in an independent 2-color experiment in which we
directly compared the localization of the SYCP2 N and C termini,
by costaining both termini of SYCP2 with their respective anti-
bodies, we also found that SYCP2-N exhibits a broader distribu-
tion width than SYCP2-C (SI Appendix, Fig. S7). These data
support a model in which the coiled-coil filaments of SYCP3 and
the SYCP2 C terminus form an axis core, around which the
SYCP2 N termini are arrayed, and SYCP2-N may serve to link
other proteins or chromatin to the SYCP3/SYCP2-C core.

Organization of Meiotic HORMADs in the Chromosome Axis. We next
examined the organizations of HORMAD1 and HORMAD?2,
which are known to localize to the chromosome axis (4) and are
required both for wild-type levels of meiotic DNA double-strand
breaks (DSBs) and for proper homolog-directed repair of these
DSBs (29). Previous in vitro studies have identified closure
motifs in both the SYCP2 N-terminal region and the HORMAD
C termini, which likely mediate HORMAD recruitment and
head-to-tail oligomerization, respectively (10, 30) (Fig. 24 and SI
Appendix, Fig. S1). In order to examine the localization of
HORMADs within the chromosome axis, we colabeled meiotic
chromosomes with SYCP3 and either HORMAD1 or HORMAD?2,
and imaged them using EXSTORM (Fig. 3). Similar to our find-
ings with the SYCP2 N terminus, frontal views of the chromosome
axes revealed that HORMADI1 adopts a wider distribution than
SYCP3 (Fig. 3 A-C). Histogram analysis further showed that,
while SYCP3 shows 1 peak, HORMADI1 exhibits as 2 peaks
bracketing the SYCP3 peak (Fig. 3D and SI Appendix, Fig. S16D).
The total width of HORMAD/1 distribution is 76.9 + 5.1 nm (SD),
larger than the width of SYCP3 [30.0 + 2.2 nm (SD)]. These data
suggest HORMAD1 mostly coats the outside of the SYCP3 core.
We then imaged the axial views of the chromosome axis/LE
stained for SYCP3 and HORMADI (Fig. 3 E-G and SI Appendix,
Figs. S9 and S10), and found HORMAD is also distributed more
broadly than SYCP3, with reduced signal in the SYCP3 core,
confirming that SYCP3 and HORMADI1 appear to form a core-
shell-like structure. Notably, a conventional STORM image (S/
Appendix, Fig. S§) on HORMAD1 and SYCP3 stained axis only
shows bigger width of HORMAD1 but cannot reveal the core-
shell-like structure.
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Fig.3. Two-color EXSTORM images of spread chromosomes immunostained
for meiotic HORMADs. (A-C) ExXSTORM image on a pachytene chromosome
labeled with SYCP3 and HORMAD1. (D) Distance distributions (from 4 cells, 6
chromosomes) showing that HORMAD1 has broader width than SYCP3, with
Gaussian fits in S/ Appendix, Fig. S16D. (E-G) An axial EXSTORM image on a
pachytene chromosome labeled with SYCP3 and HORMAD1, showing most
HORMAD?1 signals are outside the SYCP3 core. (H-J) EXSTORM image on a
pachytene chromosome labeled with SYCP3 and HORMAD?2. (K) Distance dis-
tributions (from 3 cells, 5 chromosomes) showing that HORMAD?2 spans wider
than SYCP3, with Gaussian fits in S/ Appendix, Fig. S16E. (Scale bars: 200 nm.)
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Fig. 4. Two-color EXSTORM images of spread chromosomes immunostained
for cohesin subunits. (A) Schematic of a meiotic cohesin complex containing
4 subunits: 2 SMCs (purple and cyan), 1 kleisin (green), and 1 stromal antigen
protein (orange oval). (B-D) ExXSTORM image of a meiotic chromosome la-
beled with SMC3 C terminus and SYCP3, with SMC3 showing broader width
along LE than that of SYCP3, as analyzed by distance distributions (from 4
cells, 5 chromosomes) in E, with Gaussian fits in SI Appendix, Fig. S16H. (F)
ExSTORM image of a meiotic chromosome labeled with RAD21L and SYCP3,
with distance distributions (from 4 cells, 4 chromosomes) shown in G, and
Gaussian fits in S/ Appendix, Fig. S16/. (H) EXSTORM image of a meiotic
chromosome labeled with STAG3 and SYCP3, with distance distributions
(from 3 cells, 6 chromosomes) shown in /, and Gaussian fits in S/ Appendix,
Fig. S16J. (Scale bars: 200 nm.)

We then imaged HORMAD? localization in the chromosome
axis/LE. While HORMAD? is less abundant than HORMAD1
(Fig. 3 H-J), it nevertheless also exhibits a wider distribution
[width, 72.4 + 13.1 nm (SD)] than SYCP3 [width, 38.5 + 5.3 nm
(SD)] (Fig. 3K).

Next, we examined localizations of HORMADs at other
prophase substages. As shown in SI Appendix, Fig. S11, at early
zygotene stage, where the SYCP3 filaments are unpaired,
HORMAD:s [width, 91.5 + 6.7 nm (SD)] also coat the outside of
the SYCP3 core [width, 35.0 = 5.1 nm (SD)]; at diplotene stage,
when paired axes undergo desynapsis, HORMADs [width,
106.6 + 3.3 nm (SD)] also exhibit a broader width than SYCP3
[width, 82.3 + 2.6 nm (SD)]. Overall, our ExXSTORM data sug-
gest that the core-shell-like organization between SYCP3 and
HORMAD:s is retained throughout chromosome axis assembly,
integration into the SC, and disassembly during meiotic prophase 1.

Organization of Cohesin Complexes in the Chromosome Axis. The
meiotic cohesin complexes consist of 2 structural maintenance of
chromosomes proteins (SMC1A/SMC1B and SMC3), an a-kleisin
protein (RAD21, RAD21L, or RECS), and a stromal antigen
protein (STAG1, STAG2, or STAG3) (31) (Fig. 44). Knockout
of the cohesin subunits SMC1B, RAD21L, RECS, or STAG3 in
mice leads to defective synapsis of homologous chromosomes in
prophase I, affects the overall length of the axis, and causes ste-
rility (32-36). We wondered whether EXSTORM might illuminate
how cohesin complexes are organized within the axes (Fig. 4 and
SI Appendix, Fig. S12). We first stained meiotic chromosomes
with antibodies against the SMC3 C terminus head domain, near
the primary DNA binding site of the complex (37, 38), along with
SYCP3 (Fig. 4 B-E). We found that most SMC3-C signals are
located near the boundary of the SYCP3 core, with SMC3-C
distribution showing 2 peaks [total width, 85.7 + 5.3 nm (SD)]
bracketing the SYCP3 peak [width, 32.4 + 4.3 nm (SD)], similar
to the distribution pattern of HORMADI. Consistently, an in-
dependent 2-color experiment on SMC3 and HORMAD/1 stained
chromosomes shows similar distribution widths for both proteins
(SI Appendix, Fig. S14).

We next examined the localizations of other cohesin subunits.
Biochemical and structural analyses have shown that the N and C
termini of SMC1 and SMC3 head domains interact with kleisin
and stromal antigen subunits (39, 40). Consistent with this, our
ExSTORM imaging on meiotic chromosomes with antibodies
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against RAD21L and STAG3 shows both proteins have similar
distribution patterns to that of the SMC3 C terminus, with widths
of 87.7 + 14.2 nm (SD) and 71.3 + 10.9 nm (SD), respectively
(Fig. 4 F-I). Such a core-shell-like structure between cohesin
and SYCP3 cannot be resolved by our conventional STORM
imaging (SI Appendix, Fig. S13).

Having examined the localizations of all major axis proteins
above, we further confirmed that their localization patterns are
not an artifact due to hypotonic spreading, by imaging in situ fixed
whole cells (SI Appendix, Fig. S15). Despite lower antibody
binding efficiency in directly fixed cells, the measured distribution
widths for SYCP3 [38.9 + 3.9 nm (SD)], SYCP2-N [66.9 + 3.0 nm
(SD)], HORMADI1 [90.8 + 13.9 nm (SD)], and SMC3-C [73.3 +
8.2 nm (SD)] were consistent with our hypotonic spreading results.

Discussion

Here, we show that the combination of expansion microscopy
with STORM (ExSTORM) is a robust method that provides a
2D spatial resolution of 10 to 20 nm. Since its invention (17),
expansion microscopy has been developing at fast pace. Higher
expansion ratios up to 10- to 20-fold have been achieved by using
different gel recipes (41) or multiple rounds of expansion (42).
Combinations of expansion microscopy with other superresolution
microscopes, such as SIM (ExSIM) (19, 43), STED (ExSTED)
(44-46), and lattice light sheet microscopy (EXLLSM) (47) have
also been reported to boost the resolution and throughput of
imaging. Meanwhile, with expansion ratio of 3 to 5, the homo-
geneity of expansion has been confirmed by imaging DNA origami
nanorulers (48) and nuclear pore complexes (49). Here, by in-
tegrating expansion microscopy with STORM, we also confirm
that our sample expansion is mostly homogeneous at 50 nm length
scales. We use a series of 2-color EXSTORM experiments to re-
veal structural details of the meiotic chromosome axis/SC lateral
element in mouse pachytene spermatocytes. Our data suggest that
the axis/LE proteins appear to have a core-shell-like organization
(Fig. 5) that has significant implications for meiotic chromosome
architecture and function.

Our imaging suggests that the meiotic chromosome axial ele-
ment proteins SYCP2 and SYCP3 form a compact 30- to 50-
nm-wide axis core, which supports prior in vitro findings that
their C-terminal coiled-coil regions can oligomerize into filaments.
High-resolution structural information on SYCP2:SYCP3 coiled-
coil tetramers has shown that each filament is 2 to 3 nm in width
(10, 50), suggesting that the fully assembled axis comprises a bundle
of such filaments. The SYCP2 N terminus, linked to the C-terminal
coiled-coil region by an ~800-residue disordered region, is arranged
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Fig. 5. Model of meiotic chromosome axis organizations in mouse pachy-
tene chromosomes. (A) Overlay of the localization distributions of the major
LE/axis components, determined from their 2-color experiments with respect
to SYCP3. The +1 SD boundaries for the SYCP3 distribution curves over these
experiments are shown as dashed lines. The distance coordinate is plotted
with respect to the N terminus of SYCP1, i.e., the middle of SC central region.
(B) Model of the protein organizations in synapsed meiotic chromosome
axes in the axial view.
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as a “shell” around the compact axis core. This region of SYCP2
contains an ordered domain with putative roles in chromatin lo-
calization (11), and a HORMAD-interacting closure motif (10).
Consistent with the identified direct interaction between SYCP2
and HORMAD?2 (10), we find that the distribution widths of
HORMADI [76.9 + 5.1 nm (SD)], HORMAD?2 [72.4 + 13.1 nm
(SD)], and the SYCP2 N terminus [84.8 + 8.9 nm (SD)] are similar
and significantly greater than that of SYCP3 [35.8 + 5.4 nm (SD)]
(SI Appendix, Table S2).

By investigating multiple epitopes on cohesin complexes, our
data also shed light on the spatial localizations of cohesins in the
chromosome axis. The SMC head, kleisin, and stromal antigen
all exhibit broader distributions than SYCP3, suggesting cohesin
complexes are located around the axis core and might associate
with a component of the axis. While direct interactions between
cohesin complexes and other axis components have not been
identified in mammals, the SYCP2 ortholog Red1 in Saccharo-
myces cerevisiae has been demonstrated to closely associate with
cohesin complexes (51). Thus, we speculate that cohesin com-
plexes may associate directly or indirectly with SYCP2 to medi-
ate anchoring of chromatin loops at the axis. Further work will
be needed to identify and characterize this potential interaction.

Overall, our data demonstrate the utility of EXSTORM as an
accessible imaging method that provides a ~3-fold resolution im-
provement over conventional STORM microscopy without sig-
nificant additional instrumentation cost. Our use of EXSTORM to
reveal previously unknown structural features of the meiotic
chromosome axis/SC lateral element further illustrates the utility
of the method as a bridge between conventional light microscopy
and high-resolution structural methods including X-ray crystal-
lography and cryo-EM.

Materials and Methods

More details of materials and methods can be found in SI Appendix. The
usage of mice was approved by the Institutional Animal Care and Use
Committees of Salk Institute, University of California San Diego, and Uni-
versity of California, Irvine.

Murine Spermatocyte Cell Spread Preparation. For cell spreading, we dissected
testes from 2 35 days postpartum (dpp) and 2 41 dpp wild-type mice and
followed the protocol described by de Boer et al. (52).

Immunostaining. The cell samples prepared above were blocked with 1% BSA
and 0.1% Triton X-100 in PBS for 1 h. Samples were incubated with primary
antibody at a concentration of 20 pg/mL in the blocking buffer at room
temperature for 24 h, followed by incubation in 0.33 mM acrylic acid
N-hydroxysuccinimide ester in PBS at room temperature for 2.5 h, before
proceeding with the sample gelation and expansion protocols below.
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Gelation, Digestion, and Postdigestion Staining. The immunostained samples
were gelled in our monomer solution (S/ Appendix) plus 0.2% (wt/wt) tet-
ramethylethylenediamine and 0.2% (wt/wt) ammonium persulfate for 3 h at
37 °C. The polymerized gel was then immersed in 4 mL of 0.2 mg/mL pro-
teinase K (Roche) in digestion buffer (S/ Appendix) and incubated at 37 °C
for 5 h. The gel was then incubated with 5 gel units/uL micrococcal nuclease
(NEB) at 37 °C for 3 h. Digested gels were next placed in excess volumes of
PBS for 2 h. The gels were then stained with Alexa 647- and CF568-conjugated
secondary antibodies at room temperature overnight, followed by washing in
10 mM Tris, pH 8.0 buffer. The expanded hydrogels were then attached onto
poly-L-lysine—coated cover glass for STORM imaging.

ExSTORM Imaging. STORM imaging of expanded samples was carried outon a
Nikon Ti inverted microscope equipped with a 60x TIRF objective lens (N.A.,
1.49). An ASI CRISP autofocus system (ASI Imaging) coupled with a 3D piezo
stage (Physik Instruments) was used to lock in the focus during imaging. A
639-nm laser (Coherent Genesis; 1 W) and a 561-nm laser (MPB Communi-
cations; 2 W) were used, followed by activation with 405-nm laser (Coherent
OBIS). A homemade dual-viewer was placed in front of an EMCCD (Andor
iXon3) for 2-color imaging. Single-molecule blinking events were collected
from a field of view (FOV) of 35 x 35 pm with an integration time of 50 ms
for a total of about 150,000 frames. Alignment of the 2 colors in the FOV
was determined using fluorescent beads. STORM images were analyzed by
ThunderSTORM and MatlabSTORM (Github). Lateral drift was corrected
by cross-correlations. The final images used in the figures were plotted by
rendering each localization as a 2D Gaussian peak.

Image Analysis. We first manually fitted the central lines of the paired LEs/axes
in each meiotic chromosome with fifth-order polynomial functions. We next
calculated the protein distribution (with bin size of 5 nm) around LE by
measuring the distance between their localizations to the fitted central lines.
We rejected individual signals with distances larger than 80 nm for LE proteins
from the central lines to avoid false or background signals that did not belong
to the LE. Detailed analysis workflow is illustrated in S/ Appendix, Fig. S4. The
distributions of protein localizations were fitted by a single Gaussian or 2
Gaussians, depending on the shape of the distribution. The widths of the
distributions were then determined as either the full width at half-maximum
of a single Gaussian or the distance from the leftmost Gaussian’s half-
maximum position to the rightmost Gaussian’s half-maximum position (S/
Appendix, Fig. S16). The distribution widths and their SDs over the number
of imaged chromosomes are tabulated in S/ Appendix, Table S2.

Data Availability. All EXSTORM/STORM localization data used in this paper are
available at the Open Science Framework (OSF) data repository (https://osf.io/
mnh8r/).
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