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Summary

Exchange of genetic information between the parental chromosomes during sexual reproduction is
controlled by a conserved structure called the synaptonemal complex. It is composed of axes (stiff
chromosomal backbones), and a central region that assembles between two parallel axes. To form
exchanges, the parental chromosomes must be drawn together and aligned by the synaptonemal complex.
However, its mechanism of assembly remains unknown. Here we identify an axis-central region interface in
C. elegans composed of the axis component HIM-3 and the central region component SYP-5. Weaker
interface prevented complete synaptonemal complex assembly, and crucially, altered its canonical layered
ultrastructure. Informed by these phenotypes, we built a thermodynamic model for synaptonemal complex
assembly. The model recapitulates our experimental observations, indicating that the liquid-like central
region can move chromosomes by wetting the axes without active energy consumption. More broadly, our
data show that condensation can bring about tightly regulated nuclear reorganization.

Keywords
synaptonemal complex, meiosis, C. elegans, condensation, wetting, HORMA

Introduction

Cellular processes are tightly controlled spatially, requiring that large structures, such as organelles or
chromosomes, be moved and precisely positioned. This is most commonly achieved by motor proteins and
the polymerization/depolymerization of cytoskeletal filaments. These active processes consume free energy
provided by the hydrolysis of nucleotide triphosphate (NTP) molecules to move cargo over large distances.
However, an alternative mechanism that could requlate cellular organization has been proposed:
thermodynamically-driven formation of protein assemblies (Brangwynne et al. 2009). Self-assembly of
biomolecular condensates is capable of exerting pico-newton-scale forces on adjacent cellular bodies
(Gouveia et al. 2022). However, the importance of condensate assembly for driving and controlling the
movement of cellular structures in vivo remains unknown.

A cellular structure whose maneuvering is particularly well-reqgulated is the chromosome. During meiosis,
the specialized cell division cycle that produces gametes, the unassociated homologous parental
chromosomes (homologs) are brought together and aligned along their lengths (Zickler and Kleckner 2023).
Paired and aligned homologs are necessary for the formation of exchanges (crossovers) that shuffle the
maternal and paternal genomes and allow chromosomes to correctly segregate into the gametes. Errors in
these intricately controlled processes lead to aneuploidy, congenital birth defects and infertility.
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Chromosome alignment in meiosis is driven and controlled by the synaptonemal complex —a conserved
protein structure that assembles between homologs. The structure is built from two main elements — axes
and the synaptonemal complex central region (SC-CR; Figure 1A-B). The axes are composed of cohesins,
HORMA-domain proteins and other structural and regulatory proteins, which mold the chromosome into an
array of loops. The SC-CR, made of coiled-coil proteins, associates with pre-assembled axes on each of the
two homologs, placing them parallel to one another and ~150nm apart. Synaptonemal complex assembly,
or synapsis, extends localized pairing interactions to align the homologs end-to-end and intimately
juxtapose homologous sequences. The synaptonemal complex also directly regulates factors that form
crossover (Libuda et al. 2013), potentially by regulating their diffusion along chromosomes (Morgan et al.
2021; Zhang et al. 2021; Durand et al. 2022; Fozard et al. 2023).

The mechanism of synaptonemal complex assembly remains unknown. The ladder-like appearance of the
SC-CRin negative-stained electron micrographs (Figure 1A), the stereotypic organization of subunits within
the SC-CR (Figure 1B; (Schild-Prifert et al. 2011; Schicker et al. 2015; Kéhler et al. 2020)), and its assembly
through processive extension (Rog and Dernburg 2015; Pollard et al. 2023) all contributed to the idea that
assembly proceeds through zipping. This mode of assembly would be similar to active polymerization -
locally consuming free energy generated by NTP hydrolysis to attach subunits at the growing end and in this
way resist the restoring force of chromatin. The more recent observations of constant SC-CR subunit
exchange within the synaptonemal complex and of fluid behaviors exhibited by the SC-CR suggest that itis a
biomolecular condensate with liquid properties (Rog et al. 2017; Pattabiraman et al. 2017; Nadarajan et al.
2017; von Diezmann et al. 2024). The synaptonemal complex may therefore assemble by condensation of
the SC-CR between parallel axes, moving chromosomes by capillary-like forces. However, available tools to
reconstitute, perturb, and image the synaptonemal complex have failed to distinguish between possible
assembly mechanisms. Underlying these challenges is the inability to modulate the interactions between
the SC-CR and the axis, since the molecular contacts between them are not known (Gordon and Rog 2023).

Here, we identify components of the axis-SC-CR interface in the nematode Caenorhabditis elegans,
comprising the axis protein HIM-3 and the SC-CR protein SYP-5. We show that this interface is essential for
synaptonemal complex assembly. Moreover, the effects of weakened axis-SC-CR interactions on the
morphology of the synaptonemal complex support SC-CR assembly through wetting. To substantiate this
idea, we generated a thermodynamic model. Our model assumes no local consumption of free energy and
relies on the condensation of SC-CR molecules and on surface binding of SC-CR components to the axis to
account for the experimentally observed phenotypes of meiotic perturbations.

Results

The axis protein HIM-3 is a component of the axis-SC-CR interface

To identify the axis-SC-CR interface, we wanted to study this interface independently of other mechanisms
that affect chromosome organization. We used polycomplexes: assemblies of SC-CR material that form
when the SC-CR cannot load onto chromosomes. Since the stacked SC-CR lamellae in polycomplexes
closely resemble the SC-CR layer that forms between the axes under physiological conditions,
polycomplexes have been used to study SC-CR ultrastructure (Sym and Roeder 1995; Hughes and Hawley
2020). We used worms that lack meiotic cohesins (deletion of the meiotic kleisins rec-8 and coh-3/4,
designated cohesin(-)), which prevents axis assembly onto chromosomes. In these worms, SC-CR material
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86  forms chromatin-free polycomplexes that recruit axis components (Figures 1A, 1C and S1B; (Severson and
87  Meyer2014; Rog et al. 2017)).
88
89  First, we wanted to identify the axis components required for polycomplex-axis interactions. Out of the four
90  meiotic HORMA proteins in worms - HTP-3, HIM-3 and HTP-1/2 - we predicted a crucial role for HIM-3 based
91  onits proximity to the SC-CR and the increasing synapsis defects upon its gradual removal (Kim et al. 2015;
92  Kéhler et al. 2017; Gordon and Rog 2023). Upon deletion of him-3, the axis components HTP-3 and HTP-1/2
93  failed to localize to polycomplexes, as revealed by immunostaining (Figure 1C-D). This suggested that HIM-3
94  directly interacts with the SC-CR, whereas HTP-3 and HTP-1/2 are recruited to polycomplexes indirectly,
95 through interactions with HIM-3 (Kim et al. 2014). Sequential deletions of HIM-3 regions showed that the C-
96  terminus of HIM-3, which includes a disordered linker and a domain that interacts with other HORMA
97  proteins (called the ‘closure motif'), plays only a minimal role in the recruitment of axis proteins to
98  polycomplexes (Figure 1C-D). This result suggested that the SC-CR-interacting region lies in the HORMA
99  domain of HIM-3.
100
101  The HORMA domain is a conserved fold shared among meiotic axis proteins (Ur and Corbett 2021). We
102  examined the structures of the HORMA domains in the three meiotic axis proteins (Figure 2A; (Kim et al.
103  2014)) to identify divergent surfaces that could mediate HIM-3's specific contribution to axis-SC-CR
104  interactions. We noticed a positively charged patch that is unique to HIM-3, containing lysines at positions
105 170, 171, 177 and 178 and an arginine at position 174 (Figure 2A). Importantly, this patch is in a region of HIM-
106 3 not known to carry out other functions, like interaction with other axis proteins (Figure S2A; (Kim et al.
107  2014)). We generated several HIM-3 mutants that reversed the charge in the positive patch (Figure 2A).

Ri74E

108  These mutations decreased the accumulation of HIM-3 on polycomplexes: ~4-fold for him-3"*#" and

KK170-171EE KK177-178EE

109  reduction to almost background level for him-3 and him-3 (Figure 2B-E; in panel E we

110 normalized HIM-3 enrichment relative to SYP-5 enrichment). The indirect recruitment of HTP-3 to
111 polycomplexes was also abolished. Analysis in live cohesin(-) gonads, using GFP-tagged HIM-3, yielded

174E

112 similar results (Figure S3; ~5-fold reduction for him-3%"74" versus wild-type worms). These data indicate that

113  the positive patch on HIM-3 mediates association with SC-CR components.
114
115 The HIM-3 positive patch is essential for synaptonemal complex assembly

116  To assess the contribution of the HIM-3 positive patch to synapsis, we analyzed meiosis in our HIM-3 positive

Ri74E KK170-171EE

117  patch mutants. Worms harboring him-3 and him-3 exhibited disrupted meiosis, consistent with

Ri74E

118 their relative disruption of axis-SC-CR interactions. The him-3 worms had only 21 progeny on average, as

119  compared with 300 progeny for wild-type worms, with 4.2% male self-progeny, indicative of mis-

120  segregation of the X chromosome (Figure 3A-B; wild-type worms have 0.1% male progeny). These defects

KK170-171EE

121 were much more severe in him-3 worms, which exhibited phenotypes similar to him-3 null worms

122  (Couteau et al. 2004) and were almost sterile.
123

124  Cytological examination indicated that an average of 3.2 out of the six chromosome pairs synapsed in him-

KK170-171EE

125  3¥7%" worms, and only 1.5 chromosomes synapsed in him-3 worms (Figure 3C-D and S4A). The

126  synapsed chromosomes appear to form crossovers, as indicated by the correspondence between the

127  number of synapsed chromosomes and the number of chromosomes attached through chiasmata (Figure

KK170-171EE

128  3E). The residual association of SC-CR material with axes in him-3 worms suggests that other axis
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129  components may harbor a weak affinity for the SC-CR. Consistent with this idea, chromosomes with axes
130 thatlack HIM-3 altogether are still associated with SC-CR material (Figure 3F; (Kim et al. 2014)).

131

132  Importantly, HIM-3 positive patch mutant proteins still loaded onto both synapsed and asynapsed

133  chromosomes (Figure 3C). HIM-3 levels and the fraction of HIM-3 on chromosomes were also minimally
134  affected in the mutants (Figure S4B-D). These data suggest that the surface charge alterations in him-3 are
135  bona fide separation-of-function mutations, and that the phenotypes they exhibit can be attributed to
136  disrupted axis-SC-CR interactions.

137

138  Disrupting axis-SC-CR interactions alters synaptonemal complex morphology

139  To gain better insight into the morphology of the synaptonemal complex in him-3 mutants, we used

140  stimulated emission-depletion super-resolution microscopy (STED). The axes in wild-type worms, and in

141  most synapsed chromosomes in him-3~74¢

worms, exhibited the canonical layered ultrastructure of an

142 assembled synaptonemal complex: they were parallel along their length, separated by ~150nm (Figure 3F-H;
143  (Page and Hawley 2004; Almanzar et al. 2023; Zickler and Kleckner 2023)). him-37**"**€ and him-3(-)

144 chromosomes, however, were much more disorganized. Axes were often associated with each other without
145  being parallel and even seemingly aligned axes failed to maintain a 150nm spacing (Figure 3G). In some

146  cases, SC-CR aggregates interacted with multiple axes - a situation never observed in wild-type worms

147  (Figure 3F-G).

148

149  Staining a protein that localizes in the middle of the SC-CR (SYP-2; Figure 1B; (Schild-Prifert et al. 2011;

KK170- EE
o715 worms do not form the

150  Kéhler et al. 2020)) revealed that many of the SC-CR structures in him-3
151  single thread observed in wild-type animals, implying the inter-axes space is occupied by more than a single
152  lamella of SC-CR (Figure 3F). Instead, the SYP-2 epitope exhibited a dotty appearance with some parallel
153  threads (Figures 3F and S5). Measurements in live worms confirmed the presence of many more SC-CR

Pl . ) . R174E
7O worms compared with wild-type or him-3"7*

154  molecules per chromosome in him-3 worms (Figure
155  SaoF). This pattern is reminiscent of polycomplexes, which resemble stacked SC-CR lamellae, with a

156 distance between the center of each lamella (where SYP-2 localizes) matching the width of native

157  synaptonemal complex (Figure Ss; (Rog et al. 2017; Hughes and Hawley 2020)).

158

159  Taken together, our analyses indicate that HIM-3-mediated axis-SC-CR interactions drive synaptonemal
160  complex assembly. Furthermore, the altered SC-CR morphology in him-3 mutants sheds light on the

161  mechanism of synapsis, pointing to an interplay between axis-SC-CR interactions and self-interactions
162  among SC-CR subunits. Below, we use this understanding to generate a thermodynamic model for

163  synaptonemal complex assembly.

164

165  The SC-CR protein SYP-5 is a component of the axis-SC-CR interface

166  Toidentify SC-CR components that interact with the HIM-3 positive patch, we searched the worm SC-CR
167  subunits - SYP-1-6 and SKR-1/2 - to identify those that harbor negatively charged regions that localize near
168 the axes. An attractive candidate was SYP-5, which has a negatively charged C-terminus that localizes near
169 the axes and, when truncated, leads to synapsis defects (Figure 1B; (Hurlock et al. 2020; Zhang et al. 2020).
170  (The C-terminus of SYP-1, which also localizes near the axes, is not negatively charged.)

171
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172  We generated two charge-swap mutants in syp-5 (syp-5°< and syp-5°%, mutating five and six aspartic and
173 glutamic acids to lysines, respectively; Figure 4A). We analyzed them in the cohesin(-) him-3<*7°*7*¢€
174  background, hypothesizing they may restore the recruitment of axis components to polycomplexes. We

KK170-171EE

175  foundthat polycomplexes in cohesin(-) him-3 syp-5°% worms recruited significantly more HIM-3

176  compared to cohesin(-) him-3“*7°"7"* controls (Figure 4B-E). This likely underestimates the effect of syp-5°¢
177  onaxis-SC-CR interactions, since polycomplexes in this background concentrated much less SC-CR, likely
178 due to impaired SC-CR self-interactions (Figures 4C and S10B; (Zhang et al. 2020)). The syp-56K mutation
179  further weakened SC-CR self-interactions, completely preventing polycomplex formation in cohesin(-) him-
180  37**** worms and precluding assessment of its effect on axis-SC-CR interactions (Figure 4B). These data
181  suggest that the C-terminus of SYP-5 contributes to axis-SC-CR interactions, in addition to promoting self-
182  interactions between SC-CR subunits.

183

184  The SYP-5 negatively-charged C-terminus helps maintain synaptonemal complex morphology

KK170-171EF KK170-171EE 6K
e YOI syp-5"" worms, we found only one or two SC-

KK170-171EE

syp-5°“ and him-3
186  CR-associated chromosomes per nucleus, similar to him-3

185  When we analyzed him-3
worms (Figures 4F-G and S6B). However,
187  the synaptonemal complex on these synapsed chromosomes exhibited morphologies more similar to wild

KK170-171EE 6K
YOI syp-57" worms, where almost all the synaptonemal

188  type. This effect was the strongest for him-3
189  complexes exhibited a canonical morphology: a single SC-CR thread between the axes and an inter-axis

190 distance of ~a50nm (Figure 4H-1).

191

192  When analyzed by themselves, both syp-5°% and syp-5° worms exhibited defects in synaptonemal complex
193  assembly (Figure S7). These defects included the presence of asynapsed chromosomes and chromosomes
194  thatfailed to form a crossover, as well as consequent defects in chromosome segregation leading to reduced
195  progeny number and a higher prevalence of male self-progeny (Figure S7). Consistent with its stronger

KK170-171EE

196  effect on synaptonemal complex morphology in him-3 worms, syp-5°¢ worms exhibited stronger

197  defects compared with syp-5°“ worms (Figure S7).

198

199  While we were unable to generate clean separation-of-function mutations in syp-5, the restoration of axis
200  recruitment to polycomplexes and the suppression of the synaptonemal complex morphology defects

201  suggest that the negatively charged C-terminus of SYP-5 interacts with the positively charged patch on HIM-
202  3toform an axis-SC-CR interface.

203

204  Thermodynamic model of synaptonemal complex assembly

205  Our analysis of him-3 mutants helps differentiate between different mechanisms of synaptonemal complex
206  assembly. Zipping-based mechanisms predict that disrupting axis-SC-CR interactions will not prevent

207  zipping per se but will affect the alignment of the axes (and the chromosomes) by decoupling the axes from
208  the SC-CR. Thermodynamically-driven assembly makes a different prediction. To assemble, condensation
209  mediated by attractive self-interactions and surface binding to the axes overcomes the entropic-driven
210  dispersion of SC-CR components and chromosomes. These interactions together determine the ultimate

211 morphology of the synaptonemal complex. Our observations in him-3<*727*

worms support this
212  prediction: the drastically weakened axis-SC-CR interactions led to the formation of a much thicker SC-CR
213  thatfailed to extend to the entire length of the chromosome (Figures 3 and S12).

214
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215  Toexplore whether thermodynamically-driven assembly underlies synapsis, we developed a free-energy-
216  based model. Our model incorporates the dimensions of meiotic nuclei and chromosomes in worms (Figure
217  s5A, see Supplementary Note 1 for a full description of the model). An important quantity in our model is the
218  condensate volume, V.. We measured V, for polycomplexes (~0.05 pm?; Figure 5E) and found it to be

219  somewhat smaller than the volume of the assembled SC-CR on chromosomes (~0.1 um?; Figure 5A). That is
220  expected given the affinity between the axes and the SC-CR. Since volume is not easy to measure in

221  fluorescent images, we also used the fraction of SC-CR molecules in condensates (either polycomplexes or
222  assembled synaptonemal complex) as a proxy for V, (e.q., Figure 5D).

223

224 Our model includes energetic terms for two key aspects of synaptonemal complex assembly. The first is the
225  binding of SC-CR molecules to the axis. This depends on the binding energy between SYP-5 (together with
226  other SC-CR components) and HIM-3 (and potentially other axis components), denoted by ey, as well as the
227  number of interacting axis and SC-CR molecules. Each chromosome harbors a limited number of HIM-3
228  molecules (~500), which, in turn, allow for ~500 associated SC-CR molecules, each with binding energy egy.
229  The second free energy component incorporates the interfacial energy between the SC-CR and the

230  nucleoplasm, which depends on attractive binding energy among SYP-5 molecules (and other SC-CR

231  components), denoted by egs, and on the minimization of the SC-CR-nucleoplasm interfacial area. The
232  morphology of the SC-CR is therefore defined by the balance between the energetic benefit of surface

233  binding to the axes ("adsorption") and the free energy penalty of having a larger surface area for assembled
234  synaptonemal complex threads versus a spherical polycomplex. While we cannot directly measure egg and
235  egy, our modeling reveals that the effects on synaptonemal complex assembly are best captured by the ratio

236  between these two entities, which we denote as @ = =3,

ess
237
238  Synaptonemal complex assembly model recapitulates empirical observations of physiological and
239  perturbed meiosis
240  The parameterized model captures multiple aspects of wild-type and mutant synapsis. First, we minimized
241  the total free energy in the system when the condensate volume V, is constant. This resulted in a monotonic
242  relationship between a and the number of synapsed chromosomes (Figure 6A). Using this graph, the six
243  synapsed chromosomes in wild-type worms yield @ > 1.2. Similarly, the ~3 synapsed chromosomes in him-
244 37%" worms translate to @ = 1.0. Given the molecular nature of the mutation, this reduction in a likely
245  reflects weaker egy.
246
247  Many of the conditions discussed here affect both a and V,. To capture these complexities, we plotted the
248  result of the model as a contour plot that links a and V, to the number of synapsed chromosomes (Figure 6B;
249  note that this plot is a generalization of Figure 6A). The black curves denote the minimal values of @ and
250  that would allow the indicated number of chromosomes to synapse. On the contour plot, the wild-type and

KK170-171EE

251  him-3"7* conditions are noted with green and blue asterisks, respectively, and him-3 worms, with

252  aneven lower value of @ and a somewhat lower V, (Figures 2 and 5D), is denoted with a red asterisk.

253

254  The contour plot also captures information about SC-CR morphology. By integrating the volume of the
255  condensate and the number of synapsed chromosomes, we could deduce the predicted 'thickness' of the
256  SC-CR(i.e., the amount of material packed between the 150nm-spaced axes). Consistent with the large

257  number of SC-CR molecules per chromosome (Figure S10F), the thickness of the SC-CR in him-3*<70 2726
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258  worms is predicted to be >100nm (Figure 6B; thickness thresholds of 9o and 100nm are shown as orange and

KK170-171EE .
7017155 \worms becomes variable and

259  yellow lines, respectively). Notably, the inter-axes distance in him-3
260  the SC-CR forms structures with ultrastructure related to polycomplexes (Figures 3 and Ss; (Rog et al. 2017;
261  Hughesand Hawley 2020)). This suggests that only a limited amount of SC-CR material could be sandwiched
262  between the axes while maintaining a native synaptonemal complex morphology; beyond this amount, the
263  SC-CRformsamulti-lamellar structure.

264

265  We could similarly overlay on the contour plot the effects of other experimental perturbations. For instance,

266  the syp-5 mutations that partially suppress the effects of him-3"<*7°*7*

KK170-171EE

(Figure 3) represent diagonal
267  upward-left vectors relative to the him-3 single mutant (lower V, and larger «; black arrow in Figure
268  6B). This vector would bring the thickness of the condensate below the threshold of multi-lamellar synapsis,
269  consistent with our empirical observations. Similarly, we model the effects of the temperature-sensitive syp-
270 1** mutation, which destabilizes the SC-CR (Figure S10A; (Gordon et al. 2021)), and the impact of lowering
271  the abundance of SC-CR subunits (Figure S11; see Supplementary Note 1 for full details).

272

273 Our ability to recapitulate a variety of experimental data using our free-energy-based model indicates that
274  anactive mechanism (e.g., polymerization) need not be invoked in the assembly of the synaptonemal

275  complex. Instead, our model indicates that SC-CR wetting of the axes can confer selective assembly of the
276  synaptonemal complex between homologs. We conclude that the dramatic chromosome reorganization
277  necessary for chromosome alignment is driven by a mechanism that does not require any additional energy
278  input beyond thermodynamics.

279

280  Discussion

281  Inthis study, we identified molecular contacts between the axis and the SC-CR, which allowed us to explore
282  the mechanism of synaptonemal complex assembly. Molecular genetic analysis combined with in vivo

283  measurementsrevealed an electrostatic interface between a positive patch on the HIM-3 HORMA domain
284  andthe negatively charged C-terminus of SYP-5. The residual SC-CR-axis association in worms lacking HIM-
285  3altogether (Figure 3F) suggests that the HIM-3-SYP-5 interaction acts together with additional contacts to
286  form the axis-SC-CR interface.

287

288  The rapid sequence divergence of synaptonemal complex components in general, and of SC-CR subunits in
289  particular (Kursel et al. 2021), suggest that the molecular details of the HIM-3-SYP-5 interface are likely to be
290  specific to worms. Nevertheless, the axes in most organisms include HORMA domain proteins (Ur and

291  Corbett 2021; Gordon and Rog 2023). Also conserved are the dimensions and ultrastructure of the

292  synaptonemal complex (Page and Hawley 2004; Zickler and Kleckner 2023), and the SC-CR’s dynamic

293  behaviors (Rog et al. 2017) and its ability to form polycomplexes (Hughes and Hawley 2020). These

294  observations suggest that the mechanism of synaptonemal complex assembly - wetting of axes by the SC-
295  CR-islikely to be conserved as well.

296

297  The ability to experimentally modulate the affinity between the SC-CR and the axis allowed us to test

298  mechanisms of synaptonemal complex assembly. The liquid-like properties of the SC-CR, as demonstrated
299 by the dynamic exchange of subunits and an ability to form droplet-like polycomplexes, led us to

300  hypothesize that it assembles by wetting two HIM-3-coated axes. Wetting, which relies on binding

301 (adsorption) to the axes and self-interactions between SC-CR subunits (condensation), allows the
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302  concomitant spread to the entire chromosome and the generation of adhesive forces between the

303  homologous chromosomes. Supporting this idea, a thermodynamic model that assumes only self-

304  interactions between SC-CR subunits and binding interactions between the SC-CR and the axis recapitulated
305  the phenotypes of weakening axis-SC-CR and intra-SC-CR interactions (Figures 5D, 6, Sg and S10) and of
306  lowering SC-CR levels (Figure S11).

307

308  Our synaptonemal complex assembly model provides an elegant explanation for the association of SC-CR
309  exclusively with paired axes (MacQueen et al. 2005). While the SC-CR has an affinity for the axes, binding to
310  unpaired axes provides a small energetic advantage compared with SC-CR condensation. Stable association
311  with axes only occurs in the context of a fully assembled synaptonemal complex, where SC-CR subunits form
312  acondensate that wets the axes. Weakening SC-CR self-association could expose the tendency of SC-CR
313  molecules to bind unpaired axes. Indeed, two independent SC-CR mutations that weaken intra-SC-CR

314  associations also lead to SC-CR association with unpaired axes (the mutations are the aforementioned syp-
315  1***" and syp-3(me42); Figure S10A; (Smolikov et al. 2007; Rog et al. 2017; Gordon et al. 2021)).

316

317  Severe perturbations of axis-SC-CR interactions (him-3*7°*7*

or him-3(-)) led to the formation of large SC-
318 CRaggregates within the axes —>400nm between the axes and too far apart to be spanned by a single SC-
319 CRlamella (~150nm; Figure 3F). The potential to form such a structure suggests that the wild-type scenario —
320  where unilamellar SC-CR coats the axes from end to end - reflects a tightly regulated balance between axis-
321  SC-CRbinding and the interfacial tension of SC-CR condensates. In addition to enabling end-to-end synapsis
322  of parental chromosomes, such a balance could also counter the thermodynamic drive of liquids to minimize
323  surface tension (e.g., through the process of Ostwald ripening; (Gouveia et al. 2022)). Wetting of the axes
324  therefore underlies persistent and complete synapsis — the maintenance of independent SC-CR

325  compartments, one on each chromosome — during the many hours in which the synaptonemal complex
326  remains assembled.

327

328  Aunilamellar SC-CR has crucial functional implications. Complete synapsis ensures two fundamental

329 characteristics of meiotic crossovers: 1) all chromosomes undergo at least one crossover and 2) crossovers
330  only occur between homologous chromosomes. The specter of multiple axes interacting with large SC-CR
331  aggregates (Figure 3F) is likely to prevent synapsis of all chromosomes by sequestering SC-CR material. It
332  could also allow ectopic exchanges between nonhomologous chromosomes and, consequently, karyotype
333  aberrations and aneuploidy. The limited surface area of a unilamellar SC-CR, together with repulsive forces
334  between chromatin masses (Marko and Siggia 1997), could limit the number of interacting axes to no more
335  thantwo. Such a mechanism to prevent multi-chromosome associations can help explain the evolutionary
336  conservation of the synaptonemal complex, which exhibits only minor ultrastructural variations between
337  species with order-of-magnitude differences in genome size and chromosome number (Page and Hawley
338  2004; Zickler and Kleckner 2023).

339

340  Our thermodynamic model groups together the distinctive affinities that drive SC-CR self-interactions:

341  stacking of SC-CR subunits and the lateral attachments between SC-CR lamellae. The spherical morphology
342  of stacked ladder-like lamellae in polycomplexes suggests a balance with the anisotropic elements (ladder-
343  like assembly), and the potentially isotropic attractive interactions among SC-CR proteins. This spherical
344 morphology is distinct from mitotic spindles (Oriola et al. 2020) but more akin to drops of fragmented

345  amyloid fibrils in yeast (Tyedmers et al. 2010). The non-spherical polycomplexes that form in some
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346 organisms (Hughes and Hawley 2020) and in certain mutant backgrounds (e.g., (Gordon et al. 2021)) provide
347  anopportunity for future studies of the balance between stacking and lateral interactions.

348

349  Cellbiologists have identified numerous supramolecular assemblies in the nucleus (Sabari et al. 2020). Many
350  ofthese structures have been suggested to exert force and movement on the genome in order to organize it
351  andthustightly regulate biological processes ranging from transcription to genome maintenance. The in
352  vitro and in vivo material properties of many such structures have been a focus of recent probing. However,
353  only rarely has it been shown that a specific material state of a supramolecular assembly (e.g., a liquid)

354  underlies the nuclear-scale maneuvering of chromosomes in the nucleus (Gouveia et al. 2022; Chung and Tu
355  2023). Synaptonemal complex assembly through wetting demonstrates that the liquid properties of the SC-
356  CRunderlie a core component of meiosis — the large-scale chromosome reorganization that brings

357  homologous chromosomes together.
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382  Materials and Methods

383

384  Worm strains and CRISPR

385  Worms were grown under standard conditions (Brenner 1974). Unless otherwise noted, all worms were

386  grown at 20°C. All strains used in this study are listed in Table S1. CRISPR was performed as previously

387  described (Gordon et al. 2021), with guide RNA and repair templates listed in Table S2. All new alleles were
388  confirmed by Sanger sequencing.

389

390  Structural models of HORMA domain-containing proteins

391  PDB files for HTP-1 and HIM-3 (Kim et al. 2014) were obtained from PDB database and uploaded into

392  ChimeraX (Meng et al. 2023). Electrostatic models of surface charge were created with the Surfaces tab on
393  ChimeraX. Models of him-3 charge swap mutants were created using the Rotamers tab and changing the
394 specified amino acids to aspartic acid residues with the 'best predicted' position. The HORMA domain of
395 HTP-3 was generated in AlphaFold (Senior et al. 2020) without the C-terminal tail. The best-predicted

396  structure was used.

397

398  Immunofluorescence and fluorescence measurements on polycomplexes

399  Immunofluorescence was performed as described in (Gordon et al. 2021). Images were acquired with a Zeiss
400  LSM880 microscope equipped with an AiryScan and a x63 1.4NA Qil objective. The laser powers were kept
401  the same at 1.5% 633nm, 0.3% 562nm, 2.2% 488nm and 4.5% 4o5nm. The antibodies used were guinea pig
402  anti-HTP-3 (MacQueen et al. 2005), rabbit anti-SYP-5 (Hurlock et al. 2020), chicken anti-HIM-3 (Hurlock et al.
403  2020), and rabbit anti-SYP-2 (Colaidcovo et al. 2003), with appropriate secondary antibodies (Jackson

404  ImmunoResearch). Line scans were analyzed in ZEN Blue 3.0 (Zeiss) on a single z-slice where the

405  polycomplex has the highest fluorescence. The average fluorescence inside the polycomplex and in the
406  nucleoplasm (outside the polycomplex) were used to determine enrichment on polycomplexes. To

407  normalize, the enrichment of the axis component was divided by the enrichment of the SC-CR component.
408

409  Meiotic phenotypes

410  Progeny and male counts were performed as in (Gordon et al. 2021). Synapsed chromosomes were counted
411 in maximum-intensity projection images of gonads stained for an SC-CR component (SYP-2 or SYP-5).

412  Chiasmata were counted as in (Gordon et al. 2021). Synapsis phenotypes were determined on STED images
413  and were confirmed with line scans to determine that the inter-axis distance was greater than 1sonm.

414

415  STED imaging

416  Immunofluorescence slides were made as above, with the following modifications. We used rabbit anti-SYP-
417 5 (Hurlock et al. 2020), rabbit anti-SYP-2 (Hurlock et al. 2020) and guinea pig anti-HTP-3 primary antibodies,
418  and STAR RED anti-rabbit (Abberoir; 1:200) and Alexa fluor 594 anti-guinea pig (Jackson ImmunoResearch;
419  1:200) as secondary antibodies. We used liquid mount (Abberoir) as a mounting media. Imaging on

420 STEDYCON was done as in (Almanzar et al. 2023). Line scans were used to determine the distance between
421  axes, as described in (Almanzar et al. 2023).

422

423  Live gonad imaging

424 Live imaging of gonads was performed essentially as described in (von Diezmann and Rog 2021). Briefly, 2%
425  agarose pads soaked with embryonic culture medium (ECM; 84% Leibowitz L-15 without phenol red, 9.3%

10
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fetal bovine serum, 0.01% levamisole and 2 mM EGTA) for ~20 minutes. Worms were dissected in 2o0pL ECM
supplemented with Hoechst 33342 (1:200). The slides were sealed with VALAP and imaged using 4% 488
laser power 4.5% 405 laser power. Images were processed using Imaris 10.0 (Bitplane). 5 nuclei from each
gonad were cropped and a mask for the 488 channel was made. The mask was applied using the default
setting, but was manually adjusted as appropriate, particularly in some genotypes (syp-3 RNAi and htp-3(-)).

RNAI

RNAi was performed as described in (Libuda et al. 2013). Briefly, syp-3 (F3gH2.4) and RNAi control (pL4440)
plasmids from the Ahringer laboratory RNAi library (Kamath et al. 2003) were grown overnight in
LB+carbenicillin at 37°C, spread on RNAI plates (NGM+carbenicillin+IPTG) and incubated overnight at 37°C.
L4 worms were placed on RNAI plates and grown for 24 hours at 20°C. Live gonads were imaged as
described above.

CRISPR
CRISPR/Casg injections were performed essentially as described in (Gordon et al. 2021), with the templates

and guides listed in Table S1. Correct repair was confirmed by Sanger sequencing.

Statistical analysis
All statistical analysis was done in Prism 10.0 (GraphPad).
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446
447  Table Sa: Strains used in this work
448
genotype source/method
gfp::him-3 1V (Stauffer et al. 2019)
gfp::him-3 rec-8(slc38)/nT1 IV; coh-4(tm1857) coh-3(gk112) V/nT1 [gls51] V mating of gfp::him-3 with coh-3
coh-4/nTz, followed by CRISPR
to create rec-8(-)
rec-8(okg78)/nT1 IV; coh-4(tm1857) coh-3(gk112)/nT1 [qls51] V (Severson and Meyer 2014)
him-3"7**(slc30) rec-8(okg78)/nT1 IV; coh-4(tm1857) coh-3(gk112)/nT1 [gls51] V | CRISPR
him-3""7°7**%(s]c26) rec-8(ok978)/nT1 IV; coh-4(tm1857) coh-3(gk112)/nT1 CRISPR
[qls51] V
him-3“7727% (5[c28) rec-8(okg78)/nT1 IV; coh-4(tm1857) coh-3(gk112)/nT1 CRISPR
[qls51] V
gfp::him-37*(slc30)/nT1 IV CRISPR
gfp::him-37" 7" (slcag)/nT1 IV CRISPR
syp-5°°(slc33)!l; him-3“"7°"7"" (s|c26) rec-8(okg78)/nT1 IV; coh-4(tm1857) coh- | CRISPR
3(gk112)/nT1 [gls51] V
syp-5"(slc36) Il; him-3"7°"7**(sIc26) rec-8(0k978)/nT1 IV; coh-4(tm1857) coh- | CRISPR
3(gk112)/nT1 [qls51] V
syp-5°"(slc33) II; gfp::him-3""7"7"*(slc29)/nT1 IV; +/nT1 [qls51] V CRISPR
syp-5"(slc36) Il; gfp::him-37°"""* (slc29)/nT1 IV; +/nT1 [qls51] V CRISPR
syp-3(ok758) I; ieSiaa[gfp::syp-3] Il (Rog and Dernburg 2015)
him-3"%(slc39) rec-8(ok978)/nT1 IV; coh-4(tm1857) coh-3(gk112) /nT1 [gis51] V | CRISPR
gfp::him-3"7*"(slc30) rec-8(slc38)/nT1 IV coh-4(tm1857) coh-3(gk112)/nT1 CRISPR
[gls51] V
gfp::him-37°7"  (slc29) rec-8(slc38)/nT1 IV; coh-4(tm1857) coh-3(gk112)/nTz | CRISPR
[qls51] V
syp-3(ok758) htp-3(tm3655)/hT2 [qIS48] (1,111); ieSizz[gfp::syp-3] Il mating
syp-3(0k758) htp-3(tm3655)/hT2 [qIS48] (1,11); ieSia1[qfp::syp -3] syp-5> (slc33) | CRISPR
)
syp-5°(slc33) Il CRISPR
syp-5"(slc36) Il CRISPR
syp-3(0k758) I; ieSiza[qfp::syp-3] Il ; him-3~7*" (slcz0)/nT1 IV; +/nT1 [qls5a] V CRISPR
syp-3(0k758) I; ieSiza[qfp::syp-3] Il ; him-3"*7°"7 € (slc2g)/nT1; +/nT1 [gls51] V | CRISPR
449
450

12
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451
452

453
454

Table S2: Details on CRISPR-generated alleles

mutation guide repair template (guide is genotyping |genotyping restriction enzyme
underlined) primers
him-374 GCACAATC |[ATACCGACAACACGAAACAAATGTT |OR818/ eliminating Agel and a.a.
AAGAAACT | TGCAAGCACAATCAAGAAGCTTCAC |OR81g changing mutations in red
TCAC (CGG |GAATGTATCAAGAAAATGGAGCCGC generating Hindlll in green
) TTCCTCAAGGGTCCG
him-3*€7°27F€ |GCACAATC |ATACCGACAACACGAAACAAATGTT |OR818/ eliminating Agel in red
AAGAAACT |TGCAAGTACTATCGAAGAGCTTCAT OR819 Creating Scalin green
TCAC (CGG|CGATGTATCAAGAAAATGGAGCCGC creating Clalin red
) TTCCTCAAGGGTCCG a.a. changing mutations in blue
him-3"<*77*7% |GCACAATC |CACGAAACARATGTTTGCAAGCACA |OR818/ eliminating Agel and generating
AAGAAACT |ATCAAGAAACTTCATCGATGTATCE |OR81g Clalin red
) GTCCGACGCG
him-3*4 CTTGAAGC |TTCAAATGCTTGCTGCTTCACAATA |OR818/ generating Haelll in green
AAGACTTC|CTTGAAGCAAGACTTCTAACGGCC- OR819 Creating stop codon in blue
GATC (TGG|-- deleting PAM site in red
) ATAAAACGACCACACTCAATCCAAA
TATGTCA
him-3(-) GAAATTCC |TGAGCACCGCGAGTCTGAAATTCCT |OR795/ generating Nhel in green
(premature TATAGCCA |ATAGCTAGCCAGTGAAAGGCCACGT OR796 creating stop codon and
stop; novel  |GCCAG (TG|TTCCCGTTGATCTAGAGATTGAAAA eliminating PAM in blue
null allele) G) ARRTT
syp-55K atttcagGlaaaaaatttcagGATCTGAACAAAA |OR837/ generating Ndel in green
ATCTGAAC |AGAAGGGTAAAGCGAAACAAAGCAT OR839 a.a. changing mutations in blue
GACG (AGG |ATGGGGAAGCGACGATTAGaaacga
) ttatt
syp-5°¢ GAGCCAAA |CCGAACAGAGCCAAATCAAAGAAGA |OR837/ generating Hindlll in green
TCAAAGGA |AGAGAAAAAGTAAGAAAAGTAAAAA OR839 a.a. changing mutations in blue
TGAC (AGG|GgtRagCtttatattaattttttta
) atcga
rec-8(-) AARAGATG |TGGTTGTCTCTGCGGAAGTAATTCG |OR8g0/ generating Hindlll in green
(premature  |CCGTGTTT|ATACGATTCAGTG- OR892 a.a. changing mutations in blue
stop; novel  |CACG (TGG|TTCACGGGCCTTGgtgagttttete
null allele) ) atcttttcaatc

13
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457  Figure 1: The HORMA domain of HIM-3 is required for axis interactions with the SC-CR

458  (A) Top left, assembled synaptonemal complex with the darkly-stained parental chromosomes to its side
459 (left) and of the polycomplexes that form in cohesin(-) worms (right) as seen in negative negative-stain

460  electron-micrographs (adapted from (Rog et al. 2017)). Bottom left, interpretive diagrams colored magenta
461 for the SC-CR, green for the axes (also called lateral or axial elements) and blue for chromatin. (B) Models
462 depicting the worm components of the axis (top) and the SC-CR (bottom). The position of each of these
463  components within the synaptonemal complex is based on (Kéhler et al. 2017, 2020; Hurlock et al. 2020;
464  Zhang et al. 2020; Blundon et al. 2024). The pairs HTP-1/2, SYP-5/6 and SKR-1/2 are each partially redundant
465  with each other. (C) Pachytene nuclei from worms of the indicated genotypes stained for the SC-CR

466 component SYP-5 (red) and the axis components HIM-3 (green) and HTP-3 (magenta). The merged images
467  ontheright also show DNA (DAPI, blue). The HTP-3 antibody weakly cross-reacts with the nucleolus. Scale
468  bar=1um. Gene models of HIM-3, with the HORMA domain and the closure motif highlighted, are shown to
469  theright. Regions deleted are denoted by red brackets. See Figure S1A for images of the gonads. (D)

470  Quantification of the images in panel A. The enrichment at polycomplexes relative to the nucleoplasm was
471  done using line scans. Normalized HTP-3 enrichment was calculated by dividing HTP-3 enrichment by SYP-5
472  enrichment.

473

474
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477  Figure 2: Axis interactions with the SC-CR are mediated by a positive patch on the HORMA domain of
478  HIM-3

479  (A) Structural models of the meiotic HORMA proteins, with surface charge plotted in a red-blue scale. The
480  structures of HTP-1 and HIM-3 are from (Kim et al. 2014). The models of HTP-3 and the three HIM-3 mutants
481  were generated in AlphaFold (Senior et al. 2020). Bottom, secondary structural models, with amino acids
482  constituting the positive patch on HIM-3 (positions 170, 171, 174, 177 and 178), and the analogous positions in
483  HTP-1and HTP-3 are shown as surfaces colored according to charge. (B) Pachytene nuclei from worms of
484  the indicated genotypes stained for the SC-CR component SYP-5 (red) and the axis components HIM-3

485  (green) and HTP-3 (magenta). The merged images on the right also show DNA (DAPI, blue). The HTP-3

486  antibody weakly cross-reacts with the nucleolus. Scale bars = 1 um. See Figure S2B for images of the gonads
487  and Figure S3 for similar analysis in live gonads. (C-E) Quantification of the images in panel B. The

488  enrichment at polycomplexes relative to the nucleoplasm was done using line scans. Normalized enrichment
489  (panel E) was calculated by dividing HIM-3 enrichment by SYP-5 enrichment.
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492  Figure 3: Lowering SC-CR affinity for the axes perturbs synapsis

493  (A) Total self-progeny from hermaphrodites of the indicated genotypes. (B) Percentage of males among
494  self-progeny of hermaphrodites of the indicated genotypes, indicative of meiotic X chromosome non-

495  disjunction. (C) Pachytene nuclei stained for the SC-CR component SYP-5 (red) and the axis component
496  HIM-3 (green), with merged images shown on the right. Note the extensive asynapsis in the him-3 mutants
497  (i.e., axes lacking SC-CR staining) despite loading of the mutated HIM-3 proteins onto the axis. Scale bars =
498 10 um. See Figure S4A for images of the gonads. (D) Quantification of the images in panel C, indicating a
499 smaller number of synapsed chromosomes in him-3 mutants. (E) Chiasmata number deduced from the
500  number of DAPI bodies at diakinesis. Wild-type animals undergo one chiasma per chromosome, for a total
501  ofsix chiasmata per nucleus. (F) STED microscopy images of pachytene nuclei stained for the SC-CR

502  component SYP-2 (red in the merged image) and the axis component HIM-3 (green in the merged image).
503  Anexample of a line scan through a synapsed chromosome is shown above the HIM-3 staining in wild-type
504  animals. Scale bar = 1 ym. (G) Quantification of different synapsis phenotypes in STED images, as shown in
505  panel (F). ‘Wide synapsis’ indicates parallel axes separated by more than 150nm, as shown in the top nucleus
506  from him-3“7*7**f animals. ‘Loose axis associations’ indicate axes wrapped around SC-CR structures, as

KK170-171EF . . . . .
o725 animals. (H) Inter-axes distance in the indicated

507  shown in the bottom nucleus from him-3
508 genotypes, measured from nuclei stained as in panel F. Distance was measured only between parallel axes
509  that had unilamellar SYP-2 staining.

510
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512  Figure 4: The C-terminus of SYP-5 contributes to SC-CR interactions with the axis

513  (A) The C-terminus of SYP-5 (amino acids 515-547), with positively- and negatively-charged residues colored
514  inblue and red, respectively. Below, syp-5 mutations flipping charges in the C-terminus. (B) Pachytene

515  nuclei of the indicated genotypes stained for the SC-CR component SYP-2 (red) and the axis component
516  HIM-3 (green). The merged images on the right also show DNA (DAPI, blue). Note that the syp-5°“ mutant
517 fails to form polycomplexes, likely due to perturbed self-interactions of the SC-CR. Scale bars = 10 um. See
518  Figure S6A for images of the gonads. (C-E) Quantification of the enrichment of SYP-2 and HIM-3 to

519  polycomplexes. While the SC-CR is less enriched at polycomplexes in syp-5°° animals, these polycomplexes
520  recruit more HIM-3. In panel E, HIM-3 enrichment is normalized to the level of SYP-2 enrichment. (F) STED
521  microscopy images of pachytene nuclei stained for the SC-CR component SYP-2 (red in the merged image)
522  andthe axis component HIM-3 (green in the merged image). Scale bar = 1 um. (G) The number of SC-CR
523  structures per pachytene nuclei in the indicated genotypes. (H) Inter-axes distance in the indicated

524  genotypes, measured from nuclei stained as in panel F. Distance was measured only for him-3“*7°"7* syp.
525 5% mutants, where the parallel axes exhibited unilamellar SC-CR staining, and is compared to the data from
526  Figure 3H. (I) Quantification of different synapsis phenotypes in STED images, as shown in panel F. See
527  Figure 3G for more details.
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Figure 5
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530 Figure 5: Parameters for the thermodynamic model of synaptonemal complex assembly

531 (A)Parameters used to model synaptonemal complex assembly. Sources: (Goldstein and Slaton 1982;

532 Kohler et al. 2017, 2020; Woglar et al. 2020). (B) Distance between the 'ladder rungs' in negative stain

533  electron microscopy images from (Rog et al. 2017). Each point represents an individual measurement

534  between adjacent 'rungs'. (C) Total nuclear fluorescence of GFP-HIM-3 and GFP-SYP-3 in pachytene nuclei,
535  yielding aratio of 1:1.2 GFP-SYP-3 to GFP-HIM-3. (D) The fraction of GFP-SYP-3 on chromosomes in animals
536  of the indicated genotypes is significantly lower in him-3%74% and him-3“7°*7*** mutants. (E) Polycomplex
537  volume calculated based on the dimensions of polycomplexes in negative stain electron microscopy images
538  from (Rog et al. 2017). Given the mostly spherical appearance of polycomplexes, the z-dimension is assumed
539  tobe the average of the widths and height. Each point indicates a single polycomplex.

540
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542  Figure 6: Results of the thermodynamic model of synaptonemal complex assembly

543  (A)Predicted number of synapsed chromosomes as a function of @ = ZS—" The condensate volume is held
SS

544  constant V. = 0.1um3. Dashed arrows indicate how the number of synapsed chromosomes in wild-type and
545  him-3"7*" allows to deduce the values of a. (For simplicity, we ignore here the slight reduction [8%] in ¥ in
546  him-37* worms.) (B) Contour plot of the predicted number of synapsed chromosomes (black lines) as a
947  function of V. and a. The orange and yellow lines indicate threshold SC-CR thickness of go and 100nm,

Riz4E . KK170-171EE
4 and him-3<<70 37

548  respectively. The green, blue and red asterisks denote the position of wild-type, him-3
549  worms, respectively. The black arrow and asterisk indicate the effect of combining the syp-5 mutations with
550  him-37*7**t Top right, example images of the mutations shown on the contour plot, with the axis stained

551  ingreenandthe SC-CRin red. See Supplementary Note 1 for more details.
552
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