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Abstract

Zona pellucida (ZP) modules mediate extracellular protein-protein interactions and contribute to important biological
processes including syngamy and cellular morphogenesis. While some biomedically-relevant ZP modules are well-studied,
little is known about the protein family’s broad-scale diversity and evolution. The increasing availability of sequenced
genomes from “non-model” systems provides a valuable opportunity to address this issue, and to use comparative
approaches to gain new insights into ZP module biology. Here, through phylogenetic and structural exploration of ZP
module diversity across the nematode phylum, 1 report evidence that speaks to two important aspects of ZP module
biology. First, 1 show that ZP-C domains—which in some modules act as regulators of ZP-N domain-mediated
polymerization activity, and which have never before been found in isolation—can indeed be found as standalone
domains. These standalone ZP-C domain proteins originated in independent (paralogous) lineages prior to the
diversification of extant nematodes, after which they evolved under strong stabilizing selection, suggesting the presence of
ZP-N domain-independent functionality. Second, 1 provide a much-needed phylogenetic perspective on disulfide bond
variability, uncovering evidence for both convergent evolution and disulfide-bond reshuffling. This result has implications
for our evolutionary understanding and classification of ZP module structural diversity and highlights the usefulness of
phylogenetics and diverse sampling for protein structural biology. All told, these findings set the stage for broad-scale
(cross-phyla) evolutionary analysis of ZP modules and position Caenorhabditis elegans and other nematodes as important

experimental systems for exploring the evolution of ZP modules and their constituent domains.
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Introduction

Secreted proteins help cells withstand, react to, and shape external conditions (Agrawal, et al. 2010; Naba, et al. 2016;

Cuesta-Astroz, et al. 2017). The extracellular environment can be variable and stressﬁA[, and in order to propeﬂy ﬁmcﬂon

under such cha“eng'mg conditions, secreted proteins oﬁen emp[oy specia[ized domains that can be Vepwposed to diﬁ%vent

ends by being recombined into different protein architectures (Bork, et al. 1996; Martin, et al. 1998). Obtaining an

appreciation of the structural diversity of secreted proteins is key to understanding the many biological processes that

extend ]oeyond the cellular membrane. n many cases, however, insights into the ]oio[ogy cf secreted protein fami[ies derive

ﬁ'om vestricted and potentia“y non-representative sets of model proteins (e.g., those linked to particular biomedical

conditions, those expressed in already established model systems, and those that can be collected at high levels). Taking a

broad, comparative view can uncover important but otherwise overlooked aspects of secreted protein structure and

ﬁmction.

The zona pellucida (ZP) module is a key component of many secreted proteins (Bork and Sander 1992; Plaza, et al. 2010;

Litscher and Wassarman 2015; Bokhove and Jovine 2018). Named after the mammalian egg coat (from which the first

fami[y—members were found), ZP modules mediate extracellular protein-protein interactions. Through these actions, ZP-

module bearing proteins (hereafter referred to simply as ‘ZPD proteins’, following (Litscher and Wassarman 2015))

contribute to a variety of critical cellular and developmental processes, including regulating sperm-egg interactions (Raj, et

al. 2017), acting as a [igand co-receptor in the TGFB/BMP signa“ing pathway (Lin, et al. 20m; Saito, et al. 2017), and

promoting dendrite elongation during neurogenesis (Heiman and Shaham 2009). Knowledge of ZP module structural
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biology has increased considerably over the last few years, particularly for ZPD proteins linked to human health (Bokhove

and Jovine 2018); mutations in these proteins underlie several human diseases, including hearing loss and renal failure

(Verhoeven, et al. 1998; Devuyst, et al. 2017). However, ZP modules are found thvoughout the animal k'mgdom, ﬁom

mammals toje“}{ﬁsh (Matveev, et al. 2007), and there is still much to learn about their structural and ﬁmctiona[ diversity,

particularly from an evolutionary perspective. For example, their role in gametic interactions implies a link to the evolution

of 'species boundaries (Killingbeck and Swanson 2018) and their role in modulating cell shape suggests a connection to the

evolution cyc morphologica[ diversity (Fernandes, et al. 2010).

For most ZPD proteins studied to date, the primary purpose of the ZP module is to polymerize and trigger the formation of

fibrous extracellular matrices (Jovine, et al. 2002; Jovine, et al. 2006). Understanding the mechanics of ZP module

po[ymerizaﬂon is an area of active research, particu[ar[y with Yegard to the roles p[ayed by the two domains that comprise

a ZP module: ZP-N and ZP-C (named for their respective N- and C-terminal positions) (Bokhove and Jovine 2018).

Notably, it has been shown that isolated ZP-N domains can spontaneously polymerize into filaments in vitro (Jovine, et al.

2006). However, for a complete ZP module to polymerize it must first be activated. Studies of a few biomedically-relevant

ZPD proteins such as uromodulin and ZP3 indicate that cleavage of the ZP-C domain’s C-terminal tail is critical to the

activation process Oovine, etal. 2004; Schaeﬂ‘er, etal. 2009). First, c[eavage severs the connection to the membrane, [ead'mg

to extracellular release. Second, cleavage disrupts inhibitory interactions within the ZP-C domain that prevent

po[ymerizaﬂon: post~c[eavage dissociation exposes an activating 'internal hydvophobic patch' (IHP) that is otherwise

buried and suppressed by an 'external hydrophobic patch' (EHP) situated within the now-cleaved C-terminal tail (Jovine,

020z AInp 2z uo 1sanb Aq 9/0785/G60€eA8/2G6/E60 L 01/10PAoEIISqE-0[oILE/aqB/W00 dNO dILSPEDE//:SA)Y WO} POPEOJUMOQ



et al. 2004). These findings led to the notion that the ZP-N domain is the primary agent of protein-protein binding

activity, and that the ZP-C domain is a regulator of ZP-N that acts to prevent ill-timed polymerization (Jovine, et al. 2006).

Under the strictest fon/n of this ifiypothesis, ZP-C domains serve no independent ﬁinction and, consequentiy, would not be

expected to be found on their own. Thus far, comparative data support this prediction: ZP-N domains have been found in

isolation whereas ZP-C domains have not (Jovine, et al. 2006; Callebaut, et al. 2007). However, this model of domain

functionality cannot directly apply to ZPD proteins that remain membrane-bound and do not polymerize (e.g., the BMP

co-receptor endoglin (Saito, et al. 2017)). Moreover, ZP-C domains are capable of folding independently in vitro (Lin, et al.

20m; Diestel, et al. 2013; Bokhove, et al. 2016) and they contribute to protein-protein ioinding inteifaces in some ZPD

proteins (Han, et al. 2010; Lin, et al. 2011; Diestel, et al. 2013; Okumura, et al. 2015). These points combine to suggest that

standalone ZP-C domains could in theory prove functional on their own and exist in nature.

ZP modules are characterized by the presence of multiple intradomain disulfide bonds (Bork and Sander 1992). However,

the number of cysteine residues found per module varies and this has led to contrary views about how the cysteines connect

and whether this variation has any ﬁ/.nctionai eﬁrect (]ovine, etal. 2005; Yonezawa 2014). ZP modules have often been

ciassiﬁed as either Type1or Typell based on the number of cysteines found within the ZP-C domain; these two groups

were atieged to have non-nested connectivity patterns, and to diﬁbf ﬁ/inctionatiy, with Type l but not Typel modules able

to homopolymerize (Boja, et al. 2003; Darie, et al. 2004; Kanai, et al. 2008). However, in light of the solved structures of a

few ZP modules and isolated ZP-C domains, it was suiosequentiy argiied that there is no reliable distinction between these

groups, and that poiymerization tendencies are unvelated to cysteine connectivity patterns (Bokhove andj ovine 2018).
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Rather, Bokhove et al proposed that ZP-C domains typically have a standard set of three disulfide bonds (Cyss-Cys7, Cys6-

Cys8, and CysA-CysB), with cysteine variation among ZPD proteins resulting primarily from lineage-specific gains and

losses of disu[ﬁde pairs.

For example, the ZP module component of the BMP co-receptor endoglin lacks the Cys6-Cys8 and CysA-CysB disulfides

found in uromodulin (Saito, et al. 2017), whereas additional disulfides associated with lineage-specific insertions have been

found in some vertebrate egg-coat proteins (e.g., trout VEa/B and chicken ZP3; (Darie, et al. 2004; Han, et al. 2010)). The

case of ZP3 is an interesting example, as this family of egg-coat proteins possesses a ZP-C subdomain that introduces four

additional cysteine residues that are closely situated both along the sequence and in 3D space. Through protein

crystallography of chicken ZP3, Han et al. (Han, et al. 2010) showed that disulfide bonds covalently link the ZP-C core to its

subdomain. By contrast, the results of earlier mass spectrometric ana[ysis of other vertebrate ZP3 proteins (but not

[nc[uding chicken ZP3) indicated several cases where the subdomain’s cysteines paired only amongst each other (Boja, et al.

2003; Darie, et al. 2004; Kanai, et al. 2008). If true, this pattern would be consistent with disulfide bond evolution via

cysteine swapping, which is believed to be genevaﬂy rare in nature (Thomton 1981; Rubinstein and Fiser 2008). However,

mass spectrometry and cvys’caﬂography provided contradictory results with Vegard to cysteine connectivity in mouse ZP2

(Boja, et al. 2003; Bokhove, et al. 2016), suggesting that an artefac’tua[ explanation for the apparent cysteine swapping

pattern seen amongst ZP3 proteins cannot be ruled out. Regardless, the larger-scale comparison of ZP3 with other ZPD

proteins pvovides clear evidence for expanded cysteine connectivity beyond the core set of bonds deﬁned by Bokhove et al.

(Bokhove, et al. 2016). Finally, ZPD proteins may vary in the presence/absence of individual cysteines that contribute to
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intermolecular bonds, as well, such as those involved in endoglin dimerization (Saito, et al. 2017). These studies have

largely attempted to make sense of variation in ZPD cysteine connectivity through visual inspection of aligned proteins

sequences or structures without explicit Vegard to }ohylogeny. However, emp [oying a phy[ogenetic appvoach may prove

useﬁd, fov example ]oy provid'mg ins 'Lghts into the idenﬁﬁcaﬁon cf ancestral versus derived states.

The diversity of ZPD modules found across the animal kingdom derive from a lengthy and complex history of speciation

and dup[icaﬁon events that repeateoﬂy pvovided new opportunities for unexpected structural featwes to arise. Eﬂorts to

test for the Ppresence of isolated ZP-C domains and clear instances of disulﬁde—bond res huﬂ['mg in ZP modules would

therefore benefit by taking a broad, phylogeny-informed approach. Recent genome sequencing projects for traditionally

“non-model” systems provide the data needed for such studlies, but thus far this path has not been taken. 1set out to

address this shortcoming through a molecular evo[utionavy study cf ZP modules in nematodes.

Nematodles are an intriguing group for exploring the evolution and diversity of ZP modules for several reasons. First, the

Caenorhabditis e/egans genome encodes Vough[y twice as many ZP modules as are found in mammalian and ﬁuit ﬂy

genomes, h'mt'mg at unexp[oved structural and ﬁmcﬁona[ diversity (Mwie[, etal. 2003; Cohen, et al. 2019). Second, the

recent sequencing of dozens of nematode genomes (Coghlan, et al. 2019) has pvovided the raw material needed for a

focussed exploration of ZP module diversity within one of the animal kingdom’s most species-rich groups. Finally, given

the proven suitab i[ity of C e/egansfor genetics research, there is the potenﬁa[ for any insights ga[ned ﬁom comparative

analysis to be exp loved experimenta“y. Indeed, several ZPD proteins have a[ready been geneﬁca“y characterized in C
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elegans. these proteins are generally referred to as ‘cuticlin’ or CUT proteins on account of their structural roles in the

nematode cuticle (Fujimoto and Kanaya 1973; Sebastiano, et al. 1991; Muriel, et al. 2003; Sapio, et al. 2005; Witte, et al. 2015).

However, the majority of ZPD proteins in C. e/egans are simp [y annotated as CUT-like or CUTL proteins and little is

lknown about their bio[ogy. Not swprising[y, even less is known about ZPD protein bio[ogy in nematodes beyond C

elegans, though it has been suggested that study of cuticlin proteins may aid efforts to pharmacologically attack the

cuticles of nematodes that parasitize humans, livestock, and crops (Lewis, et al. 1994; Ondrovics, et al. 2016).

Through phylogenetic analysis of 1783 ZP modules from 59 nematode species, 1 found that the diversity of ZP modules

present in C. elegans largely reflects the retention of subfamilies that originated and diverged prior to the diversification of

modern nematodes. Using this phylogenetic framework, 1 then uncovered evidence for the evolutionary elaboration of ZP-

C cysteine connectivity patterns (involving the modiﬁcaﬁon cf an otherwise conserved bond via disu[ﬁde—bond Veshuﬁq'mg,

and the convergent evolution of novel THP-stabilizing disulfides) and for the replicated loss of ZP-N domains in

independent lineages (providing evidence that standalone ZP-C domains exist in nature, contrary to past predictions and

obsewaﬁons). By taking a comparative, evoluﬁonavy approach, this work pvovides new insights into ZP module bio[ogy

that should beneﬁt eﬂbrts to determine ZP module stmcmve—ﬁmcﬁon Ve[aﬁonships, n particu[ar the ﬁmcﬁona[ role of

standalone ZP-C domains. More broad[y, this work provides a foundation fov ﬁ(twe phy[ogenetic studies aimed at

providing an evolutionary classification of ZP modules and domains across the animal kingdom.

Materials and Methods
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1 compiled a data set of C. elegans ZPD protein sequences and used these to search for homologs in other nematodes.

WormBase.org version 259 (Lee, et al. 2018) lists 45 genes that encode a "Zona pellucida domain” (i.e., linked to INTERPRO-

1D IPRoo1507, PFSCAN-ID PS51034, PFAM-1D PFoo100, and/or SMART-ID SMoo241), including five cutand 29 cut/genes.

Two of these were dropped ﬁ'om ﬁAchheV consideration: cutl21 encodes an isolated and high[y divergent ZP-N domain

(Jovine, et al. 2006) while 752.6'seems to have been incorrectly annotated (the PFSCAN motif assignment for R52.6 applies

only to its first 40 aa, and BLASTP searches did not indicate sequence similarity with other nematode ZPD proteins; results

not shown). When multip[e isoforms were available, 1 selected a s'mg[e variant, choosing whichever introduced the

fewest/shortest indels in preliminary alignments of C. elegans ZP modules. This approach resulted in a data set of 43 C.

elegans ZPD proteins (Supplementary Table 1). As unannotated ZPD proteins would have been missed by the above

approach, 1 also conducted BLASTP searches of the C. elegansproteome, using, in turn, the ZP modules from each of the 43

annotated ZPD proteins as the query. (Details on the BLASTP search approach are provided below.) Aside from the

already-discounted ZP-N-only protein CUTL-21, doing so did not uncover any additional ZPD proteins (results not shown).

ZPD proteins often include other domains upstream of the ZP module; 1 isolated C. elegans ZP modules using GISMO (ver

2.0), an a[ignment program that uses a Bayesian approach to extract and a[ign the homo[ogous core regions of sequences

that potentially contain non-homologous flanks and insertions (Neuwald and Altschul 2016). Because GISMO is stochastic,

1 applied it multiple times (n=5); the positions and lengths of inferred insertions and flanking regions varied among

Vep[icates, but all tavgeted the ZP module, retaining the C-terminal consensus c[eavage site and exc[ud'mg upstream

domains and the N-terminal hzﬁickiﬂg moﬂf. The 43 ﬂank—trimmed (but not insertion-trimmed) sequences ﬁrom the
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GISMO run with the longest conserved core (obtained using seed 28270; Supplementary File 1) were then used as search

queries to detect homologs in 58 additional nematode species through similarity searches of whole-genome predicted

protein sets (see Supplementary Table 2 for data set sources). The similarity searches were conducted using BLASTP 2.6.0

(Altschul, et al. 1990), with low complexity regions within the query sequences masked using "seg yes -soft masking true".

After removing subjects best matched by CUTL-21 (the divergent ZP-N-only protein), 1 filtered the results to retain only

those subjects with E-values lower than 10™ and total query coverages of at least 75%. Alternative isoforms were filtered to

keep on[y the [ongest, though this was on[y possi]ole for species where predic’ced isofovms were expﬁciﬂy idenﬁﬁed via

sequence name suﬂ‘lxes (eg. 't t2).

The final data set of 1783 full length ZPD protein sequences (Supplementary File 2) was aligned and trimmed using

GISMO. One hundred Yep[icate alignments were generated, with key phylogeneﬁc analyses Vepeated across all Veplicates;

random seeds are pvovideo{ in Supp [ementary File 3. To avoid sub )j ectivejudgement ﬁ'om biasing the results, alignments

were not manually adjusted in any way. Conservation patterns in the focal alignment (the top-scoring alignment

according to log-likelihood ratio (LLR) score; Supplementary File 4) were visualized using WebLogo (weblogo.berkeley.edu;

(Crooks, et al. 2004)). Thvoughout the Ppaper, site num’oering Vefers to position in the trimmed foca[ a[ignment.

Maximum likelihood (ML) phylogenies were estimated using PhyML via the www.atge-montpellier.fr/phyml/ web server,

with automated SMS-AIC model selection, a BioN] starting tree, and SPR topo[ogy rearrangements (Guindon, et al. 2010;

Lefort, et al. 2017). Model parameters were fixed at their SMS-AIC estimates during tree search. This process was applied
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to all 100 replicate alignments; results were combined by generating a majority-rule consensus tree and using branch

recovery proportions (BRPs) to quantify branch support. Because BRPs can be downwardly biased by rogue taxa/lineages,

BRPs were supplemented by ‘Transfer Bootstrap Expectations’ (TBEs), calculated using BOOSTER (booster.pasteur.fr/new/

(Lemoine, et al. 2018)). The typical methods for estimating branch support on ML trees, namely bootstrapping and aLRT

SH-like tests, were not employed as these methods ignore uncertainty in the alignment. N =100 sets of ML branch lengths

were estimated for the consensus topology via iqTree 1.6.0 (Nguyen, et al. 2015), using, in turn, each replicate alignment and

its cowesponding SMS-AIC substitution model. Trees were rooted using the Minimal Ancestor Deviation method via mad

2.2 (Trig, et al. 2017); this approach aims to identiﬁ/ the root position that minimizes deviance in root-to-tip [engths, thereby

accounting for heterogeneity in evolutionary rate across the tree (which can mislead the simple midpoint rooting

approach). Trees were plotted and analyzed using functions from the ape, phytools, and phangorn R packages (Schliep

201m1; Popescu, et al. 2012; Revell 2012).

Patterns of sequence loss were explored by calculating the amount of missing data within each replicate alignment and

mapping these values onto the phy[ogeny. Gap proportions were estimated sepavate[y for the ZP-N and ZP-C domains,

with the approximate domain boundaries determined accovo{'mg to cysteine conservation patterns: using the nomenclature

of (Bokhove, et al. 2016), ZP-N was demarcated using Cyst and Cys (positions 1 and 8o; Figure 1), while the boundaries of

ZP-C were defined using a moderately conserved cysteine in ZP-C’s A strand along with Cys8 (positions 105 and 218;

Figure 1).
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Based on the results of the missing-data analysis, three subfamilies were selected for codon model analysis, namely the

To1Dn.8, F46Gn.6, and CUTL-19 subfamilies (named according to their respective C. elegans members). In each case,

untrimmed protein sequences were re-aligned using GISMO and the alignment with the top LLR score (out of n=10

rep licates) was used to estimate a subfamiiy—speeiﬁc phyiogeny (via PhyML, as described above) and build a cowesponding

codon sequence alignment. (The top scoring alignments were obtained with the following random seeds: ToiD1.8 = 25393,

F46Gn.6 = 2134, and CUTL-19 = 4128.) The codon alignments and trees were used to fit codon substitution models via

CodeML from the PAML 4.9a package (Yang 2007). The key parameter for codon models is w, the nonsynonymous (dN) to

Synonymous (dS) divergence ratio (= dN/dS), with values near zero indicating strong pwiﬁ/ing selection and values greater

than one suggestive of positive selection. 1fit three codon models: M8, M8a, and Mo. M8 and M8a are nested models that

were used to test for site-specific positive selection (w > 1) and to estimate among-site variation in the strength of selective

constraint (Swanson, et al. 2003); these models were compaveoi via a likelthood ratio test. The simpie Mo model assumes

that selection is constant across the aiignment and was used to obtain overall estimates of the strength of selection

(Goldman and Yang 1994) as well as branch-specific estimates of dS, which weve used to check for saturation. All three

models assume that selection is constant across the phylogeny.

Homoiogy models were estimated for C e/qgans ZP modules using the RaptorX web server (raptorx.uchicago.edu;

(Kallberg, et al. 2012)). Tn most cases, full length sequences were submitted for analysis: the exceptions were CUTL-19b,

To1D1.8b, and F46Gn.6 (which are all short, less than 260 aa iong; these sequences were trimmed to remove any }oredicted

N- and C-terminal propeptide flanks), and FBN-1a (which is quite long; only the last 2500 aa of this 2799 aa protein were

11
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analysed owing to RaptorX size limits). The 3.2A resolution structure for human uromodulin (RCSB PDB code 4wrn;

(Bokhove, et al. 2016)) was used as the template for each model; justification for using this template structure is provided in

the Resultssection. When examining the Vesutting models, 1 onty considered the ZP-N and ZP-C domains, not the up and

downstream regions or the interdomain linker; domain boundaries were determined ﬁ'om each model’s RaptorX

structural alignment. Homology models were aligned with one another using DeepAlign:3DCOMB v1.18 (Wang, et al. 20m)

and then superimposed on the template for visualization and measurement using the ‘super’ function in PyMOL v1.8.6.0

(github.com/schrodinger/pymol-open-source).

C-terminal R/K cleavage sites and N-terminal signalling motifs were predicted for untrimmed sequences via the ProP 1.0

Server (www.cbs.dtu.dk/services/ProP/; (Duckert, et al. 2004)), using a score cut-off of 0.5 and discounting cleavage sites

predicted within the signatting peptide. C-terminal GPl-anchors were predicted using PredGPl

(gper.biocomp.unibo.it/predgpi/pred.htm; (Pierleoni, et al. 2008)), using the “generat model” option and a speciﬁcity cut-

off of 99.0%. Protein domains were predicted using PfamScan (www.ebi.ac.uk/Tools/pfa/pfamscan/; (Li, et al. 2015)) with

dq“autt search settings.

Results

Data set and Alignment

A data set of 1783 nematode ZP modules was assembled by BLASTP searching the whole-genome predicted protein sets of

58 nematode Species for homotogs of 43 C e/egans ZP modules. The search set included both ﬁree—tivtng and parasitic

12
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species and covered four of the five major nematode clades defined by (Blaxter, et al. 1998) (Supplementary Table 1); by

covering such a wide range of species, this approach should hopefully uncover all major nematode ZP module subfamilies

Vegavdiess of the idiosyncrasies associated with any pariicuiar nematode iineage, or the shovtcomings associated with any

particuiar genome project. The number of ZP modules per species in the ﬁnai data set Vanged ﬁfom 15 fov Romanomermis

culicivoraxto 58 for Toxocara canis, with Clade-1 nematodes contributing fewer ZP modules to the final data set (median =

21;1QR = 19—22) than Clade-111/1V/V species (median = 36; 1QR = 28—41).

ZP modules were extracted and aiigned using GISMO. Aiignment uncertainty is a concern given the short target region

and the phylogenetic breadth of the data set. 1addressed this by leveraging the stochastic nature of the GISMO alignment

procedure, repeating key phylogenetic analyses across 100 replicate alignments. Consistent with expectations for ZP

modules, the final GISMO-trimmed alignments were 233—269 aa long, with majority rule consensus sequences possessing

11—13 cysteines. The percentage of gaps and amb iguous data Vanged ﬁ'om 6.7—8.6% across aiignments, Conservation

patterns for the focal alignment (the alignment with the highest LLR score) are shown in Figure 1, with the alignment itself

available in Suppiementary File 4. Most aiignment sites were highiy variable, with several cysteine residues and the ZP-C

domain’s R/K-rich consensus cleavage site (CCS) being notable exceptions. The relationship between position numbering

in the focai aiignment and untrimmed sequence position for C e/egans CUT-1is shown in Suppiementavy Figure 1.

Ph )//ogenef[cs
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Evolutionary trees were estimated for the 100 replicate alignments using Maximum Likelihood. Alignment variation

affected both model selection and the resulting topology. With regard to the substitution model, VT+1+G was favoured for

77 a[ignments, LG+1+G for one, and WAG++G+F fov the remainder, with the top model receiving an AIC weight cf 1.000 in

98/100 cases (Supplementary File 3). With regard to the resulting phylogenies, normalized Robinson-Foulds (RF)

distances ranged from 0.31 to 0.43 between pairs of trees (where o corvesponds to topologically identical trees and 1

corresponds to completely contradictory trees). However, this method ignores branch lengths; weighting by branch lengths

reduced the pairwise RF distances considera]o[y (Vange = 012-0.23), indicat'mg that many disagreements involved on[y

small-scale diﬂ%vences. The individual trees, inc[uding branch [engths and aLRT SH-like partition support values, are

provided in Supplementary File 5.

Rather than focussing on the individual ML trees, 1 constructed a majority-rule consensus tree (Figure 2a), sacrificing

resolution for robustness in the face of aﬁgnment uncertainty. Doing so reduced the number of internal branches ﬁfom

1780 t0 1266 via the formation of 185 polytomies. Most of the retained branches were relatively well supported, with just

over half having Branch Recovery Proportions (BRPs) of at least 0.95, though 21% had BRPs below 0.70; BRPs are

analogous to bootst‘rap support values but quantify the degvee of support for a given branch across Vep[icated estimates cf

the actual alignment as opposed to boots’trap pseudo—a[ignments. Phylogeneticauy unstable branches seem [ike[y fov a

data set of this size and these will tend to reduce recovery frequencies for otherwise robust clades. 1therefore also estimated

‘Tmnsfer Bootstrap Expectations’ (TBEs); this appvoach calculates how ﬁequent[y each branch is recovered among

Vep[icate trees, but it does so in a manner that accounts fov rogue branches (Lemoine, et al. 2018). Reasswing[y, branch
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support values increased substantially when considering TBE supports, particularly for deeper branches (Supplementary

Figures 2,3). Branch length estimates were largely robust to alignment variation: the majority-rule consensus tree drawn in

Figure 2a shows branch [engths estimated using the focal a[ignment, but high[y similar results weve obtained using any of

the other 99 rep licate a[ignments (pairwise Pearson’s 7= 0.94—0.98).

Visual inspection of the nematode ZP module phylogeny revealed three major groups, which 1 vefer to as Type1, 2, and 3 ZP

modules (Figure 2a). These groups are characterized by distinct cysteine conservation patterns that imply alternative ZP-C

domain disulﬁde connectivity patterns (as detailed below via homology mode“ing) (F'Lgure 2b, Supplementary Figure 4).

The branches that define these three groups are well-supported: BRP = 0.90 and TBE = 0.99 for Type 1vs Type 2/3, and

BRP = 0.86 and TBE = 0.99 for Type 2 vs Type 3. The root of the tree was predicted by the Minimal Ancestral Deviation

(MAD) method to fall within the Type 1 section of the phylogeny (Figure 2a, Supplementary Figure 5). Notably, the MAD

approach is robust to variation in evo[uﬁonary rate among [[neages, which appears to be important here (note the [ong

branches within the CUTL-19 and CUTL-14 subfamilies, and the shift between the MAD root and the phylogenetic

midpo'mt that is oﬁen used to estimate the root position; Figure 2a). This root placement rendered Typen modules

paraphyleﬁc and thevefore suggests that the Type 1 cysteine connectivity pattern is the ancestral state. The Type 2 and 3

modules share a novel pair of ZP-C domain cysteines, and Type 3 modules are further distinguished by the modification of

a ZP-C disulfide that remains conserved in Type 1 and 2 modules. Deep relationships within the Type 2 portion of the tree

were ambiguous, suggesting a Vapid gene fami[y expansion through mu[t'qo[e rounds of dup[icaﬁon and divergence. The

consensus tree is inconclusive vegard'mg whether Type 2 and Type 3 modules are sister groups or inype 2 modules are
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paraphyletic, with Type 3 modules representing a derived subclade. The latter scenario is supported by the fully resolved

tree obtained using the focal alignment, though the short branch lengths and moderate-to-low recovery frequencies made

this conclusion uncertain (Supplementary Figure 3). Notably, Cohen et al. (Cohen, et al. 2019) recently classified C. elegans

ZP modules into groups based on the number of 7ZP-C domain cysteine residues present per sequence, and their

classification system is broadly congruent with the one provided here (Supplementary Table 3). However, their approach,

which was both non-phylogenetic and C. elegans-specific, misclassified a few members that independently lost or gained

additional disu[ﬁo{es (detailed below), and is equivoca[ with regavd to which cysteine connectivity pattern is ancestral.

The C. elegans ZP modules were, with few exceptions, distributed broadly across the phylogeny, and similar patterns were

seen for the other species (Figure 2a; Supplementary Figure 6). This pattern indicates that the nematode ZP module

phy[ogeny is characterized by over 40 para[ogous subfami[ies that orig'mateo{ prior to the diversiﬁcaﬂon cyc modern

nematodes, with the members of each subfamily representing clusters of putative ortho[ogs. Indeed, the [engths of the

internal branches that connect the various subfamilies are suggestive of ancient origins, perhaps even predating the origin

of the nematode phy[um. Fo“ow~up studies would therefove dowell to samp le broadly (i.e., inc[uding close[y related

phy[a), as o{oing SO May uncover o{eep ZP module conservation between invertebrate groups.

While the tree is largely indicative of stable orthology, occasional lineage-specific gains and losses were also observed. C.

e/qgans lacks members of a few subfami[ies (ie., the sister groups to the CUTL-10 and CUTL-23 clades) and the C. e/egans

CUT-1 and CUT-3 modules clearly derive from a recent duplication event. Beyond C. elegans, losses appeared particularly
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common for Clade 1 nematode ZP modules (Supplementary Figure 6). Adaptive gene loss associated with parasitism likely

underlies this pattern (Korhonen, et al. 2016) but data quality issues also play a role: the short intergenic regions typical of

Clade 1 nematode genomes can cause fa[se ﬁAsion events between neighbowing genes (Pettitt, et al. 2014) and 1 fovmd that

the tandemly arranged cutl-28and dyf-7 genes of Clade 1 (Trichinella) species were fused, resulting in only the DYF-7

sequences ending up in the final data set (results not shown). Putting these few departures aside, the overall pattern is

consistent with deep conservation of the ZP module complement across the nematode phylum. Assuming that gene

duplicaﬂon is the primary driver of ﬁmcﬁona[ divevgence within the ZP module fami[y, these results therefore support

eﬁbvts to [everage know[edge about cuticular bio[ogy in the lab model C e/qgansfor use in treating or preventing parasitic

nematode infections.

PfamScan ana[ysis idenﬁﬁed a total cf 2310 domains within 186 (67%) of the input sequences (Supp[ementavy File 2).

Most of the predicted matches (91%) were for domains typical of C. elegans ZPD proteins, namely the zona pellucida

'domain' (Pfam:Zona pellucida; 36%), two types of PAN domain (Pfam:PAN1 and PAN 4; 31%), two types of Epidermal

Growth Factor (EGF)-like domain (Pfam:EGF CA and EGF 3;17%), and the von Willebrand factor Type A (VWFA) domain

(Pfam:VWA; 7%). The remaining 9% matched 96 different Pfam entries, with none individually accounting for more

than 0.7% of the total; these additional domain predictions were not considered ﬁtrther as near[y habv derived ﬁom Clade1

nematodes (which, as mentioned, have high incidences of artefactually fused genes (Pettitt, et al. 2014)). The

Pfam:Zona pellucida entry was only returned for 45% of the sequences, indicating that the domain-prediction approach is

prone to false negatives, at least for nematode ZP modules. Mapping the PAN, EGF, and vWFA predictions onto the

17

020z AInp 2z uo 1sanb Aq 9/0785/G60€eA8/2G6/E60 L 01/10PAoEIISqE-0[oILE/aqB/W00 dNO dILSPEDE//:SA)Y WO} POPEOJUMOQ



phylogeny showed that upstream domain predictions within the various subfamilies generally matched expectations, given

each clade’s respective C. elegans member (Supplementary Figure 7). Assuming that domain architecture is conserved

within the relevant subfamilies (Le., that fa[se negatives are more p[ausi’o[e than recurrent domain losses and gains within

each subfamily), the may'or[ty—mle consensus topology is compatib[e with sing[e origins fov each observed domain

architecture. However, the presence of polytomies make this conclusion tentative for PAN+ZP and YWFA+ZP, and the fully

resolved topology estimated using the focal alignment (Supplementary Figure 4) actually implies either multiple origins or

a s'mg[e origin fo“owed by mu[ﬁp le losses of the VWFA+ZP arrangement.

Structural Evolution: Sequence Loss

To test for deletions indicative of major structural alterations of the ZP module, 1 calculated the proportion of missing data

fov each a[igned sequence and mapped these ‘gap ]ovoporﬁonsy onto the phy[ogeny. This was done separate[y fov the ZP-N

and ZP-C domains. Three subfamilies—CUTL-19, To1D1.8, and F46Gn.6, named for their respective C. elegans

members—showed pronounced signatures of ZP-N domain sequence loss (Figure 3a). Averaged across sequences within

the respective subfamilies, ZP-N gap proportion ranged from 83—97% for the CUTL-19 subfamily (depending on

alignment replicate), 74—96% for the ToiD1.8 subfamily, and 83—99% for the F46Gn.6 subfamily. Gap proportions

tended to be much lower across the rest of the data set, averaging 6—8% depending on the aﬁgnment rep[icate. Some

sequences outside the CUTL-19, To1D1.8, and F46Gn.6 subfamilies also showed high gap proportions, but these tended to

be local outliers and therefore may simp[y represent artefactua[ truncations. For the ZP-C domain, the gap proportion was

generaﬂy quite low (F'Lnge 3b): averaged across sequences, the gap proportion was 3—4% depend[ng on alignment. Cohen

18

020z AInp 2z uo 1sanb Aq 9/0785/G60€eA8/2G6/E60 L 01/10PAoEIISqE-0[oILE/aqB/W00 dNO dILSPEDE//:SA)Y WO} POPEOJUMOQ



et al (Cohen, et al. 2019) independently noted the apparent lack of the ZP-N domain in C. elegans ToiD1.8 and F46Gn.6

(no results were reported for CUTL-19) but did not explore the issue further.

The phytogenetic distribution of the standalone ZP-C suir)famities indicates that ZP-N loss occurred prior to the emergence

of the major nematode lineages, and that it happened at least twice (Figure 3a). The To1D1.8 and F46Gn.6 subfamilies are

closely related Type 3 modules united by a well-supported branch (BRP = 0.90; TBE = 0.96) and the loss of the ZP-N

domain in these subfamiiies ptausitoiy represents a singie event. The CUTL-1 9 subfamity, however, is phytogeneticatty

distant, indicating an independent loss of ZP-N within the Type 2 section of the tree. With Vegard to taxonomic

composition, the To1D1.8 subfamily possesses ZP modules from nematodes from all four of the sampled clades (Clades],

M, 1V, and V) whereas the F46Gn.6 and CUTL-19 subfamilies lack sequences from Clade 1 nematodes (Supplementary

Figure 6). As Clade 1 nematodes tend to have considerably fewer ZP modules than other nematodes, this difference

presumab ty Veg':tects two instances of Clade ]—speeiﬁc loss.

Codon model analyses were used to estimate the degree of evolutionary constraint experienced within these three

subfamilies. Alignment-wide dN/dS under the Mo codon model was = 0.094 for To1D1.8, 0.095 for F46Gn.6, and 0.135

fov CUTL-~19, indicating the action of moderatety strong pwiﬁ/ing selection acting tnroughout the nistovy of these

subfamilies. Selective constraint was generally strongest within the core regions of the ZP-C domain, especially at sites

within predicted B strands (Suppiementavy Figure 8). M8-M8a likelihood ratio tests provided no evidence for site~speciﬁc

positive selection (w >1) in any of the subfamities (Supptementavy Table 4). Under the Mo model, approximatety 75% of
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branches had dS <1 and 98% had dS < 3 in each data set, indicating that saturation is unlikely to have strongly affected

these analyses.

N-terminal signa[ pepﬁdes were pred[cted for most members of all three standalone ZP-C domain subfami[ies (73% fov

To1D1.8, 84% for F46Gn.6, and 79% for CUTL-19 versus 66% for the rest of the data set), suggesting that these unusual

proteins are still secreted despite the loss of their respective ZP-N domains. However, the three standalone ZP-C

subfamilies differed from the norm by generally lacking predicted R/K cleavage sites (30% for To1D1.8, 3% for F46Gn.6,

and 8% for CUTL-19 versus 66% for the rest). Examination of the subfamily-specific alignments and C. elegans homology

models showed that the members of the To1D1.8 and F46G1.6 subfamilies tend to possess short C-terminal tails that

terminate before the ZP-C domain’s final f strand, BG, which contains the regulatory EHP motif (Figure 3c—e). Finally,

and unexpectedly, GPl-anchors were predicted for most members of the CUTL-19 subfamily (57%) despite this C-terminal

feature being very rare across the vest of the data set (5%, and not found at all in the other two standalone ZP-C

subfamilies). Predicted propeptide features for all 1783 sequences are reported in Supplementary File 2.

Structural Evolution: Cysteine Connectivity

Examination of amino acid vaviabi[ity patterns indicated that some cysteine res idues were less strong[y conserved than

others, suggestive of variation in disulfide binding patterns (Figure 1, Supplementary Figure 4). To explore this further,

homology models were generated for the 43 C. elegans ZPD proteins using RaptorX (Kallberg, et al. 2012). The C. elegans

ZPD proteins yielded matches to several solved ZP module templates: human uromodulin (RCSB PDB code: 4wrn), chicken
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ZP3 (3nk3), human endoglin (5hzv), mouse ZP2 ZP-C domain (sbup), and rat betaglycan ZP-C domain (3qwo). 1focussed

only on homology models generated using the human uromodulin template (Bokhove, et al. 2016). This was done for three

reasons: (1) using a common temp[ate faci[itated a[igning and comparing models generated for d'ﬁevent sequences; (2)

models built using this template were usua“y the best option accovd'mg to RaptorX's internal Vanking system (ﬁvst p[ace in

34/43 cases and second place in the rest, and always with highly significant model quality Pvalues; Supplementary Table

5); and (3) human uromodulin possesses all three of the putatively typical ZP-C disulfide bonds defined by Bokhove et al

(Bokhove, et al. 2016), a“ow'mg for evaluation of cysteine connectivity patterns. Homo[ogy models and structural

a[ignments are prov ided in Supp lementary File 6.

The ZP-N domain was successfully modelled in 39 of 43 cases, the exceptions being the three standalone ZP-C domain

proteins plus CUTL-g, which possesses a long insertion within the ZP-N domain’s DE loop that disrupted modelling

(Supp[ementavy Table 5). Structural alignment of the models vevealed comp[ete conservation of the two disu[ﬁo{es typical

of ZP-N domains, namely the Cysi-Cys4 linkage between the BA and PG strands, and the Cys2-Cys3 linkage between the

CD and EE’ [oops (quop [ementavy Figure 9). These residues cowespond to positions 1, 29, 48, and 8o in the foca[

a[ignment, all of which are high[y conserved (F'nge 7). Examining the positions of other cysteine residues in the C e/egans

models identified a putative BF-BG disulfide specific to CUTL-5 (Supplementary Figure 9). Sequence conservation patterns

suggest that this disulfide evolved within the nematode phylum, with the cysteines conserved across Clade 11, 1V, and V

ovtho[ogs but not Clade 1 ortho[ogs (results not shown).
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The ZP-C domain was successfully modelled in all 43 cases (Supplementary Table 5; Supplementary Figure 10). The models

were generally in good agreement with one another, as expected given the use of a common template structure. However,

the C-terminal tails oﬁen proved diﬂiw[‘c to a[ign and model due to the presence of extended FG [oops inthe C e/egans

sequences (as can be seen for CUT-1in Supp[ementavy Figure 1; note the [ong unaligned region immediate[y prior to the

consensus cleavage site). In some cases, this led to termination of the model prior to the G strand (the ZP-C domain’s

fmal B strand), even when evidence for it was clearly present in the multiple sequence alignment. Tn other cases, the fG

strand was recovered but connected via a [ong FG [oop that was predicted ]oy RaptorX to have a high propensity for

disorder (vesults not shown). Forhmate[y, it was still possib[e to evaluate disulﬁde binding patterns in most models, as the

key cysteine residues are upstream of the poorly modelled region. Doing so revealed clear evidence for large-scale variation

in cysteine connectivity among nematode ZP module subfamilies (Figure 2b).

According to Bokhove et al. (Bokhove, et al. 2016), the typical ZP-C domain has three disulfide bonds: Cyss-Cys7, which

connects BC to F; Cys6-Cys8, which connects BC" to the FG loop, and CysA-CysB, which connects BF to the FG loop. The

Cys5-Cys7 disulfide was recovered in nearly all models (Supplementary Figure 10), the only exception being the model for

C. elegans CUTL-28b. The Cyss and Cys7 residues are conserved across almost the entire alignment (positions 146 and 201;

Figure 1) but both cysteines are absent in the CUTL-28 subfamily (veplaced with lysine and alanine, respectively),

indicating a subfamily-specific disulfide loss. Cyss-Cys7 loss has also been reported for the Drosophila ZPD protein

NompA (Bokhove, et al. 2016); whether this represents convergent loss or deep conservation awaits cross~phy[a
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phylogenetic analysis, though 1 note that both NompA and CUTL-28 are predicted to have upstream PAN domains

(Fernandes, et al. 2010).

The Cys6-Cys8 disuiﬁde was also fovmd to be ioroadiy conserved, though modeiiing uncertainty makes this conclusion

tentative for Type 1 modules. Cys6 mapped to alignment position 164 while Cys8 typically mapped to either 215 or 218

(Supplementary Figure 4a,b), though a single highly conserved Cys8 alignment column was observed for many alignment

replicates (results not shown). A disulfide between Cys6 in the BC" strand and Cys8 in the FG loop was recovered in all 16

Type 2 modules and in 10 of 12 Type 3 modules (the two exceptions ioeing cases where the unconnected cysteines were

placed nearby one another) (Supplementary Figure 10a,b). For Type 1 modules, the Cys6-Cys8 disulfide was recovered (or

deemed plausible by proximity) in 7 of 15 models; in the remainder, Cys8 bound or was placed near CysA (Supplementary

Figure 10c). While this arrangement could indicate a novel connectivity pattern, the fact that it leaves both Cys6 and CysB

(the typicai partner of CysA) unbound and distant ﬁ'om one another suggests thatitis a consequence of inaccurate

modelling of the FG loop; notably, these cysteines were all found to be highly conserved across Type 1 modules

(Supplementary Figure 4¢). The simplest interpretation is therefore that the Cys6-Cys8 disulfide is conserved in nematode

ZPD proteins but is, in some cases, ciiﬂicuit to recover via homoiogy modeiiing. That said, loss cf Cys6-Cys8 has been

Veported outside of nematodes (e.g., in human endogiin; (Saito, et al. 2017)), indicating that the evoiutionary breakdown of

the Cys6-Cys8 bond is possible and cannot be conclusively ruled out for all nematode ZPD proteins.
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The CysA-CysB disulfide was found to be unexpectedly variable. CysA-CysB, which connects the end of BF strand (position

206) to the beginning of the FG loop (position 210), was recovered in 15 of 16 Type 2 modules (and deemed plausible by

proximity in the remaining case) (Supplementary Figure 10b). Whether this linkage is conserved among Type 1 ZP-C

domains is unclear given the FG [oop mode“ing uncertainty described above, though the relevant cysteines are highly

conserved (Supplementary Figure 4¢), and the CysA-CysB linkage was recovered for the DYF-7 and LET-653b models

(Supplementary Figure 10c). However, there was a clear loss of the CysA-CysB disulfide in C. elegans CUTL-24b; this

disulfide has also been lost in some non-nematode ZP proteins (e.g., ZP3; (Han, et al. 2010)) but the example reported here

appears to be nematode—speciﬁc (shared with Clade 111, 1V, and V ortho[ogs, but not with ovtho[ogs ﬁ'om Clade1

nematodes). The CysA-CysB linkage was also lost in Type 3 modules, albeit in an incomplete manner: Type 3 ZP-C

domains lack CysA entirely yet surprisingly retain CysB, which is well-positioned to bind a novel cysteine partner in the

ao{jacent BC strand (position 140; median centroid distance of 5.9A over the 12 Type 3 models; Supp [ementavy Figures 4a,

10a). These findings strongly suggest that the CysA-CysB disulfide was modified via a partner replacement—ypartially

lost, partially conserved.

Beyond the characteristic Cys5-Cys7, Cys6-Cys8, and CysA-CysB disu[ﬁdes, ZP-C domains sometimes possess additional

disulfides, for example the novel Cx-Cy pair found in trout VEa/B egg coat proteins (Darie, et al. 2004) that appears to

stabilize a fish-specific expansion of the AB loop, just downstream of the BA-THP. A few candidates for novel disulfides are

apparent in the C. elegans ZP-C domain homology models. First, the model for C. elegans CUTL-19b included a pair of

cysteines that are well placed to link the AB loop and BB (positions 117 and 129; centroid distance = 6.2A; Figure 3¢). These
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cysteine residues are both conserved across the CUTL-19 subfamily but are not found beyond it, suggesting that stabilizing

the AB loop is particularly important in this standalone ZP-C domain subfamily. The second example, which is more

broad[y distributed (shared across Type 2 and Type 3 modules), aﬂécts the THP and therefove may be of major ﬁmcﬁonal

relevance. Here, cysteines are found at positions 105 (within the THP motif) and 134 (Supplementary Figure 4a,b).

Homology modelling of C. elegans ZP-C domains put these cysteines in close proximity: position 105 near the start of fA,

and position 134 near the end of BB (median centroid distance of 5.6A over the 28 Type 2 and Type 3 models;

Supp[ementavy Figure 1oa,]o). ]nt‘riguing[y, this putative disu[ﬂde fovms part of a ]oipartite motif—one divided between

the PA and BB strands—that is highly conserved in Type 2 and Type 3 ZP modules. Here, three aromatic residues are

projected into the same BA-BB interface bridged by the proposed disulfide bond (Figure 4). Finally, a partially overlapping

disulfide appears to have evolved within the early history of the FBN-1 subfamily (a Type 1 module). This putative disulfide

is deﬁned ’oy cysteines at alignment positions 105 and, uniquely, 203 (centroid distance = 7.34; quop[ementavy Figure 100);

both of these cysteines are conserved across the FBN-1 family. A disulfide between these residues would anchor A not to

BB (as seems to be the case for the Type 2 and 3 modules), but to BF. This suggests that similar but not identical disulfide

bonds have evolved to stabilize the IHP-containing BA strand in diﬂ%vent ['meages of the nematode ZP module family.

Discussion

The ZP module is a supra-domain (Vogel, et al. 2004)—a combination of structurally independent domains, ZP-N and

ZP-C, that ﬁAYlCﬂOYl cooperaﬁvely and ﬁ'equent[y CO-0CCur across a variety of proteins with distinct domain architectures.

The co-occurrence between ZP-N and ZP-C is so strong that ’they were pvevious[y considered mere subdomains within a
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single “ZP domain” (Monne, et al. 2008; Han, et al. 2010; Bokhove, et al. 2016; Wilburn and Swanson 2017), and while

isolated ZP-N domains have been found in a variety of proteins, ZP-C domains have only ever been found within complete

modules (]ovine, etal. 2006). This tight but [opsided distribution is consistent with past studies of ZP stmctwe—ﬁmcﬁon

relationships that revealed a role for the ZP-C domain as a regulator of ZP-N activity (Litscher and Wassarman 2015;

Bokhove and Jovine 2018). Under the assumption that this regulatory role is the ZP-C domain’s primary function

(historically, if not currently in each extant ZPD protein), it makes sense that it would only ever be found immediately

downstream of a ZP-N domain. However, studies have uncovered non-regulatory (protein-binding) functions for some ZP-

C domains (Han, et al. 2010; Lin, et al. 201; Diestel, et al. 2013; Okumura, et al. 2015; Bokhove, et al. 2016), and this raises

questions about the apparent lack of standalone ZP-C domains in nature.

1 have shown here that, contrary to expectations, standalone ZP-C domains indeed exist—that they can evolve ﬁrom pre-

existing ZP modules thvough ZP-N domain loss. My ana[ysis of nematode ZP modules revealed that standalone ZP-C

domain proteins originated at least twice, and that they have been maintained over long timeframes—originating prior to

the diversiﬁcaﬁon of the major nematode clades and su’osequent[y evolving under strong stab i[izing selection. Despite the

loss of the upstream ZP-N domain, these standalone ZP-C proteins genem”y still possess N-terminal signa[ pepﬁdes,

suggesting that they remain secreted proteins. Their C-terminal fea‘cures, [oy contrast, are atyp ical: the members of the

To1D1.8 and F46Gn.6 subfamilies tend to be truncated, indicating that they may be secreted directly without need for

proteolytic separation from the membrane, while most members of the CUTL-19 subfamily have predicted GPl-anchor sites

(despite this C-terminal fea‘mre being rave across the rest of the data set). These ﬁndings suggest new dimensions cf
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functionality for ZP-C domains. One possibility is that these standalone ZP-C domains indeed perform a regulatory role,

but as free-agent regulators of unlinked ZP-N domains rather than of physically linked upstream domains; such proteins

mignt prove useﬁd fov Vevnode“ing ZPD }orotein—based extracellular matrices. Another is that ZP-C domains are

mu[tifuncﬁona[, naving some uncharacterized non—vegulatovy ﬁAncﬁon. Some ZP-C domains have been shown to

contribute to protein-protein binding (Han, et al. 2010; Lin, et al. 2011; Diestel, et al. 2013; Okumura, et al. 2015) and it may

be that these standalone ZP-C domains do likewise. Either way, the finding that standalone ZP-C domains exist in nature

will beneﬁt futwe experimental eﬂbrts to exp[ove the ways in which individual domains contribute to higher—[eve[

functioning inZP module—bearing proteins. The ancient origins for the standalone ZP-C proteins suggests that they mignt

be shared with other phyla, but even if standalone ZP-C domains turn out to be restricted to nematodes alone, the

mechanistic insights gleaned from their study will likely prove informative in a general sense.

Of the 43 ZPD proteins encoded by the C. elegans genome, less than half have been functionally characterized. Aside from

DYF-7, which plays a role in neural dendrite elongation (Heiman and Shaham 2009), all of these are cuticular proteins.

Several appear to be cuticlins, ie., non-collageneous structural proteins (Fujimoto and Kanaya 1973; Sebastiano, et al. 1991;

Muvriel, et al. 2003; Sapio, et al. 2005; Witte, et al. 2015), while others have been linked to cuticular mou[ﬁng (Frand, et al.

2005) or to the development of various cuticular elaborations and invaginations (Yu, et al. 2000; Ke“ey, etal. 201 5, G ill, et

al. 2016; Vuong-Brender, et al. 2017; Cohen, et al. 2019). These cuticular proteins are distributed across the nematode ZP

module phy[ogeny, and cover all fow of the major domain architectures (ZP, VWWFA+ZP, PAN+ZP, and EGF+ZP),

suggesting that many cyc the uncharacterized ZPD proteins, includ[ng the standalone ZP-C domain proteins, probab[y also
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play a vole in the cuticle. Consistent with this hypothesis, transcriptome data from Spencer et al. (Spencer, et al. 2011; Lee, et

al. 2018) indicate that To1D1.8 and F46Gn.6 are both enriched in the epidermis during early development, but that CUTL-

19 is enriched in em]oryonic and larval motor neurons (suggesting a divevgent vole, perhaps akin to that of DYF-7). A

subsequent s‘mdy found that To1D1.8 is up—regu[ated in some thermosensitive neurons (Lockhead, et al. 2016), hint'mg at

multiple roles for this standalone ZP-C protein. 1t will be interesting to see, as more nematode ZPD proteins are

characterized, whether phylogeny or domain architecture reliably predict functional role, and whether any of these

proteins contribute to the egg coat (as ZPD proteins are known to do in vertebrates and at least some invertebrates;

(Killingbeck and Swanson 2018)).

1t has been previously shown that artificially isolated ZP-C domains express and fold correctly i vitro (Lin, et al. 201m;

Diestel, et al. 201 3; Bokhove, et al. 201 6). The present stuo{y provides the ﬁvst evidence that this experiment has also been

pewformed in nature, with standalone ZP-C domains hav'mg evolved ﬁ'om ﬁd[ modules thvough ZP-N loss. This ﬁnd'mg

has implications for our understanding of the origin of the ZP module. Two models have been put forth to explain how the

ovig'ma[ ZP module may have ﬁrst evolved. The ﬁvst proposes that the ZP module may have ovig'mated via the tandem

duplicaﬁon of a po[ymevizaﬁon—capab[e proto-ZP-N domain, with the C-terminal copy then evo[v'mg to form the ZP-C

domain (Han, et al. 2010). The second hypothesis suggests that ZP modules may have evolved from antibody light chains

polypeptides, as both are composed of 1G-like domains (Bokhove and Jovine 2018). Finding that standalone ZP-C domains

are viable in nature suggests it is possib[e (though bmproven) that such proteins could have 'mdependenﬂy existed in the

deep past, and ﬁom this admitted[y speculaﬁve assumption two new possib ilities arise: (1) the ZP module could have
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evolved through tandem duplication and divergence of an ancient ZP-C-type domain; (2) the ZP module could have

formed through the union of pre-existing but independent ZP-N-type and ZP-C-type domains. Given the lack of

Vecogniza]ole sequence—[eve[ homo[ogy between ZP-N and ZP-C domains, and between either of these domains and their

stmctwa“y similar counterparts in anﬁbody [ight chains, distinguishing among these fouv models will be diﬁ‘tcu[t

Thorough investigation of the diversity of ZP domains in lineages that connect to the deepest nodes in the animal

phylogeny (e.g., non-Bilateria, and possibly even closely-related non-animal groups (Swanson, et al. 20m)) will be key to

testing these hypotheses.

Identifying highly divergent ZP-C domains will require a good understanding of the domain’s sequence conservation

patterns. In practical terms, this amounts to an understanding of cysteine conservation patterns, as most sites beyond

these disu[ﬁde—forming cysteines are h[gh[y variable. Bokhove et al. (Bokhove, et al. 2016) avgued that cysteine variation in

ZP modules [avge[y Veﬂects departwes ﬁ'om an otherwise conserved connectivity pattern involving three ZP-C domain

disulfides—Cyss-Cys7, Cys6-Cys8, and CysA-CysB—uwith variation on this theme resulting from occasional losses and

gains. This notion is consistent with the genera[ evo [uﬁonavy patterns observed fov disu[ﬁdeforming cysteines~—that

these residues are generaﬂy high[y conserved, and that they are almost a[ways gaineo{ or lost in pairs (Thomton 1981;

Rubinstein and Fiser 2008). By contrast, Han et al. (Han, et al. 2010) suggested that the novel ZP-C subdomain found in

ZP3 egg coat proteins accommodate alternative cysteine connectivity patterns in different species (though, as mentioned

above, methodo[ogica[ issues might exp lain this apparent pattern; see Introduction). Extracellular proteins with
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numerous, closely situated cysteines, such as ZPD proteins, seem like promising candidates for identifying unusual

instances of disulfide reshuffling.

By Combining phy[ogenetic and structural ana[yses, 1 found that disu[ﬁde variation among nematode ZP-C domains

indeed reflects more than just gains and losses: the CysA-CysB disulfide was modified in Type 3 ZP-C domains, with CysA

lost and replaced by a novel binding partner in the adjacent fC strand. The CysB-BC disulfide therefore represents a rare

case of o{isu[ﬁde—bond Veshuﬁqing (Zhang 2007). ]mportant[y, this modiﬁed disu[ﬁo{e is not some Vecenﬂy evolved

outlier—itisa feature of mu[tiple ZP module su]ofamilies (covering 12C e/eganspara[ogs) that are shared across millions

of distantly related nematode species. Given the phylogenetic depth of the branch where this reshuffling event is presumed

to have occurred, close inspection of ZPD proteins in other invertebrate phyla might plausibly uncover orthologs that share

this connectivity pattern. In [ight of its ancient origin and su’osequent conservation across mu[ﬁp[e subfamiﬁes, it seems

szyve to conclude that stabi[iz'mg selection has acted to maintain the modiﬁed disu[ﬁde bond over time. However, it is not

obvious whether the modified disulfide’s initial origin was adaptive, and whether its evolution resulted in some novel

ﬁmction. For example, the evolution of an extra cysteine residue in the vicinity of CysB could have rendered CysA

redundant, a[[owing for its exchange by driﬁ_. Another poss'doi[ity is that the novel CysB-partner evolved to compensate for

the loss of CysA; here, the novel disu&ide would be adaptive only in the sense that it corrected some transient

maladaptation, with no net change in overall function. Regardless, this finding speaks to the challenges of categorizing

proteins using sequence conservation patterns without a robust phy[ogenetic ﬁ'amework, and to the importance of utilizing

new data to update expectations about protein bio[ogy.
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In contrast, there are several reasons to suspect that the entirely novel disulfide inferred between the BA and BB strands of

Type 2 and 3 ZP-C domains is adaptive. First, it occurs in a region of known functional importance: the BA-THP.

Stabi[iz'mg the THP through a disu[ﬁde bond could he[p maintain the tertiary structure cf the ZP-C domain upon protein

maturation and activation, during which the cleaved C-terminal tail’s JG-EHP dissociates from the IHP (Jovine, et al. 2004;

Schaeffer, et al. 2009). Second, it is notable that an THP-stabilizing disulfide evolved independently within the FBN-1

subfamily (a Typer module). Convergent evolution is considered one of the strongest fovms cf observational evidence fov

adaptation and it seems unlike[y that ]HP—stabiﬁzing disu[ﬁdes would evolve Vepeated[y without providing some ]oeneﬁt to

ZP-C domain structure or function. And finally, there is a clear pattern of co-evolution at several nearby sites alongside the

same face of the A and BB strands. These sites are largely fixed for aromatic residues in Type 2 and 3 modules. Fixing

aromatic residues along the A and BB strands may help to stabilize the BA-BB disulfide, act to slow EHP dissociation, or

specify a critical interprotein binding surface that is only exposed after EHP release (Bhattacharyya, et al. 2004; Moreira, et

al. 2013). Interestingly, it was recently demonstrated that disulfide bonds act as an evolutionary buffer, increasing

tolerance fov amino acid substitutions that would have ovdinavi[y been stmctura”y dismpﬁve (Feyertag and Alvarez-Ponce

2017); the fixation of several aromatic residues around the novel BA-BB disulfide provides a clear counterexample to this

claim. Determining the ﬁmctiona[ and evo[uﬁonavy consequences of these Convergently evolved disulﬁde bonds has the

potential to provide important insights into the how THP-EHP interactions affect ZP module activation.
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The present study serves as the largest comparative investigation of ZP module evolutionary diversity conducted to date.

By combining the newly-estimated nematode ZP module phylogeny with homology modelling of C. elegans ZPD proteins, 1

uncovered evidence for: (1) the para“e[ loss of the ZP-N domain in at least two ['meages, Vesu[t'mg in the vmexpected

discovery of standalone ZP-C domains; (2) the modification of a highly conserved ZP-C domain disulfide via a rare

example of cysteine replacement; and (3) the convergent gain of stabilizing disulfide bonds in the ZP-C domain’s

regulatory THP motif. As apurely in silicostudy, it is of course critical that the unusual structural features documented

here be conﬁvmeo{ experimenta”y. Even still, these ﬁnd'mgs have important imp[icaﬁons for our Lmderstanding of ZP

module structure and ﬁmcﬁon. Moreover, the present study presents a valuable phy[ogenetic framewovk for the

developmental genetic study of ZPD proteins in nematodes, including the powerful lab model C. elegans. Finally, this work

sets the stage for future investigation of ZPD protein diversity in the broad sense. Here, the obvious next step will be to

bridge the phy[ogenetic gap between nematodes, other invertebrates and, u[ﬁmate[y, vertebrates.
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Figure Captions

Figure 1: Nematode ZP module amino acid conservation patterns. Residue height indicates its prevalence in the top scoring

a[ignment. Connections between cysteine residues indicate infewed disu[ﬁde [inkages; also shown are the approximate

boundaries of the ZP-N and ZP-C domains, the internal and external hydrophobic patches (JHP/EHP), and the consensus

cleavage site (CCS). Non-homologous flanks and insertions were trimmed from the sequences as part of the alignment

process; the relationship between alignment numbering and untrimmed sequence position for untrimmed C. elegans

CUT-is pvovided in Su}op[ementary Figure 1.

Figure 2: Nematode ZP module phylogeny. (a) The majority rule consensus of ML phylogenies estimated for 100 replicate

ZP module alignments. Branch recovery proportions (BRPs) are shown using coloured circles; darker/redder circles

indicate greater robustness to a[ignment variation. Branch [engths, drawn in amino acid substitutions per site (see scale

bar), were estimated via ML using the top scoring alignment. The labelled arrows indicate the Minimal Ancestor Deviation

(MAD) root position and the phylogenetic midpoint. Tip names are shown for C. elegans ZP modules; for clarity, CUT-1

was moved s[ighﬂy to avoid ovev[ap with CUT-3. Three major subtrees are noted (Types 1/2/3), the members of which are

defined by different ZP-C domain cysteine connectivity patterns. (b) Cysteine connectivity patterns for Type 1, 2, and 3 ZP-

C domains, infewed based on amino acid conservation patterns and homology mode“ing of C e/qgans ZPD proteins. The

B-strand secondary structure diagram follows that of the human uromodulin ZP-C domain (Bokhove, et al. 2016). The

position of the MAD root in () suggests that the Type 1 connectivity pattern represents the ancestral state.
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Figure 3: ZP-N domain loss and the structure of standalone ZP-C domain proteins. (a,b) Domain-specific gap proportions

were calculated for each sequence (averaged over the 100 replicate alignments) and mapped onto the phylogeny: (a) ZP-N

domain: (b) ZP-C domain. Gap proportions of 1(=100%) indicate cases where the entire domain is missing ﬁfom the core

a[ignment (coloured circles on the tips of the phy[ogeny; see legend). Nearly comp[ete signatures cf ZP—N—speciﬁc domain

loss were observed for the ToiD1.8, F46Gn.6, and CUTL-19 subfamilies. (c-e) Homology models for C. elegansproteins with

standalone ZP-C domains (pink lines) superimposed on the template structure, human uromodulin (grey cartoon): (c)

To1Dn.8b, (d) F46Gn.6, () CUTL-19b. Cysteine residues in the C. elegans ZP-C domains are shown in stick format; the

three disulfide linkages present in the template (Cys5-Cys7, Cys6-Cys8, and CysA-CysB) are shown as grey dot clouds.

Figure 4: The conserved internal hydrophobic patch (IHP) of Type 2/3 ZP-C domains. Homology models for the ZP-C

domains of C. elegans CUT-1 (Type 3) and DPY-1a (Type 2) (both shown in pink lines, with key vesidues shown in stick

fownat) were superimposed on the cartoon structure of the temp[ate, human wromodulin (grey cartoon, with the BA and

BB strands coloured blue). The residues along the inward facing side of BA comprise the THP; those residues, and the three

adjacent vesidues in BB, are high[y conserved in nematode Type 2 and 3 ZP-C domains and suggest a novel disu[ﬁde bond.

These same sites are variable in Type1ZP-C domains. Conservation patterns for the three ZP-C domain types are shown

via sequence [ogos (extracted ﬁ'om Supp [ementavy Figure 4).
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