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The “ZP domain” is not one, but likely two independent domains

Damien B. Wilburn and Willie J. Swanson

The zona pellucida (ZP) or vitelline envelope (VE) is a cellular feature unique to animal
oocytes that provides a barrier to the external environment. This structure is composed of
several glycoproteins that universally contain a ZP domain: a polypeptide of ~260 residues
that functions as a polymerization module, adopts a predominantly p-sheet fold, and
includes 8-10 cysteine residues that form disulfide bonds (Bork and Sander 1992; Han et al.
2010). Our knowledge of the structural features underlying ZP domains has been enhanced
in recent years by the release of multiple crystal structures and molecular evolutionary
analyses that, together, reveal a repeated pattern of gene duplication, sequence adaptation,
and structural conservation from yeast to humans (Swanson et al. 2011). Within ZP domains
are two clusters of conserved cysteine residues, which are often separately described as the
ZP-N and ZP-C subdomains or regions. However, biochemical and evolutionary analyses
unequivocally support that both ZP-N and ZP-C are bone fide protein domains.

The crystal structures of two “ZP domain”-containing proteins — chicken ZP3 (Protein Data
Bank: 3NK4) and human uromodulin (4WRN) — reveal close structural alignment between
the ZP-N and ZP-C segments when considered independently, but no global topological
conservation between the two motifs (Fig. 1A) (Bokhove et al. 2016; Han et al. 2010).
Functionally, biochemical data indicate that only ZP-N is required for protein
polymerization (Jovine et al. 2006). Evolutionarily, many ZP/VE proteins contain tandem
arrays of ZP-N repeats that evolved independently of one another and from their associated
ZP-C motifs (Fig. 1B) (Callebaut et al. 2007; Swanson et al. 2011; Wilburn and Swanson
2016). Therefore, by all common definitions, ZP-N and likely ZP-C are separate protein
domains. While ZP-N and ZP-C are often referred to as separate domains in the protein
structure literature, the reproduction community commonly still conflates these two motifs
as a single domain, such that we contest this is creating a language barrier and challenges to
research.

Structural databases such as Pfam and the National Center for Biotechnology Information
(NCBI) Conserved Domain Database (CDD) only allow for searching of motifs that
encompass the combined ZP-N and ZP-C, such that independent gene duplication and co-
option events are missed without rigorous manual annotation (Swanson et al. 2011). As an
example, when human ZP2 is queried against either aforementioned database, only the C-
terminal “ZP domain” is reported whereas the preceding three ZP-N repeats are ignored
(1B). A prime example of how this nomenclature may be problematic for the community is
in an excellent report using transgenic mice by Avella et al. (2014), in which the authors
carefully demonstrate that replacement of mouse ZP2 residues 51-149 with the orthologous
human segment was sufficient to allow ZP recognition by human sperm; what the authors do
not discuss is that these residues almost exclusively comprise the first ZP-N domain (indeed,
they do not acknowledge any domains in ZP2 beyond a single “ZP domain™). In the marine
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mollusk abalone, the first and second ZP-N repeats of the egg coat protein VERL are rapidly
evolving and likely also confer species-specific gamete recognition (Fig. 1B), suggesting
recurrent evolutionary and functional patterns in animal fertilization proteins that were
previously missed (Wilburn and Swanson 2016). Currently, Pfam includes a profile for a
partial segment of each VERL repeat, which successfully identifies both the rapidly evolving
and homogenized repeats (Fig. 1B); if properly annotated, all ZP-N repeats of ZP2 might
have been similarly identified. More recently, Bokhove et al. (2016) referred to the
combined ZP-N/ZP-C unit as a “ZP module,” which is likely a better term to refer to the
often (but not always) co-occurring domains. Hence, we propose that a concerted effort
should be made to replace “ZP domain” with “ZP module,” as well as to treat both ZP-N
and ZP-C as independent protein domains. Such a change in nomenclature will facilitate
their identification and the biological interpretation of their function.
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Figure 1. Protein and gene structures of ZP-N/ZP-C domain containing proteins
(A) Comparison of chicken ZP3 (Protein Data Bank: 3NK4) and human uromodulin

(4WRN). Independent alignment of the ZP-N and ZP-C domain reveal close structural
similarity of ~3.4 A and 4.2 A rmsd, respectively. When viewed together (and aligned based
on the ZP-N domain), however, there is no similarity in the positioning of ZP-C relative to
ZP-N (adapted from Bokhove et al., 2016). (B) Several classical “ZP domain”-containing
proteins often contain N-terminal repeats of the ZP-N domain. Structural databases such as
Pfam and the Conserved Domain Database (CDD), however, do not detect these additional
repeats in human ZP proteins; Pfam also did not detect the conserved trefoil domain in ZP1.
The most extreme case of this ZP-N duplication is in abalone VERL, which has 22 ZP-N
repeats with different modes of evolution based on genetic effects and adaptation with
coevolving sperm proteins. Pfam includes an additional entry for 78 residues of the VERL
repeats (pfam11386), but this annotation does not fully span the repeats or report ZP-N
homology. The C-terminal ZP module of VERL is also not detected in either database
(adapted from Wilburn and Swanson, 2016).
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