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Abstract

The animal pappalysin metalloproteinases, PAPP-A and PAPP-A2, are highly specific regulatory enzymes of the insulin-like 
growth factor (IGF) system. Cleavage of their only known substrates, a subset of IGF binding proteins (IGFBPs), releases bioactive 
IGFI and IGFII, thus promoting IGF signaling. Stanniocalcin-1 and -2 (STC1 and STC2) are potent pappalysin inhibitors, complet
ing the STC-PAPP-A-IGFBP-IGF axis. Utilizing homology searches and phylogenetic analyses, we examined the occurrence of 
pappalysins in the animal kingdom and their functional conservation. This revealed the extensive presence of pappalysins across 
metazoans, as well as the presence of 3 pappalysins: PAPP-A, PAPP-A2, and a third group of invertebrate pappalysins, which we 
name invertebrate PAPP-A (invPAPP-A). We show that PAPP-A and PAPP-A2 arose by duplication during early vertebrate evo
lution. Despite significant evolutionary distance, the domain architecture of the metazoan pappalysins is completely conserved, 
and several functional domains and motifs are highly conserved across all pappalysins. However, invPAPP-A exists outside the 
context of IGFBPs, suggesting that the animal pappalysins may have substrates beyond the IGFBPs for PAPP-A and PAPP-A2 that 
remain to be discovered. Since PAPP-A is an emerging drug target, it is important to understand potential involvement in regu
latory systems other than the IGF system, which might be affected upon targeting of PAPP-A.
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Introduction
The large multidomain proteinase, pregnancy-associated 
plasma protein-A (PAPP-A, pappalysin-1), was discovered 
in the plasma of pregnant women where it is abundantly 
secreted from the syncytiotrophoblast of the human pla
centa. PAPP-A was later found to be synthesized ubiqui
tously in multiple other cell types and tissues independent 
of pregnancy. Discovery of its proteolytic activity connected 
PAPP-A functionally to the insulin-like growth factor (IGF) 
system (Conover and Oxvig 2023).

The IGF system is well characterized in placental mam
mals and teleost fish, where it is involved in growth, 

metabolism, cell proliferation, reproduction, and aging 
(Junnila et al. 2013; Ipsa et al. 2019; Miller et al. 2022). 
The IGF growth factors, IGFI and IGFII (collectively referred 
to as IGF), are synthesized locally in an autocrine or para
crine manner, or in an endocrine manner by the liver in re
sponse to growth hormone (Fig. 1). The IGFs bind the 
tyrosine kinase IGF receptor (IGFIR), as well as the structur
ally similar insulin receptor (IR), albeit with reduced affinity 
(Frasca et al. 1999). Insulin (INS) is also capable of binding 
IGFIR, but with markedly reduced affinity compared to 
the IGFs (Belfiore et al. 2009). Activation of IGFIR leads 
to increased proliferation, protein synthesis, decreased 

Significance
The pappalysin metalloproteinases, PAPP-A and PAPP-A2, are known regulatory enzymes in the IGF system, cleaving 
IGFBPs with high specificity to release bioactive IGF. However, their metazoan distribution and phylogeny, along with 
the possibility of substrates existing outside the IGF system, remains unexplored. Pappalysins were identified nearly 
throughout the animal kingdom, with PAPP-A and PAPP-A2 being specific to vertebrates. Invertebrate PAPP-A 
(invPAPP-A) lies outside the IGF system yet shares a globally conserved sequence, highly conserved motifs, and all do
mains with PAPP-A/PAPP-A2. These findings suggest that metazoan pappalysins have additional, unknown substrates 
that are not IGFBPs, expanding their potential regulatory roles beyond the IGF system.
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apoptosis, and differentiation (Nagao et al. 2021). Both INS 
and the IGFs bind the hybrid IGFIR/IR receptor, though the 
physiological significance of this in normal physiology is un
clear (Belfiore et al. 2009). Additionally, IGFII binds the non
signaling IGFIIR that internalizes and degrades bound IGFII 
(Brown et al. 2008).

In the circulation, <1% of IGF is in a bioactive state (Juul 
2003). The vast majority is inactive, bound to IGF-binding 
proteins (IGFBPs), which increases the half-live of the IGFs 
from 10 to 12 min to 30 to 90 min and further up to 12 
to 15 h if in a ternary complex with acid-labile subunit 
(only IGFBP-3 and IGFBP-5) (Guler et al. 1989; Twigg and 
Baxter 1998). Six homologous IGFBPs (IGFBP-1 through 
-6) exist in humans which bind IGFI and -II with variable 
but higher affinity than IGFIR, thus rendering the large ma
jority of IGF in a bound, inactive state. The IGFBPs (28 to 
35 kDa) consists of an N-terminal and C-terminal domain 
connected by a flexible central linker domain (CLD). IGF 
can be released from the IGFBPs through proteolytic cleav
age of the IGFBP CLD (Forbes et al. 2012) by PAPP-A and its 
paralogue PAPP-A2 (pappalysin-2) (Oxvig 2015). In mam
mals, PAPP-A has been shown to cleave IGFBP-2 (Monget 
et al. 2003), IGFBP-4 (Lawrence et al. 1999), and IGFBP-5 

(Laursen et al. 2001), while PAPP-A2 cleaves IGFBP-3 and 
IGFBP-5 (Overgaard et al. 2001).

The proteolytic activity of PAPP-A and PAPP-A2 can be 
inhibited by the 2 paralogs stanniocalcin-1 and -2 (STC1 
and STC2) (Oxvig and Conover 2023), adding another layer 
of complexity to the regulation of the IGF system. STC1 in
hibits through high-affinity binding (Ki = 68 pM) (Kløverpris 
et al. 2015), while STC2 forms an irreversible covalent com
plex mediated by a specific disulfide bond between STC2 
(Jepsen et al. 2015) and PAPP-A (Kobberø et al. 2022). In 
mice, overexpression of STC1 or STC2 results in a dwarf 
phenotype with a size reduction of 30% to 50% 
(Varghese et al. 2002) or 45% (Gagliardi et al. 2005), re
spectively, while STC2 knockout mice are 10% to 15% lar
ger (Chang et al. 2008). Together, these components form 
the STC-PAPP-A-IGFBP-IGF axis (Fig. 1), that has been 
shown to be physiologically important in several systems 
(Oxvig and Conover 2023).

PAPP-A and PAPP-A2 are part of the pappalysin family of 
the metzincin metalloproteinase superfamily (Guevara et al. 
2020). Human PAPP-A (hPAPP-A) consists of 1,546 amino 
acids and forms a covalent homodimer of ∼400 kDa. The 
mature form of human PAPP-A2 (hPAPP-A2), which is 

Fig. 1. Simplified model of the STC-PAPP-A-IGFBP-IGF axis according to studies in mammals (Oxvig and Conover 2023). The vast majority of IGFI and IGFII are 
present in IGFBP:IGF complexes, which increase the half-life of IGF in circulation. PAPP-A or PAPP-A2 is able to specifically cleave different IGFBPs and thus 
release bound IGF (lower right). The free bioactive IGF is able to bind IGFIR (or IR and IR/IGFIR hybrid receptors). IGFII also binds IGFIIR, which leads to its in
ternalization and degradation. The 2 stanniocalcins (STC1 and STC2) are able to proteolytically inhibit PAPP-A and PAPP-A2. The inhibited enzymes cannot 
release IGF from IGFBP:IGF complexes (upper right). In the circulation, IGFI and IGFII are derived from the liver, with IGFI synthesis being dependent on pituitary 
GH. Both IGFI and IGFII are also synthesized locally in tissues in an autocrine and paracrine fashion.
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45% similar to hPAPP-A (Boldt et al. 2001; Overgaard et al. 
2001), consists of 1,557 amino acids and has been reported 
as both a 220 kDa monomer (Sridar et al. 2023) and 
400 kDa homodimer (Weyer et al. 2007). PAPP-A and 
PAPP-A2 share the same domain composition (Fig. 2a). It 
begins with a β-sandwich-forming laminin-G-like (LG) do
main (E82-P324 of hPAPP-A) that has no reported function
al role but is believed to be part of a rigid body in the 
hPAPP-A structure (Kobberø et al. 2022). The LG domain 
is succeeded by the catalytic domain (CD, P325-K671), 
the overall fold of which is highly similar to that of other 
more distant metzincins (Kobberø et al. 2022). The CD con
tains a metzincin-characteristic so-called extended zinc- 
binding consensus sequence (HExxHxxGxxH), harboring 3 
zinc-coordinating histidine residues and a glutamate cata
lytic base (Bode et al. 1993). The zinc-binding motif is fol
lowed by a calcium-binding gap sequence and a 
canonical methionine of the Met-turn (supplementary fig. 
S1a, Supplementary Material online), which is essential 
for the structural integrity of the zinc-binding site geometry 
(Oberholzer et al. 2009). This active site environment of the 
pappalysins is highly similar to the archaeal ulilysin and the 
bacterial mirolysin, which are classified as part of the lower 
(unicellular) pappalysins, containing the CD, but none of 
the other domains of PAPP-A/PAPP-A2 (Gomis-Rüth 
2009; Guevara et al. 2020).

The central (M) region of hPAPP-A (P672-D1214) con
tains 6 domains (M1-M6, as defined by Kobberø et al. 
2022) binding a total of 4 calcium ions. Briefly, M1 
(P672-F701 + L884-G943), M2 (F702-P883, looping out 
from M1), and M5 (F1019-F1181) fold into large 
β-sandwich structures, where M2 and M5 form a substrate 
binding groove together with the CD (Judge et al. 2022) 
(supplementary fig. S2, Supplementary Material online). 
M2 and M5 are separated by the smaller coils and strands 
of M3 (S944-G995) and M4 (D996-G1018). M6 
(D1182-D1214) contains the dimerization cysteine of 
hPAPP-A (C1210-C1210) and forms intersubunit contacts 
together with M5 (Kobberø et al. 2022). The M region is fol
lowed by 5 short consensus repeat (SCR/CCP/Sushi) do
mains (SCR1-5, C1215-C1554), where SCR1 and SCR2 of 
hPAPP-A anchor the string of SCR domains through in trans 
interaction with M5 and the LG domain, respectively 
(Kobberø et al. 2022) (Fig. 2b). SCR3-5 do not interact 
with other hPAPP-A domains and show pronounced flexi
bility (Judge et al. 2022; Kobberø et al. 2022) (Fig. 2b). 
Positively charged residues of SCR3 and SCR4 of 
hPAPP-A, but not hPAPP-A2, mediate cell surface adhesion 
through glycosaminoglycan (GAG) binding (Laursen et al. 
2002; Weyer et al. 2004), providing proximity to IGFIR 
(Laursen et al. 2002). The SCR region is followed by a short 
C-terminal domain (C1554-G1627), the C domain. Lastly, 
each subunit contains 3 calcium-binding Lin12-Notch re
peat (LNR1-3) modules, otherwise only known from the 

family of Notch receptors. In contrast to the Notch recep
tors, where the LNR modules are in tandem, LNR1-2 
(V411-C440, R441-C473) are located in the CD, while 
LNR3 (V1555-C1583) is located more than 1000 residues 
away in the C domain (Boldt et al. 2004) (Fig. 2a and b). 
All 3 LNR modules of hPAPP-A are essential for the cleavage 
of IGFBP-4, but not for cleavage of IGFBP-5 (Boldt et al. 
2004). The importance of the LNR modules in hPAPP-A2 
is not understood.

PAPP-A and PAPP-A2 have so far only been described 
and experimentally studied in mammals (Lawrence et al. 
1999; Overgaard et al. 2001; Søe et al. 2002; Conover 
et al. 2011) and zebrafish (Kjaer-Sorensen et al. 2013, 
2014). However, the recent growth of sequence databases 
has revealed the presence of PAPP-A orthologs in species 
other than those currently studied. Here, we investigate 
the presence of PAPP-A and PAPP-A2 in the animal king
dom, assess the conservation or divergence of sequence 
elements between species, and explore the potential exist
ence of PAPP-A and PAPP-A2 outside of the 
STC-PAPP-A-IGFBP-IGF axis.

Results and Discussion

Pappalysin is Ancient in the Animal Kingdom

Putative homologs of human PAPP-A (hPAPP-A) were iden
tified throughout the animal kingdom (Metazoa). Due to 
the high sequence conservation of PAPP-A, only sequence 
hits with ≥90% sequence coverage of mature hPAPP-A, 
thereby containing the full complement of PAPP-A do
mains, was used to identify phyla of the animal kingdom 
containing hPAPP-A homologs. Pappalysin was found to 
be ancient in the animal kingdom (Fig. 3), with identifiable 
hPAPP-A homologs present before the emergence of bila
terians ∼540 million years ago (Marshall 2006). The earliest 
branching metazoan phyla where hPAPP-A orthologs could 
be identified, were Placozoa and Cnidaria. In both phyla, 
the identified homologs exhibited a global sequence iden
tity of 33% to 39% to hPAPP-A (Fig. 3) despite the consid
erable evolutionary distance. hPAPP-A homologs were 
found in all Deuterostomia branches, and identified in sev
eral protostome phyla, covering both the Ecdyzoa and 
Lophotrochozoa, with a global sequence identity of 28% 
to 40% to hPAPP-A. Note that the apparent absence of 
hPAPP-A homologs in several phyla may be caused by in
complete sequencing, incomplete depositing, or the depos
iting of partial sequences. Additionally, the presence of 
hPAPP-A homologs in a phylum cannot be equated to all 
members of the phyla containing hPAPP-A homologs. For 
instance, hPAPP-A homologs are present in species of 
both Arthropoda (arthropods) and Nematoda (round 
worms), but e.g. Drosophila melanogaster and 
Caenorhabditis elegans have no identifiable hPAPP-A 
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Fig. 2. PAPP-A domain overview. a) Modular structure of the 1546-residue mature hPAPP-A subunit with the positions of domains indicated (LG, laminin 
G-like domain; CD, catalytic domain; M, middle region; SCR, short consensus repeats; C, C domain). Note that Lin12-Notch repeat (LNR) modules 1 and 
2 (LNR1 and LNR2) are inserted into the CD, while LNR3 is present as part of the C domain. b) Cartoon representation of hPAPP-A homodimer in 2 orientations, 
as indicated, with domains colored and labeled according to (a). The illustrated structure is based on the structure of the hPAPP-A:hSTC2 complex (PDB 8A7E) 
(Kobberø et al. 2022) with the hSTC2 dimer removed.
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homologs despite comprehensive genome coverage of 
these species.

No hPAPP-A homologs could be identified outside of the 
animal kingdom, and it was not possible to find a hypothet
ical intermediate of hPAPP-A, structurally between the mul
tidomain metazoan pappalysin and the lower pappalysins 
ulilysin and mirolysin, composed of only the CD (Guevara 
et al. 2020). This observation may seem surprising but 
can probably be explained by experimental findings show
ing that several domains of hPAPP-A are known to be tight
ly connected to the function of the CD and substrate 
recognition, cf. below. Some of the identified sequences 
with homologous pappalysin CDs, do have sequence 

stretches connected to the CD, however, but these do 
not bear resemblance to the non-CD domains of PAPP-A/ 
PAPP-A2 and could also be zymogen prodomains, as seen 
in ulilysin (Tallant et al. 2006) and mirolysin (Koneru et al. 
2017).

Molecular Phylogeny of Animal Pappalysins

To investigate the molecular evolution of the animal pappa
lysins, a phylogenetic analysis was performed. Based on the 
inferred phylogenetic tree (Fig. 4), the duplication event of 
a single ancestral PAPP-A gene to create PAPP-A and 
PAPP-A2 is ancestral to both cyclostomes (hagfish and 

Fig. 3. Occurrence of hPAPP-A homologs in the animal (metazoan) kingdom. Branches colored red contain at least one hit from a BLASTp search with ≥ 90% 
sequence coverage of mature hPAPP-A. The TaxIDs used to restrict each search are listed for each phylum, subphylum, or clade together with the resulting 
number of species (#Species) that fulfilled the criteria of sequence coverage. Identity denotes the range of sequence identity compared to mature hPAPP-A 
(82-1627, NP_002572.2) measured in the BLASTp searches. Accession numbers identified as PAPP-A sequences are listed in (supplementary table S1, 
Supplementary Material online). Myxinidea (Hagfish) are included in Vertebrata as indicated with an asterisk (*). The vertebrate clade contained an excessive 
number of pappalysin sequences, including several sequences from the same species, whereby the number of hits for this clade has been omitted. The phylo
genetic relationships were based on (Giribet and Edgecombe 2017; Paps et al. 2023).
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Fig. 4. Phylogenetic tree of metazoan PAPP-A, PAPP-A2, and invPAPP-A protein sequences. Selected metazoan pappalysin sequences representing all phyla, 
subphyla, or clades identified in the homolog search and representative sequences from vertebrates (supplementary table S2, Supplementary Material online) 
were subjected to MSA using Clustal Omega 1.2.4. Phylogenetic analysis was carried out using IQ-TREE 2.3.5. The scale bar represents the number of sub
stitutions per site. The SH-like approximate likelihood ratio test (alrt) and the UltraFast Bootstrap approximation (UFBoot) support values, respectively, are in
dicated at each node. Compared to mature hPAPP-A (82 to 1627, NP_002572.2), the PAPP-A cluster has a global sequence identity range of 54% to 87%, the 
PAPP-A2 cluster a range of 38% to 45%, and the invPAPP-A sequences a range of 22% to 40%. The 2 lamprey PAPP-As have a sequence identity range of 
42% to 45%. The sequence identity was measured using EMBOSS Needle pairwise sequence alignment.
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lampreys) and gnathostomes (jawed vertebrates) with 
PAPP-A subsequently being lost in cyclostomes. Of interest, 
this analysis revealed a broad range of hPAPP-A homologs 
outside of vertebrates. We name this diverse group of 
hPAPP-A/hPAPP-A2 homologs outside the vertebrate clade 
invertebrate PAPP-A (invPAPP-A). To account for possible 
multiple sequence alignment (MSA) bias, 2 additional 
phylogenetic inferences were performed based on MSAs 
using the MAFFT and T-Coffee algorithms (supplementary 
fig. S3 and S4, Supplementary Material online). Although 
the placement of the invPAPP-A sequences varies between 
MSA algorithms, the placement of PAPP-A, PAPP-A2, and 
lamprey PAPP-A2 sequences, remain largely the same in re
lation to each other. Due to the short branch separating 
lamprey PAPP-A2 from the previous node, the phylogenetic 
inference was also performed with a model that accounts 
for heterotachy to provide a more accurate phylogenetic 
estimation (supplementary fig. S5, Supplementary 
Material online). This phylogenetic estimation has slightly 
altered branch lengths, but the positioning of lamprey 
PAPP-A2 sequences remains similar to the phylogenetic es
timation obtained using a homotachous model (Fig. 4). It 
should be noted that the phylogenetic inference was con
ducted using a single algorithm (IQ-TREE 2.3.5), which 
may introduce potential biases into the results.

Comparative Sequence Analysis of PAPP-A, PAPP-A2, 
and invPAPP-A

Based on the above phylogenetic analysis, a broad range of 
pappalysin orthologs (invPAPP-A) were found outside the 
vertebrate PAPP-A and PAPP-A2 clades. To identify varia
tions or similarities in functionally or structurally important 
regions, conservation plots were generated, visualizing the 
degree of residue conservation across the aligned se
quences (Fig. 5a to d). The plots were based on MSAs of se
quences from species representing each of the 3 pappalysin 
groupings. The plots show that, as expected, the overall 
global sequence conservation of invPAPP-A is lower than 
that of PAPP-A and PAPP-A2 due to a larger evolutionary 
distance between the species of this grouping (Fig. 5b to 
d). PAPP-A and PAPP-A2 are conserved to a higher degree 
due to shorter evolutionary distance, but the degree of con
servation of known functional regions differs markedly 
(Fig. 5b and c). For instance, the plots reveal that M6, con
taining the dimerization interface, is highly conserved in 
PAPP-A, but poorly conserved in PAPP-A2 and invPAPP-A 
(Fig. 5b to d). As expected, all 3 pappalysins exhibit a high 
degree of conservation of residues of, and around, the zinc- 
binding and Met-turn motifs, indicating that catalytic func
tion is preserved throughout the metazoan pappalysins. 
Strikingly, all 3 pappalysin groupings contain extremely 
high conservation peaks of the LNR3 module residues 
that are similar to, or even extend beyond, the conservation 

Fig. 5. Conservation plots based on MSAs for PAPP-A, PAPP-A2, and 
invPAPP-A with a window size of 30 residues. a) PAPP-A domain 
overview aligned with the plots below. b) Conservation plot of 
PAPP-A. Domains and selected modules and motifs are indicated 
with dashed lines and coloring matching the coloring scheme of 
the domain composition of (a). Selected features are indicated 
with red dashed lines or red curly brackets. Sequences used are 
from R. typus, P. pectinate, M. hypostoma, D. rerio, T. rubripes, 
L. chalumnae, P. annectens, X. laevis, M. musculus, and H. sapiens. 
c) Conservation plot of PAPP-A2 based on sequences from the 
same species as for PAPP-A (b). d) Conservation plot of invPAPP-A 
based on sequences from T. adhaerens, H. symbiolongicarpus, 
A. japonica, B. belcheri, S. clava, T. pseudospiralis, D. andersoni, 
P. maximus, L. anatine, O. fusiformis, L. longissimus, and B. neritina.
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peaks corresponding to the zinc-binding motif of the active 
site (Fig. 5b to d). The functional implications of differences 
and similarities in these sequence elements will be further 
explored below.

Substrate Interface

The only known proteolytic substrates of hPAPP-A and 
hPAPP-A2 are IGFBP-2, -3, -4, and -5 (Fig. 1), of which 
IGFBP-4 cleavage by PAPP-A is IGF-dependent (Conover 
et al. 1993; Lawrence et al. 1999; Laursen et al. 2001). 
No complete PAPP-A:IGFBP structure is currently available, 
however there exists a partial structure of hPAPP-A:IGFBP-5 
based on cryogenic electron microscopy (cryo-EM) (Judge 
et al. 2022). This structure shows how the CD, M2, and 
M5 forms a substrate binding groove that interacts with 
the IGFBP-5 CLD α-helix (supplementary fig. S2, 
Supplementary Material online), which precedes the scissile 
bond (Judge et al. 2022). Based on the partial hPAPP-A: 
IGFBP-5 structure and a structure prediction of the 
hPAPP-A:IGFBP-4:IGF complex (see Materials and 
Methods), potential key interacting hPAPP-A residues sur
rounding the zinc-binding motif were identified 
(supplementary fig. S6, Supplementary Material online). 
Interestingly, these residues are highly invariable between 
all 3 metazoan pappalysin groupings, indicating a similar 
substrate interface in the immediate proximity of the active 
site. The M2 and M5 of the M domain form β-sandwiches 
with the loops of one end facing toward the substrate 
(supplementary fig. S2, Supplementary Material online). 
Such a dynamic substrate interface may contribute to the 
difference in substrate binding and/or specificity between 
hPAPP-A and hPAPP-A2. The sequences of the loops of 
M2 and M5 facing IGFBP-4 or IGFBP-5 are shown in 
(supplementary figs. S7 to S9, Supplementary Material on
line) for all 3 pappalysin groupings. In PAPP-A, the M2 and 
M5 loops exhibit a high degree of conservation, especially 
the first loops of M2 (Fig. 5b; supplementary fig. S7, 
Supplementary Material online). The loops of M5 contain 
more insertions and differences between the PAPP-A se
quences of these species than the M2 loops. This pattern 
is similar in PAPP-A2, albeit with even more variance in 
the M5 loops (supplementary fig. S8, Supplementary 
Material online), consistent with the finding that deletion 
of M5 does not impact hPAPP-A2 cleavage of IGFBP-5 
(Sridar et al. 2023). The M2 loops of PAPP-A and 
PAPP-A2 are similar but with minor, highly conserved dif
ferences that might reflect the known substrate specificity. 
The second M2 loop of PAPP-A2 contains several conserved 
hydrophobic and/or cyclic residues that extend far into the 
groove, whereas these residues are much less conserved in 
the PAPP-A sequences (supplementary fig. S7, 
Supplementary Material online). In hPAPP-A2, alanine sub
stitution of W931, S932, and P933, that are predicted to be 

interacting with the IGFBP-5 anchor residue, abolishes 
IGFBP-5 cleavage (Sridar et al. 2023). Alanine substitution 
of the corresponding residues in hPAPP-A (W760, S761, 
and P762) similarly reduces IGFBP-5 cleavage (Sridar et al. 
2023). These residues are completely conserved in all inves
tigated sequences of both PAPP-A and PAPP-A2, highlight
ing their importance in IGFBP-5 substrate recognition. 
Another interesting residue is H861 of hPAPP-A. Judge 
et al. (2022) notes that H861 and W738 of PAPP-A engages 
in hydrogen bonds and hydrophobic interactions, respect
ively, with a key anchoring residue of IGFBP-5. W738 is 
completely conserved in all PAPP-A and PAPP-A2 sequences 
compared across vertebrate species, while H861 is highly 
conserved in PAPP-A sequences. In PAPP-A2, the corre
sponding residue is an arginine (R1028 in hPAPP-A2) or a 
lysine (supplementary fig. S8, Supplementary Material on
line). This change from histidine to arginine/lysine potential
ly impacts the binding and cleavage of IGFBP-5, which may 
explain the reduced cleavage efficiency of IGFBP-5 by 
hPAPP-A2 compared to hPAPP-A (Sridar et al. 2023). The 
M2 and M5 loops of invPAPP-A are highly variable 
(supplementary fig. S9, Supplementary Material online), in
dicating either a lack of participation in substrate binding/ 
specificity, or that invPAPP-A of these species have varying, 
yet unknown, substrates, which are not similar to the 
IGFBPs from the vertebrate IGF system.

Zinc-Binding and Met-turn Consensus Sequences

The CD is highly conserved in sequences of all 3 metazoan 
pappalysin groupings (Fig. 5b to d), and the extended zinc- 
binding consensus sequence (HExxHxxGxxH) is completely 
conserved (Fig. 6). Besides the zinc-binding consensus se
quence, the function of the catalytic site is dependent on 
a Met-turn motif containing the canonical methionine resi
due. In all investigated sequences except one (Bugula 
neritina), the canonical methionine is conserved and the 
residues surrounding it are also highly invariable, suggest
ing that the active site function is conserved across all pap
palysins (Fig. 6). In B. neritina, the single identified sequence 
without the canonical methionine, there is a drastic short
ening of the gap between the 2 motifs, indicating that a lar
ger deletion event may have occurred (supplementary fig. 
S1b, Supplementary Material online), depicting the active 
site of a predicted structure of B. neritina invPAPP-A, indi
cates that L483 could compensate for the loss of the canon
ical methionine, thus still providing the structural 
environment required for a functional active site.

LNR Modules

All metazoan pappalysins contains 3 LNR modules (29 to 33 
residues) but with varying degrees of conservation (Fig. 5b 
to d; supplementary fig. S10 to S12, Supplementary 
Material online). LNR1 is highly conserved in PAPP-A and 
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PAPP-A2 and they share a high degree of similarity. LNR1 of 
invPAPP-A is less conserved both between invPAPP-A se
quences and compared to PAPP-A and PAPP-A2 LNR1. 
However, most residues known to be involved in calcium- 
binding in hPAPP-A are conserved (supplementary fig. 
S10, Supplementary Material online), as well as almost all 

cysteines, indicating a conservation of the overall structure 
of the module. PAPP-A LNR2 is less conserved than LNR2 of 
PAPP-A2, partly due to small insertions (supplementary fig. 
S11, Supplementary Material online). LNR2 of PAPP-A has 
lost the first cysteine (C618, hPAPP-A2), which seems to still 
be present in teleosts (D. rerio and T. rubipres) and 

Fig. 6. MSA segments of the zinc-binding motif and Met-turn sequences from selected species representing PAPP-A, PAPP-A2, and invPAPP-A are shown 
with majority consensus highlighted. Sequence numbering is based on hPAPP-A, hPAPP-A2, and B. belcheri invPAPP-A. Gap denotes the number of amino 
acids spanning the sequence stretch between the 2 motifs.
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coelacanths (L. chalumnae). In all 3 pappalysin groupings, 
the LNR2 modules contain conserved calcium-binding 
residues and cysteine residue patterns, apart from the first 
cysteine in PAPP-A LNR2 (supplementary fig. S11, 
Supplementary Material online). Both PAPP-A and PAPP-A2 
LNR2 contain several conserved, positively charged, and 
outwards-facing residues (Kobberø et al. 2022) in the first 
half of the module, perhaps important in substrate specifi
city. Strikingly, LNR3 shows an extreme degree of conserva
tion in all pappalysins (Fig. 5b to d; supplementary fig. S12, 
Supplementary Material online). However, some positions 
differ between PAPP-A, PAPP-A2, and InvPAPP-A sequence 
groupings, especially in the first part of the module, but 
are highly conserved within the individual variants, perhaps 
contributing to differences in substrate specificity.

Dimerization Interface

Human PAPP-A exists as a covalent, disulfide-bonded di
mer, and hPAPP-A dimerization is strictly required for cleav
age of IGFBP-4, but not IGFBP-5, although disulfide bond 
formation is not needed for the formation of a functional 
dimer (Weyer et al. 2007). As mentioned, hPAPP-A2 has 
been reported as both a monomer and dimer. Based on 
the dimerization interface known from structural analysis 
of hPAPP-A, the corresponding amino acid stretches are 
present in the invPAPP-A and PAPP-A2 sequences, but 
the sequence is only conserved in PAPP-A (Fig. 5b to d; 
supplementary fig. S13, Supplementary Material online). 
This would support that only PAPP-A is a dimer. 
Intriguingly, however, in almost all of the investigated se
quences, both invPAPP-A and PAPP-A2 contains a con
served cysteine residue corresponding to the dimerization 
cysteine of PAPP-A (C1210). Unfortunately, a recent 
cryo-EM structure of hPAPP-A2 (Sridar et al. 2023) does 
not include M6, which contains the hPAPP-A2 cysteine resi
due corresponding to hPAPP-A C1210. Further experimen
tal data are therefore required to determine the function of 
the cysteine and the oligomerization state of PAPP-A2 and 
invPAPP-A.

SCR1 and SCR2 Fixation

As mentioned, SCR1 interacts in trans with M5 in a complex 
of hPAPP-A and human STC2 (hSTC2), and SCR2 interacts in 
trans with the LG domain (Fig. 2b). Both of these interactions 
reduce the flexibility of the SCR1 and SCR2 domains. The 
M5-interacting surface of SCR1 exhibits high variability be
tween the 3 pappalysin groupings, with no clear conserved 
corresponding sequence in PAPP-A2 nor invPAPP-A 
(supplementary fig. S14, Supplementary Material online). 
InvPAPP-A homologs appear to lack the corresponding se
quence, while it is present but significantly different in 
PAPP-A2, even between different PAPP-A2 sequences. A 
predicted structure of hPAPP-A2 does, however, seem to 

form similar interactions as hPAPP-A with a moderately con
served part of M5 (supplementary fig. S14, Supplementary 
Material online), indicating that SCR1 might be similarly fixed 
in PAPP-A2. In SCR2, the residues oriented toward the LG 
domain are fairly conserved between all pappalysins 
(Fig. 5b to d; supplementary fig. S15, Supplementary 
Material online). Likewise, the loops of the LG domain or
iented toward SCR2 exhibit a similar pattern of conservation 
between the pappalysins (Fig. 5b to d; supplementary fig. 
S16, Supplementary Material online), indicating that all pap
palysins likely have the same fixation of SCR2 through the LG 
domain, even if SCR2 of invPAPP-A and PAPP-A2, if these are 
monomers, interacts in cis with the LG domain.

SCR3 and SCR4 Cell Surface Binding

SCR3 and SCR4 of hPAPP-A mediate cell surface adhesion 
through GAG binding via several positively charged resi
dues (Fig. 7a; supplementary fig. S17, Supplementary 
Material online). The PAPP-A2 sequences lack several of 
these charged key residues (Fig. 7b; supplementary fig. 
S17, Supplementary Material online), making surface bind
ing unlikely, in agreement with the experimentally con
firmed inability of hPAPP-A2 to bind to cells (Laursen 
et al. 2002; Weyer et al. 2004). This supports current mod
els of PAPP-A2 function in the circulation (Argente et al. 
2017; Oxvig and Conover 2023). InvPAPP-A from 
B. belcheri has more accessible positively charged residues 
on SCR3 and SCR4 compared to PAPP-A2 sequences 
(Fig. 7c; supplementary fig. S17, Supplementary Material
online). However, the pattern of the positively charged resi
dues varies from the PAPP-A sequences and there is high 
variability between invPAPP-A sequences, whereby PAPP-A 
most likely is the only variant that binds cell surfaces.

SCR4 and SCR5 Bend

In hPAPP-A, as present in the hPAPP-A:hSTC2 complex, 
there is a distinct sharp bend of ∼50° between SCR4 and 
SCR5 that might be important in bringing the C domain/ 
LNR3 close to the catalytic center of hPAPP-A (Kobberø 
et al. 2022) (Fig. 2b). Using the structure of the hPAPP-A: 
hSTC2 complex, possible key residues forming the bend 
were identified (Fig. 7d). Compared to PAPP-A sequences 
in other species, there is a high degree of functional conser
vation (supplementary fig. S18, Supplementary Material
online). Most of the key residues are hydrophobic, forming 
a stable hydrophobic core between the end of SCR4 and 
the beginning of SCR5. Of special note are hPAPP-A resi
dues H1423 and Y1546, and V1470 and M1474 that are 
positioned at the outer regions of the bend (Fig. 7d). In 
the predicted model of hPAPP-A2, a very similar bend is ob
served (Fig. 7e), and potential key residues also seem to be 
functionally conserved between PAPP-A2 sequences 
(supplementary fig. S18, Supplementary Material online). 
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The position and identity of the involved residues are closely 
related to those of PAPP-A, indicating the likely presence of 
a similar bend in PAPP-A2. The predicted B. belcheri 
invPAPP-A model also contains a similar bend (Fig. 7f). 
The B. belcheri invPAPP-A key residues are comparable to 
both hPAPP-A and hPAPP-A2, but there is a higher degree 
of variance between the invPAPP-A sequences compared to 
the variance seen between PAPP-A sequences, as expected 
due to the diversity of the invPAPP-A sequences. However, 
the predicted B. neritina invPAPP-A model, which only 
shares 28% sequence identity with hPAPP-A, also exhibits 
a similar bend (not shown). This indicates that the bend is 
likely conserved in all pappalysins, but the key residues in
volved in the formation of the bend can be variable. Thus, 
the bend between SCR4 and SCR5 is probably conserved 
in all 3 pappalysin variants, possibly permitting the 

positioning of their C domain/LNR3 in close proximity to 
the active site.

Occurrence of the STC-PAPP-A-IGFBP-IGF Axis in 
Chordates

A tight functional relationship between PAPP-A/PAPP-A2 
and the components of the STC-PAPP-A-IGFBP-IGF axis 
has been demonstrated genetically and functionally in 
mice and humans (Oxvig and Conover 2023). In mice, 
PAPP-A or PAPP-A2 knockout, as well as STC1 and STC2 
overexpression, results in dwarf or growth restricted phe
notypes (Varghese et al. 2002; Conover et al. 2004, 
2011; Gagliardi et al. 2005), while STC2 knockout, but 
not STC1 knockout, results in increased size (Varghese 
et al. 2002; Chang et al. 2008), indicating that a regulated 

Fig. 7. Partial structures corresponding to SCR2-5 and the C domain (SCR2-5-C) and SCR4 to SCR5 (SCR4-5) with residues potentially involved in formation of 
the bend. a) The structure of SCR2-5-C of hPAPP-A based on a the experimental structure of the hPAPP-A:hSTC2 complex (PDB 8A7E). b) The structure of 
SCR2-5-C of the hPAPP-A2 (NP_064714.2) structure predicted using AlphaFold 3. c) The structure of SCR2-5-C of the B. belcheri (XP_019621199.1) 
invPAPP-A predicted using AlphaFold 3. All positively charged residues in a-c are shown as red sticks. d) The structure of SCR4-5 of hPAPP-A based on 
the structure of the hPAPP-A:hSTC2 complex (PDB 8A7E). e) The structure of SCR4-5 of the hPAPP-A2 (NP_064714.2) structure predicted using 
AlphaFold 3. f) The structure of SCR4-5 of the B. belcheri (XP_019621199.1) invPAPP-A predicted using AlphaFold 3. In (d-f), residues potentially involved 
in formation of the bend between SCR4 and SCR5 are visualized as sticks, and selected residues are numbered.
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balance between active and inhibited PAPP-A and PAPP-A2 
exists in vivo. Furthermore, PAPP-A2 knockout in mice re
sults in increased total IGFI (Christians et al. 2015), consist
ent with findings in humans deficient in PAPP-A2 (Dauber 
et al. 2016; Argente et al. 2017; Babiker et al. 2021). 
Additionally, an STC2 R44L mutation in humans, that 
shows compromised ability to bind hPAPP-A, increases 
height by ∼2.1 cm per allele (Marouli et al. 2017). Thus, 
functional cooperation of the STC-PAPP-A-IGFBP-IGF axis 
proteins is strongly supported in these species.

As metazoan pappalysins are ancient in the animal king
dom, we sought to pinpoint the emergence of the 
STC-PAPP-A-IGFBP-IGF axis to address whether the animal 
pappalysins exists separate from the context of this axis. To 
do this, the phylogenetics of each of the relevant compo
nents was explored in the existing literature combined with 
molecular phylogenetic analysis based on information of 
the current sequence databases, thus, capturing a broader 
range of chordate species than previously investigated.

IGFI, IGFII, and INS

IGFI and IGFII belong to the insulin superfamily that includes 
INS and insulin-like peptides (ILPs) (Rao et al. 2024). 
Cephalochordates (lancelets) contain a single gene encoding 
an ILP that both resembles IGF and INS (Chan et al. 1990), 
whereby ILP likely is the ancestor of both IGFI, IGFII, and INS 
through tandem duplication and subsequent loss of 1 INS 
copy (Patton et al. 1998; Li 2022). This is in accordance 
with the phylogenetic analysis of the relationship of ILP, 
INS, IGFI, and IGFII based on the currently available sequences 
(supplementary fig. S19, Supplementary Material online). It is 
evident that ancestral chordate ILP, as represented in modern 
lancelets, duplicated early during vertebrate evolution based 
on the presence of INS and proto-IGF ancestor sequences in 
Myxinidae (hagfish) and Hyperoartia (lampreys). The presence 
of 4 distinct IGF sequences in chondrichthyans (cartilaginous 
fishes) (supplementary fig. S19, Supplementary Material
online) suggests that duplication events of the proto-IGF oc
curred after the divergence of gnathostomes (supplementary 
fig. S19, Supplementary Material online). In contrast, most 
osteichthyans only possess 2 distinct IGF sequences, suggest
ing a loss of 2 IGF genes following the divergence of chon
drichthyans. Additionally, a duplication of IGFI has occurred 
in teleost fishes, resulting in IGFIII, which has been shown 
to play an important role in fish reproduction (Wang et al. 
2008; Li et al. 2021). Nevertheless, caution should be exer
cised when interpreting the phylogenetic relationships of 
ILP, INS, and IGFs, as the short length of these sequences lim
its the robustness of the analysis.

IGFIR, IGFIIR, and IR

In accordance with the presence of ILP in lancelets, they also 
have a single ILP receptor (ILPR). ILPR shows resemblance to 

both human IR and IGFIR and can be autophosphorylated 
by incubation with either IGFI or INS (Pashmforoush et al. 
1996). It has previously been found that a single ILPR 
gene, represented by orthologs in modern lancelets and 
sea squirts, duplicated during early vertebrate evolution 
to create IGF1R, IR and the IR-related receptor (IRR) 
(Hernández-Sánchez et al. 2008). Phylogenetic analysis of 
the relationship between ILPR, IGFIR, IR, and IRR, based 
on the currently available sequences, reveals that the ances
tral ILPR, as represented in modern lancelets, duplicated 
during early vertebrate evolution as IR and an ancestral 
IGFIR/IRR appear in lampreys. After the divergence with cy
clostomes, an ortholog of the IGFIR/IRR gene underwent 
duplication in a common ancestor to gnathostomes form
ing the IRR and IGFIR sister group (Fig. 8; supplementary 
fig. S20, Supplementary Material online). Additionally, as 
mentioned in Hernández-Sánchez et al. 2008, it was 
not possible to identify IRR in any teleost fish 
(Hernández-Sánchez et al. 2008), although in this analysis, 
IRR could be identified in Chondrostei (Sturgeons and 
paddlefish), indicating a loss after the divergence of chon
drostean fishes from other Actinopterygii lineages.

IGFBPs

In lancelets, a single ancestral IGFBP exists that is 1 amino 
acid change (F70L) from being able to bind either IGFI or 
IGFII (Zhou et al. 2013). After the divergence with cephalo
chordates, an ortholog of this gene underwent duplication 
in a common ancestor to vertebrates resulting in 2 adjacent 
IGFBP genes, which then underwent 2 successive rounds of 
tetraploidization resulting in 8 vertebrate IGFBP genes, of 
which 2 have been lost (Daza et al. 2011; Allard and 
Duan 2018). From phylogenetic analysis based on the cur
rently available sequences, 3 paralog IGFBP sequences 
could be identified in lampreys (Fig. 8; supplementary fig. 
S21, Supplementary Material online), one of which has 
been experimentally shown to have both 
IGF-independent and IGF-dependent functions (Zhong 
and Duan 2017). In the analysis, one of the lamprey 
IGFBP sequences was placed as an ortholog of the verte
brate IGFBP-2 with strong support (supplementary fig. 
S21, Supplementary Material online), whereby the duplica
tion event leading to IGFBP-2 and the common ancestor of 
IGFBP-1/4 must have predated the divergence of cyclos
tomes and gnathostomes. The IGFBP-1/4 gene may have 
subsequently been lost in cyclostomes before a gnathos
tome duplication event leading to separate IGFBP-1 and 
IGFBP-4 genes (Fig. 8; supplementary fig. S21, 
Supplementary Material online). The 2 other lamprey 
IGFBP paralogs are placed as sister clades to the vertebrate 
IGFBP-3 clade, but the branching support is only moderate 
for both lamprey paralogs (Fig. 8; supplementary fig. S21, 
Supplementary Material online). Furthermore, the 
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branching of cyclostome IGFBP sequences requires that the 
origin of vertebrate IGFBP-6, as a sister clade to IGFBP-3 and 
IGFBP-5, predates the divergence of cyclostomes and 
gnathostomes, indicating a loss of IGFBP-6 in cyclostome 
evolution.

During evolution of the jawed vertebrates, 6 paralog 
IGFBPs sequences are present before the divergence of car
tilaginous fishes. Five of the 6 cartilaginous fish IGFBPs 
group with IGFBP-1 to IGFBP-5, but the 6th IGFBP se
quences is placed as the sister group to the IGFBP-3/5 clade 
of vertebrates (supplementary fig. S21, Supplementary 
Material online). However, this is likely due to phylogenetic 
uncertainty as the branch support values are weak (Fig. 8; 
supplementary fig. S21, Supplementary Material online).

Outside of Chordata, IGFBP homologs have been identi
fied in crustaceans (Rosen et al. 2013), insects (Roed et al. 
2018), and oysters (Zhang et al. 2017). However, it was 
not possible to identify invPAPP-A in crustaceans, insects, 
or oysters, suggesting that regulation of ILPs in inverte
brates function differently compared to the pappalysin- 
based proteolytic regulation of vertebrates. In Drosophila, 
insulin-like polypeptide binding proteins (IBPs) were previ
ously considered as homologs to IGFBPs, but structures of 
free and ligand-bound IBP Imp-12 have revealed that its 
structure and ligand-binding mode are unrelated to the ver
tebrate IGFBPs, and therefore likely represents an alterna
tive ILP-bioavailability regulating system (Roed et al. 
2018). Some of the described invertebrate IGFBP homologs 
contain an insulin-like binding domain like that of the ver
tebrate IGFBPs suggesting a common ancestor. However, 
through specialization, the ILP system in invertebrates 
evolved to serve pleiotropic roles with different ways of 

regulation, while a distinct vertebrate IGF system evolved 
from the invertebrate ILP-system with its own specialized 
regulation of bioavailability (Huang et al. 2015).

STC1 and STC2

STC has been found to be ancient in the animal kingdom 
(Roch and Sherwood 2011). Three STC paralogs have 
been described in lancelets (STCa, STCb, and STCc), where 
STCc is similar to the STC sequences of other invertebrate 
species, while STCa and STCb more resemble human 
STC1 (hSTC1) and hSTC2 (Roch and Sherwood 2011). 
Phylogenetic analysis based on the currently available STC 
sequences suggests that the monophyletic STCa and 
STCb in lancelets occurred due to a duplication event after 
the divergence of cephalochordates from the other chord
ate lineages. In cyclostomes, the single identified STC se
quence is monophyletic to STC2 of jawed vertebrates. 
This indicates that STC duplicated in the common ancestor 
after the divergence of urochordates, with the subsequent 
loss of STC1 in the cyclostome ancestor (Fig. 8; 
supplementary fig. S22, Supplementary Material online). 
During the evolution of jawed vertebrates, more STC para
logs appeared. In cartilaginous fishes, 3 STC paralogs 
(STC1, STC2, and STC-like) could be identified, while 2 
paralogs (STC1 and STC2) are present in osteichthyans 
(bony fishes) (Fig. 8; supplementary fig. S22, 
Supplementary Material online), suggesting that the 
STC-like sequence was lost in the common ancestor to 
bony fishes.

As mentioned, inhibition of hPAPP-A by hSTC2 depends 
on the formation of a disulfide bond between the 

Fig. 8. Emergence of the STC-PAPP-A-IGFBP-IGF axis components in the Chordata phylum. The phylogenetic relationships were based on (Pascual-Anaya 
et al. 2022; Marlétaz et al. 2024).
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proteinase and inhibitor, mediated by C120 of hSTC2 
(Jepsen et al. 2015) and C732 of hPAPP-A (Kobberø et al. 
2022). In the absence of this covalent linkage, hSTC2 can
not inhibit hPAPP-A (Jepsen et al. 2015; Kobberø et al. 
2022). However, the evolutionary emergence of the in
volved cysteine residues remains unexplored. C732 (C903 
in hPAPP-A2) is present in all the investigated PAPP-A and 
PAPP-A2 sequences, including lamprey PAPP-A2 (Fig. 8; 
supplementary fig. S23, Supplementary Material online). 
Thus, C732 emerged before the divergence of lampreys 
from the other vertebrate lineages. For STC, C120 is con
served in all STC2 sequences, together with the STC variant 
found in cyclostomes (hagfish and lampreys) and some 
STC-like variants found in cartilaginous fishes, whereby 
C120 emerged early in vertebrate evolution before the di
vergence of agnathans and gnathostomes lineages 
(Fig. 8; supplementary fig. S23, Supplementary Material on
line). Interestingly, this suggests that the covalent inhibition 
of PAPP-A by STC2 co-evolved in the early vertebrates. 
Furthermore, hSTC2 also interacts with LNR3, as evident 
from the known structure of the hPAPP-A:hSTC2 complex 
(Kobberø et al. 2022). Since LNR3 is highly conserved across 
pappalysin homologs, and STC homologs are found 
throughout Metazoa (Roch and Sherwood 2011), there is 
a possibility that invPAPP-A and invertebrate STC homolog 
proteins could interact. However, the invertebrate STC 
homologs do not contain C120 and exhibit low sequence 
conservation besides their overall cysteine pattern (Roch 
and Sherwood 2011), thus making their interaction with 
invPAPP-A unlikely.

To summarize the emergence of the individual compo
nents of the STC-PAPP-A-IGFBP-IGF axis, the duplication 
event of invPAPP-A resulting in PAPP-A and PAPP-A2, 
both containing C732, is ancestral to both cyclostomes 
(hagfish and lampreys) and gnathostomes (jawed verte
brates) with PAPP-A subsequently being lost in the cyclos
tomes (Figs. 4 and 8). As for IGF, ancestral chordate ILP 
duplicated in a common vertebrate ancestor, producing 
proto-IGF and INS. The subsequent duplication of 
proto-IGF to IGFI and IGFII occurred prior to the divergence 
of the chondrichthyans from the other gnathostome 
lineages (Fig. 8; supplementary fig. S19, Supplementary 
Material online). For IGFIR, the ancestral ILPR duplicated 
during early vertebrate evolution to IR and an ancestral 
IGFIR/IRR, which, after the divergence with cyclostomes, 
underwent duplication in a common ancestor to gnathos
tomes forming the IRR and IGFIR sister group (Fig. 8; 
supplementary fig. S20, Supplementary Material online). 
For IGFBPs, a single IGFBP sequence is present in cephalo
chordates and urochordates, while 5 ancestral IGFBPs could 
be identified in lampreys, and 6 paralog IGFBP sequences 
exist before the divergence of cartilaginous fishes from 
the other gnathostome lineages (Fig. 8; supplementary 
fig. S21, Supplementary Material online). Lastly, the STC 

sequence identified in cyclostomes containing C120, is 
monophyletic to STC2 of jawed vertebrates, indicating 
that STC duplicated in the common ancestor after the di
vergence of urochordates, with the subsequent loss of 
STC1 in the cyclostome ancestor. Furthermore, in cartil
aginous fishes, 3 STC paralogs (STC1, STC2, and STC-like) 
could be identified, while 2 paralogs (STC1 and STC2) are 
present in osteichthyans (bony fishes) (Fig. 8; 
supplementary fig. S22, Supplementary Material online), 
suggesting that the STC-like sequence was lost in the com
mon ancestor to bony fishes. This demonstrates that before 
the division of chondrichthyans from the other gnathos
tome lineages, all components of the STC-PAPP-A- 
IGFBP-IGF axis are present (Fig. 8).

Conclusions and Open Questions
Phylogenetic analysis of metazoan pappalysins revealed the 
evolutionary history of pappalysins. While invPAPP-A is pre
sent in diverse invertebrate phyla, PAPP-A and PAPP-A2 are 
specific to vertebrates. Despite the evolutionary distance 
between PAPP-A, PAPP-A2 and their single invertebrate 
pappalysin orthologs, they exhibit a remarkable degree of 
sequence identity, particularly in their active site environ
ments and LNR3. Additionally, structural motifs such as 
the LNR modules, along with residues involved in SCR2 fix
ation and in the bend between SCR4 and SCR5, are con
served. However, certain features, such as dimerization 
and cell surface binding, appear to be unique to 
PAPP-A. The substrate interface shows variability, not only 
between invPAPP-A and the PAPP-A/PAPP-A2 clusters, 
but also among the invPAPP-A sequences.

The high degree of conservation between the pappaly
sins underscores the conservation of a common, complex 
domain architecture. Metazoan pappalysins, even those 
evolutionarily very distant from vertebrate pappalysins, re
tain this domain composition in which all components act 
interdependently and cooperatively to facilitate substrate 
recognition and maintain core structure integrity, rather 
than functioning as independent, sequential domains. For 
example, the SCR modules exists as multiple tandem re
peats of variable length in other proteins; L-selectin has 2 
SCR domains, and complement receptor 1 has 30 SCR do
mains (or splice variants with 23, 37, or 44 repeats) and -2 
has 15 SCR domains (Santos-López et al. 2023), thus allow
ing a wide range of potential interdomain orientations 
(Perkins et al. 2002). In the metazoan pappalysins, the do
main architecture is restricted to exactly 5 repeats to neces
sitate the required interdomain orientation between the 
active site and the C domain/LNR3. This conservation points 
to a strong co-evolutionary relationship between the meta
zoan pappalysin domains, enabling the evolution of highly 
specific substrate recognition. It is remarkable that so many 
individual domains are necessary for catalytic function and 
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substrate recognition, when it is taken into account that no 
transitional multidomain pappalysin could be identified to 
bridge the monodomain lower pappalysins ulilysin or miro
lysin and the multidomain metazoan pappalysins.

In mammals, both PAPP-A and PAPP-A2 have a tight 
functional relationship with components of the IGF system. 
From the phylogenetic analyses, it was evident that the 
complete STC-PAPP-A-IGFBP-IGF axis first appears in 
gnathostomes. Besides IGFBPs, PAPP-A and PAPP-A2 have 
no known substrates. Interestingly, this analysis shows 
that invPAPP-A in all likelihood is an active proteolytic en
zyme and is found in invertebrate species that have no char
acterized IGFBP homologs, thus raising the question of 
possible substrates beyond the IGFBPs. It is an intriguing 
question whether such hypothetical substrates are still pre
sent in, e.g. vertebrates, and, in particular, if PAPP-A and/or 
PAPP-A2 exhibit proteolytic activity against these. Of par
ticular interest is the conservation of the LNR modules. In 
hPAPP-A, all 3 LNR modules are strictly necessary for 
IGFBP-4 cleavage, while IGFBP-5 cleavage by hPAPP-A is in
dependent of any of these modules (Boldt et al. 2004). 
Thus, the LNR modules are not necessary for proteolytic ac
tivity, but rather impact substrate specificity in a selective 
manner. However, since invPAPP-A is present in inverte
brate species lacking vertebrate IGFBP homologs, it appears 
not to be the IGFBP-LNR interactions that drive the evolu
tionary conservation of the LNR modules. In PAPP-A, the 
LNR modules likely serve both as an exosite for IGFBP-4 rec
ognition (Weyer et al. 2007), and as an interaction site for 
hSTC2 (Kobberø et al. 2022). The conservation of the LNR 
modules in invPAPP-A implies that these modules, prior to 
the mechanisms regulating IGF-bioavailability in verte
brates, still may facilitate exosite-mediated substrate or in
hibitor recognition mechanisms. However, there might also 
exist unknown substrates that are independent of the exo
site, as seen with IGFBP-5 cleavage by hPAPP-A (Boldt et al. 
2004). Furthermore, even when the exosite of hPAPP-A is 
occupied by hSTC2, in the inhibited PAPP-A:STC2 complex, 
that cannot cleave intact IGFBPs, the active site is still active 
and has been shown to be able to cleave a 26-residue pep
tide derived from IGFBP-4 (Kobberø et al. 2022).

Finally, PAPP-A is known to be involved in multiple path
ologies, including cancer, cardiovascular disease, kidney 
disease, and visceral obesity (Conover and Oxvig 2017, 
2018, 2023, 2024; Steffensen et al. 2019). Because of its 
suspected role in the development of these conditions, 
PAPP-A is an emerging therapeutic target. In mouse mod
els, for example, experimental treatment with a monoclo
nal antibody targeting the exosite of PAPP-A, and thus 
selectively blocking the cleavage of IGFBP4, has been 
shown to inhibit ovarian cancer growth (Becker et al. 
2015), to reduce atherosclerotic plaque progression 
(Conover et al. 2016), and to ameliorate autosomal domin
ant polycystic kidney disease (Kashyap et al. 2020). Since 

the active site of PAPP-A remains active while the exosite 
is occupied, the cleavage of potential unknown, 
exosite-independent substrates is most likely not affected 
by exosite targeting. It is therefore important, depending 
on PAPP-A targeting strategies, to understand any potential 
effects on broader physiological and regulatory systems 
that are potentially affected upon targeting of 
PAPP-A. Such systems may potentially be identified by ex
perimental studies of invPAPP-A.

Materials and Methods

Homolog search

We assessed the presence of all components of the 
STC-PAPP-A-IGFBP-IGF axis currently contained in the 
NCBI BLAST non-redundant protein sequence database 
(nr, searched between July 1 and July 18, 2024). All homo
log proteins were identified using BLASTp (Altschul et al. 
1990; Camacho et al. 2009) with standard parameters 
(BLOSUM62, word size 5, E-value threshold 0.05), except 
otherwise stated. The homolog search for each protein 
was performed against each phylum or class of the animal 
kingdom (TaxIDs used are listed in Fig. 3). Pappalysin homo
logs were identified using mature hPAPP-A (82-1627, 
NP_002572.2) as query sequence. Hits with ≥90% se
quence coverage rounded to the nearest integer, of mature 
hPAPP-A were accepted as true hits. In addition, similar 
homolog search was performed using the pappalysin se
quence of a more distant species (Hydractinia symbiolongi
carpus, XP_057305553.1), and we also carried out a 
tBLASTn search, but no sequences from additional species 
were identified that fulfilled the specified criterion. IGFI, 
IGFII, and INS homologs were identified using human IGFI 
(NP_001104753.1) as query. The ancestral Branchiostoma 
belcheri ILP (XP_019634785.1) was also investigated as a 
query sequence, but this did not result in the identification 
of additional homolog sequences. For IGFIR and IR homologs, 
the ancestral Branchiostoma floridae ILPR (XP_035668283.1) 
was used. IGFBP homologs were identified using the ances
tral B. floridae IGFBP (XP_035666669.1) as query, supple
mented with human IGFBP-4 (NP_001543.2) query hits. 
STC homologs were identified using human STC1 
(NP_003146.1) and a BLOSUM45 scoring matrix, supplemen
ted with hits from Lingula anatina STC (XP_013419942).

MSA and conservation plot

MSA of pappalysin sequences (accession numbers are listed 
in supplementary table S2, Supplementary Material online) 
and selected pappalysin variant sequences was performed 
using COBALT (Papadopoulos and Agarwala 2007) and vi
sualized in AliView (Larsson 2014) with majority rule con
sensus characters highlighted. For the selected pappalysin 
variant, MSAs the following sequences and accession 
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numbers were used: PAPP-A: Rhincodon typus (XP_ 
048469594.1), Pristis pectinata (XP_051893072.1), 
Mobula hypostoma (XP_062929858.1), Danio rerio (NP_ 
001265734.1), Takifugu rubripes (XP_011602829.2), 
Latimeria chalumnae (XP_064420709.1), Protopterus 
annectens (XP_043914113.1), Xenopus laevis (XP_0180 
85171.1), Mus musculus (NP_067337.1) and Homo sapiens 
(NP_002572.2); PAPP-A2: Rhincodon typus (XP_0484 
58031.1), Pristis pectinata (XP_051867159.1), Mobula 
hypostoma (XP_062919822.1), Danio rerio (XP_695417.4), 
Takifugu rubripes (XP_029686694.1), Latimeria chalumnae 
(XP_064415794.1), Protopterus annectens (XP_04394190 
6.1), Xenopus laevis (XP_041446424.1), Mus musculus 
(NP_001078845.1) and Homo sapiens (NP_064714.2); 
invPAPP-A: Trichoplax adhaerens (XP_002109449.1), 
Hydractinia symbiolongicarpus (XP_057305553.1), 
Anneissia japonica (XP_033096949.1), Branchiostoma 
belcheri (XP_019621199.1), Styela clava (XP_039270265.1), 
Trichinella pseudospiralis (KRZ20972.1), Dermacentor ander
soni (XP_050051616.1), Pecten maximus (XP_033761458.1), 
Lingula anatina (XP_013388811.1), Owenia fusiformis 
(CAH1782730.1), Lineus longissimus (XP_064650054.1), 
and B. neritina (KAF6027397.1). Conservation plots of each 
pappalysin variant MSA were made using EMBOSS Plotcon 
(Rice et al. 2000), with a window size of 30 residues, and 
visualized using Inkscape v1.3.2 based on the domains 
of hPAPP-A.

Phylogenetic analysis

A phylogenetic analysis was performed on the homologs of 
PAPP-A and PAPP-A2, ILP, IGF, and INS, IGFIR, IR, and ILPR, 
IGFBP, and STC, which were identified in the homolog 
searches, with a focus on sequences from a diverse array 
of chordates and selected invertebrate relatives. Amino 
acid sequences were aligned with Clustal Omega 1.2.4 
(Sievers et al. 2011) using standard parameters, and for 
PAPP-A sequences MAFFT FFT-NS-i v7.525 (Katoh and 
Standley 2013) and T-Coffee v11.00 (Di Tommaso et al. 
2011) was additionally performed using standard para
meters. Sequences with poorly aligned regions or missing se
quence stretches were removed from the dataset and the 
final alignments were repeated without these sequences. 
Phylogenetic analysis was performed by the maximum likeli
hood method of IQ-TREE 2.3.5 (Minh et al. 2020) using 1000 
ultrafast bootstrap approximations (UFBoot) (Hoang et al. 
2018), 1000 SH-like approximate likelihood ratio tests (alrt) 
(Guindon et al. 2010), and 2 threads (on an AMD Ryzen 7 
4700 U 2.00 GHz CPU). To find an appropriate substitution 
model, ModelFinder (Kalyaanamoorthy et al. 2017) was em
ployed. The following substitution models were used in each 
phylogenetic analysis: PAPP-A and PAPP-A2: Clustal Omega: 
JTT + I + R5 (seed 69871, general heterogeneous evolution 
on a single topology (GHOST): seed 874688), MAFFT: 

JTT + R5 (seed 55610), T-Coffee: JTT + I + R5 (seed 
336910); ILP, IGF, and INS: Q.mammal + I + R3 (seed 
411737); IGFIR, IR, and ILPR: JTTDCMut + F + R6 
(seed 521133); IGFBP: JTT + I + R4 (seed 90740); and STC: 
JTT + I + R4 (seed 802453). Species and sequences accession 
number used are listed in (supplementary tables S2 to S6, 
Supplementary Material online). Due to the short branch 
separating lamprey PAPP-A from the previous node, an add
itional phylogenetic inference was performed using the 
GHOST model (Crotty et al. 2020) that accounts for hetero
tachy. To find the appropriate number of classes, the analysis 
was run with unlinked parameters, with an increasing num
ber of classes (2 to 6 classes). Since the Akaike Information 
Criterion score kept decreasing with increasing classes, the 
best fitting number of classes was determined based on 
the lowest class above (or equal to) the lowest Bayesian 
Information Criterion score that only contained non- 
negligible class weights (the lowest weight being 0.1677), 
resulting in 4 classes being the best fit. Using 4 classes 
with linked parameters, with either empirical or inferred 
base frequencies, did not provide a better fit. The resulting 
trees were visualized in FigTree v1.4.4 (Rambaut 2018) and 
Inkscape v1.3.2.

Structure prediction

Protein structure predictions were performed using AlphaFold 
3 accessed via the AlphaFold Server (Abramson et al. 2024). 
Structure prediction of B. neritina invPAPP-A was performed 
using a single pappalysin sequence (KAF6027397.1), 6 Ca2+ 

ions, and 1 Zn2+ ion (seed 28612464). Prediction of the 
hPAPP-A2 structure was based on a single, mature 
hPAPP-A2 sequence (235-1791, NP_002572.2), 8 Ca2+ 

ions, and 1 Zn2+ ion (seed 1399085819). Structure prediction 
of B. belcheri invPAPP-A was based on a single pappalysin se
quence (81-1651, XP_019621199.1), 9 Ca2+ ions, and 1 Zn2+ 

ion (seed 1782406552). Structure prediction of the hPAPP-A: 
IGFBP-4:IGF complex was performed using 2 mature hPAPP-A 
sequences (82-1627, NP_002572.2), 2 mature human 
IGFBP-4 sequences (22-258, NP_001543.2), 2 mature human 
IGFI sequences (49-118, P05019), 16 Ca2+ ions, and 2 Zn2 ions 
(seed 2126702040). Structural figures were prepared by 
using PyMOL Molecular Graphics System v3.0.3 
(Schrödinger 2024).

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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Data Availability
All accession numbers used in the analyses are listed in the 
main text or in tables of the supplementary information. 
The MSA generated from these are uploaded as 
supplementary material.
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