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ARTICLE INFO ABSTRACT

Keywords: Vasoinhibin is a pleiotropic protein hormone with endocrine, autocrine, and paracrine effects on blood vessel
P"Ola_Cﬁ“ growth, permeability, and dilation, and a role in several human diseases. It is generated by proteolytic cleavage
Vasoinhibin of the pituitary hormone prolactin by cathepsin D. Several isoforms with a variation in the number of amino
Cleavage sites . . . s s . . . o

Cathepsin D acids and corresponding molecular mass exist. This in silico study investigated the cathepsin D cleavage sites in

prolactin responsible for the generation of vasoinhibin in vertebrate species. Ninety-one prolactin protein se-
quences from species of the taxa primates, rodents, laurasiatheria, mammals, sauropsida, and fish were retrieved,
and a multiple sequence alignment was performed. Each sequence was investigated for the presence of a
vasoinhibin-generating cathepsin D cleavage site and its corresponding substrate affinity using a scoring system.
Primates demonstrated the highest substrate affinity for the generation of the 15 kDa vasoinhibin isoform, and
fish the highest affinity for the 16.8 kDa isoform. In both cases, this associates to the presence of leucine in the
cleavage site, which is not present in species of the other taxa. In primate evolution, the presence of leucine in the
cleavage site occurs with the emergence of simiiformes 42 million years ago and is conserved in higher primates
across all subsequent speciation nodes. The 17.2 kDa vasoinhibin isoform has a constant substrate affinity in all
taxa. The presence of leucine in vasoinhibin generating cleavage sites appears as an important feature of the
molecular evolution of vasoinhibin.

1. Introduction

The pituitary hormone prolactin (PRL), best known for its role in
mammary growth and lactation (UniProt ID P01236), evolved ~400
million years ago in fish and regulates multiple functions in the various
vertebrate groups, for example osmoregulation, reproduction, meta-
bolism, behavior, and vascular processes (Clapp et al., 2012; Hiroshi and
Sower, 2006; Rand-Weaver and Kawauchi, 1993). The regulation of
blood vessel growth, permeability and dilation is essential for all
vertebrate species and is, in part, under control of PRL and vasoinhibin
(Clapp et al., 2012). Vasoinhibin is a protein hormone with a diverse
array of endocrine, paracrine, and autocrine effects, ranging from the
regulation of blood vessel growth, permeability and dilatation (Clapp
et al., 2015) to non-vascular effects, which include the stimulation of
vasopressin release (Mejia et al., 2003), thrombolytic effects (Bajou
et al.,, 2014), and the stimulation of anxiety- and depression-related
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behavior (Zamorano et al., 2014). Vasoinhibin has been investigated
in the context of several human diseases, and pathophysiological roles
emerged in vasoproliferative retinopathies (Arnold et al., 2010; Triebel
et al., 2009) and pregnancy-associated diseases (Gonzalez et al., 2007;
Haghikia et al., 2015; Hilfiker-Kleiner et al., 2007). Vasoinhibin is
generated by the proteolytic cleavage of its precursor molecule PRL. The
proteolysis of PRL generating vasoinhibin takes place in various
anatomical compartments and tissues, such as the pituitary gland (Cruz-
Soto et al., 2009), the retina (Arnold et al., 2010), the placenta (Peri-
menis et al., 2014), the heart (Hilfiker-Kleiner et al., 2007), and the
cartilage (Macotela et al., 2006). PRL cleaving enzymes, such as
cathepsin D and matrix metalloproteinases, utilize multiple cleavage
sites, and the resulting molecular mass of the vasoinhibin isoforms
varies from 5 to 18 kDa (Ge et al., 2007; Macotela et al., 2006; Zamora
et al., 2021). The functional motif responsible for the vascular effects of
vasoinhibin is the His-Gly-Arg motif corresponding to amino acids
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Table 1
Representative cleavage sites in full-length PRL for the generation of the 15 kDa vasoinhibin isoform by cathepsin D.
Taxon/Species Amino-acid Position/Amino Acid/Score
8P score
Molecular Mass P4 P3 P2 P1|P1" P2 P3 P4
Primates
157 158 159 /160|161 162 163 164
Tg‘”k“gg Gly Met Glu Leu| lle Val Ser Gin
42 26 94 (416|119 131 55 52 935
Goril 158 159 160 161|162 163 164 165
orilla
15 kDa Gly Met Glu Leu| lle Val Ser Gin
42 26 94 416|119 131 55 52 935
Rodents
Rat 156 157 158 159|160 161 162 163
a
14.69 kDa Gly lle Glu Lys|lle lle Ser GIn
42 76 94 6 |119 50 55 52 494
158 159 160 161|162 163 164 165
Rabbit Gly Met Glu Lys|lle Val Gly Gn
15.17 kDa v y v
42 26 94 6 |119 131 64 52 534
Laurasiatheria
- 159 160 161 162|163 164 165 166
g
15.14 kDa Gly Met Glu Lys| lle Val Gly Gin
42 26 94 6 |119 131 64 52 534
c 159 160 161 162|163 164 165 166
ow
14.93 kDa Gly Met Glu Met| lle Phe Gly Gin
42 26 94 35 |119 16 64 52 448
Mammals
Armadil 159 160 161 162|163 164 165 166
rmadillo
1512 kDa Gly Met Lys Lys|lle lle Gly Gin
42 26 31 6 |119 50 64 52 390
Elooh 158 159 160 161|162 163 164 165
ephant
14.8F5)kDa Gly lle Glu Lys| lle Val Asp Gin
42 76 94 6 |119 131 57 52 577
Sauropsida
Duck 163 164 165 166|167 168 169 170
ucl
1548 kDa Gly Met Glu Lys| lle Val Gly Arg
42 26 94 6 |119 131 64 2 484
American Al 166 167 168 169|170 171 172 173
merican Alligator
1587 kDa Gly Met Glu Lys| lle Val Gly Arg
42 26 94 6 |119 131 64 2 484
Fish
Zebrafish 141 142 143 144|145 146 147 148
ebrafis . )
12.61 kDa Gly Leu Glu His |Val Val His Lys
42 99 94 0 |98 131 3 81 548
A " 168 169 170 171|172 173 174 175
mazon molly
14.43 kDa Gly Leu Asp lle |Leu Ser Gly Lys
42 99 63 1 |[110 62 64 81 522

Multiple sequence alignment of PRL sequences across a several taxa at the cleavage site at which the 15 kDa vasoinhibin isoform is being generated by cathepsin D with
their associated 8P scores. Blue coloring indicates amino acid leucine in P1, grey coloring indicates amino acids other than leucine in P1. Cleavage occurs between P1
and P1’, indicated by the red line. Primates demonstrate a significantly higher 8P score compared to the other species (p = <0.000001).

74-76 (or 46-48 without the signal peptide, respectively), that is
conserved in mammals, birds, reptiles, amphibians, and fish (Robles
et al., 2022; Robles et al., 2018).

PRL shows an episodic pattern of molecular evolution in which long
periods of slow evolution contrast with sustained bursts of rapid
changes, with one of such bursts occurring during the evolution of pri-
mate PRL that leads to marked sequence differences between PRL in

humans and non-primate mammals (Wallis, 2000). Two explanations for
the episodes of accelerated evolution of PRL in primates propose: 1) an
increased acceptance of neutral mutations associated with the relaxation
from purifying selection following loss of function; and 2), positive se-
lection associated with an adaptive change in function (Wallis et al.,
2005). Since there is no evidence suggesting loss of function, positive
selection associated with gain-of-function is more likely and it has been
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Table 2
Representative cleavage sites in full-length PRL for the generation of the 15 kDa vasoinhibin isoform of primates by cathepsin D.
Taxon/Species Amino-acid Position/Amino Acid/Score 8P
Molecular Mass P4 P3 P2 P1|P1" P2 P3 P4 | score
Primates
Haplorrhini
) 158 159 160 161 | 162 163 164 165
Tarsier Gy Met Glu Lys| lle Val Gly Gin
15.19 kDa y ¥ y
42 26 94 6 | 119 131 64 52 534
Simiiformes
M ¢ 158 159 160 | 161 | 162 163 164 165
14%??(%2 Gly Met Glu [Leu| lle Leu Ser Gin
42 26 94 [416]| 119 80 55 52 884
Cercopithecinae
M 158 159 160 | 161 | 162 163 164 165
15?52?(%2 Gly Met Glu [Leu| lle Val Ser Gin
42 26 94 [416]| 119 131 55 52 935
Olive baboon 158 159 160 161 | 162 163 164 165
15.03 kDa Gly Met Glu [Leu| lle Val Ser Gin
42 26 94 [416]| 119 131 55 52 935
v LAGM 157 158 159 | 160 | 161 162 163 164
ezvsek_Da Gly Met Glu [Leu| lle Val Ser Gin
42 26 94 [416]| 119 131 55 52 935
Hominoidea
. 158 159 160 | 161 | 162 163 164 165
Gibbon Gly Met Glu Leu| lle Val Ser Gl
14.99 kDa y e u | Leu e a er n
42 26 94 [416]| 119 131 55 52 935
Great apes
o ‘ 157 158 159 | 160 | 161 162 163 164
14,95 Kb Gly Met Glu Leu| lle Val Ser Gin
42 26 94 [416| 119 131 55 52 935
Hominines
Gorilla 158 159 160 161 | 162 163 164 165
14.92 kDa Gly Met Glu [Leu| lle Val Ser Gin
42 26 94 [416]| 119 131 55 52 935
Chi 157 158 159 | 160 | 161 162 163 164
142%325? Gly Met Glu [Leu| lle Val Ser Gin
42 26 94 [416]| 119 131 55 52 935
H 157 158 159 | 160 | 161 162 163 164
15 Koa Gly Met Glu Leu| lle Val Ser Gin
42 26 94 [416| 119 131 55 52 935
Strepsirrhini
M L 161 162 163 164 | 165 166 167 168
ouse Lemur
15.10 kDa Gy Met Glu Lys| lle Val Gly Gin
42 26 94 6 | 119 131 64 52 534
Bushbab 161 162 163 164 | 165 166 167 168
ushba
1517 kD; Gy Met Glu Lys| lle Val Gly Gin
42 26 94 6 | 119 131 64 52 534

Multiple sequence alignment of PRL sequences in primates at the cleavage site at which the 15 kDa vasoinhibin isoform is being generated by cathepsin D with their
associated 8P scores. Blue coloring indicates amino acid leucine in P1, grey coloring indicates amino acids other than leucine in P1. Cleavage occurs between P1 and
P1/, indicated by the red line. Simians, or higher primates, demonstrate significantly higher 8P scores compared to haplorrhini and strepsirrhini (p = <0.000001).

hypothesized that amino acid substitutions in PRL cleavage sites
generating vasoinhibin constitute such gain-of-function event (Triebel
et al., 2015).

The variation of the PRL sequence among vertebrate species likely
translates into a different levels and total composition of vasoinhibin,
since amino acid changes may affect cleavage sites, making them either
more or less susceptible to specific proteases. Small scale sequence
alignments provided initial confirmation of this assumption and
demonstrated that particular vasoinhibin-generating cleavage sites are

better conserved than others (Triebel et al., 2015). Understanding the
evolution of the prolactin/vasoinhibin axis should help explain the
generation and physiology of vasoinhibin. Further, the reconstruction of
vasoinhibin emergence throughout speciation may help uncover human
diseases attributed to specific vasoinhibin isoforms from the evolu-
tionary perspective. Here, we report an in-silico study comprising mul-
tiple sequence alignments of the PRL-sequences across 91 species
focussed on cathepsin-D-vasoinhibin-generating cleavage sites, along
with a projection of how changes in the PRL sequence impact the
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Fig. 1. Phylogenetic tree of primate evolution with P1-P1’ residues of the 15 kDa vasoinhibin cleavage site. A phylogenetic PRL-gene tree of primate evolution, as
derived from ENSEMBL, together with an analysis of the cathepsin D clevage site in the PRL sequence responsible for the generation of the 15 kDa vasoinhibin
isoform demonstrates the emergence of leucine in P1 between the haplorrhine and simian speciation node. Leucine in P1 is the preferred substrate of cathepsin D, and

is thus associated with a high substrate affinity.
generation of vasoinhibin isoforms.

2. Methods

Selection of vasoinhibin-isoforms and cleavage sites. Each
cleavage site was defined as 8 amino acids neighboring the cleavage site
(P1-P4, and P1’-P4’), that means four residues towards the N-terminus
and four residues towards the C-terminus of the uncleaved PRL sequence
according to the nomenclature of Schechter and Berger (Schechter and
Berger, 1967). The following three vasoinhibin isoforms, for which
experimentally established cathepsin D-cleavage site information are
available (Piwnica et al., 2004), were selected for this analysis: the 15,
16.8 and 17.2 kDa vasoinhibin isoform. The cleavage sites were located
by multiple sequence alignment. The respective cleavage sites, including
their amino acid position numbered with and without (inside paren-
thesis) the signal peptide, are as follows: 15 kDa vasoinhibin: GMEL-
IVSQ, 160-161 (132-133), designated as the LEU160-ILE161 site;
16.8 kDa vasoinhibin: NEIY-PVWS, 175-176 (147-148), designated as
the TYR175-PRO176 site; 17.2 kDa vasoinhibin: YPVW-SGLP, 178-179
(150-151), designated as the TRP178-SER179 site.

Selection of taxa and species. Species from the following taxa were
selected: primates (n = 17), rodents (n = 11), laurasiatheria (n = 30),
mammals (n = 9), sauropsidas (n = 13) and fish (n = 11). The full list of
species is shown in the Supplementary Data Table S1.

Retrieval and alignment of sequences. PRL amino acid sequences
across 91 species were retrieved from ENSEMBL, UniProt, Genbank, or
NCBI (Cunningham et al., 2015). The sequences identifiers/accession
numbers of these PRL-sequences are presented in the Supplementary
Data Table S1. The sequences were aligned using MEGA, version 7
(clustal W alignment) (Kumar et al., 2016). Likewise, cathepsin D se-
quences from 48 species were retrieved (primates, n = 10, rodentsn =9,
laurasiatheria n = 9, mammals n = 3, sauropsidas n = 7, and fish n =
10). Cathepsin D sequences identifiers/accession numbers are presented

in Supplementary Data Table S2.

Evaluation of substrate affinity to cathepsin D. The MEROPS
database of proteolytic enzymes, substrates, and inhibitors was inter-
rogated to obtain information about the specificity of the cleavage sites
in PRL (Rawlings et al., 2014). The MEROPS database contains infor-
mation on the number of experimentally observed cleavages corre-
sponding to amino acids in the 8 positions defining a cleavage site. The
specificity matrix for cathepsin D was retrieved and entries of numbers
of cleavages for each amino acid at P1-P4 and P1’-P4'locations of
cleavage sites were added to obtain an ‘8P-score’, - i.e., a calculated
parameter estimating the suitability of a given sequence for cleavage by
cathepsin D, or, more precisely, the affinity of a specific cleavage site in
the PRL sequence to cathepsin D. The scores were statistically analyzed
with a t-test using GraphPad Prism Version 9, GraphPad, San Diego, CA
as described in the results section.

3. Results
3.1. PRL and cathepsin D are conserved in similar species

The present study focused on the PRL sequence of 91 species from
within the classes Mammalia (Primates, Rodentia, Laurasiatheria),
Sauropsida (Reptilia and Aves), and Fish (Supplemental Data, Table S1).
The wide distribution of PRL in vertebrates is well known, as is the fact
that PRL exists before the evolution of mammals. The cathepsin D gene
was found in 48 of the 91 species in which the PRL sequence was
analyzed. The 48 cathepsin D sequences were distributed over the six
analyzed taxa (Supplemental Data, Table S2).

3.2. Cathepsin D cleavage sites for the generation of vasoinhibin in
vertebrates

The 8P-score for the LEU160-ILE161 site of the 15 kDa vasoinhibin
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Representative cleavage sites in full-length PRL for the generation of the 16.8 kDa vasoinhibin isoform by cathepsin D.

Taxon/Species Position/Amino acid/ single position score 8P score
Molecular Mass P4 P3 P2 P1|P1" P2 P3 P4 | CD-cleavage
Primates
H 172 173 174 1751176 177 178 179
uman
16.8 kDa Asn Glu lle Tyr|Pro Val Trp Ser
29 104 70 37| 3 131 3 65 442
Goril 173 174 175 176|177 178 179 180
orilla
16.69 kDa Asn Glu lle Tyr|Pro Val Trp Ser
29 104 70 37| 3 131 3 65 442
Rodents
R 171 172 173 174|175 176 177 178
at
16.37 kDa Asn Glu lle Tyr|Leu Val Trp Ser
29 104 70 37 |110 131 3 65 549
173 174 175 176|177 178 179 180
Rabbit Asn Glu lle Tyr|Ser Val Trp Ser
16.84 kDa y P
29 104 70 37|41 131 3 65 480
Laurasiatheria
bi 174 175 176 177|178 179 180 181
¢
16.8 kDa Asn Glu Val Tyr|Ser Val Trp Ser
29 104 94 37141 131 3 65 504
c 174 175 176 177|178 179 180 181
ow
16.56 kDa Thr Glu Pro Tyr|Pro Val Trp Ser
41 104 2 37|41 131 3 65 424
Mammals
Armadil 174 175 176 177|178 179 180 181
rmadillo
16.73 kDa Ser Glu Ala Tyr|Ser Val Trp Ser
35 104 82 37|41 131 3 65 498
Eleoh 173 174 175 176|177 178 179 180
ephant
16.50 kDa Asn Lys Ala Tyr|Ser Val Trp Ser
29 34 82 37|41 131 3 65 422
Sauropsida
Duck 178 179 180 1811182 183 184 185
ucl
1710 kDa Asn Glu lle Tyr|Ser GIn Trp Glu
29 104 70 37|41 50 3 78 412
Ameri Alligat 181 182 183 1841185 186 187 188
merican Alligator
17 46 kDa Asn Glu Val Tyr|Ser Arg Trp Ser
29 104 137 37|41 20 3 65 436
Fish
Zebrafish 155 156 157 158|159 160 161 162
ebrafis
14.06 kDa Asn Leu Ser Thr|Leu Pro Phe Asn
29 99 52 112|110 2 21 37 362
A | 182 183 184 185|186 187 188 189
mazon molly
15.80 kDa Ala lle Ser Phe|Leu Pro Tyr Thr
67 76 52 175|110 2 6 55 543

Multiple sequence alignment of PRL sequences across taxa at the cleavage site at which the 16.8 kDa vasoinhibin isoform is being generated by cathepsin D with their
associated 8P scores. Cleavage occurs between P1 and P1’, indicated by the red line. Grey coloring indicates amino acids different than those in the human sequence.

No difference is present across the taxa (primates vs. all other taxa, p = 0.65).

isoform was calculated for each of the species or PRL-sequences,
respectively, and scores for representative species from each taxon are
presented in Table 1. Primates had the highest scores with a mean value
of approximately 935. All other sequences had a score between 390 and
577 (primates vs. all other taxa, p = <0.000001). The factor responsible
for the difference in the score between rodents (and other taxa) and
primates was the residue leucine at position P1 in the cleavage site.

Leucine at P1 is a preferred residue in substrates of cathepsin D and its
presence at P1 alone increased the score by 416 points. Sequences from
all other taxa feature lysine, methionine, histidine or isoleucine at this
site, which was associated with markedly lower numbers of observed
cleavages (Table 1). Among the twelve primate sequences investigated,
there are three outliers: the Tarsier, the Mouse Lemur, and the Bushbaby
(Table 2). The PRL-sequences of these species feature lysine instead of
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Representative cleavage sites in full-length PRL of Primates aligned to Fish for the generation of the 16.8 kDa.

Amino-acid/Position/Score
P4 P3 P2 P1 |P1‘ P2° P3" P4

Taxon/Species
Molecular Mass

8P score

16.8 kDa Vasoinhibin Isoform

Primates
Human 172 173 174 175|176 177 178 179
16.8 kDa Asn Glu lle Tyr|Pro Val Trp Ser
29 104 70 37| 3 131 3 65
. 173 174 175 176|177 178 179 180
1 6%%”:(';3 Asn Glu lle Tyr|Pro Val Trp Ser
29 104 70 37| 3 131 3 65

Fish

) 156 157 158 (159|160 161 162 163
Zobraish  |Leu Ser Thr Leu|Pro Phe Asn Gly
136 50 67 [416| 3 16 43 89
183 184 185 [186 | 187 188 189 190
ATsaggnkg"”y lle Ser Phe [Leu|Pro Tyr Thr Gly
’ a 44 50 19 [416| 3 12 55 89

Multiple sequence alignment of PRL sequences in primates and fish at the cleavage site at which the 16.8 kDa vasoinhibin isoform is being generated by cathepsin D
with their associated 8P scores. Cleavage occurs between P1 and P1’, indicated by the red line. Blue coloring indicates the amino acids leucine in position P1. Fish

demonstrated a significantly higher 8P score than primates (p = 0.042).

leucine at P1 of the 15 kDa vasoinhibin cleavage site and, consequently,
demonstrate only a score of 534 (primates vs. outliers, p = <0.000001).
Transferring this information to a phylogenetic PRL-gene tree of primate
evolution (ENSEMBL) demonstrated that the high 8P-score due to
leucine at P1 is a unique feature of simians. The simian speciation node
dates to ~ 43 MYA and emerged from the lineage of the haplorrhine
speciation node at ~ 65 MYA. This located the emergence of leucine at
P1 at some time in between the two nodes (Fig. 1). The 8P-score for the
TYR175-PRO176 site of the 16.8 kDa vasoinhibin isoform demonstrates
no significant variation when analyzed in an alignment set containing all
sequences (primates vs. all other taxa, p = 0.65) (Table 3). However, it
was noted that there is a leucine in the cleavage site of fish sequences,
not located at P1, but on P1’, whereas P1 is occupied by threonine or
phenylalanine, respectively (Table 3). Since the presence of leucine on
P1 or on P1’ has an impact on the 8P-score, an alternative alignment
using only primate and fish sequences was performed (Table 4). In this
alignment, leucine is aligned to P1, hence to the position at which it is
the most preferred residue by cathepsin D, and this was associated with a
significantly higher score for fish (Fish vs. primates, p = 0.042). The 8P-
score for the TRP178-SER179 site of the 17.2 kDa vasoinhibin isoform
has an even distribution of cleavage scores between primates, rodents,
laurasiatheria, and mammals, sauropsida, and fish (primates vs. all other
taxa, p = 0.72) (Table 5). An alternative alignment using only primate
and fish sequences also showed no difference (primates vs. fish, p =
0.12) (Table 6).

4. Discussion

Cathepsin D is an aspartic-type endopeptidase and typically present
in lysosomes, phagosomes, and endosomes. Cathepsin D is the primary
protease responsible for the generation of vasoinhibin in adenohy-
pophyseal PRL secretory granules and homozygous mice in which the
cathepsin D gene was disrupted (cathepsin D-null mice) are devoid of
hypophyseal vasoinhibin (Cruz-Soto et al., 2009). Several studies re-
ported that cathepsin D cleaves PRL to generate vasoinhibin at an acidic
but not at a neutral pH (Baldocchi et al., 1992, 1993; Clapp et al., 1993)
and that this cleavage may therefore be confined to the acidic milieu of
intracellular compartments or to tumor environment. Indeed, cathepsin
D in human serum does not cleave PRL to generate vasoinhibin (Triebel
et al., 2020), although studies reported an association of cathepsin D
activity and abundance of vasoinhibin in the human circulation (Hil-
fiker-Kleiner et al., 2007; Nakajima et al., 2015). These studies,

however, did not provide evidence that the cleavage occurs in the cir-
culation and not elsewhere. Noteworthy, secreted cathepsin D cleaves
PRL to generate vasoinhibin at neutral/physiological pH in kidney
explant cultures (Piwnica et al., 2006). A physiological role for cathepsin
D-mediated generation of vasoinhibin has been observed in mammary
gland involution (Ishida et al., 2014), and pathological alterations of
cathepsin D-mediated vasoinhibin generation were reported in peri-
partum cardiomyopathy and preeclampsia (Gonzalez et al., 2007;
Hilfiker-Kleiner et al., 2007). Altogether, cathepsin D can be regarded as
the most studied enzyme responsible for vasoinhibin generation.

The present analysis investigated the phylogenesis of experimentally
established cleavage sites utilized by cathepsin D to generate vaso-
inhibin by proteolysis of human PRL. Amino acid sequences of verte-
brate species were retrieved and aligned, and the change in substrate
affinity that occurs by changes in the sequences was projected using a
calculated score. It was found that the cathepsin D cleavage sites are
conserved throughout vertebrate evolution as they can be found in the
PRL sequences of all six investigated taxa, ranging from primates to fish.
The substrate affinity however varies significantly and some of the
variations appear relevant. The human LEU160-ILE161 site (15 kDa
vasoinhibin) demonstrated the highest 8P score in primates emerging
from the speciation node of Simiiformes 42.6 MYA (Table 1 & Fig. 1).
This node coincides with the substitution of lysine by leucine in P1 of the
cleavage site, which is the responsible event in the cleavage site leading
to high substrate affinity, and this substitution is conserved across all
subsequent speciation nodes in higher primate species. Remarkably, the
PRL gene of the Tarsier, the Mouse Lemur and the Bushbaby, which
diverged prior to Simiiformes, did not undergo this substitution (Fig. 1).
The human TYR175-PRO176 site (16.8 kDa vasoinhibin), the site for the
generation of a well-studied vasoinhibin isoform, demonstrated the
highest score in fish, for which, again, leucine in P1 accounts respon-
sible. Leucine in P1 is substituted by tyrosine in Sauropsidas and all
other vertebrate taxa, accounting for a relatively stable cleavage site.
However, the high score in fish is only reached when aligning primate
against fish PRL sequences only, as the score is lower when the se-
quences of all taxa are aligned altogether. It is unclear which of the two
scenarios is true, and this finding is therefore to be interpreted with
caution. The human TRP178-SER179 site (17.2 kDa vasoinhibin),
maintains a stable score over Primates, Rodents, Laurasiatheria, Mam-
mals, Sauropsidas and Fish.

As speculated before, the emergence of higher affinity cleavage sites
in PRL for the generation of vasoinhibin might constitute gain-of-
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Table 5
Representative cleavage sites in full-length PRL for the generation of the 17.2 kDa vasoinhibin isoform by cathepsin D.
Taxon/Species Amino-acid/Position/Score
8P score
Molecular Mass P4 P3 P2 P1|P1' P2 P3' P4
Primates
175 176 177 178|179 180 181 182
Human Tyr Pro Val Trp|Ser Gly Leu Pro
17.2 kDa v P 4
33 30 137 29|41 56 112 55 493
Soril 176 177 178 179180 181 182 183
orilla
17.07 kDa Tyr Pro Val Trp|Ser Gly Leu Pro
33 30 137 29|41 56 112 55 493
Rodents
Rat 174 175 176 177|178 179 180 181
a
16.77 kDa Tyr Leu Val Trp|Ser GIn Leu Pro
33 99 137 29|41 38 112 55 544
Rabbit 176 177 178 179|180 181 182 183
abbi
17.22 kDa Tyr Ser Val Trp|Ser Gly Leu Pro
33 50 137 29|41 56 112 55 513
Laurasiatheria
b 177 178 179 180|181 182 183 184
g
17.18 kDa Tyr Ser Val Trp|Ser Gly Leu Pro
33 50 137 29|41 56 112 55 513
c 177 178 179 180|181 182 183 184
ow
16.94 kDa Tyr Pro Val Trp|Ser Gly Leu Pro
33 30 137 29|41 56 112 55 493
Mammals
Armadill 177 178 179 180|181 182 183 184
rmadillo
17.10 kDa Tyr Ser Val Trp|Ser Asp Leu Pro
33 50 137 29|41 39 112 55 496
Elephant 176 177 178 179180 181 182 183
ephan
16.88 kDa Tyr Ser Val Trp|Ser Gly Leu Pro
33 50 137 29|41 56 112 55 513
Sauropsida
buck 181 182 183 184|185 186 187 188
uc
17.50 kDa Tyr Ser GIn Trp|Glu Gly Leu Pro
33 50 25 29|71 56 112 55 431
American Allieat 184 185 186 187|188 189 190 191
merican Alligator
17.89 kDa Tyr Ser Arg Trp|Ser Gly Leu Pro
33 50 32 29|41 56 112 55 408
Fish
2ebrafish 158 159 160 161|162 163 164 165
ebrafis
14.42 kDa Thr Leu Pro Phe|Asn Gly Asn Asn
41 99 2 175|26 56 43 37 479
A " 184 185 186 187|188 189 190 191
mazon molly
16.18 kDa Phe Leu Pro Tyr|Thr Gly Gly Thr
67 99 2 37|34 56 64 55 414

Multiple sequence alignment of PRL sequences across taxa at the cleavage site at which the 17.2 kDa vasoinhibin isoform is being generated by cathepsin D with their
associated 8P scores. Cleavage occurs between P1 and P1’, indicated by the red line. Grey coloring indicates amino acids different than those in the human sequence.

No difference is present across the taxa (primates vs. all other taxa, p = 0.72).

function events and might have been conserved under positive selection
(Triebel et al., 2015). This view is supported by the present analysis,
particularly regarding LEU161-ILE162, which demonstrates the highest
substrate affinity score in higher primates. The present study also pro-
vides interesting perspective on the role of point mutations in the PRL
gene that affect the amino acid sequence in the vasoinhibin cleavage
sites. For example, the substitution of leucine in P1 with a non-

hydrophobic residue would significantly reduce cleavage by cathepsin
D at this site. A major question relates to whether vasoinhibin isoforms
differ in the significance of their vascular role. This possibility is chal-
lenged by the fact that all cathepsin D generated vasoinhibin isoforms
contain the functional motif (His46-Gly47-Arg48) and, thereby, should
be equally active. The fact that only the cleavage site responsible for the
15 kDa vasoinhibin evolved in primates, implies that this isoform
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Table 6
Cleavage site in full-length PRL of Primates aligned to Fish for the generation of the 17.2 kDa vasoinhibin isoform by cathepsin D.
17.2 kDa Vasoinhibin Isoform
Primates
175 176 177 178|179 180 181 182
Human
17.2 kDa Tyr Pro Val Trp|Ser Gly Leu Pro
33 30 137 29|41 56 112 55 493
Gorilla 176 177 178 179|180 181 182 183
17.07 kDa Tyr Pro Val Trp|Ser Gly Leu Pro
33 30 137 29|41 56 112 55 493
Fish
Zebrafish 159 160 161 162|163 164 165 166
14.53 kDa Leu Pro Phe Asn|Gly Asn Asn Leu
136 30 19 5 8 19 43 63 217
186 187 188 189|190 191 192 193
AT(?;%nkgo”y Leu Pro Tyr Thr|Gly Gly Thr Asp
’ a 136 30 26 12| 8 56 55 50 373

Multiple sequence alignment of PRL sequences in primates and fish at the cleavage site at which the 17.2 kDa vasoinhibin isoform is being generated by cathepsin D
with their associated 8P scores. Cleavage occurs between P1 and P1/, indicated by the red line. No difference was present between primates and fish (p = 0.12).

strengthens vasoinhibin action in primates, whereas other isoforms
compensate its limited effect in non-primate vertebrates. Along this line,
point mutations in cleavage sites of PRL in patients in whom a patho-
logical role of vasoinhibin is suspected, such as in preeclampsia or
peripartum cardiomyopathy, may impact vasoinhibin generation and
should be investigated.

5. Conclusion

Aminoacid substitutions in the PRL sequence occurring during
vertebrate evolution are indeed associated to gain-of-function events,
namely the generation of vasoinhibin. Leucine in P1 favoring the gen-
eration of the 15 kDa vasoinhibin isoform is a unique feature of simians,
occurred between 42.6 and 65.2 MYA, is conserved in all higher pri-
mates, and may have emerged under positive selection. This agrees with
earlier assumptions that PRL-encoded vasoinhibin is generated by spe-
cific, targeted proteolysis and contributes to the conservation of PRL
throughout vertebrate phylogeny (Triebel et al., 2015). Moreover, this
observation agrees with the nested information systems theory recently
proposed by Campbell et al., that protein hormones do not follow the
dogmatic pattern of synthesis, primary action, and rapid, complete
proteolysis, but instead are specifically cleaved at conserved sites to
generate fragments that alter extra- or intracellular functions in the
primary target tissue of their precursor or elsewhere (Campbell et al.,
2021), comparable to the principles underlying the prolactin/vaso-
inhibin axis which controls vasoinhibin function.
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