














vasoactive intestinal peptide, and peptide YY, some of which
contain sequences potentially favored based on results of com-
binatorial peptide screening. Proteins not cleaved include
mouse epidermal growth factor receptor, mouse hepatocyte
growth factor, human NK4-like protein (33), Staphylococcus
aureus protein A, human keratin 14, mouse interleukin 17, and
mouse pro-matrix metalloproteinase-9 (data not shown). We
detected no gelatinolytic activity of mouse and human
marapsins by gelatin zymography and no direct caseinolytic
activity of the mouse enzyme (data not shown).
Prss27�/� Mice Develop Normally and Are Fertile—The

deleted portion of marapsin gene affecting exons 2 through 6,
including the entire catalytic domain, is shown schematically in
Fig. 6A. Mice that were genetically modified to lack functional
marapsin genes and raised in barrier facilities lacked overt phe-
notypic defects as Prss27�/� heterozygotes and Prss27�/�

homozygotes. This was also true of mice backcrossed for 10 or
more generations into a C57Bl/6 background. Fertility of
Prss27�/�, Prss27�/�, and Prss27�/� mice was similar as was
litter size, perinatal survival, and weight gain. Marapsin gene

deletion in Prss27�/� mice was confirmed by PCR-based geno-
typing (Fig. 6) and by using antibodies raised against mouse
marapsin to survey selected tissues for marapsin expression
(Fig. 7).
Epithelial Histology and Marapsin Expression in Prss27�/�

and Prss27�/� Mice—As shown in Fig. 7, the histological
appearance of stratified squamous epithelium was similar in
Prss27�/� and Prss27�/� esophagus, which was identified pre-
viously as a prominent site of marapsin expression (13), sug-
gesting that marapsin is not essential for development, differ-
entiation, or sloughing of esophageal epithelium. In tissue
sections, incubation with anti-marapsin antibody detected
immunoreactive material in stratified squamous epithelium
derived fromPrss27�/� but notPrss27�/� esophagus, confirm-
ing the specificity of this antibody for marapsin.

DISCUSSION

The present work identifies mammals “caught in the act” of
shedding the transmembrane domain ofmarapsin via nonsense
mutation while maintaining high level conservation of the cat-
alytic domain. Our observations that tail loss occurred inde-
pendently in several clades and was preserved throughmillions
of years of evolution suggest that tail loss is not deleterious and
that positive selection may be at work. Theoretically, human
marapsin and othermarapsins lacking a C-terminal transmem-
brane hydrophobic peptide could have evolved from ancestors
that were type I transmembrane proteins. Alternatively, trans-
membrane proteins could have evolved from soluble proteins
by acquisition of hydrophobic tails. At least three lines of evi-
dence in this study suggest that extant solublemarapsin evolved
from transmembrane ancestors rather than the other way
around. One piece of evidence is that most of the close relatives
ofmarapsin are knownor predicted to be type I transmembrane
proteins. This includes prostasin, which is GPI-anchored in
mice and humans and may have deeper origins in vertebrate
evolution than marapsin, as revealed by supplemental Fig. S4
and by the analysis in Fig. 1. Second, tail loss in the three small
clades depicted in Fig. 1 occurred comparatively recently in
mammalian evolution and by distinct nonsense mutation
events in each clade. These events are temporally and stochas-
tically incompatible with an evolutionary sequence involving
acquisition of aC-terminal anchor by tailless soluble proteins as
a mechanism of generating the observed isoforms of marapsin.
In specific reference to C-terminal anchor loss in a subset of
primates, humans, chimpanzees, bonobos, and gorillas com-
prise subfamily Homininae within the family Hominidae (great
apes), and humans, chimpanzees, and bonobos comprise tribe
Hominini within subfamily Homininae. Thus, the appearance
and preservation of the point mutation causing marapsin tail
loss in Hominini but not in other great apes, monkeys, and
other “lesser” primates follows the expected cladistic line of
descent from early primates to humans (30). Finally, the evi-
dence that human and other soluble marapsins were generated
by recentmutational tail loss is supported by the presence of an
open reading frame distal to the site of nonsense mutation that
preserves the untranslated remnant of ancestral transmem-
brane sequence. In soluble mast cell tryptases, which are pro-
posed to have evolved from type I transmembrane ancestral

FIGURE 4. Selectivity of a tetrapeptide substrate and inhibitor synthe-
sized based on mouse marapsin subsite preferences. A shows the relative
preference of mouse marapsin, prostasin, and matriptase and bovine trypsin
for custom tetrapeptide substrate YLNR-4NA versus nonspecific tripeptide
substrate QAR-4NA (both substrates 0.5 mM). YLNR-4NA synthesized based
on results of combinatorial peptide substrate profiling of marapsin (as shown
in Fig. 3) was highly selective for mouse marapsin over prostasin and matrip-
tase but less so in relation to trypsin in which subsite preferences are less
pronounced. QAR-4NA was preferred by all proteases except marapsin. Spe-
cific activity for both substrates was much lower for marapsin and prostasin
than for matriptase and trypsin. Error bars represent S.E. B shows the effect on
QAR-4NA-hydrolyzing activity of preincubating marapsin, prostasin, matrip-
tase, and trypsin with custom tetrapeptide-based inhibitor YLNR-chlorom-
ethyl ketone in various inhibitor/enzyme ([I]/[E]) molar ratios. Residual activity
after incubation with inhibitor is shown as a percentage of activity without
inhibitor.
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proteases much earlier in mammalian evolution (5, 7, 34), this
trace of the ancestral tail is no longer evident. This evolutionary
mechanism as applied to marapsins, mast cell tryptases, and
potentially to other proteases can be relevant for type I but not

for type II proteases because a nonsense mutation in the trans-
membrane segment codon of a type II serine proteases would
prevent the catalytic domain itself from being translated.
These observations reveal that althoughmarapsins in at least

three groups of mammals lack a C-terminal transmembrane

FIGURE 5. Inhibitor susceptibility and resistance. A compares the susceptibility of cattle trypsin (1 nM) and mouse marapsin (36 nM) to inhibitors of tryptic
serine proteases. Enzymes were preincubated with nafamostat (300 nM), 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF; 1 mM), benzamidine (1 mM),
leupeptin (0.1 mM), aprotinin (0.1 mM), and soybean trypsin inhibitor (SBTI; 0.3 and 11 �M for trypsin and marapsin, respectively). Results are expressed as the
percentage of activity after preincubation with inhibitor relative to activity without inhibitor. Error bars represent S.E. B shows the activity and effective size of
marapsin added to mouse serum and loaded on a gel filtration column calibrated with globular proteins, elution positions and molecular masses of which are
shown in kDa. The dotted line shows absorbance at 280 nm (A280) of unspiked serum. QAR-4NA-hydrolyzing tryptic activity was measured in eluted fractions of
native and marapsin-spiked serum (dashed and solid lines, respectively). Arrows indicate elution positions of potential marapsin activity, the majority of which
appeared at �30 kDa in the expected position of the monomer. C shows a Coomassie-stained gel after SDS-PAGE of marker proteins (lane 1) and recombinant
mouse marapsin under native (lanes 1–3) and reducing (lanes 5 and 6) conditions. Lane 4 contains buffer only. Lanes 2 and 5 contain 3 �g of marapsin; lanes 3
and 6 contain 1 �g. The �10-kDa band appearing in reduced marapsin lanes is likely the disulfide-linked propeptide of activated marapsin.

FIGURE 6. Generation and genotyping of marapsin-deficient Prss27�/�

mice. The top portion of the figure is a schematic representation of exons 2
through 6 of the mouse Prss27 gene showing locations of the LacZ/Neo cas-
sette deleting all exons encoding the pancreasin catalytic domain. Locations
of wild type and mutant-specific PCR primers in relation to the genomic
sequence are depicted. The bottom portion of the figure is an agarose gel
showing results of genotyping of six mice (lanes 1– 6, including the three
genotypes: Prss27�/�, Prss27�/�, and Prss27�/�) with plasmid containing
wild type pancreasin/marapsin gene (pKOS-panc) as a positive/negative con-
trol and contains targeted embryonic stem cell genomic DNA (ES-gDNA) as a
positive control for heterozygote detection.

FIGURE 7. Esophageal histology and marapsin immunoreactivity in
Prss27�/� and Prss27�/� mice. The top panels are low and higher power
photomicrographs of esophageal tissue sections incubated with anti-mouse
marapsin antibody. Arrows indicate immunoreactive stratified squamous epi-
thelial cells lining the esophageal lumen of Prss27�/� mice. The granular
brown staining in the most superficial layer represents lumenal debris and
non-nucleated, keratinized cell-derived material. Prss27�/�-derived sections
lacked specific staining. The bottom panels show the lack of immunoreactivity
in serial sections of Prss27�/� and Prss27�/� esophageal squamous epithe-
lium incubated with non-immune (isotype control) antibody. Sections were
counterstained with hematoxylin. Scale bars, 50 �m.
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segment the transmembrane version is the typical mammalian
form and was also the likely form of the enzyme in ancestral,
premammalian vertebrates. Given the major variation in the
length of marapsin C-terminal sequence, it is perhaps surpris-
ing that the catalytic domain of marapsin is strongly conserved
in mammals and other vertebrates. The preservation of cata-
lytic triad residues His57, Asp102, and Ser195 (using standard
chymotrypsinogen numbering) and trypsin-like specificity
triad residues Asp189, Gly216, and Gly226 indicates that proteo-
lytic activity is likely to be important to marapsin function. The
demonstration of similar peptidolytic activity in recombinant
soluble versions of human and mouse marapsins further pre-
dicts that catalytic competence is a feature of the catalytic
domain whether it originates as a transmembrane protein or as
a protein secreted in a soluble form. Notwithstanding these
considerations, mouse and human marapsins both are enzy-
matically weak in comparison with trypsin, matriptase, and
mast cell tryptases and are similar to prostasins in this regard
(31) although with divergent peptide subsite preferences as
revealed by the combinatorial peptide library screening results
in Fig. 2. Although it is possible that marapsins cleave a yet-to-
be-identified protein target with high efficiency, our studies to
date identify little or no proteinase activity for mouse and
humanmarapsins. Therefore, it is possible thatmarapsin serves
a regulatory function that does not depend on peptidase activ-
ity.We also note that the last four residues of observed consen-
sus propeptide sequence CGRPRMLNR are similar to the cus-
tom YLNR-4NA peptide synthesized based on results of
combinatorial screening of mousemarapsin and determined to
be cleaved preferentially by marapsin. This suggests the possi-
bility of direct marapsin autoactivation, which is consistent
with the observed spontaneous activation of recombinant
human and mouse marapsins during expression and purifica-
tion. Alternatively, promarapsin could be activated in a multi-
step process by initial hydrolysis at Arg�5 followed by dipepti-
dyl peptidase I- or cathepsin-mediated removal of the remnant
peptide asmay occurwith somemast cell tryptases (35–37) and
mastins (38).
The general reluctance of mouse and human marapsins to

hydrolyze proteins and peptides at tryptic sites even at sites that
would seem to be favored based on identified preferences in
tetrapeptide substrates suggests that the active site may be
blocked in a manner that hinders access to substrates (and
inhibitors). The overall weak activity toward tetrapeptide 4NA
substrates also is consistent with a partially blocked or “col-
lapsed” active site potentially due to the absence of a yet-to-be
identified allosteric activator or cofactor (39) or to a require-
ment for active site conformation change induced by binding of
a highly specific substrate as occurs for complement factor D
(40). A potentially similar blockade was identified in structures
derived fromcrystallized versions of prostasin (41, 42), which as
noted is a type I transmembrane tryptic serine peptidase related
to marapsin but with differing substrate preferences and pat-
terns of expression. The active site blockade may be more
extreme in marapsin based on higher level resistance to inhib-
itors. Indeed, although the present work identifies low molec-
ular weight inhibitors, marapsin appears to resist larger (i.e.
proteinaceous) inhibitors, including broad spectrum tryptic

serine proteases inhibitors like aprotinin, serum serpins, and
�2-macroglobulin. A partially blocked or collapsed active site
can explain inhibitor resistance as well as weak general pepti-
dase activity. Although some proteinases, notably mast cell
tryptases (25) andmastins (38), achieve ameasure of protection
from larger inhibitors by self-associating into active site-shield-
ing oligomers, the gel filtration behavior of mouse marapsin
(Fig. 5) suggests that marapsin remains uninhibited as a mono-
mer among many potential antipeptidases in serum. Further-
more, mouse and humanmarapsins do not seem to form disul-
fide-linked dimers or higher order oligomers. Therefore, we
propose that the most likely explanation of inhibitor resistance
is a prostasin-like, partially blocked active site in the mono-
meric catalytic domain.
It should be stressed that our phylogenetic analysis shows

that the closest relatives of marapsin are not prostasins but
prosemins, which appear to be soluble (i.e.not transmembrane)
proteases in mammals. However, both marapsins and prose-
mins appear to have evolved from type I transmembrane pro-
teases. On this basis, we propose that an early (possibly pre-
mammalian) ancestral prosemin underwent mutational loss of
its C-terminal hydrophobic tail as some marapsins have done
recently, leaving no extant membrane-anchored prosemins
among identified mammalian proteases. Although marapsin
and prostasin share similarities as type I transmembrane tryptic
P1 Arg-preferring peptidases with partially protected active
sites, there are key contrasts, including as already noted func-
tional differences in peptide substrate preferences, inhibitor
susceptibility, and tissue patterns of expression. Perhaps the
most compelling contrast in regard to function is the respective
phenotypes of prostasin-deficient (Prss8�/�) andmarapsin-de-
ficient (Prss27�/�) mice. Prss8�/� mice die during embryogen-
esis, andmice with skin-selective deficits of prostasin die in the
early postnatal period (23). Prss27�/� mice as shown in the
present work are viable and fertile without overt defects when
raised in specific pathogen-free barrier conditions, arguing
against a non-redundant, critical role in fetal or early postnatal
development. Nonetheless, strong conservation of the marap-
sin gene in mammals and other vertebrates suggests that roles
await discovery. In particular, the availability of the marapsin-
deficient mice reported here allows explorations of the impor-
tance of marapsin in epithelial responses to infection, injury,
and other environmental challenges.
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