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A proprotein convertase-inhibiting serpin with an endoplasmic reticulum
targeting signal from Branchiostoma lanceolatum, a close relative

of vertebrates
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Lancelets are considered to take a key position in the evolution of
lineages leading to vertebrates. Herein, a serpin from the lancelet
Branchiostoma lanceolatum, Bl-Spn1, was identified that inhibits
the PCs (proprotein convertases) PC1/3 and furin. The inhibitor
forms SDS-stable complexes with either of its targets. Analysis
of the inhibitor/furin reaction products by mass spectroscopy as-
signs the enzyme’s cleavage position C-terminally to Met-Met-
Lys-Arg| in the reactive site loop of Spn1, in concordance with the
classical recognition/cleavage site of the principal vertebrate PCs.
The inhibitor is equipped with a canonical ER (endoplasmic reti-
culum) retrieval signal, Lys-Asp-Glu-Leu (KDEL), marking the
inhibitor as a guardian of the cellular secretory routes. Deletion

of the ER retrieval signal results in the export of the inhibitor into
the medium of transfected COS-7 cells, consistent with the as-
signed intracellular location. These results identify Bl-Spn1 as the
first serpin that may inhibit PC1/3-like subtilases at their natural
sites of action. Phylogenetic comparisons support a concept im-
plying a general role for ER-residing serpins in the surveillance
of subtilase-like enzymes along the constitutive and regulated
secretory pathways of metazoans including a role in the defence
of intruders that turn PCs to their propagation.

Key words: Branchiostoma lanceolatum, furin, lancelet, pro-
protein convertase, secretory pathway, serpin.

INTRODUCTION

Proprotein convertases (PCs) control the maturation of a large
variety of hormones, neuropeptides and other proteins transported
to the extracellular space, the cell surface, or to subcellular sites
via the secretory pathways [1-3]. The precisely regulated process-
ing of these polypeptides is carried out by cleavage at specific con-
sensus motifs of their precursors within the secretory routes of
cells [4]. Moreover, many intracellular pathogens that propagate
via intracellular transport pathways, including Ebola virus, HIV,
measles virus, or Bacillus anthracis, exploit the activity of PCs
for the processing of their envelope proteins or other components
needed for infection. As a consequence, PCs are key players in
many important (patho)-physiological processes including aber-
rant proliferation, embryo implantation and development, neuro-
degenerative processes, lipoprotein metabolism and infectious
diseases [5]. In mammals, nine PCs with different substrate se-
lectivity and tissue distribution have been identified. These en-
zymes are synthesized as inactive zymogens that are converted by
autocleavage into the active form [6], in some cases assisted
by other proteins [7], and then transferred to multiple subcellular
sites associated with the secretory pathways, ranging from the ER
(endoplasmic reticulum) via the Golgi apparatus and the trans-
Golgi network to extracellular sites [2,8,9].

It is evident that the inadequate activity of PCs may result in
severe defects. Thus cells must have evolved finely tuned mech-
anisms to regulate PCs. Surprisingly little is known about the cel-
lular systems involved in regulating the activity of these enzymes.
Intracellular pH and Ca®" gradients have been found to modulate
the (auto)-activation of PC proforms. Ectopic expression of the

propeptide of furin results in a decrease of various furin-medi-
ated processes in several transformed cell lines. Recently, a few
natural proteinaceous PC inhibitors have been identified: 7B2
[10], proSAAS [11], CRES (cystatin-related epididymal sper-
matogenic protein) [12] and Spn4A [13-15]. Spn4A belongs to a
superfamily of proteins — the serpins — that mostly consist of pro-
tease inhibitors that function as suicide substrates by presenting
an RSL (reactive site loop) as bait to their targets. The serpins also
include members that exert functions surprisingly distinct from
protease inhibition [16,17].

Spn4A is a serpin that is derived by alternative splicing from
the Drosophila melanogaster (fruitfly) gene spn4, which encodes
multiple inhibitor isoforms due to the mutual exclusive use of
four RSL coding exon cassettes [18]. The protein has been shown
to inhibit human furin and amontillado, the putative Drosophila
homologue of mammalian PC2. Spn4A is the first PC-targeted
inhibitor shown to be equipped with all signals enabling access to
the ER and the secretory cellular routes [13,18,19], strongly sugg-
esting that the inhibitor and its target may encounter each other
at their natural cellular locations. As yet, however, serpins with
activity towards PCs and a subcellular location consistent with a
guardian function in the secretory system have not been identified
in other organisms, potentially arguing that some phylogenetic
lineages may use alternative strategies for keeping PCs under con-
trol. In the present paper, we document the presence of a serpin
with properties enabling the inhibition of PCs in the cellular vesi-
cular transport and export system of the lancelet Branchiostoma
lanceolatum, a model organism with great implications for de-
velopmental biology and the evolution of vertebrates [20]. The
cephalochordate B. lanceolatum, also known as Amphioxus, is a

Abbreviations used: dec-RVKR-cmk, decanoyl-Arg-Val-Lys-Arg-chloromethane; ER, endoplasmic reticulum; GST, glutathione S-transferase; MALDI-
TOF, matrix-assisted laser-desorption ionization—-time-of-flight; PC, proprotein convertase; hPC1/3, human PC1/3; mPC1/3, mouse PC1/3; pERTKR-AMC,
L-pyroglutamyl-Arg-Thr-Lys-Arg-7-amido-4-methylcoumarin; poly(A)* RNA, polyadenylated RNA; RSL, reactive site loop; Sl, stoichiometry of inhibition;

TEV, tobacco etch virus.
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Table 1

Inthe primers, S stands for a sense primer and A for an antisense primer. The position of primers
refers to the Spn1 cDNA sequence. Bases not complementary to Spn1 ¢cDNA (linker sequences
etc.) are shown in italics.

Primers used for Spn1 cDNA amplification

Primer Position Sequence (5 — 3)
NAIY S,679-707  GTNCTNGTNAAYGCNATHTAYTTYAARGG
NEEGTEA A, 1162-1187 GCNGCNGCYTCNGTNCCYTCYTCATT

BLrS' A 11131132 GACTGACGTGAAGGTCACGC

BLr3 S,807-828  CCGGTTCAAACTCGCCTACGAC

SpniXhol  S,168-186  CCATCTCGAGAATCTTTATTTTCAGGCAACTCTGGGAAGCTCC
Spn1_BamHI A, 1319-1347 CAGCCGGATCCTTACAGTTCATCCTTTGTAGTTAATCCTT

marine animal that is closely related to vertebrates as indicated by
their common classification in a phylum called chordates. These
animals thus offer the possibility to elucidate some of the pro-
cesses involved at the transition from invertebrates to vertebrates.
Lancelets, for instance, have been used to study prolLP, a pro-
insulin-like peptide that contains a C-peptide, and that is flanked
by pairs of basic residues [21]. It has been demonstrated pre-
viously that Branchiostoma californiensis contains at least three
PC genes that are presumably involved in processing of this and/or
other hormones [22,23], one of which is believed to represent the
orthologue of vertebrate PC1/3.

EXPERIMENTAL
Materials

Adult lancelets (B. lanceolatum) were obtained from the Alfred-
Wegener-Institut fiir Polar- und Meeresforschung, Helgoland,
Germany. The Oligotex Direct mRNA Mini kit (catalogue no.
72022), Omniscript reverse transcriptase (4 units/ul; catalogue
no. 205110), and the DNeasy Tissue kit were obtained from
Qiagen. Oligonucleotides were purchased from MWG Biotech.
Sawady Taq DNA polymerase (5 units/ul; catalogue no. 01-
1030) and Pfu DNA polymerase (2.5 units/ul; catalogue no.
M7741) were obtained from PEQLAB and Promega respectively.
Klentherm™ DNA polymerase was obtained from Genecraft
(10 units/ul; catalogue no. GC-001). The GeneRacer™ kit was
purchased from Invitrogen. The rabbit antiserum directed against
purified GST (glutathione S-transferase)-Spnl was from Pineda
Antikorper Service (Berlin, Germany). Recombinant secreted
mPC1/3 (mouse PC1/3; residues 84—753) and hPC1/3 (human
PC1/3; residues 111-617) were obtained from Dr C. Lazure and
N. Rabah (both from Neuropeptides Structure and Metabolism
Laboratory, Clinical Research Institute of Montreal, University
of Montreal, Montreal, ON, Canada) [24,25] and R&D Systems
(catalogue no. 2810-SE) respectively. The sources of all other
materials have been described in [13].

Spn1 cDNA synthesis, isolation of genomic DNA and sequencing

Single-stranded cDNA was synthesized (20 ul reactions) with
Omniscript reverse transcriptase, using poly(A)* RNA (poly-
adenylated RNA) isolated individually from snap-frozen adult
lancelets. Serpin-specific cDNA fragments were PCR-amplified
with degenerate ‘search’ primer pairs (Table 1) derived from con-
served serpin signature motifs located within strand s3A (NAI'Y
motif) and the RSL region (NEEGTEAAA motif) respectively.
PCR reactions included an initial denaturation step (2 min at
94°C), followed by an amplification programme encompassing 15
cycles, each consisting of denaturation (30 s at 94 °C), annealing
[starting with a 30 s period at 65 °C in the first cycle, followed by
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a temperature gradient (1 °C decrease per cycle)], and extension
(70 s at 68 °C). Then 30 cycles under constant cycling conditions
(30 s at 94°C, 30 s at 65°C and 70 s at 70°C) were performed,
followed by a final 3 min period at 68 °C. PCR products were
purified and re-amplified. A 509 bp fragment was subcloned and
sequenced. The gene-specific primers BlrS” and Blr3’ (Table 1)
respectively were used in RACE (rapid amplification of cDNA
ends) reactions [18] for full-length cDNA synthesis.

Genomic DNA was prepared with the DNeasy Tissue kit as re-
commended by the supplier. Amplification of spnl gene fragments
was performed with Sawady Taq DNA polymerase and several
sets of cDNA-derived primers. The overlapping PCR products
were subcloned and sequenced. Sequences were aligned with
CLUSTAL W [26], and intron positions were mapped to the serpin
scaffold of mature human «,-antitrypsin [27].

Generation of plasmids, expression, purification and analysis
of recombinant proteins

Spnl (residues 16407, Figure 1) was expressed in Escherichia
coli, strain BL21 (DE3), as a GST fusion protein, using the
pKM263 vector system. To this end, Spnl cDNA was amplified
using the primer pair Spnl_Xhol and Spnl_BamHI (Table 1),
thereby creating a restriction fragment flanked by Xhol and
BamHI sites. In the fusion construct, the serpin moiety is hooked
C-terminally to GST adjacent to a TEV (tobacco etch virus) pro-
tease cleavage site. Protein induction and affinity purification on
glutathione—Sepharose 4B beads followed a previously published
procedure [13], except that the Hepes buffer used previously was
replaced by 50 mM Tris/HCI (pH 8.0). After treatment with TEV
protease, His-tagged contaminants (residual fusion protein, GST
and TEV protease) were removed by chromatography on a Protino
Ni 2000 column as described in [13]. Protein purity was assessed
by Coomassie Brilliant Blue staining following SDS/PAGE (10 %
gels). The concentration of the purified protein was determined
with a standard Bradford assay (Pierce). MALDI-TOF (matrix-
assisted laser-desorption ionization—time-of-flight)-MS analyses
were performed as outlined in [13].

For COS-7 cell expression, Spnl cDNAs coding for the com-
plete protein (residues 1-407) or for the deletion mutant, Spnl-
AKDEL (where KDEL is Lys-Asp-Glu-Leu), which lacks the
four C-terminal amino acids, each flanked by Nhel and EcoRI
sites, were inserted into the Nhel/EcoRI-cleaved pcDNA3.1(+)
vector. COS-7 cells were transfected with Lipofectamine™ in
9 cm? dishes [13]. At 36 h post-transfection, the supernatants were
centrifuged (30 min, 13000 g) to remove debris. Cellular extracts
were prepared by lysing cells (30 min) in 100 ul of ice-cold
lysis buffer [SO mM Tris/HCI, pH 7.2, 1 % Nonidet P40, 0.1 %
SDS, 150 mM NaCl, 2 mM EDTA and protease inhibitors (P§340,
Sigma)]. The lysate was cleared by centrifugation (13000 g for
1 h at 4°C). Equal volumes of the supernatants and the cleared
lysates from each transfection sample were analysed by reducing
SDS/PAGE and Western blotting.

Formation of complexes hetween Spn1 and target enzymes
and enzyme inhibition kinetics

Purified Spnl was incubated with titrated human furin at 30°C in
100 mM Hepes (pH 7.5), 1 mM CaCl, and 0.25 % Triton X-100.
Complex-formation assays with hPC1/3 were performed in
100 mM sodium acetate (pH 6.0), 5 mM CaCl,, 0.01 % Triton
X-100 at 30°C. The reaction products were separated by reducing
SDS/PAGE (10 % gels) and analysed by Western blotting. The
anti-Spnl antiserum was used at a dilution of 1:20000.

Human furin activity was measured using pPERTKR-AMC (L-
pyroglutamyl-Arg-Thr-Lys-Arg-7-amino-4-methylcoumarin) as
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Figure 1
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1321 GGATTAACTACAARGGATGAACTGTAAAGCARAMMAACCATTCATGTTTTTCATTTTTCA

1381 TTAGATTATCTTTATTAGTCTGAATTAGAGTTAAACTGCAATTTCCARCACARGAATTTG
1441 ATCTTACACARATTTTCAACTGAACTCCAGTCCGTATCARGGAATGTARTTAATCCTTAT
1501 CATTACTTGATAAGGACTGAAGCTGATTGGTCAAAAATTTGCAGTAACTGTTTAACTTTG
1561 ATTARGAATGACTTCTACCAACACAGATGAACTTTCAAGTGAATTTCTTTATTAGTTGAT
1621 ARAGGTTAGACATCTAGGTAATARGATATGTCAAATAGCAGGTACAGTGTCGCTGACGAR
1681 AGGTAGTGGATGCTACTTGAAACATCTGACGTTTCCAARATCATATCCAGTTTCTGCTAT
1741 TTGGCAAATATCTTTATTGTTTAAAAGTTTGAAGCTTCAGAGATACACGAGTATCAATCA
1801 TCATAATTATGATCATI‘ATGATAAAT‘GCATTATGAGAATC&CTTTGTTGCATTTCTITA
1861 TGTGTGCAAACATAAGATARATTGGCTAATTGACATACTGGAARGACTAGAARATTGATG
1921 AAARRAATCATGGTGAGGAATATTGTATAACCACGTGTTARCTGTAGTATTATTAGACAR
1981 GTATCATAGTATATTACTATATATTATCATAGTATATGTGATATCATAGTATCATTTCAG
2041 TAC'I‘AGTACCCA}\GTAAAGACAACAGTCAGCCETTCTGCCATMCATTTATTTCTTTTGA
2101 AATCATATGTTACTCATTAGATTGAAACAGCCTTTGTATGATSTGACTTAAGTTCTGCTT
2161 TATGTCAATAGGTTTCTTAACCACARATACARCATGTAARATCARAARRAAARRAANIAR

2221 AAARRRRAAR

Nucleotide sequence of the cDNA coding for Spn1 of B. lanceolatum and translated amino acid sequence

Nucleotides preceding the poly(A) tail of two Spn1 mRNA variants with shortened 3'-untranslated region are indicated by white-on-black printing. The P1—P1” bond (triangle) and the N-glycosylation

signals (open boxes) are marked.

substrate. The concentration [E,] of catalytically active furin was
determined by active site titration with dec-RVKR-cmk (de-
canoyl-Arg-Val-Lys-Arg-chloromethane), and the SI (stoi-
chiometry of inhibition) was investigated with 3 units of the ti-
trated enzyme and variable inhibitor concentrations (075 nM) as
described in [13]. The activity of dec-RVKR-cmk titrated mPC1/3
was measured after a 6 h pre-activation period in 100 mM sodium

acetate and 10 mM CaCl, (pH 6.0), using the same substrate. The
K, value for substrate cleavage in this reaction was 9 uM.
Progress curves for furin inhibition at different Spnl concen-
trations [/] were analysed under pseudo-first-order conditions,
using furin at a concentration of 2 nM and the substrate pERTKR-
AMC [S] at 200 uM [28]. Inhibition curves for mPC1/3 were
recorded with an enzyme concentration of 2.5 nM and a substrate
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Isolation of recombinant Spn1 and analysis of complex formation with PCs

(R) GST-fused Spn1 was purified from bacterial extracts via glutathione—Sepharose™ 4B (lane 1). After treatment with TEV protease (lane 2), His-tagged contaminants were removed by metal
chelate affinity chromatography (lane 3). Proteins were stained with Coomassie Brilliant Blue after SDS/PAGE (10 % gels). The positions of molecular mass markers (lane M) are given on the right.
(B) Purified Spn1 was incubated with human furin or with hPC1/3 respectively. After SDS/PAGE (10 % gels) under reducing conditions, the reaction products were blotted and analysed with
antibodies directed against Spn1. Lanes 1and 4, Spn1; lane 2, Spn1 incubated with furin; lane 3, furin; lane 5, Spn1 incubated with hPC1/3; lane 6, hPC1/3. Cleaved forms of Spn1 are marked by an
asterisk. The signal at approx. 100 kDa in lane 2 is presumed to represent a partially degraded Spn1—furin complex. The positions and molecular masses of marker proteins are indicated on the right.

concentration of 10 uM. The data were fitted to the following
equation for slow tight-binding inhibition:

V., — Vs

’

P=vt+ (1—e™+ A,

where P is the fluorescence, v, the initial velocity, v, the final
steady-state velocity, k' the apparent first-order rate constant and
A, the initial fluorescence. Non-linear regression provided k', v, v,
and A, for each [/]. By plotting k" versus [/], ks (k. is the associ-
ation rate constant) was obtained from linear regression, using a
K, value of 20 uM for furin [13], and 9 uM for mPC1/3, accord-
ing to the following equation [29]:

kass . [10]
k/ S +k iss
1 + [S()]/Km ¢

where kg is the dissociation rate constant.

RESULTS

Isolation of cDNAs coding for Spn1 from B. lanceolatum

Poly(A)* RNA was isolated from an adult individual of B. lanceo-
latum and full-length cDNAs were synthesized using the Gene-
Racer™ Kkit, following the manufacturer’s instructions. In the
initial screening for serpin-specific cDNAs, various PCR primer
combinations derived from highly conserved regions of serpins
(Table 1) were used. Amplification reactions under high and
moderate stringency conditions resulted in the isolation of several
serpin-related core sequences (C. Bentele, O. Kriiger and H. Ragg,
unpublished work), including Spn1 cDNA fragments. Full-length
cDNA synthesis finally resulted in the isolation of several Spnl
clones of varying size that differed in their 3'-untranslated regions
(Figure 1).

The conceptual translation of the cDNA sequences reveals an
open reading frame of 407 amino acids. Residues 1-22 constitute
a signal peptide as proposed by the PSORT II program [30], sug-
gesting that the protein may be transferred into the lumen of the
ER. A second in-frame ATG, 14 residues further downstream,
potentially encodes a signal peptide-depleted Spnl variant. The
sequence encompassing the putative positions P15 to PS5’ within
the RSL suggested an inhibitory role for Spnl with Arg®*-
Ser*® as probable P1-P1’ positions. The C-terminal part of Spnl
extends beyond the serpin core sequence as indicated by sequence
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alignments (results not shown) and it is terminated by the
sequence KDEL, suggesting the presence of an ER retention/
retrieval signal. Asn” and Asn*** could serve as carbohydrate
attachment sites, since they are part of classical N-glycosylation
signals.

Spn1 forms SDS-stable complexes with serine proteases
and inhibits PCs

The arginine residue at the putative P1 position implicated that
Spnl might be an inhibitor of trypsin-like enzymes. However,
two features of Spn1 strongly inferred PCs as possible interaction
partners for the serpin. First, the N-terminal signal sequence in
combination with the C-terminal KDEL sequence suggested its
residence and physiological role in the secretory export system
of the cell, one of the predominant territories of PCs. Secondly,
the dipeptidyl sequence Lys-Arg at the suspected RSL positions
P2 and P1 (residues 363 and 364) that typically precedes the re-
cognition/cleavage site of classical vertebrate PCs, also implicated
Spnl as a potential suicide substrate inhibitor of these enzymes.
To evaluate the target spectrum of Spnl, the inhibitor was re-
combinantly expressed in E. coli, purified (Figure 2A), and ex-
posed to soluble recombinant human furin (molecular mass
~53 kDa), hPC1/3 (molecular mass ~ 63 kDa) or human «-
thrombin respectively. Figure 2(B) shows that incubation of Spnl
with either of these PCs resulted in the formation of SDS-stable
complexes with molecular masses of approx. 105 kDa (Spnl—
furin) or approx. 120 kDa (Spnl1-hPC1/3) respectively. Ana-
logous results were obtained after exposure of Spnl to mPC1/3
(results not shown). Part of the inhibitor molecules were cleaved
by the enzymes, in accord with the branched-pathway mechanism
of serpins [17]. Small amounts of Spnl—protease complexes were
detected after several hours of incubation with thrombin, but most
of the inhibitor molecules were cleaved (results not shown).

Identification of the P1-P1’ cleavage site

The cleavage sites for furin and hPC1/3 in the RSL region of
Spnl were analysed by MALDI-TOF-MS. To identify the scissile
bond, purified recombinant Spnl was exposed to furin or hPC1/3
respectively and the reaction products were subjected to fragment
analysis. After furin treatment, a signal corresponding to a peptide
with amolecular mass 0f 4918.29 Da was observed that locates the
cleavage site between residues 364 and 365, identifying Arg and
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Figure 3 Identification of the furin cleavage site

Purified recombinant Spn1 (720 nM) was incubated (60 min at 30°C) in the presence of furin
(98 nM) followed by MALDI-TOF-MS analysis. The signal at m/z = 4918.29 indicates cleavage
between Arg®* and Ser*® in the RSL (A). The signal was not observed in the mass spectrum
of the uncleaved inhibitor (B).

Ser as functional P1-P1’ residues of Spnl (Figure 3). Analogous
results were obtained for cleavage of Spnl with hPC1/3 (results
not shown).

Sl and rates of enzyme inhibition

The branched-pathway mechanism of serpins can be characterized
by two parameters, the SI value and the inhibition rate constants
(Figure 4). To estimate the relative contributions of inhibitory
and substrate pathways of Spn1-PC interaction, constant concen-
trations of active-site-titrated furin (25 nM) or mPC1/3 (206 nM)
respectively were incubated with increasing amounts of Spnl for
60 min at 30 or 25°C respectively. Residual enzyme activities
were detected by addition of the fluorogenic substrate pERTKR-
AMC. The SI values for Spnl—furin and Spnl-mPC1/3 inter-
action were 2.9 and 3.5 respectively. The rates of inhibition
of furin and mPC1/3 were determined with the progress curve
method. To meet conditions for pseudo-first-order reaction kin-
etics, an at least 10-fold excess of inhibitor over enzymes was
used. Non-linear regression analysis of furin inhibition by Spnl
gave an apparent k., of 3.8 x 10* M~!.s™" (SI corrected value:
1.1 x 10° M~ -s7"). For mPC1/3, an apparent inhibition rate
constant of 2.8 x 10° M~ - s7! (SI corrected: 9.8 x 10° M~!.s7!)
was determined.

The KDEL sequence prevents export of the inhibitor
from COS-7 cells

To demonstrate the significance of the C-terminal KDEL sequence
as an element responsible for retention of Spnl in the ER and
retrieval from secretory organelles, a functional assay was used.
Expression vectors coding for Spnl containing or lacking the
C-terminal tetrapeptide motif (Spnl-AKDEL) were introduced
into COS-7 cells. Proteins from supernatants and extracts of
transfected cells were collected 36 h post-lipofection, resolved by
SDS/PAGE, and examined by Western blotting for the presence of
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Figure 4 Progress curves for inhibition of PCs by Spn1 and SI

Human furin (2 nM) or mPC1/3 (2.5 nM) was added to a mixture consisting of the fluorogenic
substrate pERTKR-AMC and different concentrations of Spn1. Residual enzyme activities were
determined by measuring the change of fluorescence resulting from cleavage of the substrate
at pH7.5 by furin (A) or at pH6.0 by mPC1/3 (B) respectively. The insets show that k’
depends linearly on the inhibitor concentration. The Sl values (C) for interaction of Spn1 with
dec-RVKR-cmk-titrated furin (@-@) or mPC1/3 (A-A) were determined by incubation of the
enzymes with increasing amounts of the inhibitors. The residual enzyme activities were measured
and the Sl values were determined by linear regression analysis to extrapolate the Spn1/enzyme
ratio that resulted in complete inhibition.

Spnl (Figure 5). In contrast with the medium of cells expressing
the truncated serpin variant, there were no significant amounts of
inhibitor molecules in the conditioned medium of cells transfected
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Figure 5 The C-terminal KDEL motif mediates intracellular retention of
Spni

(A) Immunoanalysis of supernatants and cellular extracts of COS-7 cells expressing Spn.
C0S-7 cells were transiently transfected with a plasmid coding for wild-type Spn1 or for a
mutant (Spn1-AKDEL) lacking the C-terminal KDEL motif. Supernatants and cellular extracts
were collected 36 h after DNA addition, resolved by SDS/PAGE (10% gels), and analysed by
Western blotting, using anti-Spn1 antibodies. (B) After immunodetection, the blotting membrane
was stained with Coomassie Brilliant Blue, to check for equal loading. Lanes 1and 2, supernatants
from cells transfected with wild-type Spn1 or Spn1-AKDEL respectively. Lanes 3 and 4, ex-
tracts from cells transfected with wild-type Spn1 and Spn1-AKDEL respectively. Lanes 5 and
6, supernatants and extracts of untransfected control cells. M, molecular mass markers.

with a vector coding for the KDEL-containing Spnl variant.
Large amounts of Spnl were detected in cellular extracts of
transfected cells, irrespective of the presence or absence of the
KDEL sequence in the transgene construct.

Exon—intron structure of the spn1 gene and distribution of serpins
with PC-inhibitory potential in the animal kingdom

Each of the lancelet serpin Spnl and serpin Spn4A from
D. melanogaster is equipped with signals mediating ER retrieval
and act as an inhibitor of PCs, raising the possibility that they are
orthologues. To examine this issue, the amino acid sequences of
these serpins and the organizations of their genes were com-
pared. On the protein level, lancelet Spn1 and fruitfly Spn4A share
approx. 38 % sequence identity. Pairwise comparison of Spnl
with the amino acid sequences of 27 conceptual serpins from
D. melanogaster (see: ALIGN_000632.dat; ftp://ftp.ebi.ac.uk/

pub/databases/embl/align/) indicated sequence identities between
19 % (Spn1/ACP76A) and 36 % (Spn1/CG9456) respectively.

Oligonucleotide primers derived from various regions of the
Spnl cDNA sequence were used to amplify Spnl-related genomic
sequences. Sequencing of the genomic fragments revealed the
presence of a gene with a four exons/three introns organization
(Figure 6). The first intron is located in the 5'-untranslated region,
while intron 2 and intron 3 interrupt the coding region between
residues 55 and 56, and after the first base coding for residue 155
respectively. Using mature «,-antitrypsin as a scaffold, intron 2
mapped to amino acid position 75¢, while intron 3 (phase a) may
be assigned to any of the amino acid positions between residues
174 and 176 of the human reference, due to sequence alignment
ambiguities. However, it is clear that none of the B. lanceolatum
spnl gene introns can be superimposed with any of the introns
mapping to the serpin core of fruitfly Spn4, which contains two
introns located at positions 305¢ and 352a with respect to the
human reference protein, and none of the two spn/ gene introns
located in the serpin core maps to any of the positions identified
for a total of 25 vertebrate serpins [27].

We note that there are several nucleotide substitutions in the
coding region of the Spnl cDNA sequence and the spnl gene se-
quence. Several of these differences are non-synonymous (gene
versus cDNA changes: 7S > C, 43T > A, 66A>T, 94V > A,
213I>V, 256L > F, 2761 > L, 330S > L). Since genomic DNA
and cDNA were isolated from different individuals, these differ-
ences might represent allelic variations. Alternatively, two closely
related genes may be present in the B. lanceolatum genome.

To evaluate the distribution of PC-inhibitory serpins in the
animal kingdom, a database search was conducted. The survey re-
vealed the presence of serpins containing an HDEL/RDEL signal
or related sequences at their C-terminus and demonstrated or
suspected anti-PC activity in a variety of species (Table 2), thus
demonstrating their broad distribution in metazoans.

DISCUSSION

A systematic search in B. lanceolatum has led to the identification
of a serpin, Spnl, that inhibits PC1/3 and furin at physiologically
relevant rates. The inhibitor is captured in SDS-stable complexes
with its target enzymes, a hallmark feature of serine protease-inhi-
biting serpins. To our knowledge, Spn1 is the first serpin shown
to exhibit activity towards PC1/3. The SI corrected values for the
association rate constants were 9.8 x 10° and 1.1 x 10° M~' . s7!
for inhibition of mPC1/3 and furin respectively. Compared with
Spn4A from D. melanogaster [13,15], the second-order rate
constant for furin inhibition is considerably lower for the lancelet
serpin. In this context, it may be of significance that the RSL
loop of B. lanceolatum Spnl is one residue shorter than that of
Spn4A and other serpins implicated in inhibiting PCs (Table 2).
It was demonstrated recently that deletion of one residue (Ala at
P6) within the RSL of Spn4A significantly affects inhibition of
amontillado, the fruitfly orthologue of human PC2, but not that

Intron size 805 916 545

ﬂ i I I
Exon 1 2 3 4
Exon size  >51 255 298 1555

Figure 6 Exon-intron organization of the spn7 gene

Exons are depicted as numbered bars. Protein coding parts are marked in black, and untranslated regions are denoted as open boxes. Introns are represented as lines. The genomic DNA co-ordinates
indicated refer to the numbering used for the sequence deposited in DDBJ, EMBL, GenBank® and GSDB Nucleotide Sequence Databases (accession no. AJ889984).

© 2006 Biochemical Society



Proprotein convertase inhibitor of the secretory pathway 455

Table 2 Serpins with demonstrated or putative PC-inhibitory potential in metazoans and equipped with an ER retrieval signal

GenBank® accession numbers are indicated in parentheses. Experimentally determined or presumed P1-P1’ positions are shown in boldface. For comparison, human «4-antitrypsin (A1AT) is

included.

Serpin (accession no.) Species

Spn1 (AJ548509) B. lanceolatum (lancelet)

SpndA (AJ428880) D. melanogaster (fruitfly)

XM_395991 Apis mellifera (honeybee)

SRPN10 (AJ420785) Anopheles gambiae (malaria mosquito)
A1AT (P01009) Homo sapiens (human)

RSL sequence ER retrieval signal
GSEAAAATAVNMMKRSLDGETFFADHPF KDEL
GTEAAAATGMAVRRKRAIMSPEEPIEFF HDEL
GTEAAATTAVSLRLRRCIYPEETEKFIV RDEL
GTEAAAATAAVVRVKRALINRLKVRLDH HEEL

GTEAAGAMFLEAIPMSIPPEVKFNKPFV -

of human furin [15]. However, for an adequate discussion of the
properties of this inhibitor, several points must be considered.
First, both inhibition rate constants and SI values may depend on
the assay conditions [31-33]. Secondly, serpins — like all other
proteins — have been selected to fulfil their role towards their
natural targets, i.e. the species-specific PCs or target enzymes from
host-specific pathogens. Lancelets contain at least three different
PCs [22,23] and it will be interesting to analyse the inhibitory
properties of Spnl towards the suspected natural targets.

Serpins with PC-inhibitory potential and equipped with signals
marking them as residents of the ER and compartments involved
in cellular trafficking have now been identified in insects and
cephalochordates. These inhibitors thus seem to be broadly distri-
buted in the animal kingdom, suggesting a general role for these
proteins as guardians of the secretory pathway that control PCs
and possibly other serine proteases. A furin-inhibiting serpin [PI8
(protease inhibitor 8)] has also been identified in mammals, but
it is not clear how it can enter the secretory pathways, since it is
devoid of obvious signals mediating access to the cellular secre-
tory pathways [34]. However, despite their similar functions and
cellular locations, the evolutionary relationships between the PC-
inhibiting serpins seem to be intricate, and the orthology of lance-
let Spn1 and fruitfly Spn4 must be questioned for several reasons.
First, the amino acid sequence identity between them does not
significantly exceed the values for other fruitfly/Branchiostoma
serpin pairs. Secondly, their genes have quite different exon—
intron organizations and not a single intron position is shared.
Thirdly, Spn4 and Spnl depict different codons for Ser® (o,-
antitrypsin numbering). The TCN/AGY dichotomy at this position
discriminates serpins of deuterostomes from those of protostomes
[35] with only few exceptions. Accordingly, in Spn4 this position
is coded by TCC (gene-specific residue: Ser’”'; see [18]), while
in Spnl it is represented by AGT (gene-specific position: Ser®;
Figure 1). Another level of complexity is created by the now well-
documented phenomenon of hooking multiple RSL coding exon
cassettes to the serpin body, probably due to unequal crossing over
events, which may obscure phylogenetic relationships further.
Thus it seems possible that PC-inhibiting serpins in different taxo-
nomic groups have evolved independently. Since furin and other
PCs may be involved in the propagation of pathogenic viruses
and bacteria, counteracting serpins may have a role in innate im-
munity, directed against pathogens that use the secretory cellular
routes for their propagation. Apart from the role that PC-inhibiting
serpins might fulfil in the control of subtilase-like enzymes and the
possibilities they offer for unravelling the physiological functions
of PCs, they also emerge as interesting blueprints and agents for
pharmacological intervention in a variety of pathologies [36,37].
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