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Characterization of Proprotein
Convertases and Their Involvement
in Virus Propagation

Wolfgang Garten

Abstract

Proprotein convertases (PCs), also known as eukaryotic subtilases, are a group of
serine proteases comprising furin (PACE), PC1 (PC3), PC2, PC4, PACE4, PC5
(PC6), and PC7 (LPC, PC8) that generate bioactive proteins and peptides, such
as hormones, receptors, and growth factors by cleaving precursor proteins at
multibasic motifs. Two other family members, SKI-1/S1P and PCSKO9, cleave
regulator proteins involved in cholesterol and fatty acid homeostasis at nonbasic
peptide bonds. Furin is ubiquitous in eukaryotic tissues and cells. PACE4, PCS5,
and PC7 are also widespread, whereas the expression of the other PCs is more
restricted. PCs are synthesized as multi-segmented zymogens which are auto-
catalytically activated. The prodomains have regulatory and inhibitory functions.
The catalytic domains are the most conserved domains among the PCs. The
architecture of the catalytic active furin domain is known in different binding
states. The C-terminal parts of the PCs differ in length and structure and contain
encoded peptide signatures guiding the PCs to the subcellular destinations on the
secretory pathways: SKI-1/S1P to the cis-Golgi, furin, PC5B, and PC7 to the
TGN region but also to the plasma membrane. PACE4, PC5A, and PCSK9 are
attached at the cell surface. Truncated, soluble furin and SKI-1/S1P, as well as
PC1 and PC2, are released into the extracellular matrix. Many enveloped viruses
are activated by furin and furin-like PCs and arenaviruses and a few bunyaviruses
by SKI-1/S1P. The PCs cleave the viral fusion glycoprotein to trigger fusion of
viral envelopes with cellular membranes to deliver the viral genome into host
cells. Cleavage by PCs, occasionally in concert with other endoproteases, enables
conformational changes in the viral membrane proteins needed for correct oligo-
merization of glycoprotein spikes and their effective incorporation into virions.
Mutational alterations of PC cleavage sites can reduce the fusion potential of
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viral surface proteins and thus facilitate the development of secure live attenu-
ated vaccines. Alternatively, agents preventing cleavage of viral surface (glyco)
proteins block fusion capacity and multicyclic virus replications. PC inhibitors
are suggested as promising antiviral drugs for quite a number of viruses causing
severe infections.

9.1 Introduction

Many biologically active proteins are synthesized as larger inactive precursors (pro-
proteins). Posttranslational processing by limited proteolysis of the precursors is a
mechanism generating active proteins and peptides that enables cells to regulate
many vital processes. In general, processing occurs when the proteins are trans-
ferred in the secretory pathway from the endoplasmic reticulum (ER) to other cell
compartments and to the cell surface. The precursors are frequently cleaved at
amino acid motifs containing single or multiple arginine or lysine residues. For a
long time, little was known about the activation proteases. The situation changed
when the genomes of a wide variety of organisms were decoded. Roughly 600 dif-
ferent proteases have been identified in each genome allowing expression and func-
tional studies. Differing in mammalian species, roughly 200 are serine proteases
that can be divided into about 20 subgroups based on structure, enzymatic proper-
ties, and physiological functions. The available evidence indicates that several of
these are involved in processing at basic cleavage sites (Puente et al. 2003).

Proinsulin was the first identified precursor polypeptide that contains two dibasic
cleavage motifs, arginine-arginine and lysine-arginine (Steiner et al. 1967).
Comparison of mature insulin with its precursor suggested that a dibasic-specific
endoprotease and a B-type-specific carboxypeptidase are responsible for correct
processing, and this concept was further substantiated by the observation that insu-
lin was obtained when the activating enzymes were surrogated by trypsin and
carboxypeptidase B in vitro (Kemmler et al. 1971). Subsequently, the number of
inactive proproteins with presumed and meanwhile ascertained di- and multibasic
cleavage motifs continuously increased. The list started with pro-opiomelanocortin
(POMC), proparathyroid hormone, proalbumin, pro-beta-secretase, pro-nerve
growth factor, and the proproteins and propeptides of B-lipotropic hormone,
B-melanocyte-stimulating hormone (B-MSH), y-lipotropin (y-LPH), B-lipotropin
(B-LPH), and von Willebrand factor and is steadily upgraded (Barr 1991;
Seidah 2011). A large number of precursor proteins are cleaved at KK|, RK],
KR|, or RR], which are frequently combined in the consensus sequences
(K/R)xn(K/R)|, where a variable number (n = 0,2,4,6) of basic and nonbasic amino
acids separates the flanking basic amino acids.

The first authentic proprotein converting enzyme identified was the calcium-
dependent subtilisin-like protease kexin encoded by the kex2 gene of Saccharomyces
cerevisiae that cleaves yeast and mammalian proteins and peptides at dibasic pep-
tide sites (Achstetter and Wolf 1985; Fuller et al. 1989a; Julius et al. 1984;
Thomas et al. 1988). The first mammalian orthologue that possesses the capacity for
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such a proprotein cleavage was furin (Fuller et al. 1989b; Bresnahan et al. 1990;
Wise et al. 1990; Hatsuzawa et al. 1990; Misumi et al. 1990b; van de Ven et al.
1990). Furin cleaves many precursor proteins at the C-terminal end of the motif
RX(K/R)R| (Barr 1991; Nakayama 1997). Later additional closely related subtili-
sin-/kexin-like serine proteases were identified and designated proprotein conver-
tases (PCs) (Seidah 2011). The PC family now contains nine members: furin, PC1/3,
PC2,PC4, PACE4, PC5/6 (further on PC5), PC7, SKI-1/S1P, and PCSK9 (Table 9.1).
The first seven PCs cleave substrates C-terminally at arginine of multibasic recogni-
tion motifs. The last two PCs, SKI-1/S1P and PCSK9, recognize nonbasic scissile
peptide bonds. The subtilisin-/kexin-like isoenzyme (SKI-1), also known as site-1
protease (S1P), cleaves proproteins at the motif RX(L/I/V)X], where X presents
any amino acid. The neural apoptosis-regulated convertase 1 (NARC-1), also desig-
nated as proprotein convertase subtilisin/kexin type 9 (PCSKD9), is autocatalytically
cleaved at the amino acid motif VFAQ|SIP and does not cleave other proproteins in
trans but has substrate binding and signaling functions (Seidah et al. 2014). The
main cleavage site specificities of the individual PCs are shown in Table 9.1. There
are several excellent reviews in which the PC field has been described in detail
(Artenstein and Opal 2011; Nakayama 1997; Seidah 2011; Seidah et al. 2013;
Seidah and Prat 2002, 2012; Steiner 1998; Thomas 2002).

Many cell proproteins, viral envelope glycoproteins, and bacterial toxins exhibit
multibasic cleavage sites (reviewed by Klenk and Garten 1994; Gordon and Leppla
1994) (Tables 9.2 and 9.3). Multibasic cleavage was shown first with the hemag-
glutinin of fowl plague virus (FPV), a highly pathogenic avian influenza virus
(HPAIV), and the fusion protein of virulent Newcastle disease virus (NDV) strains
(Bosch et al. 1981; Garten et al. 1981, 1982; Toyoda et al. 1987; Nagai 1995).
Cleavage of these glycoproteins in practically all cells allows rapid virus spread in
the infected host and proved to be a major determinant for the high pathogenicity of
these viruses. The first hint for the nature of the activating host proteases came from
the observation that activation of FPV was calcium-dependent, a characteristic fea-
ture of PCs (Klenk et al. 1984). The final proof was provided by the identification of
furin as the enzyme activating the hemagglutinin of HPAIV and the HIV env glyco-
protein (Stieneke-Grober et al. 1992; Hallenberger et al. 1992).

This chapter gives an overview on furin and the other members of the PC family
with a focus on those involved in the life cycle of viruses. The structure and function
of the proteases and their biosynthesis, subcellular trafficking, and localization in
cells will be shown, as well as their occurrence in specific cell types, tissues, and
organisms. PCs have a multifunctional role in virus infection. The main function is
the proteolytic activation of fusion-competent surface proteins of enveloped viruses
required for the delivery of the viral genome into host cells. Beyond that, PCs are
responsible for conformation changes of proteins in virus assembly, for receptor rec-
ognition, and for release of pathogenicity factors. PCs together with other proteases
are involved in complex cleavage patterns of viral surface proteins. The physiologi-
cal roles of PCs, especially in embryonic development, as revealed by knockdown
systems and specific inhibitory agents will also be discussed. Finally, light will be
drawn on the use of protease activation mutants for vaccine design and on the use of
protease inhibitors for antiviral therapy.
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Table 9.2 Selected cellular proteins and bacterial toxins cleaved by proprotein convertases

Precursor proteins

Proprotein
convertases

Cleavage sites
P7 P(, P5 P4 P3 Pz P] l Plr PZ/

References

Growth factors and hormones

Mouse B-nerve Furin RTHRSKR|SS Bresnahan et al. (1990)
growth factor
Human Furin, TSRRKR|YA Seidah et al. (1996)
neurotrophin-3 PC5B
Human insulin-like PACE4 KPAKSAR|SV* Duguay et al. (1995)
growth factor-I Khatib et al. (2001)
Human parathyroid Furin KSVKKR|SV# Hendy et al. (1995)
hormone Munzer et al. (1997)
Receptors
Human insulin PC5A PSRKRR|SL Robertson et al. (1993)
receptor
Human av integrin Furin, PC7 | PQRRRR|QL Stawowy et al. (2005)
Plasma proteins
Human albumin Furin RGVRR|DA? Oda et al. (1992)
Mori et al. (1999)
Human blood factor X | Furin, PC5 | LERRKR|SV Himmelspach et al.
(2000)
Human von Furin, SHRSKR|SL van de Ven et al. (1990)
Willebrand factor PACE4,
PC7
Matrix metalloproteinases
Human stromelysin-3 | Furin ARNRQKR|FV Pei and Weiss (1995)
Human MT-MMP1 Furin, NVRRKR|YA Sato et al. (1996)
PACE4
Other cellular proteins
Human furin Furin, AKRRTKR|DV Anderson et al. (1997)
prodomain® PACE4
Mouse 7B2 Furin QRRKRR|SV Paquet et al. (1994)
chaperone
Bacterial exotoxins
Anthrax toxin Furin NSRKKR|ST Molloy et al. (1992)
protective antigen
Diphtheria toxin Furin GNRVRR|SV Tsuneoka et al. (1993)
Shiga toxin Furin, ASRVAR|MA Garred et al. (1995)
PACE4

“Unusual cleavage site for furin

Autocatalysis
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9.2  Structure and Biosynthesis of PCs

All PCs are synthesized as multi-segmented pro-precursors which start with an
N-terminal signal peptide; continue with a prodomain (prosegment, propeptide), a
catalytic domain, and a P-domain (middle domain); and complete the PC ectodo-
main with variable C-terminal domains (Fig. 9.1). The convertases PC1/3, PC2,
PC4, PC5A, PACE4, and PCSKD9 are expressed as soluble- or membrane-attached
PCs. Furin, PC5B, PC7, and SKI-1/S1P possess a transmembrane anchor domain
and a C-terminal cytoplasmic domain. Furin and SKI-1/S1P can be cleaved at a
distinct peptide bond in the ectodomain, and thus both convertases exist also as
soluble furin (sfurin) and soluble SKI-1/S1P (sSKI-1).

The prodomain (~ 80 amino acids) of the precursor PCs acts as an intramolecular
chaperone that guides the folding and activation of the pro-convertases.
Simultaneously, the prodomain and/or their autocatalytically split-off fragments
function as PC inhibitors. The catalytic domain is the most conserved domain and
covers about 340 amino acids with the reactive amino acids aspartic acid (D), histi-
dine (H), and serine (S) in subtilisin-like arrangement and a specific asparagine (N)
residue forming an oxyanion hole (Fig. 9.2). The other domains of the convertases
are quite divergent in size, sequence homology, and function. The adjacent P-domain
confers structural stability and regulates the enzymatic activity. Furin, PC5, and
PACE4 contain a conserved cysteine-rich domain (CRD) (Nakayama 1997). CRD
functions as a cell surface anchor and interacts with the tissue inhibitors of metal-
loproteinases (TIMPs) (Nour et al. 2005). The transmembrane domain of furin,
PC5B, PC7, and SKI-1/S1P anchors the cytoplasmic domains in the membrane sys-
tem of the constitutive exocytic pathway. The cytoplasmic domains possess several
intrinsic signals determining the residence for each PCs in specific compartments of
the constitutive secretory pathway.

9.2.1 Structure of the Catalytic Domain

Furin is the prototype and by now the best-characterized member of the PC fam-
ily. Because of difficulties in purifying the enzyme in sufficient amounts and
quality, initial studies on the catalytic domain of human furin were based on
homology modeling using the crystal structures of the related serine proteinase
subtilisin BPN and thermitase of bacterial origin (Siezen et al. 1994). Than and
colleagues succeeded in establishing the first crystal structure of a truncated
form of furin which was expressed in sufficient quantities and purified from
mammalian cells as enzymatically active molecule by Lindberg and coworkers
(Henrich et al. 2003; Fig. 9.2). The catalytic pocket carried the covalently bound
inhibitor decanoyl-Arg-Val-Lys-Arg-chloromethylketone (Dec-RVKR-CMK),
which belongs to the first small peptidyl inhibitors designed for furin (Garten
et al. 1989, 1994). This approach revealed an arrangement of highly negatively
charged amino acids, i.e., aspartic and glutamic acids, around the catalytic
pocket which explains the binding of substrates with the preferential basic
amino acids in distinct positions.
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[l Signal peptide

PC1/3 ﬂ D HN SO- ¢ || 753aa B Prodomain
1%, o [ | Catalytic domain
PC2 638aa [ P domain
vy B4%) o oy [l Cys-rich domain
Fuin D H NS TN 7542 Oys-His-rich domain
(100%) 0 ["] Variable domain
ea 7ssaa

(70%) Il Membrane anchor

0 O O 00 O topl i i
pcsA  MEN O WS NN o1ca | Yo7 doman
\A {£5%), 0O 00 O
pC5-B Al 155022
(65%)
\A 0 00
PACE4 969aa
(65%)
Q Q Q
PC7 "l | 785aa ¥ Proteolytic cleavage site
(51%) ¢ N-glycan
WYy o I 2
sKI-1/s1P [l D H N S | W |1052aa
PCSK9 92aa Seidah & Prat, 2012

Fig. 9.1 Domain structure of proprotein convertases. Individual domains are illustrated by col-
ored bars, and the total lengths of the human PCs are indicated by the number of amino acids. D,
H, N, and S are catalytic active amino acids of the catalytic triad; N contributes to the oxyanion
hole. Autocatalytic cleavage sites between and within pro- and catalytic domains of all PCs and the
cleavage sites generating soluble forms of furin and SKI-1/S1P are indicated by arrows. C-terminal
gray boxes indicate peptide sequences required for cell membrane attachment. The percentage
numbers indicate amino acid identity of the catalytic domains relative to furin (Seidah and Prat
2012; Nakayama 1997)

Fig. 9.2 Crystal structure of the inhibitor Dec-Arg-Val-Lys-Arg-CMK in complex with mouse
furin. The inhibitor is shown in sticks with carbon atoms in yellow, nitrogen in blue, and oxygen in
red; the P1-P4 residues and the N-terminal decanoyl group are labeled. The catalytic domain of
furin is presented with its surface in green and the P-domain in light blue (Henrich et al. 2003)
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As found with all other members of the PC family, the P-domain of furin sta-
bilizes the catalytic domain (Zhou et al. 1998; Than et al. 2005). Detailed knowl-
edge on enzyme-substrate binding properties was achieved by crystallographic
analysis of furin loaded with inhibitors or bound to an inhibitory antibody (Dahms
et al. 2014, 2016a, b). Very recently, the structure of an unliganded form of furin
was determined (Dahms et al. 2016b), where furin exists in a so-called off state,
which is incompatible with substrate binding. Moreover, two structures of ethyl-
enediaminetetraacetic acid (EDTA)-treated forms of furin have been determined,
one unliganded and the second in complex with a substrate analogue inhibitor.
These studies revealed different affinities of three calcium ions, because only two
distinct calcium ions have been removed by EDTA treatment. The transition from
the off to the on state is triggered by ligand binding and appears to be the precon-
dition for the preferential recognition of the four-residue sequence motif of furin
substrates. Moreover, the comparison with EDTA-treated furin structures revealed
that the ligation by the presence of calcium influences the active-site geometry
and thus modulates furin activity (Dahms et al. 2016b). Recently, furin was com-
plexed with a small non-substrate-like non-peptidic inhibitor which induces struc-
tural distortions of the active site of the enzyme (Dahms et al. 2017). Based on
these observations taken together, the high substrate specificity of furin can be
explained by conformational changes triggered by binding of substrate and cal-
cium. The detailed structural studies also allowed the rational design of novel
inhibitors of furin (see Chap. 11).

The only x-ray structure of another PC is that of human PCSK9 which provides
detailed insight into its exceptional biochemical characteristics and biological func-
tion (Cunningham et al. 2007; Piper et al. 2007). The full-length PCSK9 precursor
(amino acids 31-692) was used for crystallization, and the architecture of a very
high portion of the polypeptide chain (amino acids 61-683) was determined at
2.3 A resolution (Fig. 9.3). The structure model comprises nearly the complete
prodomain with only two smaller disorders in both terminal peptide regions remain-
ing unsolved. There is a strong interaction between the prodomain and the catalytic
domain which explains the inaccessibility of any extern substrate to the catalytic
cleft of PCSK9. The C-terminal domain (termed V domain) of this enzyme has a
unique structure that allows binding to the low-density lipoprotein receptor (LDLR),
which is a target of PCSKO.

Three-dimensional structures of other human PCs are currently not available, but
their catalytic domains have been modeled based on the crystal structure of furin.
The catalytic domains of PC4, PACE4, PC5/6, and furin resemble each other,
whereas those of PC1/3, PC2, and PC7 are less similar (Henrich et al. 2005).

9.2.2 Structure and Function of the Prodomain

The three-dimensional prodomain structures were solved with PCSK9 and PC1/3.
The prodomain of PCSK9 was determined by x-ray crystallography, that of PC1/3
by NMR spectroscopy. The prodomain shows a well-ordered core consisting of a
four-stranded antiparallel B-sheet with two a-helices packed against one side of this
sheet (Tangrea et al. 2002; Cunningham et al. 2007). Both prodomain structures are
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Fig. 9.3 Structure of PCSK9 in its autocatalytically cleaved form. The prodomain is shown in
cartoon style (cyan) with its C-terminal heptapeptide segment ;,sDSSVFAQ;s, as sticks with car-
bon atoms in orange, which is bound and inhibits the active site. The catalytic domain is shown
with a transparent surface in yellow; the residues of the catalytic triad (Ssgs, Hang, and Digs) are
labeled and provided as sticks (PDB: 2P4E; Cunningham et al. 2007)

similar assuming that all other PC prodomains are structurally closely related. The
prodomain is an independent separate domain which possesses three functions: (1)
it masks the catalytic domain, (2) it blocks the enzyme activity a priori, and (3) it
regulates the dissociation of autocatalytic cleavage fragments at distinct stages on
the secretory pathway in a pH-dependent manner. The mechanism how the PCs are
differentially processed in space and time has been elucidated in recent years. The
concept of pH sensors is based on the histidine content present in the prodomains of
the PCs traveling along the pH gradient of the secretory pathway. Histidine-69
(human furin) is conserved in the prodomains of all PCs and functions as the master
histidine-encoded pH sensor which regulates enzyme activation at distinct pH val-
ues depending on the numbers of the residual histidine residues present in the
prodomain. The prodomain of furin is activated at pH ~6.5 within the trans-Golgi
network (TGN), whereas the PC1/3 prodomain is activated at pH ~5.5 within the
dense-core secretory granules, whereby the prodomain of furin has twice the con-
tent of histidine residues in comparison with the prodomain of PC1/3. The correla-
tion of pH-dependent activation and histidine content was demonstrated by swapping
the prodomains between both closely related PC family members (Dillon et al.
2012; Shinde and Thomas 2011; Williamson et al. 2013).
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9.2.3 Biosynthesis, Maturation, and Subcellular Localization
of PCs

Furin, PC7, PC5B, and SKI-1 are synthesized as class I membrane proteins and the
other PCs as soluble secretory proteins (Figs. 9.1 and 9.4). The preproproteins start
with the signal peptides which translocate the nascent polypeptide chains from the
cytoplasm into the lumen of the ER where the signal peptides are cotranslationally
removed from the adjacent prosegment (prodomain). As mentioned above, the
newly synthesized prodomains facilitate the folding of the polypeptide chains and
block the proteolytic activity of the proPCs until the prodomain fragments are split
off and removed at distinct stages of the secretory pathway in a pH-dependent man-
ner. PC1/3 and PC2 become active in secretory granules, furin, PACE4, and PC5B
in the TGN region, and PC7 is accumulated in an active form in a separate vesicular
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Fig. 9.4 Subcellular trafficking and residences of PCs in a virus-infected cell. The scheme shows
the initial infection steps of an enveloped virus with glycoprotein spikes (blue) and the biosynthetic
pathway of virus spikes from the endoplasmic reticulum (ER) to the plasma membrane where
assembly and release of the virus take place. PCs relevant for virus maturation (magenta) are
shown on the exocytic pathway from ER via the Golgi apparatus, the trans-Golgi network (TGN),
and the secretory vesicles (SV) to the plasma membrane. PCs recycle via endosomes to their resi-
dences: furin and PC5B and PACE4 accumulate in the TGN. PC7 is enriched and enzymatically
active in sialyltransferase-deficient vesicles (SDV) and in minor quantities directly exported to the
plasma membrane circumventing the Golgi/TGN complex. SKI-1/S1P is mainly active in the cis-
Golgi region. The furin ectodomain is cut off by an unknown protease, and SKI1/S1P is probably
released by autocatalysis. Soluble enzymatically active furin (sfurin) and soluble sSKI-1 are
released into the extracellular matrix; PACE4, PCSK9, and PC5A interact with tissue inhibitors of
metalloproteases (TIMPs) and form tertiary complexes with heparan sulfate proteoglycans
(HSPGs) ready for cleavage of extracellular substrates. PC1/3, PC2, PC5A, and PCSK9 (black) are
most probably irrelevant for processing of viral proteins
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structure close to the TGN. SKI-1/S1P is functionally active in the endoplasmic
reticulum/Golgi (ER/Golgi) and in the post-Golgi/TGN area (Brown and Goldstein
1999; Lenz et al. 2001; Beyer et al. 2003). PC2 requires the neuroendocrine bifunc-
tional chaperone 7B2 for egress of the ER; its N-terminal domain facilitates the
maturation of proPC2, and its C-terminal peptide simultaneously functions as a
potent inhibitor (Braks and Martens 1994; Zhu and Lindberg 1995). PC4, PC7, and
PCSKO are processed at a single cleavage site at the boundary between the prodo-
main and catalytic domain. The other convertases have a second cleavage site,
except for SKI-1/S1P which possesses a third cleavage site (Burri et al. 2012a; da
Palma et al. 2014; Fig. 9.1). SKI-1/S1P becomes enzymatically active in trans
before all prodomain fragments are dissociated from the enzyme (Elagoz et al.
2002; da Palma et al. 2016).

The furin-like PCs furin, PACE4, PC5B, and PC7 are trafficking along the con-
stitutive secretory pathway from the ER to the plasma membrane. They show the
highest activity in the TGN region sharing the common route with their substrates
(Fig. 9.4). PCs recycle to the TGN and to the cis-Golgi. A minor portion of PC7 is
routed form the ER directly to the plasma membrane. PC5 exists in two forms,
soluble PC5A and membrane-anchored PC5B, due to different gene splicing. Both
forms diverge from the TGN in different routes; PC5A migrates via the regulated
pathway passing the secretory granules to the plasma membrane where the enzy-
matically active convertase is tethered to heparan sulfate proteoglycans like PACE4
(Nour et al. 2005). PC7 is arrested as an active integral protease in the TGN-derived
sialyltransferase-deficient vesicles (SDV) (Wouters et al. 1998; Declercq et al.
2017). SKI-1/S1P resides preferentially in the late ER and cis-Golgi region where it
cleaves the sterol regulatory element-binding protein (SREBP) among other sub-
strates (Brown and Goldstein 1999). PCSKO is transported via the secretory path-
way and secreted in the medium outside from the cell. PC1/3 and PC2 are transported
along the regulatory pathway to the dense-core secretory granules, from where they
are released by neuronal or hormonal stimuli into the cellular environment (Thomas
2002; Seidah and Prat 2002; Lee and Lindberg 2008).

Subcellular localization of the individual PCs is determined by intrinsic sorting
signals (Fig. 9.5). Furin was one of the first molecules shown to accumulate in the
TGN under steady-state conditions governed by a molecular address in the cyto-
plasmic domain (Schifer et al. 1995; Bosshart et al. 1994; Takahashi et al. 1995).
The address is necessary and sufficient for TGN localization and for recycling by
the clathrin endocytosis pathway through endosomes. It consists of several destina-
tion-determining signals in the form of short peptide sections, which together are
necessary for an efficient accumulation of furin in the TGN. They include (1) the
acidic signal CPSDSEEDEGgg; containing two casein kinase II (CKII) phosphory-
lation sites, (2) the internalization signal YKGL;s, (3) a leucine-isoleucine signal
LI, and (4) the signal F;gy (Vey et al. 1994; Schifer et al. 1995; Molloy et al. 1999;
Teuchert et al. 1999a, b; Stroh et al. 1999; Voorhees et al. 1995; Thomas 2002).

The cytoplasmic domain of PC5B contains signal elements homologous to furin:
the motif YXXL/I, acidic peptide stretches containing serine residues as potential
casein kinase II phosphorylation sites, and dileucine motives (Fig. 9.5). Therefore,
the transport pathways of PC5B and furin are similar (De Bie et al. 1996).
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Furin 759 765 776/778 790 794
TMD LI-YKGL SDSEEDEG------- | SE—
PC5B 1782 1860
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Fig. 9.5 Sorting signals of membrane-anchored PCs. Cytoplasmic domains of furin, PC5B, and
PC7 are shown. Furin accumulates in the TGN. Furin endocytosis signals are a di-leucine signal
(LI), a YXXL signal (YKGL), and a single phenylalanine signal (F). In concert with an acidic
peptide containing two phosphorylation sites at serine, they are responsible for TGN localization.
Similar peptide elements are found in the cytoplasmic domain of PC5B indicating the TGN desti-
nation. PC7 accumulates in TGN-derived sialyltransferase-deficient vesicles (SDV) using a local-
ization signal composed of the peptide segment PLC, the basic peptide HRSRKAK, and two
palmitoylated cysteine residues

PC7 is also transported on the constitutive secretory pathway via the TGN to the
plasma membrane, from where it recycles via late endosomes to the TGN region,
and concentrates SDV, a post-Golgi compartment distinguishable from the TGN
(Wouters et al. 1998). PC7 shuttling between the plasma membrane and the TGN
region depends on sequences in the cytoplasmic domain. The sorting signal for
SDV localization consists of the following motifs: (1) peptide PLC;, (2) the basic
amino acid sequence HRSRKAKjn3, and (3) two cysteines, Cssg and Csg;, which are
iteratively palmitoylated during the shuttle between TGN and plasma membrane
(van de Loo et al. 2000; Declercq et al. 2012, 2017) (Fig. 9.5). Interestingly, a small
fraction of PC7 reaches the cell surface through a brefeldin A and coat protein com-
plex II (COPII)-independent unconventional secretory pathway. This may explain
the rapid (<10 min) transit of PC7 from the ER to the cell surface (Rousselet et al.
2011), whereas the cleavage of the propeptide of PC7 is a slow process which takes
hours rather than minutes (Creemers et al. 2000).

PC1/3 targeting to dense-core secretory granules (DCSG) resides in signals of
the carboxy terminal ectodomain (617-753) which contains two a-helices, helix 1
(722-728) and helix 2 (738-750), of which the last one is sufficient for targeting a
constitutively secreted protein to dense-core secretory granules (Dikeakos et al.
2009).

SKI-1/S1P cleaves cellular substrates in the ER/cis-Golgi area. There are differ-
ences, however, with arenaviral glycoproteins. The Lassa virus glycoprotein is
cleaved by SKI-1/S1P before reaching the cis-Golgi, whereas cleavage of the
LMCYV glycoprotein occurs in the late or post-Golgi compartment (Lenz et al. 2001;
Beyer et al. 2003). The substrate recognition of cleavage site variants is dependent
on the auto-processing of SKI-1/S1P, suggesting differences in the processing of
cellular and viral substrates (Burri et al. 2012a).



9 Proprotein Convertases 221

9.3 Proprotein Convertases Activating Viruses

Furin and the furin-like PCs, cleaving peptide bonds after basic residues, as well
as SKI-1/S1P which cleaves peptide bonds after nonbasic residues, are the PCs
which cleave viral glycoproteins (Table 9.3). Furin and furin-like PCs (PC5/6,
PACEA4, and PC7) are widely or ubiquitously expressed and are responsible for
most of the processing events occurring in the constitutive secretory pathway or
in endosomes. This leads to the activation/inactivation of receptors, ligands,
enzymes, viral glycoproteins, or growth factors. Although these PCs exhibit a
certain degree of functional redundancy when overexpressed in cell lines, their
inactivation in mice or human beings results in specific phenotypes revealing that,
in vivo, each PC primarily fulfills unique processing events and/or functions
(Seidah et al. 2013). Involvement of other proteases with similar specificity can-
not be excluded, but has not been demonstrated so far.

9.3.1 Furin

Furin, also named PACE or PCSK3, is the prototype of subtilisin-/kexin-like pro-
protein convertases (PCSKs). Furin is encoded by a transcription unit in the upstream
region of the c-fes/fps proto-oncogene (Roebroek et al. 1986). Furin is expressed in
all cells and tissues of eukaryotic organisms. It is synthesized as pro-furin with a
molecular mass of 100 kDa, which is autocatalytically cleaved into the mature form
with a molecular mass of 85 kDa. The first cleavage occurs between the prodomain
and the catalytic domain at the C-terminus of the motif ;,;AKRRAKR| and the
second one within the prodomain at the amino acid motif ;) RGVTKR| (Leduc
et al. 1992; Anderson et al. 1997). Endoproteolytic cleavage and removal of the
propeptide fragments are prerequisite for efficient transport out of the endoplasmic
reticulum into the TGN where furin acquires full enzymatic activity (Creemers et al.
1995). Endogenous furin was partially purified from Madin-Darby bovine kidney
(MDBK) cells and identified by reaction with a furin-specific antiserum (Stieneke-
Grober et al. 1992; Vey et al. 1994). Furin is partially cleaved at arginine (R683)
present in the ectodomain by an unknown endoprotease residing at the plasma
membrane. The truncated soluble furin is catalytically active outside of cells
(Plaimauer et al. 2001).

Furin is the central proprotein convertase that processes most diverse proproteins
at multibasic structures on the constitutive secretory pathway. An analysis of the
human proteome revealed an estimated number of about 500 potential proprotein
candidates susceptible to furin cleavage (Remacle et al. 2008; Shiryaev et al. 2013).
The high number of potential substrates together with the ubiquitous expression
implicates that furin activates a wide variety of membrane-anchored proteins and
membrane-secreted proteins, including precursors of growth factors, cell receptors,
adhesion molecules, matrix metalloproteinases, blood plasma proteins, and factors
for embryonal development which play important roles in the regulation of many
life processes (Table 9.2). Furin also generates MHC class I antigens (Gil-Torregrosa
et al. 2000). The majority of the proproteins are cleaved at the multibasic motif
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RXK/RR and less frequently at the minimal basic motif RXXR. A few precursor
proteins possess exceptional motifs, e.g., consensus sequences without arginine or
lysine at position P4 as observed with the prodomain of furin (RGVTKR), proalbu-
min (RGVFRR), proprotein C (RSHLKR), and proparathyroid hormone
(KSVKKR) (Canaff et al. 1999; Mori et al. 1999; Essalmani et al. 2017). Single
amino acid positions of the furin motif were extensively studied (Rockwell et al.
2002). Proteins with lysine at position P4 are poor furin substrates but are readily
cleaved by TMPRSS13 belonging to the family of transmembrane serine proteases
(cf. Chap. 8).

The fact that the hemagglutinin precursor (HAO) of FPV containing a multibasic
cleavage site was correctly cleaved and is biologically active after expression in
insect cells and in insect larvae indicated that endogenous furin exists in insects
(Kuroda et al. 1986, 1989). Furin of Spodoptera frugiperda showed the same cleav-
age properties as furin of vertebrates (Cieplik et al. 1998). In Drosophila melano-
gaster, two genes homologous to human furin, called Dfurl and Dfur2, have been
identified. The Dfurl gene undergoes differential splicing to generate several type I
membrane-bound isoenzymes differing in their C-terminal sequences. They are
released as soluble dfurin forms which show cleavage specificity like furin of mam-
malian species (De Bie et al. 1995; Roebroek et al. 1991).

Furin is expressed in the mouse embryo at embryonic day e7.5. Inactivation of
the fur locus by homologous recombination in the mouse causes embryonic death
shortly after €10.5 due to hemodynamic insufficiency and failure of ventral clo-
sure and axial rotation in embryos. The furin-deficient mouse embryos failed to
develop large vessels despite the presence of endothelial cell precursors (Roebroek
et al. 1998). Among numerous proteins which play crucial roles during embryonic
development are transforming growth factor f1 (TGFf1), bone morphogenetic
proteins 5 and 7 (BMPS5, BMP7), vascular cell adhesion molecule (VCAM-1), and
a-integrins (Scamuffa et al. 2006). To overcome the lethality of furin knockout
mice, conditional knockout mutants were constructed. When furin expression was
switched off in an interferon-inducible Mx-Cre/loxP knockout mouse model, the
animals showed no obvious adverse effects. Histological analysis of the liver did
not reveal any overt deviations from normal morphology. Variable degrees of
redundancy were observed for the processing of numerous substrates, but none of
the tested substrates displayed a complete block of processing. The absence of a
severe phenotype raises the possibility of using furin as a local therapeutic target
in the treatment of pathologies like cancer and viral infections, although the
observed redundancy may require combination therapy or the development of a
more broad-spectrum convertase inhibitor (Roebroek et al. 2004; Creemers and
Khatib 2008).

Furin plays an important role in virus activation. As mentioned above, the first
viral protein found to be processed by furin was the hemagglutinin (subtype H7) of
fowl plague virus (FPV) (Stieneke-Grober et al. 1992). Studies on the hemaggluti-
nin of FPV and viruses of subtype H5 had indicated the presence of a multibasic
cleavage site (Bosch et al. 1981; Kawaoka et al. 1987; Kawaoka and Webster 1988),
and mutational analyses of the H7 cleavage site clearly defined the characteristic
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RXK/RR motif. Cleavage occurs only when this motif is presented in the correct
sequence position in loop formation. A shift of the motif by only one amino acid can
abrogate cleavage (Garten et al. 1991; Vey et al. 1992). The importance of con-
served amino acids of the hemagglutinin of HPAIV was corroborated, especially an
arginine at P1 position proved to be essential (Walker and Kawaoka 1993; Walker
et al. 1994). The hemagglutinin cleavability of HPAIV is influenced by the amino
acid immediately downstream of the cleavage site (Horimoto and Kawaoka 1995).
Similar results were obtained for the cleavage motifs of the highly pathogenic
Newecastle disease virus (NDV) strains (Pritzer et al. 1990; Gotoh et al. 1992).

Over nearly three decades of research, an increasing number of fusion-competent
glycoproteins have been identified which are activated by furin or furin-like prote-
ases. Most glycoproteins belong to the enveloped RNA viruses, but also some
enveloped DNA viruses use furin cleavage for maturation (Table 9.3). Accessory
proteins forming a complex with fusion proteins, such as the prM protein of flavivi-
ruses, are also activated by furin (cf. Chap. 6). However, furin can be replaced by
another furin-like protease in certain cell types and tissues. Such examples were
observed with HPAIV and with HIV-1 (Feldmann et al. 2000; Horimoto et al. 1994
Hallenberger et al. 1992; Anderson et al. 1993; Gu et al. 1995; Ohnishi et al. 1994).
The glycoproteins of influenza viruses and paramyxoviruses are activated by furin
next to the fusion peptide. Other viral glycoproteins are cleaved by furin at more
than one site, as is the case with respiratory syncytial virus (RSV) (see below), or
they are cleaved by furin in concert with other endoproteases as found with corona-
viruses (cf. Chap. 4).

Detailed lists of more furin-cleavable viral membrane proteins are given in
Table 9.3 and in a previous review (Klenk and Garten 1994). All of these proteins
have multibasic cleavage sites, but experimental evidence for furin cleavage has not
been obtained in all cases.

Various inhibitors blocking the catalytic activity have been used to substantiate
the role of furin as processing enzyme. The first inhibitory agents were acylated
basic tetrapeptidyl chloromethyl ketones, such as Dec-RVKR-CMK, polyarginines
(nona-p-arginine amide), and serpin inhibitors, such as furin-adapted «- 1 -antitrypsin
Portland (a-1-PDX) (Garten et al. 1989, 1994; Misumi et al. 1990a; Molloy et al.
1992; Jean et al. 1998; Cameron et al. 2000; Kacprzak et al. 2004; Hardes et al.
2015, 2017) (cf. Chap. 11). Acylated peptidyl chloromethyl ketones containing the
RXK/RR motif bind covalently to the catalytic site of furin and prevent cleavage
activation of HPAIV hemagglutinin and a wide array of other fusion-competent
viral glycoproteins (Garten et al. 1994). In early years, when furin was still the only
PC known substrate, homologous inhibitors were thought to be useful for the iden-
tification of furin as the activating protease of a virus. However, this perspective
changed when other PCs were discovered. Because many of these enzymes have
similar substrate specificities, the inhibitors were of limited use to discriminate
them from furin. More convincing approaches for discrimination of PCs with
closely related substrate specificity are investigations which exploit cells or animals
with selective deficiency of a single PC or approaches which knock down the mRNA
of a distinct PC.
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9.3.2 PACE4

Paired basic amino acid-cleaving enzyme 4 (PACE4), also known as subtilisin-/
kexin-like proprotein convertase (PCSK®6), exists as alternatively spliced transcript
variants encoding various isoforms which are differently present in tissues and cells.
PACE4 is mainly expressed in liver, spleen, gut, brain, and neuroendocrine cells
(Seidah et al. 2008). PACE4 migrates on the constitutive pathway and is secreted
into the extracellular matrix, where it is attached to heparan sulfate proteoglycans
(HSPGs) (Tsuji et al. 2003). PACE4 shares many substrates with furin, such as
TGFp-related proteins, proalbumin, pro-von Willebrand factor, zymogens of the a
disintegrin and metalloprotease with thrombospondin type I motif (ADAMT) fam-
ily, and the precursor of the low-density lipoprotein receptor (pro-LDL receptor).
However, it has a more stringent substrate specificity and more limited operating
parameters than furin (Longpré and Leduc 2004; Seidah et al. 2013; Wong et al.
2015) (Table 9.2). PACE4 processes diphtheria toxin and anthrax toxin protective
antigen, but not Pseudomonas exotoxin A which is processed by furin (Moehring
et al. 1993; Sucic et al. 1999). PACE4 cleaves at RXK/RR, RXXR and to a much
lesser extent at RR and KR motifs (Gordon et al. 1997). In contrast to furin, PACE4
cannot process pro-factor IX and is not inhibited by the alphal-antitrypsin Portland
variant (Rehemtulla et al. 1993; Mains et al. 1997). In the absence of PACE4, mouse
embryos developed specific deficiencies and survived to 75% compared with 100%
lethality of furin knockout mice (Table 9.1). This suggests that, although PACE4
and furin share the ability to process similar substrates, they may also process one
or more different substrates during the processes of embryonic development
(Scamuffa et al. 2006). There are only few studies demonstrating cleavage of viral
glycoproteins by PACE4 (Table 9.3).

9.3.3 PGC5

PCS5 is identical with PC6 and often designated PC5/6 or PCSKS. The proprotein
convertase 5 gene is transcribed into two mRNAs; consequently two different but
related enzymes are formed: PC5A and PC5B comprising 913 and 1860 amino
acids, respectively. The A and B isoforms have identical pro-, catalytic, and
P-domains. The catalytic domain (amino acids 148—439) contains D171, H212,
N313, and S386 in the active-site pocket. Both isoforms differ in the cysteine-rich
domain (CRD) (Fig. 9.1). PC5A has a CRD domain in comparable length with other
PCs and terminates in the ectodomain as a soluble enzyme. PC5A migrates on the
regulated secretory route and is packaged into dense-core granules. In contrast,
PC5B, containing besides an unusually long CRD domain a transmembrane and a
cytoplasmic domain, is transported on the constitutive branch of the secretory path-
way. PC5B can be shed from the membrane, and the soluble PC5A can be attached
to the cell surface by interaction of its CRD with proteoglycans. A PC5B transcript
was found mainly in the intestine and kidney, while PC5A transcripts were detected
in various tissues indicating different locations and roles for PC5A and PC5B
(Nakagawa et al. 1993). PC5A is the major isoform in most tissues analyzed, except
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in the liver, where the transcripts are expressed in equivalent amounts. The complete
knockout of PC5 in mice causes death at birth, with the embryos exhibiting multiple
morphogenic defects (Table 9.1). Conditional knockout mice revealed that growth
differentiation factor 11 (Gdf11), also known as bone morphogenetic protein 11
(BMP-11) and BMP-2, is a favorite substrate of PC5; other substrate precursor pro-
teins are vascular endothelial growth factors (Essalmani et al. 2008; Lee et al. 2015).
PCS5 plays also a dominant role in pregnancy establishment by proteolytic activation
of several important factors such as BMP2, caldesmon 1, calmodulin- and actin-
binding protein (CALD1), and a-integrins.

The deduced cDNA structures of mouse PC5 and rat PC5 showed that the closest
homologue is PACE4. Furthermore, like furin, Drosophila melanogaster dfurin2,
and PACE4, PC5 shows the presence of a C-terminal cysteine-rich domain contain-
ing either five (PC5 and PACE4) or ten (dfurin2) repeats of the consensus motif
Cys-Xaa2-Cys-Xaa3-Cys-Xaa (5-7)-Cys-Xaa2-Cys-Xaa (8-15)-Cys-Xaa3-Cys-
Xaa (9-16). The richest sources of rat PC5 mRNA (3.8 kb) are the adrenal gland and
gut, but it can also be detected in many other endocrine and nonendocrine tissues
(Lusson et al. 1993).

PC5 activates the hemagglutinin of HPAIV like furin (Horimoto et al. 1994;
Feldmann et al. 2000) (Table 9.3).

The decapeptide ;,;QQVVKKRTKR,; mimicking a part of the prodomain of
proPCS is a nanomolar inhibitor of furin, PACE4, and PC5. A mutation at position
P6 (K111H) makes the inhibitor more selective for PC5 than for furin indicating
that a modification around the basic motif may influence the selectivity of PCs
(Nour et al. 2003).

9.34 PC7

PC7 is identical with PC8, PCSK7, and lymphoma proprotein convertase (LPC) as
it was originally discovered in a high-grade lymphoma carrying a translocation
(Meerabux et al. 1996). PC7 is the most ancient and conserved member of the PC
family. It is synthesized as proenzyme (101 kDa) and autocatalytically processed
into mature PC7 (89 kDa) at RRAKR,,|. There is no truncated soluble form of
PC7 (Declercq et al. 2017). PC7 is invariably expressed as a membrane-anchored
enzyme in spleen, thymus, prostate, testis, ovary, small intestine, colon, and periph-
eral blood leukocytes. High levels of PC7 mRNA are found in cells of the immune
system, particularly in CD8+ cells, but also in CD4+, NK cells, and bone marrow
cells. This may indicate a role in immune functions. The first described PC7-specific
processing reaction was the activation of epidermal growth factor receptor (EGFR)
at the cell surface (Rousselet et al. 2011). PC7 cleaves the unusual peptide
KSVKKR|SVSEIQL derived from proparathyroid hormone. Coexpression of PC7
and human transferrin receptor 1 (hTfR1) indicated that PC7 is the only convertase
that sheds this receptor from cells into the medium, whereby the cleavage occurs at
the site s KTECER| LA resembling the cleavage site of parathyroid hormone
(Guillemot et al. 2013). The cleavage specificity of PC7 is largely similar to that of
furin with the motifs (K/R)R| or (R/K)X,R| (n =2, 4, or 6 amino acids). A 24-mer
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peptide fragment of the PC7 prosegment (residues 81-104) is a strong inhibitor,
K(i) =7 nM of PC7, comparable to that of the full-length (104 residue) prosegment
(Bhattacharjya et al. 2000). Unlike other PC-deficient mice, PC7-null mouse
embryos did not show an apparent abnormal phenotype supporting the view that
PC7 expression extensively overlaps with that of furin (Seidah 2011). However,
PC7 is essential for zebrafish development and bioavailability of TGFp1a. When the
PCSK?7 function in developing larvae was inhibited, defects in various organs
including the brain and eye were observed, and the larvae died within 7 days post-
fertilization (Turpeinen et al. 2013). Expression of PC7 revealed an increased
ADAMI10 maturation resulting in enhanced a-secretase-mediated processing of
amyloid precursor protein (Anders et al. 2001; Lopez-Perez et al. 2001). PC7
cleaves specifically and in a cell-type-specific manner gp160 of HIV into gp120g/
p41, suggesting that both furin and PC7 are the major convertases in T4 lympho-
cytes (Decroly et al. 1997; Hallenberger et al. 1997).

In summary, the furin-like PCs PACE4, PC5, and PC7 may selectively compen-
sate the activation of viral glycoproteins in furin-deficient cells and tissues with
different efficiencies. Furin compensation has been demonstrated (1) for virulent
NDV F protein activated by PC5, but not by PACE4 (Fujii et al. 1999); (2) for pro-
cessing of E3/E2 from Chikungunya virus by PC5A, PC5B, and PACE4, but not by
PC7 (Ozden et al. 2008); (3) for cleavage of peptides homologous to SARS corona-
virus S glycoprotein by PC5, but not by PC7 (Basak et al. 2007); and (4) for activat-
ing the env of HIV by PC7 (Decroly et al. 1997; Hallenberger et al. 1997).

9.3.5 SKI-1/S1P

This enzyme is known under the names subtilisin-/kexin-isozyme-1 (SKI-1), site
1 protease (S1P) membrane-bound transcription factor peptidase site 1, sterol
regulatory element-binding protein site 1 (SREBP S1) protease, membrane-bound
transcription factor protease site 1 (MBTPS1), and PCSKS8. The protease plays an
important role in lipid metabolism. The lipid composition of animal cells is con-
trolled by SREBPs, transcription factors released from membranes by sterol-reg-
ulated proteolysis. By comparing cDNA of protease-competent and protease-
deficient cells, the group of Goldstein and Brown identified the enzyme, which
they called S1P, as an intraluminal membrane-bound subtilisin-like protease,
1052 amino acid long, which cleaves SRBPs at the motif RSVL| in the ER lumi-
nal loop between two membrane-spanning regions (Sakai et al. 1998). Using
reverse transcriptase (RT)-PCR and degenerated oligonucleotides derived from
the active-site residues of subtilisin-/kexin-like serine proteinases, Seidah and
colleagues independently identified a highly conserved and phylogenetically
ancestral human, rat, and mouse type I membrane-bound proteinase which they
called subtilisin-/kexin-isozyme-1 (SKI-1) (Seidah et al. 1999). The tissue distri-
bution of SKI-1/S1-P mRNA is ubiquitous. SKI-1/S1P accumulates in the peri-
nuclear region, predominantly in the cis-Golgi, and small punctual SKI-1/S1P
containing material is seen in the endosomal/lysosomal compartments by immu-
nochemical staining. Studies with brefeldin A indicated that substrates are cleaved
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in the early Golgi. proSKI-1/S1P is processed into two membrane-bound forms of
SKI-1 (120 and 106 kDa) differing by the nature of their N-glycosylation (da
Palma et al. 2014, 2016). At late stages of the secretory pathway, part of the mem-
brane-bound enzyme is shed into the medium in a 98-kDa form. SKI-1/S1P exhib-
its a wide pH optimum for cleavage (Seidah et al. 1999). Recombinant SKI-1/S1P
was expressed, purified, and characterized (Bodvard et al. 2007).

Aphysiological SKI-1/S1P substrate different from SREBPs is ATF6, amembrane-
bound transcription factor that activates genes in ER stress, such as cholesterol
deprivation. When unfolded proteins accumulate in response to ER stress, ATF6 is
cleaved at RHLL] to release its cytoplasmic domain, which enters the nucleus (Ye
et al. 2000). Other substrates are (pro)renin receptor and brain-derived neurotrophic
factor (BDNF) (Nakagawa et al. 2017). BDNF is a member of the neurotrophin
family of growth factors found in the brain and the periphery which is cleaved at
RGLT|. SKI-1/S1P is required for the transcription of many bone matrix and min-
eralization-related genes, such as fibronectin and fibrillin in bone osteoblasts and
osteocytes. The irreversible inhibitor Dec-Arg-Arg-Leu-Leu-CMK blocks tran-
scription of the corresponding genes and inhibits mineralization (Gorski et al.
2011). These results demonstrated that the differentiated phenotype of osteoblastic
cells and possibly osteocytes depends upon SKI-1/S1P. Knockdown of SKI-1/S1P
in zebrafish leads to the zebrafish gonzo mutant showing a defect in chondrocyte
morphogenesis (Schlombs et al. 2003).

Since SKI-1/S1P plays an essential role in cell physiology, it is evident that gene
deletion is lethal at an early state of the embryonal development (Table 9.1).
Conditional SKI-1/S1P knockout mice are viable (Yang et al. 2001; Seidah 2011).

The SKI-1/S1P processing motifs contain basic and hydrophobic residues at P4 and
P2, respectively, with a relatively relaxed acceptance of amino acids at P1 and P3, i.e.,
R4-X5-X,-X, |, where X, ; are any amino acids and X, is often leucine, isoleucine, and
valine. A favorable motif is RRLL| found in the glycoprotein of Lassa virus (Maisa
et al. 2009). The first viral proteins recognized to be cleaved by SKI-1/S1P were the
glycoproteins of Lassa virus and lymphocytic choriomeningitis virus (LCMV) (Lenz
et al. 2000, 2001; Beyer et al. 2003; Kunz et al. 2003). A high variability of cleavage
motifs is found with glycoproteins of arenaviruses and Crimean-Congo hemorrhagic
fever virus (CCHFV) (Burri et al. 2012b, 2013; Altamura et al. 2007; Sanchez et al.
2002, 2006; Vincent et al. 2003) (cf. Chap. 3). SKI-1/S1P inhibition effectively blocks
hepatitis C virus (HCV) from establishing infection in hepatoma cells (Olmstead et al.
2012). However, the function of SKI-1/S1P in HCV replication is not known.

94 PCs Not Known to Activate Viruses
9.4.1 PC1/3

PC1/3, also designated neuroendocrine convertase 1 (NEC1), prohormone convertase 3
(PC3), proprotein convertase 1 (PC1), or PCSK1, occurs in many eukaryotic organisms.
The human gene of PC1/3 located on chromosome 5 is transcribed from 13 exons and
translated into the preproprotein of PC1/3 comprising 753 amino acids. The catalytic


https://doi.org/10.1007/978-3-319-75474-1_3

228 W. Garten

domain (143-441 aa) contains the triad D167, H208, and S382. N309 contributes to the
oxyanion hole and stabilizes the transition state of the enzymatic reaction. The catalytic
domain has 61% sequence homology with human furin. The prodomain contains 83
amino acids with 30 to 40% sequence identity among the eukaryotic PC1/3s. PC1/3 is
present in dense-core vesicles of the regulated secretory pathway in neuroendocrine tis-
sues. It cleaves prohormones and other precursor proteins C-terminally at arginine-argi-
nine or lysine-arginine motifs (Table 9.1). Typical substrates are POMC, proinsulin,
proglucagon, and other precursors of neuro-sensing and regulating hormone peptides,
such as the hormone-like endopeptidase renin, enkephalin, dynorphin, somatostatin,
ghrelin, and agouti-related protein (AGRP) (Creemers et al. 2006). Interestingly, PC1/3
deficiency has quite different phenotypic effects in mice and man, a phenomenon not
observed with other PCs. PC1/3 knockout mice are viable but exhibit growth retardation
and multiple defects in hormone precursor processing. In humans, PC1/3 deficiency
causes obesity, hypogonadism, reactive hypoglycemia, hypoadrenalism, and small-
intestinal absorptive dysfunction due to impaired processing of prohormones (Taylor
et al. 2003; Farooqi et al. 2007; Seidah 2011) (Table 9.1).

9.4.2 PC2

PC2 is also known as neuroendocrine convertase 2, Kex-like endoprotease 2, or
PCSK2. Maturation of PC2 is unusual since it depends on support by the neuroen-
docrine chaperone 7B2 that prevents auto-aggregation of PC2 (Ramos-Molina and
Lindberg 2015). After binding of the chaperone to nascent proPC2, the proPC2/7B2
complex is transported from the ER to the TGN. On the route from the TGN to
dense secretory granules, the chaperone dissociates from the complex in the acidic
environment, and the prodomain is removed after autocatalytic cleavage (Seidah
2011). Embedding of the C-terminal domain of PC2, and likewise of PC5A, in gly-
cosphingolipid- and cholesterol-rich microdomains appears to be necessary for
sorting into secretory granules (Creemers et al. 1996; De Bie et al. 1996). Evidence
has also been obtained that an amphipathic a-helix at the C-terminus serves to fix
PC5A at the cell membrane (Assadi et al. 2004). Like PC1/3, PC2 cleaves at dibasic
amino acid motifs of neuroendocrine peptide and protein precursors, such as pro-
opiomelanocortin (POMC), proinsulin, and proglucagon, and the precursors of
chromogranin A, neurotensin, and pro-enkephalin (Pan et al. 2006).

PC27~ mice appear normal at birth but show retarded growth with chronic fast-
ing, hypoglycemia, and reduced glucagon levels (Seidah 2011).

9.4.3 PC4

PC4, also known as proprotein convertase subtilisin/kexin type 4 (PCSK4), is
expressed from 15 exons which code for the mRNA of a polypeptide containing 655
amino acids. PC4 is found exclusively in germ cells, suggesting a possible repro-
ductive function of this enzyme (Basak et al. 1999; Nakayama et al. 1992; Seidah
et al. 1992). The catalytic domain with its enzymatic triad D158, H189, S373 and
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the oxyanion hole-forming N300 processes various proproteins by cleavage at
paired basic amino acids of the general motif (R, K)X(R,K,X)R. PC4 is closely
related to furin. It is primarily found in testicular germ cells and in sperm but also in
ovary macrophages. It controls testicular and ovarian physiology.

PC4 is expressed in the human placenta and cleaves the precursor of the insulin-
like growth factor II, an important regulator of fetoplacental growth (Qiu et al.
2005). Another specific substrate of PC4 in the testis is pituitary adenylate cyclase-
activating polypeptide (PACAP) which is solely processed by PC4 (Seidah 2011).
The fertility of PC4~~ mice is significantly reduced (Scamuffa et al. 2006), and
there are also defects in embryonic development (Mbikay et al. 1997).

9.4.4 PCSK9

PCSKO, also called neural apoptosis-regulated convertase-1 (NARC-1), is a new
member of the pyrolysin and proteinase K subfamilies of subtilases (Abifadel et al.
2003). It is highly expressed in the liver as a 74 kDa protein that is autocatalytically
cleaved. The prodomain remains tightly bound to the enzyme which is catalytically
inactive but functions as a binding protein that interacts with the low-density lipo-
protein receptor (LDLR) and plays therefore a crucial role in plasma cholesterol
homeostasis. PSCKO is not involved in proteolytic protein processing.

Loss-of-function PCSK9 mutations were also identified. Two nonsense muta-
tions found in ~2% of black Africans were associated with a ~40% decrease in
LDL cholesterol and a ~88% risk reduction of cardiovascular disease (CVD), sug-
gesting that PCSK9 inhibition may be a promising approach to treat hypercholester-
olemia and prevent CVD. Therapeutic monoclonal antibodies have been developed
to reduce low-density lipoprotein (LDL) cholesterol levels and the risk of coronary
artery disease (Weider et al. 2016; Le et al. 2015; Seidah et al. 2017).

9.5 Functions of PCs in Virus Replication
9.5.1 Cleavage Activation of Viral Fusion Proteins

Enveloped viruses induce fusion of viral and cellular membranes to deliver their
genomes into the cytoplasm. All viral fusion proteins are C-terminally anchored in
the viral membrane and possess a hydrophobic “fusion peptide” (class I fusion pro-
teins) or “fusion loop” (class II and class III fusion proteins) which interacts with the
target membrane. Exposure of the hydrophobic domains depends on a conforma-
tional change of the fusion protein triggered by low pH in endosomes or by interac-
tion with the receptor-binding protein at the cell surface (Harrison 2008; White and
Whittaker 2016; Jardetzky and Lamb 2014). In most cases, the conformational
change can only be triggered if the proteins are primed by proteolytic cleavage.

For many viruses, like influenza viruses, paramyxoviruses, retroviruses, and are-
naviruses, the cleavage site is a distinct peptide bond next to the “fusion peptide”
which, after cleavage, leads to a new exposed N-terminus of the membrane-anchored
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fusogenic subunit of the viral glycoproteins. The fusion peptide is characterized by
a stretch of non-charged hydrophobic amino acids which are strongly conserved
within a virus family. In contrast to the conserved fusion peptides, the preceding
cleavage sites and the activating proteases vary even when the viruses are closely
related. Multibasic cleavage sites recognized by furin and furin-like proprotein con-
vertases PACE4, PC5/6, and PC7 are present in most enveloped viruses, whereby
furin is the master key for cleavage of viral glycoproteins.

Furin is also involved in a different fusion mechanism observed with flaviviruses
including tick-borne encephalitis virus (TBEV), yellow fever virus, West Nile virus,
dengue virus, and Zika virus. Envelope glycoprotein E of these viruses, a class Il
fusion protein, is not processed by proteolysis. Fusion activity depends, however, on
furin cleavage of the tightly associated accessory protein prM. During intracellular
virion assembly, prM prevents premature exposure of the fusion loop located on
E. After cleavage of prM and release of the prepeptide, mature virions invade cells by
endocytosis and exposure of the fusion loop at low pH (cf. Chap. 6). Blockage of prM
cleavage by furin inhibitors prevents multiple replication cycles of TBEV and dengue
virus in cell cultures (Stadler et al. 1997; Elshuber et al. 2003; Kouretova et al. 2017).

Enveloped DNA viruses utilize the fusion mechanism for host cell invasion, too.
Membrane fusion during herpesvirus entry into host cells is a complex process. All
herpesviruses express the gB and gHgl. complex as well as various non-conserved
glycoproteins of individual herpesviruses which interact with selected receptor pro-
teins determining cell tropism (Eisenberg et al. 2012). The gHgL complex acts as an
“activator” of entry, and the glycoprotein gB acts as the membrane “fusogen.” It has
been shown that gB of several herpes viruses is cleaved by furin (Table 9.3). gB is a
class III fusion protein with a “fusion loop” and has structural domain similarities
with VSV G protein and the baculovirus fusion protein. The cleavage of Epstein-
Barr virus gB is required for cell-cell fusion (Sorem and Longnecker 2009), whereas
bovine herpesvirus 1 gB and pseudorabies virus gB are not necessarily cleaved
(Kopp et al. 1994). Baculovirus nucleopolyhedrovirus (NPV) group II members
have a fusion protein, which must be cleaved by furin to mediate fusion (Long et al.
2006; Wang et al. 2017).

9.5.2 Cooperation of Proprotein Convertases with Other
Endoproteases

Virus surface glycoproteins of several viruses are activated by various endoprote-
ases at different sites. The spike protein S of coronaviruses which possesses both
receptor-binding and fusion functions, is cleaved at several sites (Table 9.3). For
example, the severe acute respiratory syndrome (SARS) coronavirus glycoprotein S
is cleaved at two sites, 4 RYLR| and ;5xRNTR] (S1/S2 site), by furin/furin-like
proteases, and at the S2°cleavage site ,osKR| by cathepsin L or transmembrane
serine protease 2 (TMPRSS?2). The proteolytic activation of protein S at amino acid
position 797 is adjacent to the “fusion peptide” of the S protein, which proved to be
crucial for fusogenicity. Similarly, the Middle East respiratory syndrome (MERS)


https://doi.org/10.1007/978-3-319-75474-1_6

9 Proprotein Convertases 231

coronavirus possesses a glycoprotein S that is cleavable at three distinct sites by
furin (Table 9.3). Modulations of the spike cleavage S2’ next to the fusion peptide
have profound effects on tropism and pathogenicity (Belouzard et al. 2009; Millet
and Whittaker 2015; cf. Chap. 4).

Glycoprotein GP of Ebola virus mediating receptor binding and fusion is first pro-
cessed to GP1/2 at a conserved furin cleavage site ,;RRTRR| which is remote from
the fusion loop located on GP2 (amino acids 524 to 540) (Volchkov et al. 1998, 2000).
Furin processing is followed by cathepsin cleavage at about amino acid 200 resulting
in the removal of a large C-terminal fragment of GP1 and the exposure of a receptor-
binding site (Chandran et al. 2005). Both processing steps are therefore essential for
the function of GP in virus entry. There is evidence that furin and cathepsin can be
replaced in GP processing by other proteases. Furin cleavage of a nonstructural glyco-
protein (sGP) of Ebola virus has also been observed (cf. Chap. 5).

The genome segment M of Crimean-Congo hemorrhagic fever virus (CCHFV)
polyprotein encodes a polyprotein with four transmembrane anchors separating
three luminal/extracellular domains from two cytoplasmic domains. Furin and
SKI-1/S1P are involved in the activation mechanism of this polyprotein (Sanchez
et al. 2002, 2006; Altamura et al. 2007). Cleavages by SKI-1/S1P and by furin are
necessary for producing the nonstructural glycoprotein GP38 and the structural gly-
coprotein Gn, an important step for gaining fusion capacity (Bergeron et al. 2015).

The envelope glycoprotein (env) of foamy virus, a spuma retrovirus, shows an
unusual biosynthesis undergoing cleavage by furin at two different positions. The
precursor protein has a type III membrane topology with both the N and C termini
located in the cytoplasm. The processing of env into the particle-associated env
leader protein (elp) and into the surface (SU) and transmembrane (TM) subunits
occurs posttranslationally during transport to the cell surface. Furin or a furin-like
protease is responsible for both, the late signal peptidase-like processing and the
maturation cleavage needed for fusion (Duda et al. 2004; Geiselhart et al. 2004).

9.5.3 Generation of Biologically Active Peptides

The fusion protein of the human and bovine respiratory syncytial viruses (RSV) is
synthesized as an inactive precursor FO that is proteolytically processed at two mul-
tibasic sequences, ;; KKRKRR| and ;(sRARR] (bovine RSV). Both furin consen-
sus sequences must be cleaved to activate the fusion protein (Zimmer et al. 2001;
Gonzalez-Reyes et al. 2001). Cleavage of the bovine RSV fusion protein results in
the release of a small peptide that is converted into the biologically active virokinin
by additional posttranslational C-terminal modifications, namely, truncation by car-
boxypeptidase of B type and stabilization by enzymatic amidation. The amino acids
106-139 of the viral fusion protein align with amino acids 45-78 of the human
tachykinin precursor type 1 that functions as a tissue hormone and produces rapid
contraction of smooth muscles. Virokinin is secreted by virus-infected cells and was
found to desensitize tachykinin receptors in the mammalian respiratory tract with
potent effects on local inflammatory and immune processes (Zimmer et al. 2003).
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9.5.4 Glycoprotein Trimerization and Incorporation
into Virus Particles

Cleavage of the Lassa virus glycoprotein by SKI-1/S1P is necessary not only for
fusion of the virus envelope with endosomal membranes at cell entry but also for
efficient incorporation of the viral glycoprotein into virus particles (Lenz et al.
2001). Virions contain almost exclusively homotrimeric spikes of the cleaved gly-
coprotein form, whereas at the cell surface of infected cells, monomers and oligo-
mers of the uncleaved form prevail (Schlie et al. 2010a). Glycosylation mutations
on the ectodomains of Lassa virus glycoprotein showed that 6 of 11 N-glycans are
necessary for glycoprotein cleavage indicating that N-glycans are needed for cor-
rect conformation of the precursor glycoprotein to be cleaved by SKI-1/
S1P. Interestingly, the glycoprotein precursor is transported to the cell surface in a
completely endo H-sensitive form suggesting that cleavage is a prerequisite for
completion of complex N-glycosylation (Eichler et al. 2006). Moreover, a mutation
in the cytoplasmic domain of Lassa virus glycoprotein abolished the maturation
cleavage by SKI-1/S1P within the ectodomain indicating conformational changes
across the membrane (Schlie et al. 2010b). These data suggest that, with some
viruses, cleavage by PCs may be important for correct folding, oligomerization, and
N-glycosylation, which is assumed to be a prerequisite for an effective incorpora-
tion of functional virus spikes into virions. Extensive structural rearrangements in
the Lassa surface glycoprotein were observed at different pH’s and in the presence
of the functional secondary intracellular receptor, human LAMP-1, by using high-
resolution electron cryo-microscopy and tomography techniques (Li et al. 2016).
Such a substantial rearrangement of subdomains of the Lassa viral glycoproteins
would not be possible in the absence of SKI-1/S1P cleavage.

The glycoproteins of Borna disease virus (BDV) and simian immunodeficiency
virus (SIV) also need to be cleaved by furin for correct trimerization and effective
insertion into virus particles (Eickmann et al. 2005; Yamshchikov et al. 1995).

9.5.5 PCCleavage of Non-Envelope Proteins

Viral protein R (Vpr) is a HIV-1 protein 96 amino acid long that plays an important
role in regulating nuclear import of the HIV-1 pre-integration complex and is
required for virus replication in nondividing cells such as macrophages. It has been
detected in soluble form in the sera and cerebrospinal fluids of HIV-1-infected
patients and contributes to HIV pathogenesis. Vpr was found to undergo proteolytic
processing at the PC cleavage site, ;s RQRR| located within the functionally impor-
tant C-terminal arginine-rich domain. Interestingly, Vpr processing occurred extra-
cellularly upon close contact to cells and most likely involved cell surface-associated
furin or furin-like PC (Xiao et al. 2008).

Hepatitis B virus e-antigen (HBeAg) is a secreted version of hepatitis B virus
(HBV) core protein raised from the core gene. HBeAg has a cleavable signal pep-
tide and four furin cleavage sites in the C-terminal part. HBeAg promotes immune
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tolerance and is essential for the development of chronic hepatitis B virus infection.
Furin plays a key role in processing the HBeAg precursor into mature HBeAg (Ito
et al. 2009; Pang et al. 2013). The furin inhibitor decanoyl-RVKR-chloromethylke-
tone (CMK) combined with the nucleoside analogue entecavir reduced HBV repli-
cation and HBeAg secretion in Hep cells and was suggested as a therapeutic regimen
for treatment of chronic hepatitis B (Yang et al. 2014).

Papillomaviruses (PV) are non-enveloped viruses that enter cells by endocytosis.
Entry involves removal of protein L2 from the surface of the virus particles by furin
(Day et al. 2008; Richards et al. 2006).

9.5.6 Protease Activation Mutants for Vaccine Design

A large number of the viruses activated by furin which are shown in Table 9.3 cause
important diseases. Highly pathogenic avian H5 and H7 influenza viruses (HPAIV)
are not only a problem for the poultry industry but are also a threat to human health.
In 1997, an H5N1 virus caused human infections in Hong Kong during a poultry
outbreak. Six of eighteen patients succumbed to this virus. Since 2003 the H5SN1
virus spread rapidly killing millions of birds and continued to be transmitted to
humans. Thus, there is a need for the development of human and animal vaccines
against these viruses. For safety reasons the viruses used for the production of such
vaccines should contain an HA that is modified at the furin cleavage site to diminish
their pathogenic potential. This approach is recommended to meet short-termed
demand of H5 or H7 vaccines (Neumann et al. 2008; Webby et al. 2004), and a vac-
cine with a monobasic HA cleavage site was licensed for humans in responsiveness
to the pandemic alert in 2003 (Webby et al. 2004).

When an HA with a monobasic cleavage site is present in live vaccines, virus
revertants with a furin cleavage site may emerge by spontaneous mutation.
Therefore, safer vaccines are demanded that are produced from attenuated viruses
containing a nonbasic cleavage site (Bottcher-Friebertshduser et al. 2014). This con-
cept is based on insights from early investigations in which attenuated mutants of
Sendai and influenza viruses activated by elastase or chymotrypsin have been ana-
lyzed (Scheid and Choppin 1976; Orlich et al. 1995). More recently, this strategy
was pursued to exchange the monobasic HA cleavage site of influenza strain A/
WSN/33 (Stech et al. 2005) and the multibasic HA cleavage motif of an H7N7
influenza virus (Gabriel et al. 2008) for amino acids susceptible to elastase cleav-
age. The mutants were strictly elastase-dependent, grew equally well as the wild
type in cell culture, and were attenuated in mice unlike the lethal wild type.
Immunization with an H7N7 mutant at 10° pfu dosage protected mice against dis-
ease and induced sterile immunity; vaccination with homosubtypic or heterosub-
typic reassortants led to cross protection. These observations demonstrate that a
mutated HA requiring elastase cleavage can serve as an attenuating component of a
safe live vaccine against HPAIV and other influenza viruses.

Flaviviruses with an altered furin cleavage site of prM have been shown to pro-
duce single-round infectious particles (Elshuber et al. 2003). Thus, it appears that
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protease activation mutants may also be a useful approach for the development of
safe vaccines against other viruses.

9.5.7 Inhibitors of PCs for Host-Directed Antiviral Therapy

The high dependence of many viruses on PCs makes PCs promising targets for
antiviral therapy. Furin inhibitors comprising substrate homologous peptidomimet-
ics, furin- or SKI-1/SP1-adapted serpines, and blocking antibodies as well as
peptide-conjugated phosphorodiamidate morpholino oligonucleotides (PPMOs)
suppressing the expression of individual PCs are described in detail in Chap. 11.
Combinatorial treatment with protease inhibitors and virus-targeting agents such
as ribavirin and favipiravir allows a drastic reduction of the drug dosages while
maintaining full inhibitory efficacy. Moreover, the application of PC inhibitors pre-
vents the development of resistance to virus-targeting drugs (Lu et al. 2015; Garten
et al. 2015).
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