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ABSTRACT

Furin, a serine endoprotease of the proprotein convertase family, is localized to the
trans-Golgi network (TGN)/endosomal system where it cleaves/activates many precursor
secretory proteins at the consensus site -Arg-X-Lys/Arg-Argt-. Synthesized as an inactive
zymogen with an 83-amino acid N-terminal propeptide, furin’s activation requires ER-
localized autoproteolytic excision of its propeptide at -Arg-Thr-Lys-Arg,,,*- [Leduc et al.
1992. J. Biol. Chem. 267:14304-14308]. While propeptide excision is necessary for furin
activation, it is not sufficient: activation also requires exposure to late secretory pathway
compartments [Molloy et al. 1994. EMBO J. 13:18-33; Vey et al. 1994. J. Cell Biol.
127:1829-1842]. This thesis identifies 1) the steps necessary for furin activation following
propeptide excision and ii) a potential role for the propeptide in furin folding by a
combination of in vitro and in vivo analysis. The first chapter describes an in vitro study in
which it was found that furin undergoes a multi-step pH-dependent process of activation.
Following propeptide excision, the furin propeptide remains non-covalently bound to the
enzyme, acting as an autoinhibitor (K, =14 nM). Exposure of the inactive
furinepropeptide complex to a mildly acidic (pH 6.0) and calcium-containing (low
millimolar) environment characteristic of the TGN results in a second cleavage within the
propeptide at -Arg,-Gly-Val-Thr-Lys-Arg,}-. Concomitant with internal cleavage, the
propeptide fragments dissociate from furin, permitting the enzyme to cleave substrates in
trans. These in vitro findings suggest a model in which furin specifically becomes active
within the TGN, the enzyme's compartment of residence. In the second chapter we 1)
explored the possibility that the propeptide might act as an ‘intramolecular chaperone’
(IMC) responsible for mediating the folding of furin, and ii) verified that our model of in
vitro furin activation accurately represented the in vivo process. Consistent with the role of
the furin propeptide as an IMC we found that i) a furin mutant lacking the propeptide is ER-
localized and inactive, ii) co-expression of the propeptide in trans partially restored both
trafficking and activity and iii) failure of furin to excise the propeptide at -Arg, ;% results in
ERGIC/CGN-localization of furin, suggesting incomplete folding and selective retention by
the quality control system. Further, consistent with the prediction made from our in vitro
experiments, we found that following folding, propeptide excision, and transport to the late
secretory pathway, furin autoproteolytically and predominantly intramolecularly cleaves its
propeptide at -Arg.l-. Selective, pH-sensitive cleavage of the internal propeptide cleavage
site sequence was demonstrated in vitro using synthetic peptide substrates. Unlike
propeptide excision, blocking cleavage at -Arg, Y- in vivo does not result in a detectable
trafficking defect. Unexpectedly, the integrity of the P1/P6 Arg internal cleavage site motif
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is essential to correct furin folding. Introduction of a P4 Arg into the site of internal
propeptide cleavage (-Arg-Gly-Val,,-Thr-Lys-Arg,.- — -Arg-Gly-Arg,,-Thr-Lys-Arg.-)
in order to generate an -Arg-X-Lys/Arg-Arg*- consensus cleavage motif, blocks propeptide
excision and prevents exit from the ER. A speculative model for the folding of furin, based
on differential access of these two propeptide cleavage sites to furin’s substrate binding

pockets, is discussed.
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INTRODUCTION

The correct folding of secretory proteins is essential to cellular homeostasis. Genetic
mutations resulting in secretory proteins with folding defects have been demonstrated or implicated
as causative agents in disorders as diverse as Alzheimer’s disease [aggregation of p-amyloid
(Lansbury, 1999)], cystic fibrosis [misfolding of CFTR (reviewed in Kopito, 1999)], hereditary
blindness [misfolding of rhodopsin (Kaushal and Khorana, 1994)], inheritable emphysema
[misfolding of o,-antitrypsin (Qu et al., 1996)], and Marfan’s syndrome [misfolding of fibrillin
(Ramirez, 1996)], among others (reviewed Kuznetsov and Nigam, 1998; Thomas et al., 1995b).
Further, when the mammalian nervous system protein PrP undergoes a specific conformational
change (PrP*" — PrP™), it becomes a ‘prion,” the causative agent of the transmissible human
neurodegenerative disorder Creutzfeldt-Jakob disease (reviewed in Johnson and Gibbs, 1998;
Prusiner, 1998; Prusiner et al., 1998).

Many secretory proteins are initially synthesized as larger inactive precursors that,
following folding, undergo selective proteolytic cleavage in the late secretory pathway to yield
smaller, biologically active products. A ubiquitous eukaryotic endoprotease involved in this
process is furin, a member of the ‘proprotein convertase’ (PC) family (reviewed in Molloy et al.,
1999). Furin, like other PCs, is produced from a larger, inactive precursor with an N-terminal
propeptide. Furin undergoes a compartment-specific, pH-dependent process of folding and
activation involving coordinated autoproteolytic propeptide cleavages (Anderson et al., 19597).
This activation process, including the possible role of the propeptide in the folding of furin, is the
focus of the research presented in this dissertation. This introduction provides information
necessary for placing this research in the context of previous work on protein folding and
maturation in vivo. The information divided into four sections as follows: Section I) how proteins
in the secretory pathway fold, Section II) how a system of ‘quality control’ in the secretory
pathway retains and degrades proteins that do not fold correctly, Section III) how certain
endoproteases, including a bacterial homologue of furin, undergo a propeptide-mediated folding

process, and Section IV) an overview of relevant research on furin.

1. Protein Folding in the Endoplasmic Reticulum

Our understanding of furin folding is informed by the current model for global, hierarchic

protein folding (reviewed in Dobson and Karplus, 1999; Eaton, 1999; Onuchic et al., 1995;
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Radford and Dobson, 1999)." In this model i) a protein’s amino acid sequence contains all of the
information necessary for attainment of the native state (Anfinsen, 1973), and ii) the process of
folding can be represented as an energy ‘funnel’ consisting of decreasing numbers of folding
intermediates of decreasing energy, with the lowest-energy native state at the bottom. Beginning
as a random coil, a folding protein rapidly undergoes a ‘hydrophobic collapse’ in which
hydrophobic residues interact with one another to prevent interactions with the aqueous solvent
(Duan and Kollman, 1998; Eaton et al., 1997). Hydrophobic collapse results in a ‘compact
intermediate,” which has some native-like secondary structure caused by the strength of local
interactions, but little or no fixed tertiary structure (reviewed in Baldwin and Rose, 1999a; Baldwin
and Rose, 1999b; Fink, 1995). The amount of native secondary and tertiary structure
incrementally increases while the protein passes through numerous short-lived intermediates of
decreasing energy (Baldwin and Rose, 1999a; Baldwin and Rose, 1999b; Matthews, 1993).
These intermediates typically have exposed hydrophobic surfaces, which persist until folding is
complete (Broglia et al., 1998). The folding process may be facilitated by the appearance of
specific sub-domains of entirely native structure that act as ‘nuclei’ around which the rest of the
protein folds (Shakhnovich et al., 1996; Shakhnovich, 1997). As folding progresses, the number
of intermediates accessible to the protein decreases, and some proteins are observed to pass
through long-lived folding intermediates due to kinetic constraints (Matthews, 1993). Whether
these intermediates speed (Wagner and Kiefhaber, 1999) or slow (Fersht, 1995; Fersht, 1997)
folding is unclear. It has been proposed that all proteins pass through the ‘molten globule’
intermediate near the end of the folding process (Ptitsyn et al., 1990). The ‘molten globule’ is
proposed to be less compact than the native state, and to have native-like secondary structure, but
no rigid tertiary structure (Ptitsyn et al., 1990). Ultimately, the folding protein finds the minimum-
energy native state through the correct formation of many non-covalent interactions (reviewed in
Dobson and Karplus, 1999; Eaton, 1999; Onuchic et al., 1995; Radford and Dobson, 1999).

In mammalian cells, secretory proteins, such as furin, are translated by cytosolic ribosomes
and are typically co-translationally translocated into the lumen of the endoplasmic reticulum (ER)
(Rapoport et al., 1996), the compartment in which they fold (see Figure 1). Translocation into the
ER occurs by passage of the nascent protein through the heterotrimeric sec61p pore of the
macromolecular complex called the ‘translocon’ (reviewed in Matlack et al., 1998; Rapoport et al.,
1996). The ER’s lumen provides an optimal environment for protein folding and oligomerization
as its pH is ~7 (Kim et al., 1998) and it is an oxidizing environment relative to the cytoplasm due
primarily to high concentrations of oxidized glutathione (Hwang et al., 1992), thus facilitating the
formation of disulfide bonds (Huppa and Ploegh, 1998).

' Recently, a model for non-hierarchic folding has been proposed (‘nucleation condensation’; Fersht, 1997), although
its significance is disputed (Baldwin and Rose, 1999a; Baldwin and Rose, 1999b).
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In the ER lumen, secretory protein folding can be accelerated and/or modified in several
ways. For example, folding may be accelerated by ‘folding catalysts’ that assist in specific, rate
limiting folding steps. Examples include peptidyl-prolyl isomerase (PPI), which assists in correct
proline isomerization (Freskgard et al., 1992), and protein disulfide isomerase (PDI), which
assists in correct disulfide bond formation (Ferrari and Soling, 1999). Further, glycosylation and
subsequent carbohydrate modifications influence protein folding and assembly both directly
(Jaenicke, 1991; Marquardt and Helenius, 1992) and indirectly (Gahmberg and Tolvanen, 1996;
Helenius, 1994). This is of great significance, as >90% of known secretory proteins are
glycosylated (Gahmberg and Tolvanen, 1996).

There are two very significant in vivo difficulties that must be overcome for a secretory
protein to fold correctly. First, the N-terminus of a domain of a translocating protein would, in the
absence of intervening factors, begin to fold in the ER lumen before the C-terminus of that domain
had been synthesized (see Helenius et al., 1992; Netzer and Hartl, 1997; Rothman, 1989). This
could lead to misfolding and aggregation, as protein domains typically need the entirety of their
sequence to fold correctly (Jaenicke, 1987). Thus, protein folding occurs in a vectorial fashion in
vivo, not globally as it is often studied in vitro (see Netzer and Hartl, 1997; Fedorov and Baldwin,
1997). Second, in the lumen of the ER a folding secretory protein encounters protein
concentrations that may be in excess of 100 mg/ml (Koch, 1987), which could result in many
intermolecular interactions. These interactions could result in aggregation, as hydrophobic patches
on folding intermediates can bind intermolecularly (Broglia et al., 1998). If not prevented,
intermolecular binding can lead to heterotypic (Sawyer et al., 1994) or homotypic (DeFelippis et
al., 1993; Oberg et al., 1994) aggregation.

Because of these in vivo complications, many proteins require the assistance of ‘molecular
chaperones’ to fold without aggregating (reviewed in Ellis and Hartl, 1999). A molecular
chaperone is a protein that stabilizes an otherwise unstable conformer of another protein by cycles
of controlled binding and release (Hartl, 1996).> Molecular chaperones in the ER prevent nascent
proteins from folding until translation and translocation are complete, and effectively create
conditions of ‘infinite dilution’ that prevent folding intermediates from aggregating. By cyclically
binding and releasing the exposed hydrophobic residues of their ‘substrate’, chaperones prevent
non-productive intra- and inter-molecular hydrophobic interactions (Rothman, 1989). Molecular
chaperones do not guide the ‘substrate’ along a specific folding pathway, nor do they impart any

steric information; rather, chaperones serve to keep the protein on a pathway of spontaneous

2 There are conflicting definitions of ‘molecular chaperone’ (Hartl, 1996). In one definition, a molecular chaperone
is any protein that aids in the self-assembly of another protein, but is not part of the native, functional state (Ellis
and Hartl, 1999). By this definition, both PPI and PDI are molecular chaperones. I have chosen to use the
definition of molecular chaperone that excludes PPI and PDI.
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folding (Baker and Agard, 1994; Ellis and Hartl, 1999). Hence, molecular chaperones have been
referred to as ‘non-steric chaperones’ (Ellis, 1998). It is worth pointing out that molecular
chaperones do not increase the rate of protein folding, but rather increase the yield of properly
folded protein (thus distinguishing them from folding catalysts). The fundamental importance of
molecular chaperones is underscored by several observations: i) chaperones are ubiquitous (Hartl,
1996), ii) they are one of the major protein components of the cell and may outnumber their
‘substrates’, iii) genetic knockouts of certain chaperones are lethal (Helenius et al., 1997), iv) there
are currently 20 known families of chaperone proteins (Ellis, 1999) and v) expression of these
already abundant proteins is upregulated greatly when cells are stressed (reviewed in Chapman et
al., 1998; Kim and Arvan, 1998; Pahl and Baeuerle, 1997; Sidrauski et al., 1998).

The best studied ER chaperones are BiP and calnexin (Helenius et al., 1997; Kim and
Arvan, 1998; Krause and Michalak, 1997). BiP (a member of the HSP70 family) is a 78 kDa
soluble ER-retained protein that cyclically binds and releases exposed hydrophobic residues in an
ATP-dependent fashion (reviewed in Bukau and Horwich, 1998). BiP carries out this function in
conjunction with co-factors in vivo such as J proteins which regulates BiP’s substrate specificity
(Misselwitz et al., 1998). BiP prefers to bind 7-8 residue primary sequences containing certain
aromatic and hydrophobic residues (Blond-Elguindi et al., 1993; Flynn et al., 1991; Fourie et al.,
1994). In addition to its role in protein folding, BiP is essential for the translocation of proteins
into the ER (Lyman and Schekman, 1997) by acting as a ‘molecular ratchet’ (Matlack et al., 1999)
as demonstrated by in vitro reconstitution experiments with yeast.

In contrast to BiP, the 65 kDa, ER-localized chaperone calnexin, the only known
membrane-anchored chaperone, depends on its ‘substrate’s’ glycosylation state for binding
(reviewed in Helenius et al., 1997; Kim and Arvan, 1998). Translocating proteins with the
consensus sequence for the addition of N-linked glycans (Asn-X-Thr/Ser) in many cases have a
core glycan moiety added en bloc to the Asn residue, an antenna of which ends in three glucose
residues. These glucose residues are removed in a stepwise fashion by glucosidase I (terminal
glucose) and glucosidase II (two remaining glucoses). The enzyme UDP-Gle:glycoprotein
glucosyl tranferase (UGTR) can counteract the action of glucosidase II by adding back a single
glucose residue to the completely deglucosylated species. UGTR only monoglucosylates proteins
that are in non-native states (Sousa and Parodi, 1995). Calnexin cyclically binds the short-lived
monoglucosylated intermediate allowing for further ‘monitoring’ by UGTR (Zapun et al., 1997).
Calnexin may make protein/protein interactions with its ‘substrates,’ although this is a matter of
considerable dispute (reviewed in Helenius et al., 1997). It is therefore unclear precisely how
calnexin carries out its chaperone function. Like BiP, calnexin interacts with translocating proteins
(Bergeron et al., 1994; Chen et al., 1995; Kim and Arvan, 1995), and calnexin’s cytoplasmic tail
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binds to membrane bound ribosomes (Chevet et al., 1999). Both observations suggest a direct
role for calnexin in preventing the misfolding of translocating proteins.

The correct folding of a single polypeptide chain may be assisted by multiple chaperones.
It is a matter of debate whether i) a folding protein interacts with a single chaperone, or defined
linear sequence of chaperones, until it completes folding (the ‘pathway model’), or ii) a folding
protein interacts with any of a number of simultaneously competing chaperones in different
combinations (the ‘network’ model) (reviewed in Ellis, 1999). Experimental evidence exists to
support both hypotheses (Buchberger et al., 1996; Farr et al., 1997; Helenius et al., 1997; Kim
and Arvan, 1995; Melnick et al., 1994). It is clear, however, that some chaperones have
overlapping specificity. For example, the MHC class I, which ordinarily requires calnexin for
assembly (Jackson et al., 1994), is able to assemble without calnexin in a cell line that has

upregulated BiP expression (Balow et al., 1995).

II. Quality Control in the Secretory Pathway

Eukaryotic cells carefully monitor secretory protein folding. If a protein misfolds, it is
retained in the ER for eventual degradation in a process called ‘quality control’ (Bonifacino and
Weissman, 1998; Hammond and Helenius, 1995; Helenius et al., 1992; Hurtley and Helenius,
1989; Kim and Arvan, 1998). This ‘quality control’ system retains misfolded proteins primarily
either by persistent chaperone binding, or selective exclusion of misfolded protein aggregates from
transport vesicles budding from the ER (reviewed in Kim and Arvan, 1998). It should be noted
that there are additional, as yet poorly defined, mechanisms for the ER retention and for the post-
ER/pre-Golgi localization of misfolded proteins (discussed below).

The ER is the primary site of oligomerization in the secretory pathway, and oligomerization
is often required for ER exit (Hurtley and Helenius, 1989). Therefore, the quality control system
monitors the quaternary structures of secretory proteins in addition to secondary and tertiary
structures. In some instances, incompletely assembled subunits of macromolecular cofnplexes are
retained in the ER through chaperone binding [e.g. thrombospondin (Prabakaran et al., 1996)].
Additionally, some proteins with exposed free thiol residues, which are often used for covalently
linking protein subunits, are retained in the ER [rather than retrieved (Isidoro et al., 1996)] even if
these subunits are otherwise properly folded [e.g. IgM p H chain (reviewed in Reddy and Corley,
1998)]. The molecular mechanism(s) responsible for free-thiol binding are poorly understood.

Some misfolded proteins escape the ER-quality control system, but encounter post-ER
quality control mechanisms that prevent them from progressing to the late secretory pathway

(reviewed in Hammond and Helenius, 1995). For example, at prolonged high levels of
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expression, a misfolded VSV G mutant can escape the ER only to be retrieved in the ERGIC/CGN
(Hammond and Helenius, 1994). A mechanism for retrieval was suggested based on the finding
that post-ER, misfolded VSV G is bound to BiP (Hammond and Helenius, 1994). Hammond and
Helenius (1994) proposed that post-ER misfolded VSV G¢BiP may be retrieved when BiP is
bound and retrieved by the KDEL receptor, thus bringing the VSV G along with it. Similarly,
unassembled MHC class I molecules are retrieved from the CGN and brought back to the ER (Hsu
et al., 1991), although the mechanism of retrieval is unknown. Further, proteins with uncleaved
glycophosphatidyl inositol membrane anchor attachment signals have been suggested to accumulate
in the ERGIC/CGN (Field et al., 1994; Moran and Caras, 1992). The nature of this retention
mechanism is also unknown.

Misfolded, ER-retained secretory proteins are degraded following a variable lag period
(reviewed in Bonifacino and Weissman, 1998; Cresswell and Hughes, 1997; Kopito, 1999,
Plemper and Wolf, 1999; Sommer and Wolf, 1997). Most commonly, both membrane anchored
and soluble misfolded proteins undergo retrograde translocation, or ‘dislocation’ via the
heterotrimeric sec61p pore (Pilon et al., 1997; Plemper et al., 1997; Wiertz et al., 1996), in
association with other translocon components (Plemper et al., 1997). Once in the cytosol these
proteins are deglycosylated, ubiquitinated in most cases, and rapidly degraded by the proteosome
(reviewed in Bonifacino and Weissman, 1998). The signal for triggering degradation appears to
be (at least in part) prolonged chaperone association (Beggah et al., 1996; Knittler et al., 1995; Qu
et al., 1996), and blocking this association protects misfolded proteins from degradation (Beggah
et al., 1996; Liu et al., 1999; McCracken and Brodsky, 1996).

In addition to dislocation and proteosomal degradation, there are alternate pathways for
degrading misfolded ER-retained proteins. For instance, there is morphological evidence that
regions of ER membrane containing aggregated proteins are directly converted into lysosomes
(Noda and Farquhar, 1992). There is also accumulating evidence for the existence of ER localized
cysteine proteases that degrade HMG-CoA reductase (Moriyama et al., 1998) and apolipoprotein B
(Adeli et al., 1997; Wu et al., 1997).

If a secretory proteins folds/assembles correctly, it is exported from the ER in coated
transport vesicles (see Figure 1). These vesicles are suggested to be coated with COPIL, although
this is still a controversial issue (see Gaynor et al., 1998). In some cases export may be preceded
by specific sorting and concentration of the protein (reviewed in Mellman and Warren, 1999;
Nishimura et al., 1999; Teasdale and Jackson, 1996). Further, export of certain proteins may be
mediated by ‘transport receptors’ (Herrmann et al., 1999) that provide information required for
entry into the transport vesicles [e.g. ERGIC-53’s action on coagulation factors V and VII
(Nichols et al., 1998) and cathepsin C (Vollenweider et al., 1998)]. Once packaged into COPII
coated transport vesicles (Scales et al., 1997), a secretory protein move from the ER to the ER-
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Golgi Intermediate Compartment (ERGIC; see Bannykh et al., 1998; Farquhar and Palade, 1898;
Kaiser and Ferro-Novick, 1998 for reviews). It is currently unclear if the ERGIC is 1) a static
compartment or ii) a transient intermediate composed of fused vesicles. The best studied ERGIC
marker is ERGIC-53, which cycles between the ER and the Golgi, but is concentrated in the
ERGIC (reviewed in Itin et al., 1995). From the ERGIC, COPI coated vesicular structures
containing secretory proteins (Scales et al., 1997) move to the cis-Golgi Network (CGN). The
CGN is defined as the cis-most Golgi cisternae and numerous associated vesicles. Like the
ERGIC, it is unclear if the CGN is a static compartment or the result of the fusion of transport
intermediates (reviewed in Bannykh et al., 1998). The exact relationship/distinction between the
ERGIC and CGN has not been clearly defined (Kaiser and Ferro-Novick, 1998), although the
CGN has been shown to have several distinct marker proteins [e.g. the Golgi calcium binding
protein CALNUC (Lin et al., 1998; Lin et al., 1999) and the microtubule binding protein GMAP-
210 (Infante et al., 1999)]. From the CGN, secretory proteins pass through the Golgi and TGN to
the late secretory pathway.

II1. Intramolecular Chaperones

Furin has been proposed to fold in a process mediated by its 83 residue N-terminal
propeptide (see Section IV). This proposal is informed by the finding that many evolutionarily
unrelated classes of protease (e.g. serine-, aspartyl-, cysteinyl- and metallo-proteases) have a type
of propeptide called an ‘intramolecular chaperone’ (IMC) that guides the folding of its cognate
protease (reviewed in Baker et al., 1993) (see Figure 2). Following IMC-mediated folding, m™MC
propeptides are autoproteolytically excised and (sometimes autoproteolytically) degraded, leaving
the protease in its native state. IMC-mediated folding is ideal for a protease that has to be stable in
a harsh environment surrounded by other proteases (reviewed in Baker, 1998; Baker et al., 1993).
Since even local protein breathing may result in degradation, these proteases have a large kinetic
barrier to unfolding that keeps the enzyme ‘locked’ in its native state. This kinetic barrier must be
overcome late during the process of folding. IMC propeptides serve to increase the folding rate of
their cognate proteases by lowering this kinetic barrier late in the folding pathway by means of
stabilizing a high-energy folding intermediate (reviewed in Baker, 1998; Baker et al., 1992b;
Shinde and Inouye, 1993). Thus, in contrast to molecular chaperones, which suppress off-
pathway folding reactions (i.e. aggregation), IMCs increase the rate of the forward folding
reaction. For that reason, IMC-mediated folding has been described as being under ‘kinetic
control’ (Baker, 1998; Baker and Agard, 1994; Baker et al., 1992b).
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The most thoroughly investigated examples of IMC-mediated protease folding are those of
the secreted bacterial endoproteases a-lytic protease and subtilisin. Alpha-lytic protease and
subtilisin have 166 / 198 residue and 77 / 275 residue pro / catalytic domains, respectively. Both
degradative endoproteases fold in the periplasmic space and subsequently excise their N-terminal
propeptides by single cleavages (Fujishige et al., ,1992; Power et al., 1986). Propeptide excision
triggers conformational changes that have been proposed to mark the end of the folding process
(Anderson et al., 1999; Shinde et al., 1999). Failure to excise the propeptide results in a zymogen
folding intermediate with exposed hydrophobic surfaces (Anderson et al., 1999; Shinde et al.,
1999), and this intermediate is retained in the periplasmic space in vivo (Fujishige et al., 1992;
Power et al., 1986). The propeptides of both subtilisin and a-lytic protease are required for correct
folding of their catalytic domains and facilitate this process both in vitro and in vivo (Ikemura and
Inouye, 1988; Power et al., 1986; Silen et al., 1989; Zhu et al., 1989). IMC-mediated folding of
subtilisin and a-lytic protease can be guided by non-covalently linked propeptide in trans (Baker et
al., 1992a; Eder et al., 1993b; Silen et al., 1989; Strausberg et al., 1993). Thus, energy liberated
from propeptide excision is not required for the folding of either protease.

Following excision, the propeptides of subtilisin and a-lytic protease remain non-covalently
associated with their cognate enzymes, acting as tight binding autoinhibitors (Baker et al., 1992a;
Liet al., 1995). Crystal structures reveal that the propeptide’s C-terminal residues occupy the
cognate proteases’ substrate-binding clefts, while the rest of the propeptide is folded into a separate
domain bound at a distance from the active site (Bryan et al., 1995; Gallagher et al., 1995; Sauter
etal., 1998). Thus, propeptide mediated inhibition is caused by the propeptide cleavage site
sequence sterically occluding the active site (Sohl et al., 1997). Interestingly, Peters and co-
workers (1998) have demonstrated a critical role for these C-terminal IMC residues in the folding
of a-lytic protease. This group found that removal or mutagenesis of the four residues at the
propeptide excision site could greatly diminish propeptide folding activity in trans (up to >10° fold)
(Peters et al., 1998). Work on subtilisin has yielded comparable results (L1 et al., 1995),
suggesting that the use of these C-terminal residues for IMC action may be a general mechanism
for propeptide mediated folding. These residues may be directly involved in the folding of the
active site (Baker, 1998).

Given that IMCs bind and inhibit their cognate proteases, these propeptides must be degraded
for enzyme activation. In the cases of subtilisin and o-lytic protease, the propeptides are rapidly
degraded following folding. Degradation of the subtilisin propeptide has been speculated to be an
intermolecular, autoproteolytic event, with an already active-subtilisin molecule cleaving a
methionine-rich site in the propeptide of an inactive subtilisin°propeptide complex (Bryan et al.,
1995). By contrast, the propeptide of a-lytic protease has been suggested to be degraded in trans
by an unknown protease(s) in vivo (Sauter et al., 1998). The rapidity of propeptide degradation
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for both bacterial enzymes has prevented rigorous study of the importance of this process to
folding and activation (Bryan et al., 1995).

The specific molecular mechanisms by which the subtilisin and a-lytic protease propeptides
guide folding is of great interest. It is currently believed that a significant kinetic barrier to folding
exists very late in the folding process, and that further folding requires that the propeptide stabilizes
a high-energy folding intermediate (reviewed in Baker, 1998). In subtilisin, the propeptide-
stabilized folding barrier is believed to involve the formation of an o~-a substructure (Bryan et
al., 1995; Gallagher et al., 1995), while in o-lytic protease it appears to be the formation of a B-
hairpin (Sauter et al., 1998). Once formed, these structures may act as folding nuclei around
which the rest of the protease folds (Bryan et al., 1995; Gallagher et al., 1995). Folding
intermediates that have reached this late kinetic barrier have been characterized for both o-lytic
protease and subtilisin. Following denaturation and subsequent removal of denaturant in the
absence of the propeptide, both subtilisin and o-lytic protease adopt an inactive, partially folded
state called the ‘I state” (Baker et al., 1992b; Eder et al., 1993b). The I state is extremely stable
and has the characteristics of a molten globule folding intermediate, as it is less compact than the
native state and it contains significant secondary structure with little or no organized tertiary
structure (Baker et al., 1992b). This intermediate does not interconvert with the native state on a
biologically relevant time scale [t,,, >2,000 years in the case of o-lytic protease (Sauter et al.,
1998)] illustrating the difficulty of overcoming this kinetic folding barrier in the absence of the
propeptide.

In order to reach its native state, protease in the I state must undergo a conformational change
via a high energy folding intermediate (reviewed in Baker, 1998). This intermediate is ‘native-like’
in structure and is stabilized by the propeptide. The addition of cognate propeptide in trans to
either subtilisin or a-lytic protease in the I state causes rapid conversion to the native state (Baker et
al., 1992b; Eder et al., 1993b; Strausberg et al., 1993). The role of the propeptide in stabilizing a
‘native-like’ folding intermediate is supported by the binding of propeptides to the native states of
their cognate enzymes resulting in enzyme inhibition (reviewed in Baker and Agard, 1994; Sohl et
al., 1997). It should be noted, however, that propeptides probably bind to the ‘native-like’ folding
intermediate more strongly than to the native state itself (Peters et al., 1998; Sohl et al., 1998).

Given the strong kinetic character of IMC-mediated folding, it was speculated that some
IMC-folded proteases might be metastable (Baker and Agard, 1994), rather than being at the global
energy minimum as suggested by the standard model of protein folding (see Section I). Recent
experimentation has demonstrated that this is indeed the case for a-lytic protease: in the absence of
the propeptide, the molten globule I state is thermodynamically more stable than the native species
(Sohl et al., 1998). The metastability of o-lytic protease suggests the possibility of ‘protein
memory’ (Baker and Agard, 1994). In theory, there could be numerous kinetically trapped
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‘native’ states for a protease that could be accessed by different IMC sequences. Hence, the
protease could ‘remember’ steric information from the IMC that mediated its folding even after that
IMC had been degraded.

The existence of protein memory was demonstrated experimentally using subtilisin (Shinde et
al., 1997). A subtilisin propeptide containing a specific point mutation causes subtilisin to fold
into a kinetically stable ‘altered’ conformation. This ‘altered’ conformation displays biophysical
and enzymatic properties different than subtilisin folded with the wild-type propeptide (Shinde et
al., 1997), and the ‘imprinting’ of this information occurs late in the folding process (Shinde et al.,
1999). Since IMCs convey steric information to their cognate proteases, in marked contrast to

molecular chaperones, they have been termed ‘steric chaperones’ (Ellis, 1998).

IV. Furin and the Proprotein Convertases

Following folding, many secretory proteins are proteolytically modified in late secretory
pathway compartments. Single or multiple endoproteolytic cleavages of these proteins result in the
release of smaller, bioactive products. A class of endoproteases in eukaryotes responsible for
cleavage at sites containing oligo basic amino acids are the proprotein convertases (PCs; see Figure
3). These calcium-dependent serine endoproteases are homologous to bacterial subtilisin.
Members of the PC family include Kex2p, which catalyzes the activation of oa~mating pheromone
in yeast, and many Kex2p homologues expressed in higher eukaryotes including PC1/3, PC2,
PC4, PC5/6, LPC/PC7/8, PACE-4 and furin (see Molloy et al., 1999; Nakayama, 1997; Seidah
and Chretien, 1997; Steiner, 1998 for reviews).

Furin is a 794 amino acid, type I membrane protein localized to the trans-Golgi network
(TGN)/endosomal system, where it cleaves many precursor proteins at the consensus site -Arg-X-
Lys/Arg-Arg'- (Bresnahan et al., 1990; Hatsuzawa et al., 1992a; Matthews et al., 1994a; Molloy
et al., 1992; Molloy et al., 1994) (see Figure 4). Known functional regions within furin are
shown in Figure 5. Furin substrates include proproteins cleaved in both the exocytic and endocytic
pathways, as furin cycles between the cell surface and the TGN via endosomal compartment(s)
(Figure 3; Molloy et al., 1994; Schafer et al., 1995; Voorhees et al., 1995). Movement of furin
between two local cycling loops, one at the TGN and the other at the cell surface, is mediated by a
cycle of phosphorylation/dephosphorylation of the furin cytoplasmic tail by casein kinase II and
phosphatase 2A, respectively (Jones et al., 1995; Molloy et al., 1994; Wan et al., 1998). Furin’s
dwell time at the cell surface is modulated by association with ABP-280 (Liu et al., 1997).
Further, furin is cleaved prior to the transmembrane domain in the late secretory pathway (Wan et

al., 1998), resulting in the release of soluble, active furin from the cell (Molloy et al., 1994; Vey et
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al., 1994; Vidricaire et al., 1993). Shed furin may be responsible for the cleavage of extracellular
substrates (see Figure 4).

Furin substrates include a wide variety of endogenous proteins, as well as exogenous
pathogen molecules including viral envelope glycoproteins and bacterial toxins (see Figure 4).
Indeed, the specific furin inhibitor o;,-PDX has been shown to have potent anti-pathogenic
properties. This recombinant protein inhibitor blocks HIV-1 gp160 proteolytic maturation
(Anderson et al., 1993), measles infection (Watanabe et al., 1995), Pseudomonas exotoxin A-
mediated cell killing (Jean et al., 1998) and cytomegalovirus infection (F. Jean and G. Thomas,
unpublished results) in tissue culture systems.

Furin is synthesized as an inactive zymogen with an N-terminal propeptide, similar to its
homologue bacterial subtilisin. That the 83 residue propeptide plays a significant role in furin
folding is suggested by the finding that propeptide truncation abolishes enzyme activity
(Rehemtulla et al., 1992). Furin’s propeptide is autoproteolytically excised within the ER by
cleavage at the site -Arg-Thr-Lys-Arg,,*- (t,, < 10 minutes) (Creemers et al., 1995; Leduc et al.,
1992: Molloy et al., 1994; Vey et al., 1994). This cleavage is unaffected by the fungal metabolite
brefeldin A (Molloy et al., 1994; Thomas et al., 1995a), but is blocked by depletion of intracellular
calcium stores with the ionophore A23187 (Vey et al., 1994). Further, mutation of the catalytic
triad or the P1 or P4 residues of the propeptide excision site blocks propeptide excision and
enzyme activation (Creemers et al., 1995; Leduc et al., 1992) as well as transport out of the early
secretory pathway (Creemers et al., 1995; Molloy et al., 1994 and this dissertation).

Furin is not enzymatically active immediately following ER-localized propeptide excision.
Rather, activation requires exposure of the endoprotease to post-ER compartments (Molloy et al.,
1994; Vey et al., 1994). The studies undertaken for this dissertation determined why this is the
case. We initially speculated that furin activation might involve the gradients of pH, and possibly
calcium, that exist within the secretory pathway. The pH of the ER is roughly neutral (Kim et al.,
1998) whereas the pH of the TGN is ~6.0 (Demaurex et al., 1998; Seksek et al., 1995), and some
endosomal compartments are acidic as well (Clague, 1998; Mellman et al., 1986). Further, many
studies have suggested that the concentration of available calcium in the ER is relatively low
(perhaps in the micromolar range; reviewed in Meldolesi and Pozzan, 1998), and while the calcium
concentration in the TGN is not firmly established, it has been suggested to be in the low
millimolar range (Chanat and Huttner, 1991; Chandra et al., 1991; Kendall et al., 1994; Roos,
1988; Sambrook, 1990; Song and Fricker, 1995).

An in vitro study by our group found that furin undergoes a multi-step, pH-dependent
process of activation following propeptide excision (Chapter 1). After excision, the propeptide
remains non-covalently bound to furin, acting as an autoinhibitor, much like the subtilisin
propeptide (Li et al., 1995). Exposure of the inactive furinepropeptide complex to a mildly acidic
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(pH 6.0) and calcium-containing (low millimolar) environment suggested to be characteristic of the
TGN results in a second cleavage within the propeptide at -Arg-Gly-Val-Thr-Lys-Arg,}-.
Following internal cleavage, the propeptide fragments dissociate from furin, permitting the enzyme
to cleave substrates in trans. These in vitro findings were interpreted to suggest that furin becomes
active in vivo within the TGN, the enzyme’s primary compartment of residence (Molloy et al.,
1994).

In a second set of studies we sought to determine if the model generated by our in vitro work
indeed reflected furin activation in vivo (Chapter 2). We also explored the relationship between
furin’s activation state and the secretory pathway quality control system. We found that a furin
construct lacking the propeptide is inactive and ER-localized, suggesting misfolding. Co-
expression of the propeptide in trans partially restored trafficking and activity, consistent with the
putative role of the furin propeptide as an IMC. Further, failure of furin to excise its propeptide at
-Arg-Thr-Lys-Arg,,,!- results in ERGIC/CGN localization, suggesting selective retention by the
quality control system. Consistent with predictions made in light of our in vitro studies, furin
autoproteolytically and intramolecularly cleaves its propeptide at -Arg-Gly-Val-Thr-Lys-Arg, - in
the late secretory pathway (t;,, = 105 minutes). The pH-modulated cleavage of this site was
demonstrated by the use of synthetic peptide substrates. Unlike excision, preventing propeptide
cleavage at -Arg-Gly-Val-Thr-Lys-Arg..*- does not result in a trafficking defect. Interestingly,
introduction of a P4 Arg into the site of internal propeptide cleavage (-Arg-Gly-Val,,-Thr-Lys-
Arg,.- — -Arg-Gly-Arg,,-Thr-Lys-Arg..-), so that it resembles the site of propeptide excision, i)
blocks propeptide excision and ii) prevents exit of furin from the ER, both of which suggest
misfolding. These data demonstrate that the integrity of the P1/P6 Arg internal propeptide cleavage
motif is essential for furin activation. A possible model for furin folding that is consistent with this

result 1s discussed.
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Figure 1: Folding and trafficking of proteins in the early secretory pathway.
Nascent proteins enter the ER via the translocon. In the ER lumen they undergo folding/assembly,
often with the assistance of molecular chaperones. Misfolded proteins are retained in the ER by the
quality control system, and are subsequently degraded, usually by the proteasome. Secretory
proteins enter COPII coated vesicles and transit to the ERGIC. Proteins then move in COPI coated
structures to the CGN. From the CGN they pass through the cis-, medial-, and trans-Golgi to the
TGN and the other compartments of the late secretory pathway. Some partially- or mis-folded
proteins are recycled to the ER from the ERGIC or CGN.

After Farquhar and Palade, 1998.
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Figure 2: IMC-mediated protease folding. Starting as an unfolded polypeptide chain, the
catalytic domain (white) folds in a process mediated by the IMC (green). The propeptide is then
autoproteolytically and intramolecularly excised (yellow cleavage site), triggering a conformational
change that is believed to mark the end of the folding process. The propeptide transiently remains
associated with the protease, acting as a potent autoinhibitor until its subsequent degradation.
Degradation is sometimes an autoproteolytic process, as in the case of subtilisin. Interestingly,
covalent linkage of the IMC and catalytic domains is not required for folding, as mixing of the two

unfolded domains in trans results in active enzyme.



Figure 3: Structures of the eukaryotic proprotein convertases (PCs).
The functional domains of the PCs presented here are indicated. Kex2p is found in S. cerevisiae,

and dKLIP-1 is found in D. melanogaster. The other PCs shown are found in mammals.

This figure was made by Gary Thomas.
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Figure 4: Furin processing compartments and in vive furin substrates.

(Inset) Furin (scissors) can cleave substrates in multiple cellular compartments, including the
TGN/endosomal system and the cell surface. Representative furin substrates processed in each
designated compartment are shown. Further, a truncated, active form of furin is shed from the
cell, and may participate in the proteolytic maturation of extracellular substrates. The P6-P2’
cleavage site sequences for a selected list of proposed furin substrates are shown. Basic P1/P4
residues constituting the minimal furin cleavage site are highlighted in purple, while the additional
basic P2 residue generating the consensus furin site is highlighted in blue. Basic residues in the P6
position that are necessary for the alternate furin cleavage site are highlighted in green. Note that
some substrates have not only a consensus furin cleavage site but also a P6 basic residue (e.g.
profibrillin). a) Misumi, Y. et al. 1991. J. Biol. Chem. 266:16954-16959 and Brennan, S. 0.
Nakayama, K. 1994. FEBS Lett. 338:147-151, b) Wasley, L. C. et al. 1993. J. Biol. Chem.
268:8458-8465, ¢) Drews, R. et al. 1995. Proc. Natl. Acad. Sci. U.S.A. 92:10462-10466, d) van
de Ven, W. J. et al. 1990. Mol. Biol. Rep. 14:265-275 and Wise, R. I. et al. 1990. Proc. Natl.
Acad. Sci. U.S.A. 87:9378-9382, e) Bresnahan, P. A. et al. 1990. J. Cell Biol. 111:2851-2859,
f) Cui, Y. et al. 1998. EMBO J. 17: 4735-4743, g) Sawada, Y. et al. 1997. J. Biol. Chem.
272:20545-20554, h) Hendy, G. N. et al. 1995. J. Biol. Chem. 270:9517-9525, i) Adams, R. H.
et al. 1997. EMBO J. 16:6077-6086, j) Dubois, C. M. et al. 1995. J. Biol. Chem. 270:10618-
106124, k) Mondino, A. et al. 1991. Mol. Cell Biol. 11:6084-6092 and Bravo, D. A. et al. 1994.
J. Biol. Chem. 269:25830-25837, 1) Logeat, F. et al. 1998. Proc. Natl. Acad. Sci. U.S.A.
95:8108-8112, m) Komada, M. et al. 1993. FEBS Lett. 328: 25-29, n) Kozyraki, R. et al. 1998.
Blood 91:3593-3600, o) Paquet, L. ef al. 1994. J. Biol. Chem. 269:19279-19285, p) Kessler, E.
et al. 1996. Science 271:360-362, q and r) Kramer, J. M. and Johnson, J. J. 1993. Genetics
135:1035-1045, s) Sato, H. et al. 1996. FEBS Lett. 393:101-104, t) Lehmann, M. et al. 1996.
Biochem. J. 317:803-809, u) Milewicz, D. M. et al. 1995. J. Clin. Invest. 95:2373-2378, v) Pei,
D. and Weiss, S.J. 1995. Nature 375:244-247, w) Yang, M. et al. 1997. J. Biol. Chem.
272:13527-13533, x and y) Epifano, O. et al. 1995. Development 121:1947-1956, z) Yurewicz,
E. C. et al. 1993. Biochim. Biophys. Acta 1174:211-214, aa) Klimpel, K. R. et al. 1992. Proc.
Natl. Acad. Sci. U.S.A. 89:10277-10281 and Molloy, S. S. et al. 1992. J. Biol. Chem.
267:16396-16402, bb) Gordon, V. M. et al. 1997. Infect. Immun. 65:4130-4134, cc) Tsuneoka,
M. et al. 1993. J. Biol. Chem. 268:26461-26465, dd) G. van der Goot, pers. comm, ee)
Moehring, J. M. ez al. 1993. J. Biol. Chem. 268:2590-2594, ff) Garred, @. et al. 1995. J. Biol.
Chem. 270:10817-10821, gg) Subbarao, K. et al. 1998. Science 279:393-396, hh) Richt, J. A. et
al. 1998. J. Virol. 72:4528-4533, ii) Spaete, R. R. et al. 1988. Virology 167:207-225, jj)
Volchkov, V. E. et al. 1998. Proc. Natl. Acad. Sci. U.S.A. 95:5762-5767, kk) Pellett, P. E. et al.
1985. J. Virol. 56:807-813, 11) Hallenberger, S. et al. 1992. Nature 360:358-361 and Decroly, E.
et al. 1994. J. Biol. Chem. 269:12240-12247, mm) Cavanagh, D. et al. 1986. Virus Res. 4:133-
143, nn) Sumiyoshi, H. et al. 1986. Gene 48:195-201, oo) Richardson, C. et al. 1986. Virology
155:508-523, pp) Collins, P. L. et al. 1984. Proc. Natl. Acad. Sci. U.S.A. 81:7683-7687, qq)
Schwartz, D. E. er al. 1983. Cell 32:853-869, 1) Rice, C. M. et al. 1985. Science 229:726-733.

Adapted from Molloy et al., 1999.
This figure was made by Eric Anderson and Gary Thomas.
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Figure 5. Functional domains of furin.

The human pre-profurin sequence (EC# 3.4.21.85) contains a 24 residue signal peptide (sp) and
an 83 residue propeptide (pro) which mediates compartment-specific activation. Furin is a serine
endoprotease (it has an Asp, His, Ser catalytic triad), and its ~330 residue catalytic domain is
homologous to the bacterial subtilisins. Modeling studies of the catalytic domain, based on the
crystal structure of bacterial subtilisins, predict S1, S2, S4 and S6 binding pockets (Siezen et al.,
1994b). Also predicted are high- and middle-affinity calcium binding sites (Cal and Ca2,
respectively). The ~140 residue ‘P domain’ is necessary for the activity of furin and other PCs
(Zhou et al., 1998). P domains may have evolved to enable PCs to be active at mildly acidic pH
(unlike bacterial subtilisins) and to stabilize the highly acidic catalytic- and pro-domains (Lipkind et
al., 1998). The ~115 residue Cys-rich region (Cys-RR) has no established role. The 23 residue
transmembrane domain is followed by a 56 residue cytosolic domain (cd) that contains furin’s

intracellular sorting information (reviewed in Molloy et al., 1999).
Adapted from Molloy et al., 1999.

This figure was made by Sean Molloy and Linda Cordilia.
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ABSTRACT

Activation of furin requires autoproteolytic cleavage of its 83-amino acid propeptide at the
consensus furin site, - Arg-Thr-Lys-Arg,,;*- [Leduc et al. 1992. J. Biol. Chem. 267:14304-
14308]. This RER-]ocalized cleavage is necessary but not sufficient for enzyme activation.
Rather, full activation of furin requires exposure to, and correct routing within, the
TGN/endosomal system [Molloy et al. 1994. EMBQO J. 13:18-33; Vey et al. 1994. J. Cell Biol.
127:1829-1842]. Here, we identify the steps in addition to the initial propeptide cleavage
necessary for activation of furin. Exposure of membrane preparations containing an inactive RER-
localized soluble furin construct to either i) an acidic and calcium containing environment
characteristic of the TGN or ii) mild trypsinization at neutral pH, resulted in the activation of the
endoprotease. Together these results suggest that the pH drop facilitates the removal of a furin
inhibitor. Consistent with these findings, following cleavage in the RER, the furin propeptide
remains associated with the enzyme and functions as a potent inhibitor of the endoprotease. Co-
immunoprecipitation studies coupled with analysis by mass spectrometry show that release of the
propeptide at acidic pH, and hence activation of furin, requires a second cleavage within the
autoinhibitory domain at a site containing a P6 arginine (-Arg,-Gly-Val-Thr-Lys-Arg,.}-). The
significance of this cleavage in regulating the compartment-specific activation of furin, and the

relationship of the furin activation pathway to those of other serine endoproteases are discussed.
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INTRODUCTION

Biosynthesis of proteins destined for residence within, or routing through, the secretory
pathway requires an orchestrated series of events, including one or more proteolytic cleavages to
yield the mature and functional molecule. The primary translation product for many bioactive
proteins (e.g. growth modulators, receptors, peptide hormones and proteinases) contains, in
addition to the active region, a propeptide, that is typically an amino-terminal extension of the
mature protein. The functions of propeptides appear to be manifold. In the case of several
precursors of growth modulators [e.g. nerve growth factor and amphiregulin] the propeptides are
required for stability or secretion of the active factor (Suter et al., 1991; Thorne and Plowman,
1994), whereas the propeptide of transforming growth factor- participates in formation of latent
complexes (Miyazono et al., 1988). The propeptide of the yeast enzyme carboxypeptidase Y is
required for the receptor-mediated sorting to the vacuole (Valls et al., 1990). Finally, propeptides
are important for the activation of all classifications of proteinases (i.e. serine-, aspartyl-, cysteinyl-
and metallo-proteinases; reviewed in Baker et al., 1993).

Perhaps the most thoroughly investigated examples of propeptide-mediated proteinase
activation are those of the bacterial serine proteinases, subtilisin and o-lytic protease. The N-
terminal propeptides of both enzymes are required for the correct folding of their catalytic domains
and can facilitate the refolding of denatured enzyme in vitro (Ikemura and Inouye, 1988; Power et
al., 1986; Silen et al., 1989; Zhu et al., 1989). Following translation of the nascent chain into the
periplasmic space and folding of the zymogen, the amino-terminal propeptides of both bacterial
endoproteases are cleaved by an intramolecular reaction (Power et al., 1986; Silen et al., 1989).
The propeptides remain associated with the catalytic domains through non-covalent interactions and
act as potent autoinhibitors (Baker et al., 1992a; Li et al., 1995). Structural and biochemical
analyses have shown that the subtilisin propeptide binds to the enzyme primarily through multiple
non-polar interactions, with the C-terminus extending into the active site of the enzyme, thus acting
as a competitive inhibitor (Bryan et al., 1995; Gallagher et al., 1995; Li et al., 1995; Li and
Inouye, 1994). When subtilisin E propeptide is degraded, by an as yet uncharacterized pathway,
the enzyme is free to act on substrates in trans (Ikemura and Inouye, 1988).

The bacterial subtilisins are evolutionarily related to the eukaryotic proprotein convertases,
a family of calcium-dependent serine endoproteases. The convertases catalyze the proteolytic
maturation, and hence activation, of precursor proteins within the secretory pathway by cleavage at
oligo-basic amino acid sequences (Smeekens, 1993; Steiner et al., 1992). Members of the
proprotein convertase family include the yeast convertase Kex2p, which catalyzes the activation of
o-mating pheromone, and a number of Kex2p homologues expressed in metazoa including furin,
PC1/3, PC2, PC4, PC5/6, LPC/PC7/8 (hereafter termed PC7) and PACE-4 (see Bruzzaniti et al.,
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1996:; Meerabux et al., 1996; Seidah et al., 1996; Smeekens, 1993; Steiner et al., 1992).

Like the bacterial subtilisins, the proprotein convertases are synthesized as inactive
precursors that require proteolytic cleavage of their amino-terminal propeptides. This was first
established for furin, a type I membrane protein concentrated in the TGN/endosomal system (Jones
et al., 1995; Molloy et al., 1994; Schafer et al., 1995; Takahashi et al., 1995; Voorhees et al.,
1995) that cleaves a large number of proprotein molecules at the consensus furin site -Arg-X-
Lys/Arg-Arg- in both the biosynthetic and endocytic pathways (see Bresnahan et al., 1993; Leduc
etal., 1992; Van de Ven et al., 1993 for reviews). The furin zymogen undergoes autocatalytic
cleavage of its 83 amino acid N-terminal propeptide at the C-terminal side of the consensus furin
site -Arg-Thr—Lys—Arglmi— soon after deposition of the molecule into the RER (t;/2 < 10 minutes)
(Creemers et al., 1995; Leduc et al., 1992; Molloy et al., 1994; Vey et al., 1994). Not only is the
RER-localized propeptide cleavage a necessary step for activation of furin, it is also required for
export of the protein from this compartment (Creemers et al., 1995; Molloy et al., 1994).
However, this cleavage alone is not sufficient for enzymatic activation of furin. Rather, furin
activation also requires exposure of the endoprotease to post-RER compartments (Molloy et al.,
1994; Vey et al., 1994). For example, a furin construct unable to be exported from the RER
undergoes autoproteolytic cleavage of its propeptide, but remains proteolytically inactive against
substrates in trans (Molloy et al., 1994).

To begin identification of the additional steps comprising the furin activation pathway, we
have developed a simple in vitro system to study this process under defined conditions. Here,
using this approach, we report the discovery of an ordered series of steps required for the
activation of furin. The relationship of these steps to the compartment-dependent activation of

furin in the secretory pathway is discussed.
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MATERIALS AND METHODS

Materials

The protease inhibitors PMSF, pepstatin-A, and soybean trypsin inhibitor (SBTI) were obtained
from the Sigma Chemical Company (St. Louis, MO). E-64 was obtained from Boehringer-
Mannheim Biochemicals (Indianapolis, IN). The peptide substrate Boc-Arg-Val-Arg-Arg-4-
methyl-coumaryl-7-amide was from Peptides International (Louisville, KY). The internally
quenched substrate Q1, Abz-Arg-Val-Lys-Arg-Gly-Leu-Ala-Tyr(NO,)-Asp-OH, was a gift from
Dr. Herbert Angliker (Friedrich Miescher-Institut, Basel). The secreted soluble furin construct
Fur713t was purified as described previously (Molloy et al., 1992). Alkaline phosphatase- and
horseradish peroxidase- conjugated goat anti-mouse secondary antibody were obtained from
Southern Biotechnology Associates (Birmingham, AL). The mAb 12CAS directed against the HA
epitope was obtained from Boehringer-Mannheim Biochemicals. Purified mAbs M1 and M2
directed against the FLAG epitope were obtained from Kodak-IBI (Rochester, NY).

Cell Culture

BSC-40 Cells were maintained in minimal essential medium (MEM; GIBCO BRL, Gaithersburg,
MD) containing 10% fetal bovine serum (FCS; HyClone, Logan, Utah) and 25 pg/ml gentamycin
as described previously (Bresnahan et al., 1990; Thorne et al., 1989).

Furin Constructs and Vaccinia Virus (VV) Expression

The FLAG epitope tagged furin construct fur/f was generated previously (Molloy et al., 1994).

HA tagged furin constructs were based on the EcoRI/Kpnl fragment of furin in Bluescript (SK-) as
a template, and generated by single-primer (Kunkel) mutagenesis techniques with the
oligonucleotide FURIN/HA (5’ - CTG CTA GCA GCT GAT GCT CAA GGA TAC CCCTAC
GAC GTG CCC GAC TAC GCC CAG GGC CAG AAG GTCTTC - 3’). Underlined sequences
correspond to native furin sequences between Leujg—Ala,, and Gln,;—Phes,. This oligonucleotide
introduced the sequence encoding QGYPYDVPDYA (the HA tag is underlined) between the end of
the signal sequence and the beginning of the furin propeptide (AMinSG%, see Results section).
The additional two residues that are not part of the HA epitope (QG) were introduced to preserve
the sequence C-terminal to the signal sequence cleavage site. The full-length furin construct with
the HA tag (fur/f/ha) was then generated using the cloning strategy described previously for the
construction of fur/f (Molloy et al., 1994). The furin mutants R, A:fur/f/haatc-k and

R, A:fur/f/haatc-k were also generated by single-primer mutagenesis using the primers R70A (5°-
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CACTICTGG CAT GCA GGA GTG ACG AAG CGG -3’ and R75A (5’- GTG ACG AAG
GCC TCC CTG TCG -3’). The nucleotides in each oligo that are complementary to the furin
sequence are underlined. The R70A mutation introduced a diagnostic Sphl site and the R75A
mutation introduced a diagnostic Stul site (in boldface type). The ER-retained furin construct
fur/fAtc-k was generated previously (Molloy et al., 1994) and used to construct R, A:fur/f/haatc-k
and R,;A:fur/f/haatc-k by swapping the truncated C-terminus with the KDEL sequence from
pZVneo:fur/fAtc-k in place of the full-length furin tail. All furin constructions were ultimately

cloned into the pZVneo vector for generating recombinant vaccinia virus by marker transfer as

previously described (VanSlyke et al., 1995).

Glutathione-S-Transferase (GST) Fusion Proteins

Sequences encoding the native and HA-tagged furin propeptides were produced by PCR
amplification of the appropriate furin construct in pZVneo and inserted between the EcoRI and
BamHI sites of pGEX 3X (Pharmacia, Piscataway, NJ). GSTpro was constructed using 5’ primer
NNAPROG: 5’ - GCG GGA TCC AGG GCC AGA AGG TCT TC - 3°. GSTpro/ha was
constructed using the 5’ primer NHAPROG: 5’ - GCG GGA TCC TCT ACC CCT ACG ACG
TGC CC - 3°. The 3’ primer used for the construction of both GSTpro and GSTpro/ha was
CPROG: 5’ - GCG GAA TTC ACC GTT TAG TCC GTC GCT T -3°. The sequences

complimentary to wild-type or HA-tagged furin are underlined and newly introduced restriction

sites are shown in boldface type. GSTpro and GSTpro/ha were expressed in bacteria and purified

according to the manufacturer’s instructions (Pharmacia).

Cell Fractionation

Crude membrane preparations were made for the analyses of furin constructs by immunoblotting,
activation assays, HPLC and mass spectrometry. Confluent BSC-40 cells on 10- or 15-cm plates
(1 or 2 x 107 cells per plate, respectively) were infected with recombinant vaccinia virus at a
multiplicity of infection (m.o.i.) of 5 and incubated for 14-16 hours at 37°C in a defined serum free
medium (MCDB202; McKeehan and Ham, 1977). For harvesting, the plates were placed on ice
and the medium aspirated. The cells were then removed with a rubber policeman in 2.5 mls (for
10 cm plates) or 5 mls (for 15 cm plates) of 10 mM HEPES (pH 7.2) supplemented with protease
inhibitors (0.2 mM PMSF, 1 mM EDTA and 0.01 mM pepstatin-A, and 5 mM E-64). The cells
were lysed by repeated passage through a 25 gauge needle followed by centrifugation at 5,000 x g
for 5 minutes at 4°C to remove unbroken cells and nuclei. Membranes were pelleted from 400-500

ul aliquots of the low speed supernatants by centrifugation at 55,000 r.p.m. in either a TLA 100.1
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or TLA 100.3 fixed angle rotor (Beckman Instruments, Inc., Fullerton, CA) for 1 h at 4°C. Pellets

were resuspended in buffers as indicated.

Furin Activity Assays

All assays were carried out in 100 mM HEPES, pH 7.5, 1 mM 2-mercaptoethanol, 0.5% Triton
X-100 and 1 mM CaCl,. Fluorometric assays with 4-methyl-coumaryl-7-amide-containing
peptides (AMC substrate) were performed as described previously (Molloy et al., 1992) except
when GSTpro or GSTpro/ha were added as indicated. Assays with the internally quenched Q1
substrate were performed essentially as described previously (Angliker et al., 1995) except that a 3

ml reaction volume with 3.8 uM Q1 substrate was used.

Furin Activation Assays

Membrane pellets were resuspended by trituration into 100 pl of 10 mM Bis-Tris (pH 6.0 or 7.5),
0.5% Triton X-100, 5 mM CaCl,, 1 mM 2-mercaptoethanol. Protease inhibitors were added as
indicated. Appropriate substitutions or omissions were made to this buffer to analyze the effect of
pH and calcium on the activation of the ER-retained furin constructs. Following resuspension the
samples were transferred to 1.5 ml Eppendorf tubes and pre-incubated in a 30°C water bath for the
indicated lengths of time. Following incubation, two 30 pl aliquots of the samples were assayed

for enzymatic activity against the Q1 substrate

Immunoprecipitations and Immunoblotting

A portion of the membrane pellets resuspended in Bis-Tris buffer was diluted with mRIPACaZ+
buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 1 mM
CaCl,). The monoclonal antibody M1 was added (50 ug/ml) and rotated for 2 hours at 4°C.
Protein G Sepharose (Zymed, South San Francisco, CA) was added (30ul of a 50% slurry) to the
immunoprecipitation reactions and incubated one hour. The Sepharose beads were washed four
times with mRIPACa2+ buffer before resuspending them in SDS-sample loading buffer. Samples
were separated on a 15% peptide gel using a SDS-Tris-tricine buffer system (Dayhuff et al., 1992;
Schigger and von Jagow, 1987). The proteins were then transferred to nitrocellulose membranes
for 30 minutes at 36 volts. The membranes were first blocked in TBST (50 mM Tris-HCI, pH 8.0,
150 mM NaCl, 0.05% TX-100 and 0.01% NaN3) containing 5% milk and then probed with mAb
12CAS5 (0.5 pg/ml final concentration) overnight at 4°C. The secondary antibody (goat anti-mouse-
alkaline phosphatase conjugate) was incubated with the blot for 1 h at room temperature and the
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immunostaining pattern was developed with BCIP and NBT solutions (Zymed). When extracts
were to be analyzed directly, portions of the membrane preparation suspensions were mixed with
SDS-sample loading buffer and subjected to peptide gel electrophoresis and western blot analysis

as described above.

Limited Trypsinization of Propeptide

Confluent BSC-40 cells were infected with VV:hFur/fAtc-k and cell membranes were prepared as
described above. Membrane pellets were resuspended by trituration in 100 ul of 100 mM HEPES
pH 7.0, 0.5% Triton X-100, 1 mM CaCl,, 1 mM 2-mercaptoethanol. Controls had no subsequent
additives, except when 5 ul of 1 mg/ml soybean trypsin inhibitor (SBTT; final concentration = 2.5
uM) along with 2 pl of 1 ug/ml bovine trypsin (for final concentration of 0.83 nM) were added.
Trypsin alone was added to the experimental samples and all samples were incubated 1 hour at
30°C, after which 5 ul of 1 mg/ml SBTI was added to the experimental samples and all samples
were incubated a further 30 minutes. Enzymatic activity was determined using the Q1 substrate as

described above.

Mass Spectrometry of Propeptide Fragment

Forty 15 cm plates of confluent BSC-40 cells (a total of 8 x 10® cells) were infected at an m.o.i. of
5 with VV:hFur/f/haAtc-k construct. At eighteen-hours post infection the cells were harvested and
a crude membrane preparation made (see above). The membrane preparation was incubated for 8
hours at 30°C in 5 ml of 10 mM Bis-Tris pH 6.0, 5 mM CaCl,, 0.5% triton X-100, with 0.2 mM
PMSF, 0.01 mM pepstatin-A and 5 mM E-64. The clarified supernatant from this incubation was
acidified with TFA (final concentration = 0.1%) and run on reversed-phase HPLC using a Vydac
C4 column, developing the following gradient: 16 to 25% B over 2 minutes., 25 to 49% B over 75
minutes., 49 to 90% B over 10 minutes., where buffer A is 0.1% TFA in H>O and buffer B is
0.1% TFA in 80% acetonitrile, with a flow rate of 1 ml/min. One ml fractions were collected,
dried down and resuspended in 100 pl water. Ten pl of each fraction was then run on 15% peptide
gel using a SDS-Tris-tricine buffer system which was then transferred to PVDF membrane and
immunoblotted using the 12CAS5 anti-HA as the primary antibody. Fractions 65, 66, and 67 were
found to contain the ~6 kDa fragment of interest. These fractions were acidified with acetic acid
(final concentration = 10%). One pl of each was used for MALDI-TOF analysis on a Voyager
Elite (PerSeptive Biosystems, Cambridge, MA) in linear mode with the sample embedded in a
sinapinic (3,5-dimethoxy-4-hydroxy cinnamic) acid matrix. Electrospray capillary LC/MS was
performed on a Perkin Elmer/Sciex API-III triple quadrupole with an ionspray source on 25 ul of
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each sample. The capillary column was hand-packed by J. Kowalak (Univ. of Washington) using
PerSeptive Biosystems R1 reversed-phase resin. At a flow rate of 15 pl/min. the chromatography
was developed with 0.1% TFA and a gradient of 0 to 60% isopropanol over 60 minutes., followed
by 60 to 100% isopropanol over 5 minutes. Masses from MALDI-TOF were used to scan the
LC/MS data for multiply charged ions of molecular species in the range of interest. The calculation
of expected molecular weights was facilitated with the Sherpa data analysis program written by J.

Taylor (Univ. of Washington), and all calculations employed average isotope abundance masses.
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RESULTS

To determine the requirements for the activation of furin, a series of epitope-tagged furin
constructs was used (Figure 1). Introduction of the FLAG-epitope tag immediately C-terminal to
the propeptide cleavage site permits the use of immunologic methods to monitor propeptide
cleavage and correlation of this event with enzyme activity. Importantly, the FLAG tag at this
position does not affect measurably propeptide cleavage or enzyme activity in vivo (Molloy et al.,
1994). By employing two FLAG peptide-specific antibodies, mAb M1 and mAb M2, the
zymogenic form of furin (which cross-reacts with mAb M2 only) can be distinguished from the
mature forms (i.e. propeptide cleaved) of furin generated by autoproteolytic cleavage C-terminal to
Arg,,, (cross-reacts with both mAb M1 and mAb M2).

In initial studies, the importance of propeptide cleavage in furin activation was determined
(Figure 2). Replicate plates of BSC-40 cells were either mock-infected (lane 1), or infected with
wild-type vaccinia virus (lane 2), with vaccinia recombinants expressing the TGN localized fur/f
(lane 3), or one of two furin constructs that are concentrated in the RER; a truncated soluble form
of furin containing the RER retrieval signal -Lys-Asp-Glu-Leucoon, fur/fAtc-k (lane 4), or the
active site mutant fur/fD,;;N (lane 5). Analysis of crude membrane preparations by western blot
(panels A and B) showed that both fur/f and fur/fAtc-k had undergone the autoproteolytic
propeptide cleavage (both recognized by mAb M2 and mAb M1) whereas fur/fD ;N failed to
undergo this step (cross-reactive with mAb M2 only). Each of the samples was then assayed for
furin enzymatic activity using the Q1 internally quenched peptide substrate (panel C). Only the
membrane sample from cells expressing fur/f was capable of efficiently cleaving the substrate.

The inability of the RER-localized fur/fAtc-k to cleave in vitro the synthetic furin substrate
under conditions in which the TGN-localized fur/f construct could is in agreement with our
previous work demonstrating that propeptide cleavage is necessary but not sufficient for furin
activation (Molloy et al., 1994). Additional factors, including cellular calcium stores, are also
important for furin activation. The concentration of available calcium in the RER versus the TGN
is not firmly established (see Discussion), however, one measured difference between these
compartments is pH. The pH of the RER is neutral (Mellman et al., 1986) whereas the pH of the
TGN is approximately 6.2 (Seksek et al., 1995). To determine directly whether calcium and/or the
acidification of the TGN contribute to furin activation, fur/fatc-k in crude membrane preparations
was measured with or without pre-incubation in the presence or absence of 5 mM calcium under
neutral (pH 7.5) or acidic (pH 6.0) conditions (Figure 3). Consistent with the data in Figure 2,
fur/fAtc-k failed to be activated at neutral pH irrespective of the presence of calcium. By contrast,
exposure of fur/fatc-k to a TGN-like acidic and calcium-containing environment resulted in a

striking increase in enzyme activity. Importantly, the activation of fur/fatc-k required a pre-
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incubation under these conditions (compare lanes 1 and 6 to lane 5).

The pH optimum for activation of fur/fAtc-k was determined using a range of buffers
(Figure 4A). Maximal activation occurred at pH 6.0. A time course of fur/fAtc-k activation at pH
6.0 was next determined (Figure 4B). Under these conditions enzyme activity increased linearly
for approximately 180 minutes.

The results in Figures 2 and 3 demonstrated a requirement for calcium and an acidic pH for
the activation of furin following the autoproteolytic cleavage of its 83-amino acid propeptide.
However, because furin undergoes an autoproteolytic cleavage of its amino-terminal propeptide in
the RER, the endoprotease must be intrinsically active. These findings suggest that the acidic
environment of the TGN facilitates the removal of a furin inhibitor. To examine this possibility, a
crude membrane fraction was prepared from BSC-40 cells expressing fur/fAtc-k. An aliquot of the
membrane sample was then subjected to limited digestion with trypsin to facilitate degradation of
the furin inhibitor, followed by an assay for furin activity (Figure 5). A sequential treatment of the
sample with trypsin followed by addition of soybean trypsin inhibitor (to block trypsin selectively)
resulted in a large increase in furin activity compared to control samples (compare column 3 with
columns 1 and 2). These results are consistent with the hypothesis that fur/fAtc-k is inactive at
neutral pH because of its association with a trypsin-labile inhibitor.

Because the amino-terminal propeptides of the structurally related bacterial subtilisins are
potent autoinhibitors, we examined the ability of the furin propeptide to inhibit furin’s activity in
vitro. A GST-fusion protein containing residues encoding the entire furin propeptide (Gln,; —
Arg,.,), GSTpro, was prepared. Increasing amounts of the purified fusion protein were then pre-
incubated for one hour with furin enzyme in vitro prior to addition of an AMC substrate (Figure 6).
Furin activity was inhibited with near stoichiometric quantities of added propeptide. The inhibitory
effect was specific for sequences within the furin propeptide since GST showed no inhibitory
activity.

Together, the results in Figures 2 and 6 argue that the furin propeptide functions as a tightly
bound autoinhibitor and suggest that removal of this fragment requires exposure of the complex to
an acidic pH. Therefore, to monitor the fate of the furin propeptide during enzyme activation, a
dual epitope tag construct was generated (Figure 1). In this construct, fur/f/haatc-k, the
hemagluttinin (HA) epitope tag was inserted by loop-in mutagenesis C-terminal to the predicted
signal peptidase cleavage site (Ala24~LGln25, see Figure 1). Western blot analysis and time course
of activation studies showed that fur/f/haatc-k underwent correct propeptide cleavage and was
activated with similar kinetics as fur/fAtc-k (data not shown). To show that the HA tag did not
affect the furin inhibitory properties of the propeptide, a second GST fusion protein, GSTpro/ha,
was constructed containing the HA-tagged furin propeptide. Enzyme inhibition studies showed

that GSTpro/ha attenuated furin activity at concentrations very similar to GSTpro (Figure 6).
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The potent autoinhibitory properties of the furin propeptide suggest that the lack of activity
of fur/fatc-k when incubated at neutral pH may be the result of a tight- binding interaction between
the mature enzyme and the cleaved propeptide domain. To demonstrate directly the association of
the furin propeptide with the enzyme in vivo, a co-immunoprecipitation experiment was performed
(Figure 7). Replicate samples of a crude membrane preparation from BSC-40 cells expressing
fur/f/haatc-k were incubated at either pH 7.5 or pH 6.0 and the furin construct was
immunoprecipitated with mAb M1 either immediately or following a pre-incubation in either of the
two buffers. Analysis of the mAb M1 immunoprecipitates by western blot using the mAb 12CAS
showed that the HA-tagged propeptide is associated with the mature enzyme (panel A). At pH 7.5
the propeptidesenzyme complex remained stable during an extended incubation (panel A, lane 2).
By contrast, incubation of the complex at pH 6.0 resulted in a release of propeptide from the
endoprotease (panel A, lane 4). The loss of co-immunoprecipitating propeptide was coincident
with a marked increase in furin activity (panel B). Interestingly, western blot analysis of the whole
extract showed that the propeptide underwent a second proteolytic cleavage, generating an ~6 kDa
HA-tagged peptide, that was conincident with its release from the enzyme and furin activation
(panel C).

Identification of the ~6 kDa HA-tagged propeptide fragment was accomplished using mass
spectrometry (Figure 8). A crude membrane sample prepared from BSC-40 cells expressing
fur/f/haatc-k was incubated at pH 6.0 and the extract was fractionated by reversed-phase HPLC.
The column fractions containing the HA-tagged ~6 kDa band (determined by western blot) were
then subjected to MALDI-TOF MS and electrospray LC/MS. Analysis by MALDI showed that the
~ 6 kDa HA-tagged band was composed of three species with masses of i) 7032 + 2.7 a.m.u., 11)
6878.3 + 4.1 am.u. and iii) 6753.9 + 3.3 a.m.u. Analysis by LC/MS allowed refinement of the
mass measurements for each species to 7035.5 a.m.u. 6880.0 a.m.u. and 6752.0 a.m.u.
respectively. Using mass spectrometric methods, we showed that the 83 amino acid was cleaved to
generate three distinct N-terminal fragments with masses of 7036, 6880 and 6752 a.m.u. These
masses are 17 a.m.u. less than the predicted HA-tagged-Gln,; — Arg,,, HA-tagged-Gln,, — Lys.,
and HA-tagged-Gln,, — Thr,, respectively. However, because N-terminal glutamine residues
readily cyclize, generating products that are 17 a.m.u. smaller than predicted (Krishna and Wold,
1993), we conclude that the N-terminus of profurin initiates at Gln,; which becomes cyclized to
pyroglutamic acid (pGlu). Thus these peptides were identified as i) HA-tagged-pGlu,;—Arg,., ii)
HA-tagged-pGlu,,—Lys,, and iii) HA-tagged-pGlu,,—Thr,,. The identification of these three
peptide shows that the internal cleavage of the furin propeptide occurs after the -Lys,,-Arg,-
doublet and that a carboxypeptidase B-like activity in the extract degrades slightly the carboxyl

terminus.
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Unlike the initial furin propeptide cleavage site (-Arg-Thr-Lys-Arg,,,-) processed in the
RER, the -Lys,,-Arg,.- doublet is part of a site that lacks a P4 arginine typical of furin substrates
yet possesses a P6 arginine (-Arg,-Gly-Val-Thr-Lys-Arg..-). This kind of cleavage site is also
present in a subset of furin substrates preferentially cleaved at acidic pH (Brennan and Nakayama,
1994a; Brennan and Nakayama, 1994b). To determine the importance of cleavage of the
propeptide at Arg,, in the activation of furin, as well as to assess the contribution of Arg,, to this
step, site-directed mutagenesis was employed. Replicate plates of BSC-40 cells were infected with
vaccinia recombinants expressing either fur/f/haatc-k or constructs containing either Arg,, — Ala
(R,sA:fur/f/haatc-k) or Arg,, — Ala (R, A:fur/f/hatc-k) mutations. Crude membrane preparations
from each sample were incubated in pH 7.5 or 6.0 buffers, or subjected to limited trypsin
proteolysis at pH 7.5 to release the autoinhibitory action of the propeptide (Figure 9). Each
construct was proteolytically inactive following incubation at pH 7.5. After incubation at pH 6.0,
activation of fur/f/haatc-k was observed. By contrast, furin activity was suppressed in samples
containing R, A:fur/f/haatc-k or, to a slightly lesser extent, R, ,A:fur/f/haatc-k. Following limited
trypsinization at neutral pH however, each of the constructs could be activated. These data show
that acid pH-dependent cleavage of the -Lys,,-Arg,.- doublet is necessary for activation of furin.

Furthermore, efficient cleavage at this site requires a P6 arginine (Arg,,).
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DISCUSSION

Earlier studies revealed that activation of furin requires one or more steps subsequent to the
initial cleavage of its N-terminal propeptide (Molloy et al., 1994; Rehemtulla et al., 1992; Thomas
etal.,, 1995a; Vey et al., 1994). Here, using an in vitro approach, we identify a sequence of events
necessary for furin activation (Figure 10A). Following translocation of furin into the RER, and
concomitant removal of the signal sequence, the proregion is autoproteolytically cleaved at -Arg-
Thr—Lys—Argmi— (Creemers et al., 1995; Leduc et al., 1992; Molloy et al., 1994; Vey et al.,
1994). In the neutral environment of the RER, the propeptide remains associated with the
endoprotease and functions as an autoinhibitor. Exposure of the furinepropeptide complex to a
mildly acidic (pH 6.0) and calcium-containing (low millimolar) environment characteristic of the
TGN results in a second cleavage within the propeptide at -Arg,-Gly-Val-Thr-Lys-Arg, }- as
determined by mass spectrometry. Mutational analyses showed that both the P1 (Arg,;) and P6
(Arg,,) residues are essential for the acid pH-dependent activation of furin. Following the internal
cleavage of the propeptide, the fragments dissociate from furin permitting the enzyme to cleave
substrates in trans.

The furin activation pathway determined using the in vitro approach reported here is
consistent with earlier studies, performed in vivo, that described the requirements for activation of
this endoprotease (Molloy et al., 1994; Vey et al., 1994). Not only is propeptide cleavage upon
entry into the RER a necessary step for activation of the enzyme, it is also a requirement for
subsequent export of the membrane-tethered protein (Creemers et al., 1995; Molloy et al., 1994).
This requirement suggests that in vivo cleavage at Arg,, is necessary for folding of the molecule
into a transport-competent form or perhaps facilitates the generation of furin oligomers.
Nonetheless, this maturation step, which requires calcium and is sensitive to reducing agents, is
alone not sufficient for furin activation. Furthermore, treatment of cells with either brefeldin A or
monensin show that furin activation requires exposure to a late Golgi compartment (Vey et al.,
1994). Our results are consistent in showing the importance of a mildly acid pH to the second site
cleavage at -Arg,-Gly-Val-Thr-Lys-Arg,.}- and activation of furin. Indeed, by comparing the
relative activity of furin constructs containing deletions of the enzyme’s cytoplasmic tail, full
activation of furin was found to depend on the correct localization and routing within the
TGN/endosomal system (Molloy et al., 1994). Whether the need for the correct localization of
furin to the TGN is important specifically for the time-dependent internal cleavage, conformational
changes in the endoprotease and/or the propeptide, or secondary modification of the protein is not
known. However, we have observed that truncated forms of furin are less efficiently sialylated
implying that dwell time in the TGN (including possibly transit through communicating endosomal
compartments) affects the maturation of furin (S.S. Molloy and G. Thomas, unpublished results).
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The ordered, pH-dependent cleavages of the furin propeptide suggests a mechanism for the
compartment-specific autoproteolytic activation of furin in vivo which is based on furin’s cleavage
site specificity. The autoproteolytic and RER-specific initial cleavage occurs at the consensus furin
site —~Arg,,,-Thr-Lys-Arg,,*- (Leduc et al., 1992). Typical of such sites (-Arg-X-Lys/Arg-Arg-)
that are cleaved at either neutral or acidic pH (Hatsuzawa et al., 1992a; Hatsuzawa et al., 1992b;
Molloy et al., 1992), both the P1 (Arg,,,) and P4 (Arg,,,) arginine residues are required (Leduc et
al., 1992). By contrast, furin is able to cleave some substrates containing the motif -Arg-X-X-X-
Lys/Arg-Argi- only in an acidic environment. For example, proalbumin is cleaved most efficiently
at pH 5.5-6.0 at a site requiring both P1 and P6 arginine residues (Brennan and Nakayama, 1994a;
Brennan and Nakayama, 1994b). Here we show that the measured pH optimum for furin
activation in vitro (pH 6.0; Figure 4), by virtue of cleavage of the propeptide at -Arg,-Gly-Val-
Thr-Lys—Arg75¢-, is in close agreement with the pH of the TGN (pH ~6.2; Seksek et al., 1995).
Furthermore, mutation of either the P1 (Arg,,) or P6 (Arg,,) residues to Ala blocks furin activation
by acidification but not by trypsinization (Figure 9), demonstrating that cleavage of the propeptide
has been blocked, but folding of the enzyme has not been affected. Taken together, these data
suggest that furin autoproteolytically cleaves its propeptide at -Arg,, within the acidic environment
of the TGN, either in trans by an associating active furin protein or by the cognate furin molecule
within the propeptidesenzyme bimolecular complex. Whether another protease(s) may be required,
as is the case with carboxypeptidase Y activation (Sorensen et al., 1994), is not currently known.

The acidic environment of the TGN may also promote dissociation of the cleaved
propeptide fragments from furin. Comparison of the propeptide sequences of the proprotein
convertase family shows the presence of multiple conserved histidine residues (reviewed in Siezen
et al., 1995, see also legend to Figure 10B). The histidine residues may coordinate a metal atom
necessary for enzyme activation or participate in ionic interactions with the mature domain. The
pKa of the ionizable second amino group on the histidine imidazole ring is ~7.0, although this
could vary depending on the local microenvironment within the protein (Creighton, 1993).
Regardless, within the neutral environment of the RER, these histidine residues should be neutral,
while in the acidic environment of the TGN, they should become positively charged. This
suggests that the acidification necessary to activate furin may contribute to changes in ionic
interactions between the propeptide and a metal atom or the propeptide and the enzyme. These
changes, together with cleavage of the propeptide at Arg,,, could lead to the dissociation of the
propeptide fragments from furin, thereby unmasking the protease to act on substrates in trans.

In addition to the requirement for acidification, activation of furin may also be regulated by
changes in calcium concentration. Whereas maximal activation of furin in vitro requires millimolar
levels of calcium, propeptide cleavage in the structurally related enzyme PC1/3 in vivo requires
calcium at only micromolar levels (Vey et al., 1994; J.V. and G.T. unpublished results). In the
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RER, the concentration of total lumenal calcium is 3 mM (Sambrook, 1990), however the free
calcium concentration in this compartment is predicted to be approximately 1 uM (Kendall et al.,
1994). By contrast, the free calcium concentration in the TGN is believed to be in the millimolar
range (Chanat and Huttner, 1991; Chandra et al., 1991; Roos, 1988; Song and Fricker, 1995).
Interestingly, a homology model of furin based on the crystal structures of subtilisin and thermitase
has suggested the presence of a high-affinity calcium-binding site (Cal) and a medium-affinity
binding site (Ca2) (Siezen et al., 1994). It is possible that filling of the Cal site alone is required
for cleavage at Arg,, in the ER, whereas filling of both Cal and Ca2 is required for cleavage at
Arg.., and hence full activation of furin.

Although activation of the evolutionarily related furin and subtilisin endoproteases shares
several properties including a requirement for autoproteolytic cleavage of propeptides, these
processes differ significantly in at least three respects. First, furin activation is pH- and thus
compartment-dependent, while subtilisin shows no such dependency. The need for this regulation
is currently being investigated, but it seems likely that the delay of proteolytic activation prevents
the enzyme from cleaving substrates prematurely or inappropriately. Alternatively, the
compartment-specific activation of furin may facilitate either the adoption of secondary
conformations or oligomerization necessary to the generation of the active species. Second, the
fate of the subtilisin propeptide appears to be different from that of furin. The rapid and complete
degradation of the subtilisin E propeptide during activation, by an as yet uncharacterized pathway,
is likely a result of the broad substrate specificity of this endoprotease. By contrast, we show that
dissociation of the furin propeptide is achieved with only limited proteolysis, presumably a result
of the restricted cleavage site specificity of this proprotein convertase. Third, the propeptides of
proprotein convertases share no sequence similarity with the subtilisin propeptide, despite the
homologies among their catalytic domains (Fuller et al., 1989; Seidah et al., 1994; Siezen et al.,
1995). This suggests that the roles the furin and subtilisin propeptides play in enzyme maturation
may be significantly different. Whether or not the furin propeptide directs folding of the enzyme,
as it does with subtilisin, remains to be determined. This role for the propeptide is implied by the
finding that truncation of the furin propeptide results in the production of an inactive protease
(Rehemtulla et al., 1992).

Although the propeptides of members of the convertase family share no sequence similarity
with the propeptide of subtilisin, they are similar to one another (Figure 10B; Siezen et al., 1995).
Strikingly, the convertase propeptides are highly charged and contain multiple doublets or clusters
of basic amino acids in two distinct regions (Siezen et al., 1995). One basic residue cluster (-Arg-
X-Lys-Argt-) marks the predicted initial sites of autoproteolytic cleavage of the propeptides
(Figure 10B). Indeed, biochemical studies show that, as for furin, the propeptides of Kex2p and
PC1/3 are cleaved rapidly at this site following deposition of the recently synthesized proenzymes
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into the RER (Gluschankof and Fuller, 1994; Goodman and Gorman, 1994; Lindberg, 1994;
Vindrola and Lindberg, 1992). The second cluster of oligo-basic residues present in the
propeptides of several other convertases including those for PC1/3, PC2, PC5/6 and PACE-4 can
be aligned with the furin internal cleavage site (Figure 10B). This suggests that the multi-step, pH-
dependent activation pathway described here for furin may similarly be used by other members of
the family. However, not all proprotein convertases are expected to share all features of the furin
activation pathway. For instance, the PC4 and PC7 propeptides lack an internal cluster of basic
residues marking the second cleavage site, suggesting that these members of the family may be
activated by an alternate pathway. Additionally, although proPC2 undergoes multiple cleavages of
its proregion, it also requires the participation of an associating proPC2-binding protein, 7B2 for
activation (Braks and Martens, 1994; Matthews et al., 1994b). Nonetheless, our results
delineating the multi-step activation of furin in vitro provide a basis for further work on furin as
well as creating a paradigm with which to evaluate the activation pathways of other enzymes in this

important converting enzyme family.
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Figure 1. Schematic of Furin Constructs. Recombinant furin constructs were generated
using loop-in or site-directed mutagenesis. In construct fur/fD ;N the aspartic acid residue of the
catalytic triad has been changed to an asparagine, resulting in inactivation of the protease. The
truncated furin constructs fur/fAtc-k and fur/f/haAtc-k lack the sequences encoding the furin
transmembrane domain (stippled box) and cytoplasmic tail, and have the ER-retention/recycling
signal KDEL at their C-termini. Fur/f, fur/fD,,N and fur/fAtc-k all have the FLAG epitope tag
inserted directly after the proregion cleavage site (diagonal bars), so the N-terminus of the FLAG
sequence is exposed upon autoproteolytic cleavage. The anti-FLAG mAb M2 can recognize either
the blocked or exposed form of the FLAG epitope. The anti-FLAG mAb M1 can only recognize
the FLAG epitope if it has a free N-terminus, and therefore is only able to detect the mature form of
furin. In fur/f/haAtc-k the HA epitope has been inserted directly after the signal sequence cleavage
site (vertical bars). This epitope is recognized by the monoclonal antibody 12CAS. The subtilisin-
like catalytic domain of furin is denoted by hatchmarks. The residues of the catalytic triad are
indicated (Asp, His, Ser). Potential glycosylation sides are denoted by ‘lollipops’. Pairs of basic

amino acids in the proregion are indicated by thick vertical bars.
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Figure 2. Expression, immunoreactivity and in vifro activity of furin constructs.
(A and B) Western blot analyses of equivalent amounts of crude membrane samples prepared from
BSC-40 cells either mock-infected (lane I) or infected with VV:WT (lane 2), VV:hFur/f (lane 3),
VV:hFur/fAtc-k (lane 4) or VV:hFur/fD (N, (lane 5). Flag-tagged furin constructs were detected
using either mAb M1 (panel A, requires propeptide cleavage) or mAb M2 (panel B). (C)
Proteolytic activity from the same membrane preparations were determined with the Q1 substrate
(see Materials and Methods). Each reading represents the average of two samples assayed in
duplicate. Furin activity is shown in arbitrary units of fluorescence. Bars indicate standard

deviations.
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Figure 3. In vitro activation of ER-retained furin by low pH and calcium. Crude
membrane preparations of BSC-40 cells infected with VV:hFur/fAtc-k were resuspended in Bis-
Tris buffer at pH 6.0 or 7.5, with or without 5 mM CaCl, as indicated. These samples were then
pre-incubated at 30°C for O hours (columns 1-4) or for 3 hours (columns 5-8). Following pre-
incubation, replicate aliquots of each sample was assayed for proteolytic activity using the Q1
substrate. Each reading represents two separate determinations performed in duplicate. Bars

indicate standard deviations.
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Figure 4. Effect of pH on furin activation and time course of activation at pH

6.0. (A) Replicate samples of crude membrane preparations from BSC-40 cells infected with
VV:hFur/fAtc-k were resuspended in 10 mM Bis-Tris buffer (circles) or a 100 mM sodium acetate
buffer (squares) at the indicated pH. Samples were pre-incubated at 30°C for O minutes (open
symbols) or 150 minutes (closed symbols) and assayed for proteolytic activity using the Q1
substrate. The data are normalized to the peak activity at pH 6.0. (B) Crude membrane
preparations of BSC-40 cells infected with VV:hFur/fAtc-k were resuspended in a 10 mM Bis-Tris
assay buffer, pH 6.0 and pre-incubated at 30°C for up to 210 minutes. Following pre-incubation
the furin activity in each sample was determined using the Q1 substrate. The data were normalized
to the peak activity observed at 180 minutes. Each point in both panels represents the average of
three separate determinations of samples assayed in quadruplicate. Bars indicate standard

deviations.
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Figure 5. Limited trypsinization releases inhibition of furin at neutral pH. Crude
membrane preparations of BSC-40 cells infected with VV:hFur/fatc-k were incubated for 1 hour at
30°C at pH 7.5 with no additions (column 1), with 2.5 mM soybean trypsin inhibitor and 0.83 nM
bovine trypsin added simultaneously for a mock digestion (column 2), or with 0.83 nM bovine
trypsin alone (column 3). Following incubation at 30°C for one 1 hour, 2.5 mM SBTI was added
to the latter sample and all samples were incubated an additional 30 minutes at 30°C. Following
incubation, the furin activity in all samples was determined using the Q1 substrate. Shown are the

normalized means from quadruplicate experiments. Bars indicate standard deviations.
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Figure 6. Inhibition of furin in frans by its propeptide. The concentration dependence
of furin inhibition by GSTpro (closed circles) or GSTpro/ha (open circles) in vitro was determined
in 10 mM Bis-Tris assay buffer, pH 7.5 using the fluorescent peptide substrate Boc-Arg-Val-Arg-
Arg-4-methyl-coumaryl-7-amide. The K of furin inhibition with GSTpro was 14 nM, and
GSTpro/ha was marginally higher. Control samples containing GST alone (closed squares)

showed no furin inhibition. Each point represents the average of triplicate samples. Bars indicate

standard deviations.
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Figure 7. Fate of the Propeptide During Furin Activation. Equivalent amounts of
membrane samples from BSC-40 cells expressing fur/f/haAtc-k were incubated in 10 mM Bis-Tris
assay buffer at pH 7.5 (lanes 1 and 2) or pH 6.0 (lanes 3 and 4) for O hours (lanes I and 3) or 5
hours (lanes 2 and 4). Proportionate amounts of the extracts were then divided and analyzed for
furin-associated propeptide, enzymatic activity and total propeptide present (10 ul). (4)
Proteolytically mature recombinant furin was immunoprecipitated with mAb M1, separated on a
15% SDS-peptide gel, transferred to nitrocellulose, and probed with mAb 12CAS to identify co-
immunoprecipitating HA-tagged propeptide. (B) Furin activity of the samples in A was determined
using the Q1 substrate. (C) Extracts from the activation assay were analyzed directly by SDS
peptide gel electrophoresis, transfer to nitrocellulose, and HA-tagged propeptide immunostaining
with mAb 12CAS. Molecular weight markers (labeled in kDa) migrated on gels as indicated at the
right of (A) and (B). Bars indicate standard deviation.
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Figure 8. MALDI-TOF mass spectra of propeptide cleavage products. A crude
membrane preparation of BSC-40 cells expressing fur/f/haAtc-k was incubated in 10 mM Bis-Tris
assay buffer, pH 6.0 for 8 hours and then fractionated on reversed-phase HPLC. The fractions
containing the HA-tagged ~6 kDa band (determined by immunoblotting - data not shown) were
subjected to MALDI-TOF MS. In the mass range of this fragment, fraction 65 is seen to contain
predominantly the peptide pGlu,; - Arg;, (calculated mass = 7036.9), fraction 66 peptide pGlu,;
SLys,, (calculated mass = 6880.7), and fraction 67 peptide pGlu,; -»Thr,, (calculated mass =
6752.5). Electrospray LC/MS of each of these fractions allowed higher precision mass
determination as follows: fraction 65 was seen to contain co-eluting species of m/z 1407.9, 1173.7
and 1006.1 (correlating to a mass of 7035.5 a.m.u.); fraction 66 contained co-eluting species of
m/z 1377.0, 1147.6, and 983.8 (correlating to a mass of 6880.0 a.m.u.); and fraction 67 contained
co-eluting species of m/z 1351.4, 1126.3, and 965.6 (correlating to a mass of 6752.0 a.m.u.).
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Figure 9. Activation of R,,A:fur/f/hastc-k and R, A:fur/f/haste-k in vitro. Crude
membrane preparations from BSC-40 cells expressing either fur/f/haatc-k, R, A:fur/f/haAtc-k or
R;sAzfur/f/haate-k were incubated at 30°C in 100 ul Bis-Tris buffer at pH 7.5 or 6.0 with 1 mM 2-
mercaptoethanol, 5 mM CaCl,, 500 yM PMSF, 10 u\M pepstatin-A, 20 uM E-64 and 50 pg/ml
aprotinin for 1.5 h. Alternatively, membrane preparations were incubated with trypsin for 1 h
followed by SBTI treatment for 0.5 h or subjected to a mock trypsin digestion (see legend to figure
6). Following treatment the samples were assayed in vitro for furin activity against the Q1
substrate. Each point represents the average of three separate assays. Bars indicate standard

deviation.
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Figure 10. Model of furin activation in vive. (A) The data reported here and in earlier in
vivo studies (Creemers et al., 1995; Leduc et al., 1992; Molloy et al., 1994; Vey et al., 1994)
suggest the following compartment-dependent multi-step model for furin activation. Furin is
translocated into the ER and concomitantly the signal sequence is removed at -Ala-Asp—Alaz4~L-.
Following propeptide-mediated folding, furin autoproteolytically cleaves its propeptide at -Arg-
Thr-Lys-Arg,,,*. In the neutral pH and low free calcium environment of the RER, the propeptide
remains non-covalently associated and functions as an autoinhibitor. Following this initial
propeptide cleavage, the furinepropeptide complex is allowed to exit the RER and transit to the
TGN. In the mildly acidic and millimolar free-calcium environment of the TGN, the propeptide is
cleaved by furin (either the cognate molecule or in trans by an associating furin enzyme) at -Arg-
Gly-Val-Thr-Lys-Arg,\-. The propeptide fragments generated by this second cleavage bind less
tightly (perhaps aided in part by a weakening of histidine-participatory ionic interactions at the
acidic pH) and dissociate from the catalytic domain. Hence furin becomes active to cleave
substrates in trans (denoted by the highlighting of the catalytic domain) in multiple compartments
within the TGN/endosomal system. (B) Partial sequence alignment for the propeptides of several
proprotein convertases. The numbering used starts with the proposed initiator methionine
residues. The spacing between the primary (arrow) and internal (arrowhead) cleavage sites is
nearly identical for each of the convertases, ranging in size from 28 to 32 residues. Proximal to the
internal cleavage sites are a conserved set of histidine residues present in each endoprotease
(corresponding to His,, His,, and His,, in furin, refer to Figure 1) that may participate in either
metal binding or ionic interactions with furin (see Discussion). Arginine residues shown to be

essential for the initial and internal cleavages of the furin propeptide are underlined.
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CHAPTER 2

The In Vivo Activation of Furin: Propeptide Mediated Folding and Compartment
Specific Propeptide Cleavage
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Frangois Jean synthesized the internally quenched peptide substrates as well as confirming the

furin cleavage sites by RP-HPLC and mass spectrometry.
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ABSTRACT

Furin is synthesized as an inactive zymogen with an 83-amino acid N-terminal propeptide
that has been proposed to be an intramolecular chaperone (IMC). During activation, the propeptide
is autoproteolytically excised from furin (-Arg,,,-Thr-Lys-Arg,,,*-) and remains non-covalently
bound, acting as a potent autoinhibitor. An in vitro study by our group suggested that in the acidic
environment of the late secretory pathway, the propeptide is internally cleaved at -Arg-Gly-Val-
Thr-Lys-Arg,.!- (Anderson et al., 1997). This cleavage results in dissociation of the propeptide,
thus allowing furin to act on substrates in trans. In this study, we explore the role of the
propeptide in mediating the multi-step compartment-specific activation of furin in vivo in light of its
potential role as an IMC. A furin construct lacking the propeptide, fur/fApro, is ER-retained and
proteolytically inactive, and co-expression with the propeptide in trans partially restores correct
trafficking and activity. Further, if the propeptide is not excised, furin is localized to the
ERGIC/CGN, suggesting that the quality control system blocks transport of this molecule due to
incomplete folding. These results are consistent with the propeptide’s role as an IMC. Furin that
has undergone propeptide excision proceeds to the acidic compartments of the TGN/endosomal
system where it autoproteolytically and intramolecularly cleaves its propeptide at -Arg-Gly-Val-
Thr-Lys-Arg,}-, resulting in propeptide dissociation (t,, = ~105 minutes). Cleavage at -Arg,;*- is
not required for proper furin trafficking. The pH-modulated cleavage of the internal propeptide
cleavage sequence was demonstrated by the use of synthetic peptide substrates. Interestingly,
mutagenesis revealed that if the site of internal propeptide cleavage is changed to resemble the
canonical -Arg-X-Lys/Arg-Arg!- furin cleavage motif (-Arg-Gly-Val,,-Thr-Lys-Arg,.- — -Arg-
Gly-Arg,,-Thr-Lys-Arg,.-), furin is predominantly ER retained. The implications of this for our

understanding of furin folding are discussed.
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INTRODUCTION

Following correct folding/assembly, many eukaryotic proteins are proteolytically modified
in late secretory pathway compartments. Single or multiple endoproteolytic cleavages of these
larger precursors result in the release of smaller, bioactive products. A class of endoproteases in
eukaryotes responsible for these cleavage events at sites containing oligo basic amino acids are the
proprotein convertases (PCs). These calcium-dependent serine endoproteases are evolutionarily
related to bacterial subtilisin. Members of the PC family include Kex2p, which catalyzes the
activation of a-mating pheromone in yeast, and many Kex2p homologues are expressed in higher
eukaryotes including PC1/3, PC2, PC4, PC5/6, LPC/PC7/8, PACE-4 and furin (see Molloy et al.,
1999; Nakayama, 1997; Seidah and Chretien, 1997; Steiner, 1998 for reviews).

Furin is a ubiquitous subtilisin-like serine endoprotease and type I membrane protein
localized primarily to the TGN (Bresnahan et al., 1990; Hatsuzawa et al., 1992a; Matthews et al.,
1994a; Molloy et al., 1992; Molloy et al., 1994). Furin is not statically retained in this
compartment, however; rather, it traffics between two local cycling loops, one at the TGN, the
other at the cell surface, by virtue of phosphorylation modulated trafficking signals in its
cytoplasmic tail (Jones et al., 1995; Molloy et al., 1994; Schafer et al., 1995; Voorhees et al.,
1995; Wan et al., 1998). As it traffics, furin cleaves/activates numerous endogenous and
exogenous precursor proteins in both the biosynthetic and endocytic pathways (reviewed in Molloy
et al., 1999; Nakayama, 1997; Seidah and Chretien, 1997; Steiner, 1998). Cleavage of these
substrates occurs primarily at the consensus furin cleavage site -Arg-X-Lys/Arg-Arg?-, although in
some cases furin has been shown to cleave at the motif -Arg-X-X-X-Lys/Arg-Arg*- at acidic pH
(Brennan and Nakayama, 1994a; Brennan and Nakayama, 1994b).

Before it can act on its substrates, furin itself must go through a complex process of
activation. Furin is translated as an inactive zymogen with an 83 amino acid N-terminal
propeptide. Experimental evidence suggests that furin’s propeptide may play a role in folding and
activation (Anderson et al., 1997; Rehemtulla et al., 1992; Zhou et al., 1995). This is consistent
with research that shows that the folding of many evolutionarily unrelated classes of protease (e.g.
serine-, aspartyl-, cysteinyl- and metallo-proteases) is mediated by (typically N-terminal)
propeptides that act as so-called ‘intramolecular chaperones’ (IMCs). IMC-mediated folding has
been most thoroughly investigated in the secreted bacterial serine endoproteases o-lytic protease
and subtilisin. These IMCs have been found to increase the folding rate of their cognate proteases
by lowering a specific kinetic barrier very late in the folding pathway by stabilizing a high-energy
‘native-like’ transition intermediate (reviewed in Baker, 1998; Baker and Agard, 1994; Baker et
al., 1993; Baker et al., 1992b; Shinde and Inouye, 1993). Near the end of the folding process,

IMC propeptides are autoproteolytically excised. Propeptide excision triggers significant
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conformational changes that cause the loss of hydrophobic surface exposure to solvent, thus
marking the end of folding (Anderson et al., 1999; Eder et al., 1993a; Shinde et al., 1999). In the
absence of the IMC propeptide, the enzyme will fold into an inactive and kinetically stable ‘molten
globule’-like intermediate (Baker et al., 1992b; Eder et al., 1993b). Addition of the propeptide in
trans (Baker et al., 1992b; Eder et al., 1993b; Silen et al., 1989; Strausberg et al., 1993) causes
rapid conversion of this folding intermediate to the native state, indicating that energy liberated
from propeptide excision is not required for folding.

Following excision, IMCs remain non-covalently bound to their cognate enzymes, acting
as tight binding autoinhibitors (Baker et al., 1992a; Li et al., 1995). Crystal structures reveal that
the propeptide C-terminus occupies the cognate proteases’ active site, while the rest of the
propeptide is folded into a domain bound at a distance from the active site (Bryan et al., 1995,
Gallagher et al., 1995; Sauter et al., 1998). Thus, propeptide-mediated inhibition is a result of the
propeptide cleavage site sequence sterically occluding the active site (Sohl et al., 1997). The
residues at the excision site play a critical role in mediating IMC action, possibly by guiding the
folding of the active site (Baker, 1998; Peters et al., 1998). The use of these C-terminal residues
may be a general mechanism for IMC action, as suggested by the observation that all protease
propeptides that promote folding are autoinhibitors (Baker et al., 1993). Since IMCs bind and
inhibit their cognate proteases, they must be degraded for enzyme activation. This degradation
may be autoproteolytic, as has been proposed for subtilisin (Bryan et al., 1995). IMC degradation
leaves the cognate protease locked into the native state, which can be metastable (Sohl et al.,
1998), by a large kinetic barrier to unfolding (Baker, 1998). Interestingly, even after its IMC has
been degraded, subtilisin ‘remembers’ steric information from its propeptide, and this ‘memory’
modulates the enzyme’s biophysical and biochemical properties (Shinde et al., 1999; Shinde et al.,
1997). Due to their role in imparting steric information, propeptides are also called ‘steric
chaperones’ (Ellis, 1998).

The hypothesis that the furin propeptide is an IMC is consistent with recent work on the
maturation of this endoprotease. Furin’s propeptide is autoproteolytically excised at -Arg-Thr-Lys-

Arg,,,'- in the ER, and excision is necessary for transport from the early secretory pathway
(Creemers et al., 1995; Leduc et al., 1992; Molloy et al., 1994; Vey et al., 1994). However,
propeptide excision is insufficient for activation, which requires transport to late secretory pathway
compartments (Molloy et al., 1994; Vey et al., 1994). A recent in vitro study performed by our
group elucidated the reason for this (Anderson et al., 1997). After excision, the propeptide
remains non-covalently bound to furin, acting as a potent autoinhibitor (K, =14 nM). Exposure of
the inactive furinepropeptide complex to a mildly acidic (pH 6.0) and calcium-containing (low
millimolar) environment characteristic of the TGN results in a second cleavage within the
propeptide at -Arg,,-Gly-Val-Thr-Lys-Arg,*-. Internal propeptide cleavage was found to require
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both P1 and P6 arginines, suggesting that furin might catalyze this cleavage due to its pH-
dependent cleavage site specificity. Concomitant with cleavage at -Arg,.}-, the propeptide
fragments dissociate from furin, permitting the enzyme to cleave substrates in trans. These in vitro
findings were interpreted to suggest that furin becomes active in vivo within the TGN, the
enzyme'’s compartment of residence (Molloy et al., 1994).

By a combination of in vivo and in vitro experimentation we found evidence that i) the furin
propeptide has the properties of an IMC, and ii) after propeptide mediated folding, furin degrades
the inhibitory propeptide via a transport-and pH-dependent, autoproteolytic, and intramolecular
process. Three findings support the propeptide’s role as an IMC: i) a furin construct lacking the
propeptide, fur/fApro, is ER-retained and proteolytically inactive, ii) co-expression of fur/fApro
with the propeptide in trans restores TGN-localization and activity, and iii) if the propeptide is not
excised, furin accumulates in the ERGIC/CGN, suggesting incomplete folding and subsequent
retention by the quality control system. We also found that after propeptide excision, the inactive
furinepropeptide complex proceeds to the acidic compartments of the TGN/endosomal system,
where it autoproteolytically and predominantly intramolecularly cleaves its propeptide at -Arg-Gly-
Val-Thr-Lys-Arg,,-. This cleavage results in dissociation of the inhibitory propeptide (t,, = ~105
minutes). Unlike propeptide excision, cleavage at -Arg,*- is not required for correct furin
trafficking, suggesting that the enzyme, although inactive, is fully folded. The pH-modulated
recognition of the internal propeptide cleavage site was demonstrated by the use of synthetic
peptide substrates. Given that propeptide excision and internal cleavage are intramolecular, it
suggests that the furinepropeptide complex undergoes rearrangement in order to permit furin’s
active site access to these two cleavage sites within the same propeptide. Interestingly, we found
that the integrity of the P1/P6 Arg internal propeptide cleavage motif is essential for the correct
folding of furin. Indeed, mutagenesis revealed that if the site of internal propeptide cleavage is
changed to resemble the canonical (-Arg-X-Lys/Arg-Arg!-) furin cleavage motif (-Arg-Gly-Val,,-
Thr-Lys-Arg,,- — -Arg-Gly-Arg.,,-Thr-Lys-Arg,.-), furin is predominantly ER-retained and
remains a zymogen. A speculative model for furin folding based on the relative K_’s of the

propeptide excision site vs. the internal site of propeptide cleavage is discussed.



MATERIALS AND METHODS

Materials

All buffers and chemical reagents were purchased from Sigma (St. Louis, MO) unless otherwise
specified. The peptide substrate pGlu-Arg-Thr-Lys-Arg-4-methyl-coumaryl-7-amide (MCA) was
from Peptides International (Louisville, KY). The secreted soluble furin construct Fur713t was
purified as described previously (Jean et al., 1998). Alkaline phosphatase-conjugated goat anti-
mouse and goat anti-rabbit secondary antibodies were obtained from Southern Biotechnology
Associates (SBA; Birmingham, AL). The anti-HA antibodies mAb HA.11 and mAb 12CAS were
obtained from the Berkeley Antibody Company (Berkeley, CA) and Boehringer-Mannheim
Biochemicals (Indianapolis, IN), respectively. Purified mAbs M1 and M2 directed against the
FLAG epitope were obtained from Kodak-IBI (Rochester, NY). The anti-signal sequence receptor
(SSR) anti-serum was kindly provided by T. Rapoport and the anti-ERGIC-53 antiserum (G1/93)
was kindly provided by H.-P. Hauri. Endoglycosidase H was purchased from Boehringer-
Mannheim Biochemicals. Brefeldin A was purchased from Epicenter Technologies (Madison,
WI). Decanoyl-Arg-Val-Lys-Arg-chloromethylketone (CMK) was purchased from Bachem
(Torrance, CA). All amino acid derivatives (L-isomer) were purchased from Novabiochem (La
Jolla, CA). The reagents and the solvents for solid-phase peptide synthesis were from Advanced
Chemtech (Louisville, KY). The preloaded Fmoc-Ala-Wang resin was purchased from Synpep
(La Jolla, CA), while the tert-butyloxycarbonyl (Boc)-anthranilic acid and the 9-
fluorenylmethoxycarbonyl (Fmoc)-(3-nitro) Tyr were obtained from Bachem California (Torrance,
CA). Peptide synthesis was carried out on an automated peptide synthesizer (Model 431A;
Applied Biosystems, Mississauga, Ont., Canada) using procedures previously described (Jean et
al., 1995).

Cell Culture
BSC-40 cells were maintained in minimal essential medium (MEM; GIBCO BRL, Gaithersburg,

MD) containing 10% fetal bovine serum (FCS; HyClone, Logan, Utah) and 25 pg/ml gentamycin
as described previously (Bresnahan et al., 1990; Thorne et al., 1989). In some experiments,
following recombinant vaccinia infection, cells were fed in defined, serum-free medium
(MCDB202; McKeehan and Ham, 1976).
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Immunofluorescence

For immunofluorescence microscopy, cells were cultured on glass coverslips, and grown to 50-
80% confluence before being used as described in the text. These cells were fixed in 4%
paraformaldehyde and immunofluorescence analysis performed as described (Molloy et al., 1994).
mAb M1 and mAb M2 (Kodak/IBI) were used at dilutions of 1:50 and 1:100 respectively, the
signal sequence receptor peptide rabbit antiserum was used at 1:200, the ERGIC-53 mAb G1/93
was used at 1:250, the anti-furin tail PA1-062 rabbit antiserum was used at 1:300 (a dilution low
enough to minimize ER staining), and the mAb HA.11 was used at 1:4000. Secondary antibodies
included an IgG,,-specific Texas Red (TxRd)-conjugated goat anti-mouse antibody (SBA) used at
1:400, an IgG, specific fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody
(SBA) used at 1:150, and a TxRd-conjugated anti-rabbit antibody used at 1:400 (SBA).

Pulse-chase/immunoprecipitation
Metabolic labeling and immunoprecipitations to assess pro-p-NGF processing were performed as
described previously (Bresnahan et al., 1990), except that the amount of processed B-NGF and
unprocessed pro-8-NGF were quantitated using a Phosphorlmager 445 SI (Molecular Dynamics;
Sunnyvale, CA). The relative signal of the product was divided by the signal of the precursor,
yielding a relative measure of processing efficiency.

For the analysis of furin glycosylation state, confluent BSC-40 cells (2 x 10° cells/sample) in
35 mm dishes were infected with recombinant VV at an m.o.i. of 10 and incubated at 37°C. At4
hours post-infection, the medium was replaced with methionine- and cysteine-free MEM (ICN)
supplemented with 1% dialyzed FCS and the cells were incubated for an additional 30 minutes at
37°C, after which they were pulse-labeled with [*S]Met/Cys (NEN Express label, DuPont) at 200
uCi/ml for 30 minutes. Following the pulse, cells were either harvested or chased for varying
intervals by replacing the labeling medium with MEM containing 10% FCS and supplemented with
150 pg/ml each of methionine and cysteine. For harvesting, the plates were placed on ice, the
medium removed and the cells lysed by trituration in 1 ml modified RIPA buffer (mRIPA, 50 mM
Tris-HC1 pH 8.0, 150 mM NaCl, 1% NP-40 and 1% sodium deoxycholate). The lysates were
clarified by centrifugation at 16,000 g for 5 minutes and the supernatants transferred to fresh tubes
for immunoprecipitation. Primary antibody PA1-062 (1:250) was added and the samples were
incubated for 16 hours at 4°C with mixing. Following the primary incubation, protein A coupled
to Sepharose CLAB (Zymed) was added (40 ul of 50% slurry) and the incubation continued for an
additional 2 hours, after which the beads were spun down, washed three times with mRIPA and
resuspended in 30 pl of 2 x SDS sample buffer. For determinations of endoglycosidase H
sensitivity the washed immunoprecipitates were rinsed in D-PBS, then resuspended in 25 pl of
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reaction buffer (50 mM sodium citrate, pH 6.0, and 0.1 % SDS) and incubated for 18-24 hours at
37°C with or without endoglycosidase H (Boehringer-Mannheim) prior to addition of 30 pul 2 x
SDS-PAGE loading buffer, and resolution by SDS-PAGE on an 8% gel.

Labeling of both furin and its propeptide was performed in essentially the same manner as
described above. At 4 hours post-infection, the medium was replaced with arginine- and leucine-
free MDCB202. After a 0.5 hour incubation at 37°C, the cells were pulse-labeled with 100 pCi
each of [BH]Arg and ["H]Leu (NEN, Dupont) for 0.5 hours. Following the pulse, the cells were
either harvested, or chased for varying intervals by replacing the labeling medium with MCDB202
supplemented with 150 pg/ml each of arginine and leucine. For harvesting, the cells were placed
on ice, the medium removed and the cells lysed by trituration in 1 ml TXCa2+ buffer (50 mM Tris-
HCI, pH 8.0, 150 mM NaCl, 1% TX-100) supplemented with 10 upM decanoyl-Arg-Val-Lys-Arg-
CMK to inhibit residual furin activity. For immunoprecipitation, the mAb M1 was added (100
ug/ml), and the samples incubated 16 hours at 4°C with mixing. Following the primary
incubation, protein G coupled to Sepharose CL4B (Zymed) was added (40 pl of 50% slurry) and
the incubation continued for an additional 2 hours, after which the beads were spun down, washed
three times with TXC22+ and resuspended in 30 pl of 2 x SDS sample buffer. The samples were
then separated on a 15% peptide gel using an SDS-Tris-tricine buffer system (Dayhuff et al., 1992;
Schigger and von Jagow, 1987). The gel was stained with Coomassie blue, destained, incubated
in dH,0 for 0.5 hour, then 1 M sodium salicylate for 0.5 hour, dried down and exposed to film.
Radioactive bands representing furin and the propeptide were excised from the gel, treated with
Solvable (Packard Biosciences; Meriden, Connecticut), and counted in the LSC cocktail Hionic
Fluor (Packard) on a 1900 TR LS Analyzer (Packard). The counts obtained from corresponding
gel regions of VV:WT infected cells were used for a background reading.

Membrane Fractionation, Furin Activity Assays and Titration Analysis

Crude preparations of cellular membranes were made as described previously (Anderson et al.,
1997). Furin activity assays with 25 pl of the resuspended membrane pellets were carried out in
100 mM HEPES, pH 7.5, 1 mM 2-mercaptoethanol, 0.5% Triton X-100 and 1 mM CaCl,.
Fluorometric assays with pGlu-Arg-Thr-Lys-Arg-MCA containing peptides were performed as
described previously (Jean et al., 1998) using a FluoroMax-2 spectrofluorometer equipped with a
96-well plate reader (Instrument SA, Edison, NJ). The excitation/emission wavelengths of
370/460 were used to measure released AMC (7-amino-4-methylcoumarin). To determine the
number of furin active sites in both membrane preparations and Fur713t preparations, titration

analysis was performed as described previously (Jean et al., 1998).
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Furin Constructs and Vaccinia Virus (VV) Expression

The HA and FLAG epitope tagged furin construct fur/f/ha was generated using fur/f/haAtc-k in
pZvneo (Anderson et al., 1997). The BamHI/BamHI fragment from full length fur/f in pZvneo
[described previously (Molloy et al., 1994)] was domain swapped into fur/f/haAtc-k in order to
restore both the transmembrane domain and cytoplasmic tail. The furin mutants V., R:fur/f/ha,

R, A:fur/f/ha and fur/fApro were based on the EcoRI/Kpnl fragment of furin in pAlter-1 as a
template, and generated by single primer mutagenesis using the primers V72R (5’- CTG GCA
TCG AGG CCG GAC GAA GCG GTC -3", R75A (5’- GTG ACG AAG GCC TCC CTG TCG
-3’) and PROLOI1 (5’- CTG CTA GCA GCT GAT GCT GAC TAC AAG GAC GAC GAT -3’).
The V72R mutation introduced a diagnostic Mspl, and the R75A mutation introduced a diagnostic
Stul site (in boldface type). The full length furin constructs were then generated by triple-ligating
the EcoRI/Sacll fragment of the mutant furin with the EcoRI/Xbal and and Xbal/Sacll fragments
of pZvneo:fur/f/ha. Pro/ha was generated by standard PCR from the construct fur/f/ha in pZVneo
using the primers N.SS.PRO (5’- GAA GAT ATC ATG GAG CTG AGG CCC TGG -3’) and
C.PRO (5’- GTC GAT ATC TCA CCG TTT AGT CCG TCG CTT -3°) followed by cloning of
the fragments into the unique Stul site of pZVneo. This subcloning step was facilitated by the
introduction of EcoRYV sites (boldface type). In all primers, the nucleotides that are complementary

to the furin sequence are underlined. All furin constructions were ultimately cloned into the

pZVneo vector for generating recombinant vaccinia virus by marker transfer as previously
described (VanSlyke et al., 1995).

Chemical Synthesis of Internally Quenched Fluorogenic Substrates.

Following coupling of Fmoc-(3-nitro) Tyr to the Ala-HMP resin, elongation of the peptide chain
was accomplished using Fmoc solid phase peptide chemistry until the last step, whereupon Boc-
anthranilic acid was added. The following side chain protecting groups were used: t-Boc for Lys,
tert-butyl (tBut) for Ser and Asp, and 2,2,5,7,8-methylchroman-6-sulphonyl (Pmc) for Arg.
Peptide derivatives were cleaved from the resin and deprotected by treating the resin for 3 hours
with reagent K (King et al., 1990), followed by lyophilization and repeated washing with ether.

Purification and Characterization of Fluorescent Substrates.

The crude material from each synthesis was purified by reversed-phase high performance liquid
chromatography (RP-HPLC), using first a 300 x 7.80 mm, 10 micron. Bondclone
semipreparative C,, column (Phenomenex, Torrance, CA) and then an analytical C,; column

(Vydac, Torrance, CA). The buffer system consisted of an aqueous 0.1 % (v/v) trifluoroacetic acid
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Furin Constructs and Vaccinia Virus (VV) Expression

The HA and FLAG epitope tagged furin construct fur/t/ha was generated using fur/f/haAtc-k in

pZvneo (Anderson et al., 1997). The BamHI/BamHI fragment from full length fur/f in pZvneo

[described previously (Molloy et al., 1994)] was domain swapped into fur/f/haAtc-k in order to

restore both the transmembrane domain and cytoplasmic tail. The furin mutants V.,R:fur/f/ha,

R,;A:fur/f/ha and fur/fApro were based on the EcoRI/Kpnl fragment of furin in pAlter-1 as a

template, and generated by single primer mutagenesis using the primers V72R (5’-CTG GCA

TCG AGG CCG GAC GAA GCG GTC -3°, R75A (5’- GTG ACG AAG GCC TCC CTG TCG

-3") and PROLO1 (5’- CTG CTA GCA GCT GAT GCT GAC TAC AAG GAC GAC GAT -3").

The V72R mutation introduced a diagnostic Mspl, and the R75A mutation introduced a diagnostic '

Stul site (in boldface type). The full length furin constructs were then generated by triple-ligating
the EcoR1/SaclI fragment of the mutant furin with the EcoRI/Xbal and and Xbal/SaclI fragments
of pZvneo:fur/f/ha. Pro/ha was generated by standard PCR from the construct fur/f/ha in pZVneo
using the primers N.SS.PRO (5’- GAA GAT ATC ATG GAG CTG AGG CCC TGG -3’) and
C.PRO (5’- GTC GAT ATC TCA CCG TTT AGT CCG TCG CTT -3’) followed by cloning of g
the fragments into the unique Stul site of pZVneo. This subcloning step was facilitated by the

introduction of EcoRYV sites (boldface type). In all primers, the nucleotides that are complementary
to the furin sequence are underlined. All furin constructions were ultimately cloned into the
pPZVneo vector for generating recombinant vaccinia virus by marker transfer as previously
described (VanSlyke et al., 1995). ey

Chemical Synthesis of Internally Quenched Fluorogenic Substrates.
Following coupling of Fmoc-(3-nitro) Tyr to the Ala-HMP resin, elongation of the peptide chain !
was accomplished using Fmoc solid phase peptide chenljstry until the last step, whereupon Boc-

anthranilic acid was added. The following side chain protecting groups were used: t-Boc for Lys,

tert-butyl (tBut) for Ser and Asp, and 2,2,5,7,8-methylchroman—6-sulphony1 (Pmc) for Arg.

Peptide derivatives were cleaved from the resin and deprotected by treatin g the resin for 3 hours

with reagent K (King et al., 1990), followed by lyophilization and repeated washing with ether.

Purification and Characterization of Fluorescent Substrates.

The crude material from each synthesis was purified by reversed-phase high performance liquid
chromatography (RP-HPLC), using first a 300 x 7.80 mm, 10 micron. Bondclone
semipreparative C,¢ column (Phenomenex, Torrance, CA) and then an analytical C,; column
(Vydac, Torrance, CA). The buffer system consisted of an aqueous 0.1 % (v/v) trifluoroacetic acid

Page 59



RESULTS

Furin propeptide has the properties of an IMC.

The furin propeptide has been proposed to be an IMC (reviewed in Molloy et al., 1999).
Based on this hypothesis we can make three predictions regarding in vivo furin activation. First,
truncation of the propeptide should result in misfolding of the protease with a subsequent loss of
enzymatic activity, and possibly ER-retention by the quality control system. Second, co-
expression of such a mutant with the propeptide in trans should restore both TGN localization and
activity. Third, blocking propeptide excision should result in the accumulation of a furin folding
intermediate, which may have exposed hydrophobic surfaces (see Introduction). This intermediate
could be retained in the ER by the secretory pathway quality control system.

To test our first prediction, the epitope-tagged furin construct fur/fApro was generated
(Figure 1). Fur/fApro contains an internal deletion of the entire proregion, with the furin signal
peptide fused directly to the FLAG-tagged mature catalytic domain. For comparison, we generated
fur/f/ha, a full-length furin construct containing an HA-tag within the proregion and a FLAG-tag
on the catalytic domain (C-terminal to the propeptide excision site). This HA/FLAG epitope-tag
strategy permitted simultaneous detection of furin’s propeptide and mature domains. Neither
epitope-tag had detectable effects on the enzyme (Anderson et al., 1997; Molloy et al., 1994).

Parallel plates of BSC-40 cells expressing either fur/fApro or fur/f/ha were harvested and
signal/pro- peptide removal from each construct verified by western blot using FLAG-specific
mADbs (Figure 2A). mAb M2 recognizes all FLAG-tagged furin constructs, whereas mAb M1
requires the tag to be at the N-terminus (i.e., cleavage of the signal peptide in fur/fApro and the
propeptide in fur/f/ha, see Figure 1). The identical Mr and mAb M1 cross-reactivities of the
fur/fApro and fur/f/ha constructs are consistent with the mature proteins having the same primary
amino acid sequences.

Quantitative enzyme activity assays revealed the importance of the propeptide to furin
activity (Figure 2B). Extracts from control cells or cells expressing either fur/f/ha or fur/fApro
were incubated with a peptidyl furin substrate. Fur/f/ha displayed robust activity, whereas
fur/fApro was enzymatically inactive even though expressed at a comparable level.

The necessity of the propeptide for correct furin localization was demonstrated using
glycosylation state analysis and immunofluorescence. Pulse-chase studies revealed that following
a three hour chase, a significant percentage of pulse-labeled fur/f/ha becomes Endoglycosidase H
(Endo H) resistant, revealing the addition of complex carbohydrate and hence transport to late
Golgi compartments (Figure 3). By contrast, fur/fApro remained fully Endo H sensitive (Figure
3), consistent with localization in the early secretory pathway. Next, BSC-40 cells expressing
either fur/f/ha or fur/fApro were fixed, permeabilized and stained with anti-FLAG mAbs.
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Consistent with furin’s previously demonstrated TGN localization (Molloy et al., 1994), fur/f/ha
showed a paranuclear staining pattern (data not shown). By contrast, fur/fApro showed a
dispersed reticular stain that co-localized nearly completely with the signal sequence receptor
(SSR), an ER marker (Figure 4). Thus, fur/fApro’s lack of activity and ER-localization is
consistent with misfolding of the protein.

We then tested our second prediction: if the furin propeptide functions as an IMC, then co-
expression of the propeptide in trans with fur/fApro should facilitate protein folding, thereby
rescuing fur/fApro from ER localization as well as restoring enzymatic activity. A recombinant
propeptide construct was generated consisting of the furin signal sequence followed by the HA
epitope-tagged propeptide (pro/ha; see Figure 1). Replicate plates of BSC-40 cells expressing
fur/fApro alone or together with pro/ha were incubated with mAb M1. The cells were fixed and
permeabilized, and the remaining fur/fApro was stained with mAb M2. mAb M1 staining revealed
that pro/ha restores TGN localization and cell surface cycling of fur/fApro (Figure SA). This
rescue was inefficient, however, as most fur/fApro remained in the ER.

We also determined whether pro/ha could rescue fur/fApro activity. Due to the relative
insensitivity of the in vitro fluorogenic assay (Figure 2), an in vivo assay was conducted using the
furin substrate pro-B8-NGF (Bresnahan et al., 1990). Parallel plates of BSC-40 cells were co-
infected with vaccinia recombinants expressing pro-8-NGF and fur/fApro and/or pro/ha. The cells
were incubated with [*’S]Met/Cys and secreted pro-B-NGF products immunoprecipitated and
processing efficiency quantified. Co-expression of pro-3-NGF with either pro/ha or fur/fApro
separately failed to enhance processing above control levels (Figure 5B, compare columns 1 and 2
with 3 and 4). Strikingly, co-expression of pro/ha and fur/fApro resulted in significant pro-8-NGF
processing (Figure 5B, column 5), although the extent of processing was less than native furin
(>100 fold, data not shown). Thus, in trans propeptide expression restores fur/fApro trafficking
and activity consistent with a rescue of protein folding.

We then tested our third prediction: if the furin propeptide functions as an IMC, then failure
to undergo propeptide excision should result in accumulation of a furin folding intermediate. Like
fur/fApro, this intermediate may be ER-retained by the quality control system. To test this
prediction, we used fur/fD ,N, a FLAG-tagged furin with a mutation in the catalytic triad (Asp,,
— Asn) (Leduc et al., 1992; Molloy et al., 1994). As has been shown previously, fur/fD, ;N i)
does not undergo propeptide excision and thus fails to cross-react with mAb M1 (Figure 2A), ii) is
inactive (Figure 2B), and 1i1) remains fully Endo H sensitive consistent with an early secretory
pathway localization (Figure 3). Unexpectedly, and in contrast to fur/fApro, fur/fD,,;N displayed
a dispersed, punctate stain with a paranuclear component that showed a limited overlap with mAb
(G1/93, an antibody against the ER-Golgi Intermediate Compartment (ERGIC) marker ERGIC-53
(Figure 4). The limited overlap between fur/fD ;N and ERGIC-53 was confirmed by confocal
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microscopy (data not shown). The significant amount of fur/fD,;,N that does not colocalize with
ERGIC-53 could be in an unidentified subcompartment of the ERGIC or in the adjacent cis-Golgi
Network. To further examine the localization of fur/fD,,N, cells were treated with brefeldin A
(BFA) prior to fixation. In addition to causing fusion of Golgi with ER membranes, BFA also
causes fusion of the ERGIC with cis-Golgi Network (CGN) membranes (Fullekrug et al., 1997).
Consistent with localization of fur/fD,,;N to the ERGIC/CGN, BFA treatment caused a nearly
complete redistribution of fur/fD, ;N to punctate ERGIC-53 containing structures (Figure 4).

Propeptide cleavage and furin activation.

Once an IMC has served its function in protein folding, this autoinhibitory domain must be
degraded to permit protease activation (reviewed in Baker et al., 1993). Indeed, following
autoproteolytic propeptide excision in the ER (-Arg-Thr-Lys-Arg,,*-), furin is still enzymatically
inactive due to stable association with the autoinhibitory propeptide (K, =14 nM; Anderson et al.,
1997). In vitro, furin activation is concomitant with internal cleavage of the propeptide at the
P1/P6 Arg motif at -Arg-Gly-Val-Thr-Lys-Arg,.}-, and dissociation of the cleaved propeptide from
furin. Cleavage at this site in vitro requires an acidic pH characteristic of the TGN [optimal
cleavage at pH 6.0 (Anderson et al., 1997)], suggesting that furin becomes active in the acidic
compartments of the late secretory pathway. In several studies, furin itself has been shown to
cleave at P1/P6 Arg motifs, specifically at acidic pH (Brennan and Nakayama, 1994a; Brennan and
Nakayama, 1994b), and both Arg residues are required for cleavage. Because both the P1 and P6
arginines at the internal cleavage site are required for furin activation at acidic pH (Anderson et al.,
1997), it raised the possibility that internal propeptide cleavage is autoproteolytic. We next
addressed this possibility as well as whether this cleavage is required in vivo for activation.

Autoproteolytic cleavage of the internal furin propeptide site.

To characterize the internal propeptide cleavage event, two sets of experiments were
performed. First, the sensitivity of internal cleavage to furin inhibitors was investigated. An ER-
localized furin construct, fur/fAtc-k (see Figure 1), was expressed in cells. This construct
undergoes propeptide excision, but remains proteolytically inactive due to stable association of the
inhibitory propeptide (Anderson et al., 1997). Detergent solubilized membrane preparations
containing fur/fAtc-k were incubated at pH 6.0 in the absence or presence of two potent furin
inhibitors; decanoyl-Arg-Val-Lys-Arg-CMK, a nM inhibitor of all PCs (Jean et al., 1998) and the
selective furin inhibitor, a;-PDX [K; for furin = 0.6 nM (Jean et al., 1998)] (Figure 6A).

Consistent with autoproteolysis, both inhibitors blocked the internal cleavage of the furin
propeptide to yield the ~6 kDa HA-tagged, N-terminal fragment. Second, a dilutional analysis was

performed in order to establish whether internal propeptide cleavage was inter- or intra-molecular.
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Replicate samples containing fur/fAtc-k were sequentially diluted (up to 20-fold) and incubated at
pH 6.0 for 3 hours, during which time furin becomes maximally active in vitro (Anderson et al.,
1997). Relative furin activity was then determined, and the number of furin active sites was
measured by titration analysis (Figure 6B). The observed regression line does not pass through
the null point when approaching O nM of ‘activateable’ furin, indicating an intramolecular
activation event. However, the rate of activation increases at higher furin concentrations,
indicating some intermolecular activation as well. Thus, furin becomes active by
autoproteolytically cleaving its propeptide, predominantly via an intramolecular process.
Autoproteolytic cleavage at -Arg-Gly-Val-Thr-Lys-Arg. .- has been proposed to be based
on furin’s pH-dependent cleavage site specificity (Anderson et al., 1997). To test this hypothesis,
a kinetic analysis was performed using internally quenched fluorogenic peptide substrates
corresponding to the sites of internal propeptide cleavage (QFS-1) and propeptide excision (QFS-8;
see Table 1). Consistent with the processing of P1/P4 arginine-containing furin substrates, the
QFS-8 peptide was cleaved slightly more efficiently at pH 7.5 than pH 6.0, with a low yYM K at
both pH values and a 40% decrease in k_, at pH 6.0. By contrast, the P1/P6 Arg-containing QFS-
1 showed a marked preference for cleavage at pH 6.0. At neutral pH, a high K (71 uM) for furin
cleavage was observed, although the k_, was nearly two-fold higher than that observed for QFS-8.
Interestingly, at pH 6.0 a 3-fold lower K, (23 pM) for QFS-1 was observed. Even with a

decrease in k_,, the overall turnover number of QFS-1 at pH 6.0 was two-fold higher than pH 7.5

cat?

(Table I). These data support a model in which compartment-specific activation of furin is

controlled, in part, by the different motifs of the two propeptide cleavage sites (see Discussion).

Autoproteolytic cleavage is necessary for in vivo furin activation.

We then examined the autoproteolytic cleavage and rate of propeptide dissociation from
furin in vivo by pulse/chase analysis and co-immunoprecipitation. Plates of cells expressing
fur/f/ha were pulse-labeled with [’H]Arg/Leu and harvested either immediately or following a
chase. Furinepropeptide complexes were immunoprecipitated with mAb M1, resolved by SDS-
PAGE, and processed for autoradiography. Dissociation of the propeptide from furin was
quantitated by liquid scintillation counting of the relevant excised gel bands (Figure 7).
Immediately after the pulse 100% of fur/f/ha molecules were associated with propeptide (Figure 7).
The fraction of propeptide-associated furin decreased linearly for ~3.5 hours (t,, = 105 minutes)
culminating in 50% dissociation. Attempts to immunoprecipitate the ~6 kDa HA-tagged amino
terminal propeptide fragment from either the cells or extracellular medium were not successful (data
not shown), suggesting that it is labile. Longer chase times did not reveal further propeptide

dissociation (data not shown; see Discussion). BFA treatment, which is known to block ER —
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TGN transport, abolished propeptide dissociation from furin, indicating a requirement for transit of
furinepropeptide complexes to late secretory pathway compartments for activation (Figure 7).

The importance of cleavage at -Arg,.‘- in vivo was addressed by comparing the activation
and trafficking of fur/f/ha to that of an Arg,; — Ala point mutant at the second propeptide cleavage
site (R,;A:fur/f/ha). The R,;A mutation i) had no effect on the ER-localized initial propeptide
excision (-Arg,,*) (Figure 2A, lane 6 and Anderson et al., 1997), ii) did not alter export of the
enzyme from the early secretory pathway (Figure 3), and iii) blocked furin activity as measured in
cell extracts (Figure 2B, column 6). Next, BSC-40 cells infected with vaccinia recombinants
expressing fur/f/ha or R, A:fur/f/ha were treated for four hours with cycloheximide following an
initial two hours of infection. The cells were then fixed, permeabilized and stained to detect furin
mature domain (mAb M1) and propeptide (mAb HA.11). In untreated cells, fur/f/ha and
R,.A:fur/f/ha displayed very similar staining patterns (Figure 8). The paranuclear staining pattern
of the mature furin domains of both constructs co-localized with that of their respective
propeptides, consistent with TGN localization and association with the autoinhibitory propeptide
domain. [Propeptide staining was detected in the ER of both fur/f/ha and R, ;A:fur/f/ha expressing
cells (Figure 8)]. This ER staining likely represents nascent furin molecules, as it could be chased
out by brief cycloheximide treatment (data not shown). Importantly, four hours of cycloheximide
treatment revealed a striking difference between fur/f/ha and R, A:fur/f/ha. Fur/f/ha showed a
complete loss of paranuclear propeptide staining while maintaining staining of mature furin. In
contrast, R,;A:fur/f/ha maintained prominent paranuclear staining that remained co-localized with
the mature domain (Figure 8). Biochemical analysis revealed that in contrast to the native
propeptide, R..A propeptide remained largely associated with the enzyme throughout the chase
(Figure 7). These data indicate that dissociation of the propeptide from furin requires the integrity
of the -Arg,,-Gly-Val-Thr-Lys-Arg,s}- cleavage site.

After establishing that inhibition of propeptide excision blocks transport of furin at the
ERGIC/CGN (Figure 4), we investigated whether inhibition of internal propeptide cleavage
similarly affects trafficking within the TGN/endosomal system. Cells expressing either fur/f/ha or
R..A:fur/f/ha were incubated with mAb M1 to detect furin cycling to the cell surface. The fixed and
permeabilized cells were then incubated with antiserum directed against the furin cytoplasmic
domain (PA1-062) to detect the steady state distribution of all furin molecules (Figure 9). (This is
in contrast to the M2 post-fix staining used previously (Figure 5) which only detects furin
molecules not already bound to mAb M1.) The highly similar staining patterns of mAb M1 and
PA1-062 showed that, contrary to preventing propeptide excision, inhibition of internal propeptide
cleavage had no apparent effect on trafficking of furin between the plasma membrane and the
TGN. Further, a time course of mAb M1 uptake showed no apparent difference between the two
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constructs (data not shown). These data suggest that furin folding is complete following

propeptide excision, and that furin in the furinepropeptide complex is intrinsically active.

Modulation of internal propeptide cleavage.

Furin activation both in vitro and in vivo is a slow process, presumably due to ineffecient
internal propeptide cleavage at -Arg75¢—, even at acidic pH (see Table I). We investigated whether
we could accelerate the rate of furin activation by mutating this internal cleavage site to a consensus
furin cleavage motif (-Arg-X-Lys/Arg-Argl-). We speculated that if internal propeptide cleavage in
this mutant were efficient at neutral pH, furin might become active in the ER. To test this
hypothesis, we examined the processing kinetics of a fluorogenic peptide substrate corresponding
to the internal propeptide cleavage site, but with a P4 Arg (i.e. Val,, — Arg) (QFS-3; see Table 1).
Strikingly, introduction of the P4 Arg resulted in a dramatic drop in K _ relative to the native
(8-11 fold).
Intriguingly, we still observed a pH-dependent drop in K_ (5.17 uM to 1.84 uM), comparable to
that seen with QFS-1 (~3 fold) (see Discussion).

The in vivo effects of the P4 Val — Arg substitution were analyzed by generating an

sequence at either pH, making it comparable to QFS-8, and a large increase in k

cat

epitope-tagged furin construct, V,,R:fur/f/ha, containing this mutation. Surprisingly, western blot
analysis of V_,R:fur/f/ha expressed in BSC-40 cells revealed this construct failed to undergo
efficient propeptide excision and remained largely a zymogen (Figure 2A). Further, pulse-chase
studies showed V_,R:fur/f/ha remained predominantly Endo H sensitive, indicating retention in the
early secretory pathway (Figure 3).

Immunofluorescence microscopy revealed that V., R:fur/f/ha was predominantly ER-
localized as it co-localized with the signal sequence receptor (Figure 10). This localization
presumably reflects misfolding, as Fur/fD N, which also remains a zymogen, is able to escape
the ER (Figure 4). Interestingly, a small amount of mAb M1-positive (i.e. propeptide excised)
V., R:fur/f/ha was visible by immunofluorescence as a paranuclear stain (Figure 10). This species
1) did not disperse in the presence of BFA (data not shown), suggesting TGN localization, and ii)
displayed TGN/cell surface cycling, as revealed by mAb M1 uptake (Figure 10). Although
V. R:fur/f/ha displayed no proteolytic activity in vitro against a peptide substrate (Figure 2B), in
vivo proteolytic activity was observed by using the sensitive pro-3-NGF processing assay (data
not shown). This suggested that a fraction of the material was indeed active. Clearly, however,
the majority of V_,R:fur/f/ha is unable to transit out of the ER, implying misfolding and retention

by the quality control system.
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DISCUSSION

Furin activation is a multi-step process mediated by its IMC propeptide that requires an
ordered pair of compartment-specific autoproteolytic propeptide cleavages to produce the mature,
active endoprotease. That the propeptide functions as an IMC is suggested by the observations
that: i) furin lacking the propeptide is inactive and ER-retained, ii) co-expression of the propeptide
in trans rescues furin trafficking and endoproteolytic activity, and iii) blocking propeptide excision
results in ERGIC/CGN localization, suggesting incomplete folding of furin. Following propeptide
excision (-Arg-Thr-Lys-Arg,,.*-) and transport of the furinepropeptide complex to the acidic
TGN/endosomal system, the propeptide undergoes a slower (t;, = 105 minutes) autoproteolytic
and predominantly intramolecular cleavage at -Arg-Gly-Val-Thr-Lys-Arg,;*-. While propeptide !
excision is necessary for export from early secretory pathway compartments, blocking internal
propeptide cleavage (Arg,, — Ala) has no apparent effect on TGN/cell surface cycling. The
importance of the propeptide cleavage site sequences for directing activation within the variable-pH
environment of the secretory pathway was suggested by in vitro digests of synthetic peptides.

This analysis revealed the preferential cleavage of the propeptide excision site sequence at neutral
pH (similar to the ER) and the internal cleavage site sequence at mildly acidic pH (similar to the
TGN). Analysis of a peptide substrate with the internal site of propeptide cleavage mutated to a
consensus furin site (Val,, — Arg) showed a greatly increased sensitivity to furin at neutral pH.
Surprisingly, this mutation in vivo resulted in near complete inactivation and ER-localization of
furin. Together, these results provide a rationale for the different sequences at the first and second

sites of propeptide cleavage.

Furin transport out of the early secretory pathway.

Misfolded/unassembled secretory proteins are retained by the cellular quality control system
(reviewed in Hammond and Helenius, 1995). While most of these proteins are ER retained, some
escape the ER and transit to post-ER/pre-Golgi compartments, from which they may be retrieved
(see Hammond and Helenius, 1994). Our analysis suggests that the ER and ERGIC/CGN may
distinguish furin in different folding states. Presumably misfolded furin constructs (i.e. fur/fApro
and V_,R:fur/f/ha) are retained in the ER, perhaps by virtue of chaperone binding. Indeed,
preliminary co-immunoprecipitation studies show that fur/fApro and V., R:fur/f/ha are associated
with BiP (E.D.A. and G.T., unpublished results). Chaperone binding to fur/fapro could explain
the poor recovery of activity by co-expressed pro/ha (Figure 5), as BiP could prevent interaction
between fur/fApro and pro/ha.

In contrast to fur/fApro, the appearance of fur/fD,;;N in the ERGIC/CGN suggests it is
partially folded and is allowed to progress past the initial ER quality control machinery, only to be
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prevented from trafficking further. It is currently unknown if fur/fD,;,N is statically retained, or
recycles between the ER and ERGIC/CGN, or whether fur/fD,,,N and ERGIC-53, a potential
transport receptor (Nichols et al., 1998; Vollenweider et al., 1998), are physically associated.
Previously, Creemers et al. (1995) reported that furin constructs with mutations disrupting their
propeptide excision site sequences were ER-retained zymogens. However, given the potential
importance of the propeptide excision site sequence for IMC action (Li et al., 1995; Peters et al.,
1998), mutation of this site may have resulted in misfolding, thus complicating analysis. By
contrast, mutation of the catalytic triad of subtilisin has been shown not to result in misfolding
(Carter and Wells, 1988; Eder et al., 1993a; Eder et al., 1993b), suggesting that fur/fD, ;N

represents a folding intermediate, rather than simply being misfolded.

The TGN/endosomal system and furin activation.

A requirement for exposure of the furinepropeptide complex to the acidic TGN/endosomal
environment for activation is supported by three findings. First, previous work showed that ER-
localized furinepropeptide complexes (i.e. fur/fAtc-k; see Figure 1) fail to undergo internal
propeptide cleavage (Anderson et al., 1997). This cleavage can be promoted, however, by in vitro
exposure to mildly acidic pH, with maximal cleavage occurring at pH 6.0, in good agreement with
the observed pH of the TGN (Demaurex et al., 1998; Seksek et al., 1995). Second, peptide
substrates representing the internal propeptide cleavage site are more efficiently cleaved at pH 6.0
than at neutral pH (Table I). Third, internal cleavage can be blocked by BFA treatment, a
compound that inhibits ER — TGN transport (Figure 7). However, our attempts to inhibit internal
propeptide cleavage by treatment of cells with deacidifying agents (e.g. chloroquine and
bafilomycin A) resulted in pleiotropic effects including i) molecular weight changes in furin
[suggesting alteration of unknown secondary modifications (E.D.A. and G.T., unpublished
results)], ii) disruption of furin trafficking (Chapman and Munro, 1994), and iii) disruption of
shedding (Vey et al., 1994 and E.D.A. and G.T., unpublished results), all of which complicate
data interpretation. Nonetheless, in vitro and in vivo data point to the pH of the TGN/endosomal
system as key to governing propeptide cleavage at -Arg,*- .

The incomplete dissociation of the propeptide from furin during activation was surprising
(Figure 7). Even at long time points (up to 7 hours), no propeptide dissociation past ~50% was
observed (data not shown). This may be the result of some furin molecules misfolding due to
over-expression, as suggested by the observations that many furin molecules that have undergone
propeptide excision in BSC-40 cells remain Endo H sensitive, consistent with ER retention (Figure
3). Alternatively, it is possible that over-expression interferes with furin dimerization (Wolins et

al., 1997) or an unknown but essential secondary modification.
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Compared to the rapid ER-localized propeptide excision (t,,, < 10 minutes), the rate of furin
activation in vitro or in vivo is slow [t;, ~90 minutes (Anderson et al., 1997) and ~105 minutes
(this study), respectively]. The relative efficiency of each propeptide cleavage may be partially
explained by analysis of furin cleavage kinetics/ pH-sensitivity for peptide substrates representing
the first and second propeptide cleavage sites (Table I). Characteristic of many -Arg-X-Lys/Arg-
Argl- consensus furin sites, cleavage of QFS-8 (reflecting the site of propeptide excision) is
relatively efficient at either neutral or acidic pH (low pM K_, relatively high k /K| ). By contrast,
QFS-1 cleavage (reflecting the internal P1/P6 Arg propeptide cleavage site) is slower and pH-
sensitive. Although the K of QFS-1 for furin is strikingly high at neutral pH (71 pM), it
decreases three-fold at pH 6.0 (23 uM).

An additional contributor to the slow activation of furin may be a rearrangement of the
furinepropeptide complex. Such a rearrangement may displace the propeptide excision site (-
Arg,,-Thr-Lys-Arg,,.*-) from the furin active site, replacing it with the internal propeptide
cleavage site (-Arg-Gly-Val-Thr-Lys-Arg,;*-). This putative rearrangement may be triggered by
the protonation of key His residues at sites of furin/propeptide contact, as is suggested by the
existence of several closely positioned histidine residues flanking the internal furin propeptide
cleavage site (Hisg,, Hisg,, Hisy,; see Figure 1) that are conserved between the PCs (see Anderson
et al., 1997). At low pH these His residues may become protonated, resulting in destabilization of
a possibly metastable furinepropeptide complex, thus triggering rearrangement. This
rearrangement may be similar to the low pH-induced conformational change of the metastable
influenza HA complex triggered, in part, by the protonation of a key His residue (Carr et al., 1997;
Chen et al., 1998; Daniels et al., 1985). The role of His residues in modulating pH-dependent
furinepropeptide interactions is consistent with our preliminary finding that a substitution of the P7
His residue in the QFS-1 sequence blocks the pH-dependent drop in K (E.D.A. and G.T.,
unpublished results). Thus, these data suggest that the ~3-fold pH-dependent drop in K observed
with the internal cleavage site sequence is not the result of the P1/P6 Arg motif, but rather the P7
His residue. [Indeed, this is consistent with the observation that QFS-3 displays a similar pH-
dependent drop in K at pH 6.0 (see Table I).]

If not for pH-dependent cleavage, what is the reason for the P1/P6 Arg internal cleavage
site sequence in the propeptide? The significance of the markedly different K s at the first and
second propeptide cleavage sites is suggested by two results. First, analysis of QFS-3 cleavage
revealed a sharp drop in K_ (nearly 15-fold) coupled with a dramatic increase in k /K | (nearly
160-fold; see Table I). Indeed, the k_/K,, of QFS-3 was nearly 10-fold greater than that of QFS-8,
which represents the propeptide excision site. Second, when this mutation (i.e. Val,, — Arg) was
introduced into furin (V,,R:fur/f/ha), it inhibited propeptide excision and resulted in ER-retention

(Figures 2, 3 and 10).
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One explanation for V_,R:fur/f/ha’s disrupted activation is based on studies of a-lytic
protease and subtilisin. For both bacterial proteases, the integrity of the propeptide excision site
sequence is crucial for IMC activity (Li et al., 1995; Peters et al., 1998). Additionally, subtilisin’s
propeptide is largely unstructured, and folds only by interacting with the protease domain (Bryan et
al, 1995; Strausberg et al., 1993). It may be that the internal propeptide cleavage site of
V.,R:fur/f/ha, being a much better substrate than the propeptide excision site (see Table I), is able
to outcompete the excision site for access to the partially folded furin active site. This may be
facilitated by furin’s lack of propeptide structure early in the folding process. This inappropriate
binding would prevent furin from folding properly, leaving the bulk of the enzyme as a misfolded,
ER-retained zymogen. In a minority of V,,R:fur/f/ha molecules, the propeptide excision site binds
correctly to the active site, resulting in the folding of a small component of V_,R:fur/f/ha (Figure 10
and data not shown). Unfortunately, the scarcity of this species precluded biochemical
characterization (data not shown).

These data may explain why the site of propeptide excision (-Arg-Thr-Lys-Arg,*-) and
the internal site of propeptide cleavage (-Arg-Gly-Val-Thr-Lys-Arg,.*-) have such different
cleavage motifs. The amino acids at the site of propeptide excision must bind the active site of the
folding furin catalytic domain in order for the propeptide to exert its IMC action. The internal site
of propeptide cleavage in an unstructured propeptide might compete with the site of propeptide
excision for access to the active site. This non-productive interaction is prevented by the unusual
P1/P6 Arg motif in the internal propeptide cleavage site, which conveys a very high K_ in the
neutral environment of the ER (Table I). Thus, furin folding is aided by the relative K s of the
sites of propeptide excision and internal propeptide cleavage.

The study of furin folding/activation not only enhances our understanding of furin, but also
of other PCs and IMC-mediated folding generally. Accumulating evidence demonstrates that other
PCs undergo propeptide and pH-dependent activation processes (Lamango et al., 1999; Zhou et
al., 1995 and E.D.A. and G.T., unpublished results), suggesting that the results of our studies on
furin may inform research on the activation of other PCs. Additionally, the rapidity with which the
prokaryotic IMCs are degraded following folding makes the study of late events in this process
technically difficult (e.g. see Bryan et al., 1995). The slow and pH-dependent process of furin
activation allows the study of late events in IMC-mediated folding that cannot be observed in any

other known system.
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Figure 1. Schematic of furin constructs. To explore the role of the propeptide in furin
folding/activation, a number of recombinant constructs were generated using loop-in, loop-out or
site-directed mutagenesis. In construct fur/fD,,N the aspartic acid residue of the catalytic triad
has been changed to an asparagine, resulting in inactivation of the protease. Fur/f/ha, fur/fApro,
fur/fD,g;N, fur/f/haAtc-k, V,,R:fur/f/ha and R,,A:fur/f/ha all have the FLAG epitope tag inserted
directly after the propeptide cleavage site (diagonal bars), so the N-terminus of the FLAG sequence
is exposed upon excision. The anti-FLAG mAb M2 can recognize either the blocked or exposed
forms of the FLAG epitope. The anti-FLAG mAb M1 can only recognize the FLAG epitope if it
has a free amino-terminus. Hence mAb M1 is only able to detect furin after the propeptide has
been excised. In fur/f/ha, pro/ha, V,,R:fur/f/ha and R, A:fur/f/ha the HA epitope tag (vertical bars)
has been inserted directly after the signal sequence (black). The HA epitope is recognized by the
mAbs 12CAS5 and HA.11. The cytoplasmic tail of furin is recognized by the polyclonal rabbit
antiserum PA1-062. The subtilisin-like catalytic domain of furin is denoted by hatchmarks. The
residues of the catalytic triad are indicated (Asp, His, Ser). Potential glycosylation sites are
denoted by ‘lollipops.” Pairs of basic amino acids in the propeptide are indicated by thick vertical
bars. Arg residues known to be required for internal propeptide cleavage (Arg,,, Arg,,) are
underlined in black. His residues believed to be involved in furinepropeptide rearrangement

(His,,, Hisg,, Hisg,) are underlined in gray.
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Figure 2. Expression, immunoreactivity and in vitro activity of furin constructs.
(A) Samples of crude membrane preparations (15 pl/lane) of mock infected BSC-40 cells, or
BSC-40 cells infected with VV:WT, VV:hFur/f/ha, VV:hFur/fApro, VV:hFur/fD, N,
VV:R,.A:hFur/f/ha or VV:V_,R:hFur/f/ha were analyzed by SDS-PAGE followed by
immunoblotting, using either mAb M1 or mAb M2. The blots were developed with an alkaline
phosphatase-conjugated goat anti-mouse secondary antibody. (B) Proteolytic activity of the same
crude membrane preparations against pGlu-Arg-Thr-Lys-Arg-MCA (30 pul/assay). Each column
represents the average of two samples assayed in duplicate. Furin activity is shown in arbitrary

units of fluorescence. Bars indicate standard deviations.
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Figure 3. Glycosylation analysis of furin constructs. Replicate plates of BSC-40 cells
were infected with VV:WT, VV:hFur/f/ha, VV:hFur/fApro, VV:hFur/fD,;N, VV:R .A:hFur/t/ha
or VV:V_ R:hFur/f/ha, and incubated at 37°C for 4 hours. The cells were pulse labeled with
[*S]Met/Cys for 30 minutes, and chased for 3 hours in complete medium with an 150 pg/ml each
of cold methionine and cysteine at 37°C. Cells were then harvested in mRIPA and furin
immunoprecipitated with PA1-062 (1:250). Immunoprecipitates were incubated for 16-24 hours in
reaction buffer (50 mM sodium citrate pH 6.0, and 0.1% SDS) or buffer with 2.5 mU of
endoglycosidase H. Following digestion, the samples were resolved by an 8% SDS-PAGE gel
which was then processed for fluorography. Furin zymogen (black arrow), mature furin with an
excised propeptide (white arrow), and sialated furin (white asterisk) are indicated. The intensity of

the chase autoradiograph was increased to make it comparable to the pulse autoradiograph.
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Figure 4. Retention of fur/fApro and fur/fD, ;N in the early secretory pathway.
Replicate plates of subconfluent BSC-40 cells were infected with VV:hFur/fApro or
VV:hFur/fD,;N. Following inoculation the cells were incubated at 37°C for a total of 5 hours.
Cells expressing fur/fD, ;N were treated with brefeldin A and cycloheximide (both at 10 ug/ml) for
2 hours prior to fixation. All cells were fixed with paraformaldehyde, permeablized and incubated
with either mAb M1 or PA1-062 to detect furin. Cells were also incubated either with an anti-
signal sequence receptor rabbit antiserum (SSR), or with an anti-ERGIC-53 mouse mAb (G1/93).
Examples of structures containing co-localizing fur/fD,,,N and ERGIC-53 are marked by
arrowheads. mAb M1 was detected using a goat anti-mouse IgG,,-FITC secondary antibody, the
signal-sequence receptor antiserum using a goat anti-rabbit-TxRd antibody, PA1-062 with goat
anti-rabbit-TxRd, and G1/93 with goat anti-mouse IgG,-FITC.
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Figure 5. In trans restoration of activity and trafficking to fur/fApro by the furin
propeptide. (A) Replicate plates of subconfluent BSC-40 cells grown on coverslips were
infected with VV:hFur/fApro (m.o.i. = 6) and VV:WT (m.o.i. = 4) or VV:hPro/ha (m.o.i. =4).
Following inoculations, mAb M1 was added to the medium (30 pg/ml) and the cells incubated at
37°C for 5 hours. The cells were then fixed with paraformaldehyde, permeablized and incubated
with mAb M2 to detect the remaining furin. mAb M1 was detected using a goat anti-mouse IgG,,-
FITC antibody, and mAb M2 was visualized using a goat anti-mouse IgG,-TxRd antibody. (B)
Replicate plates of BSC-40 cells were infected with either VV:mNGF (column I; multiplicity of
infection [m.o.i.] = 5) or co-infected with VV:mNGF (m.o.i. = 5) and VV:WT (column 2; m.o.1.
=2: m.o.i =7 total). Additional samples were triple-infected with VV:mNGF, VV:hFur/fApro/ha
and VV:WT (column 3), VV:mNGF, VV:WT and VV:hPro/ha (column 4), or with VV:mNGF,
VV:hFur/fApro and VV:hPro/ha (column 5; all m.o.i.’s =2, 3 and 3, respectively). The signal
from the precursor (pro-B-NGF) and product (B-NGF) were quantitated, and the ratio of product to
precursor determined. Each reading represents the average of two separate samples. Bars indicate

standard deviations.
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Figure 6. Autoproteolytic, intramolecular activation of furin. Replicate 15 cm plates
of BSC-40 cells were infected with either VV:WT or VV:hFur/fAtc-k (m.o.i. = 5). At 16-18 hours
post-infection the cells were harvested and crude membrane preparations were made. The
membrane pellets were resuspended in pH 6.0 or pH 7.5 activation buffer (10 mM Bis-Tris, pH
6.0/pH 7.5 with 5 mM CacCl, and 1 mM B-ME) as indicated. In (A) 200 pM o,-PDX or 200 uM
decanoyl-Arg-Val-Lys-Arg-CMK was added to experimental samples in pH 6.0 activation buffer
prior to incubation at 30°C for 3 hrs. Following incubation the samples were analyzed by SDS-
PAGE and western blotting for the propeptide using mAb 12CAS5. The intact propeptide (arrow)
and cleaved ~6 kDa HA-tagged N-terminal propeptide fragment (arrowhead) are indicated. In (B)
the samples were diluted in pH 6.0 activation buffer on ice, and subsequently incubated at 30°C for
3 hours. Following incubation, furin activity was determined against the pGlu-Arg-Thr-Lys-Arg-
MCA substrate. Background activity from VV:WT infected cells was subtracted from the activity
of VV:hFur/fAtc-k infected cells, and relative activity computed. Finally, the amount of active
furin in the membrane preparation was determined by titration with decanoyl-Arg-Val-Lys-Arg
CMK. The data points indicate the mean of five separate experiments. Bars indicate standard
deviation.
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Table I: Furin processing of mative and mutant propeptide cleavage motifs. Kinetic

values are averages of at least two separate trials, and were determined as described (see Materials

and Methods). All errors were 15% or less.
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Peptidyl Substrate Km kcat kcat/Km kcat/Km

P7 P6 P5 P4 P3 P2 P1_P1 P2 pH (uM) (s (s"M) (Rel.)

QFS-8 >UN->_m-r<m->6->6-._.:7r<m-Eme->mU-<m_-.ﬁ<xzOu-Zm 751|199 | 190 | 9.58x10° 1.000
6.0 | 1.62 1.03 6.34 x 10° 0.661

QFS-1 | Abz-His-Arg-Gly-Val-Thr-Lys-Arg*-Ser-Leu-Tyr(NO,)-Ala | 7.5 [ 70.88 | 3.53 | 4.99x10* | 0.052
6.0 |23.11| 2.06 | 891x10* | 0.093

QFS-3 | Abz-His-Arg-Gly-Arg-Thr-Lys-Arg}-Ser-Leu-Tyr(NO,)-Ala | 7.5 | 5.17 | 41.0 | 7.94 x 10 8.289
60| 1.84 | 16.6 9.04 x 10° 9.439
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Figure 7. In vivo furin activation. Replicate 35 mm plates of confluent BSC-40 cells were
infected with VV:hFur/f/ha or VV:R ;A:hFur/f/ha. The cells were infected for 4 hours at 37°C, and
then pulse labeled for 0.5 hours with 100 pCi each of ["H]Arg and PH]Leu. The cells were refed
with medium containing 150 pg/ml cold Arg and Leu, and harvested after the indicated chase times
in TXCa2+ buffer supplemented with 10 uM decanoyl-Arg-Val-Lys-Arg-CMK to inhibit residual
furin activity. mAb M1 was added (100 pg/ml) and furin immunoprecipitated overnight at 4°C.
The immunoprecipitates were run on a 15% SDS-PAGE gel and processed for autoradiography.
Furin and propeptide bands were excised, dissolved, and counted in LSC cocktail. The relative
propeptide signal is presented as a percentage of the furin signal (closed circles). In an additional
experiment, cells infected with VV:hFur/f/ha were treated with brefeldin A (10 pg/ml) during
labeling and chase times (open circle). R,;A:fur/f/ha is represented by an open square.

R, A:fur/f/ha and BFA treated fur/f/ha data points were taken after a seven hour chase to illustrate
the long-term stability of propeptide association. Each experiment was repeated at least 3 times,

and error bars indicate SEM.
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Figure 8: Furinepropeptide localization and propeptide dissociation. Replicate plates
of BSC-40 cells grown on glass coverslips were infected with either VV:hFur/f/ha or
VV:R,;A:hFur/f/ha as indicated. Following inoculation, the cells were incubated at 37°C. At two
hours post-infection, cycloheximide (10 pg/ml) was added to the treated cultures (bottom four
panels). All cells were incubated at 37°C for a total of six hours post-infection. The cells were
then fixed with paraformaldehyde, permeablized, and incubated with mAb M1, to detect furin
mature domain localization, and with HA.11, to detect propeptide localization. The cells were then
processed for immunofluorescence microscopy. mAb M1 was detected using a goat anti-mouse
IgG,,-FITC secondary antibody, and mAb HA.11 was visualized using a goat anti-mouse IgG;,-
TxRd antibody.
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Figure 9: Antibody uptake and internal propeptide cleavage. Replicate plates of BSC-
40 cells grown on glass coverslips were infected with VV:hFur/t/ha or VV:R,A:hFur/f/ha and
incubated at 37°C. At four hours post-infection, mAb M1 (30 pg/ml) was added to the culture
medium and the cells were incubated for an additional hour to asses furin cycling between the TGN
and plasma membrane. The cells were then fixed with paraformaldehyde, permeablized, and
incubated with PA1-062 to detect the total pool of furin. mAb M1 was detected using a goat anti-
mouse IgG, -FITC, and PA1-062 using a goat anti-rabbit-TxRd antibody.
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Figure 10. V,,R:fur/f/ha subcellular localization. Replicate plates of BSC-40 cells
grown on glass coverslips were infected with VV:V_R:hFur/f/ha. All cells were fixed after 5
hours of incubation at 37°C. mAb M1 (30 pg/ml) was added to the extracellular medium of
indicated samples 1 hour prior to fixation. The fixed cells were permeablized and incubated with
mAb HA.11 to detect furin, and also with either an anti-signal sequence receptor rabbit antiserum,
or with mAb M1 to detect furin that has undergone propeptide excision. mAb M1 was detected
using a goat anti-mouse IgG,,-FITC secondary antibody, the signal-sequence receptor antiserum
was visualized using a goat anti-rabbit-TxRd mAb, and HA.11 using a goat anti-mouse IgG,-
TxRd antibody.
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SUMMARY AND CONCLUSIONS

Research presented in this thesis demonstrates that furin undergoes a multi-step pH-
dependent activation process during transport from the ER to the TGN. Furin is synthesized as an
inactive zymogen with an 83 residue N-terminal propeptide that is autoproteolytically excised
within the ER (Creemers et al., 1995; Leduc et al., 1992; Molloy et al., 1994; Vey et al., 1994).
The furin propeptide probably acts as an IMC, as suggested by the observations that i) a furin
construct lacking the propeptide is inactive and ER-localized, suggesting misfolding, ii) co-
expression of the propeptide in trans restores trafficking and activity, and iii) failure to excise the
propeptide results in ERGIC/CGN localization, suggesting that this construct is trapped in an
intermediate folding state and is being selectively retained by the quality control system. Following
excision, the propeptide remains non-covalently bound to furin, acting as an autoinhibitor. In vitro
exposure of the inactive furinepropeptide complex to an acidic (pH 6.0) and calcium-containing
(low millimolar) environment characteristic of TGN/endosomal compartments results in
autoproteolytic and predominantly intramolecular cleavage within the propeptide at -Arg.,-Gly-Val-
Thr-Lys-Arg,.*-. The pH-modulated cleavage of the internal propeptide cleavage site was
demonstrated by the use of synthetic peptide substrates. Following internal cleavage, the
propeptide fragments dissociate from furin, permitting the enzyme to cleave substrates in trans.
This process occurs slowly both in vitro (t,,, = 90 minutes) and in vivo (t,, = 105 minutes). In
vivo activation can be blocked with BFA, consistent with the necessity for transport of furin to
acidic late secretory pathway compartments for activation. Unlike excision, blocking internal
propeptide cleavage does not result in a trafficking defect. Surprisingly, the integrity of the P1/P6
Arg internal cleavage site motif is essential for the correct folding of furin. Introduction of a P4
Arg into the site of internal propeptide cleavage to generate an -Arg-X-Lys/Arg-Arg- consensus
cleavage motif (-Arg-Gly-Val,,-Thr-Lys-Arg,,- — - Arg-Gly-Arg,,-Thr-Lys-Arg,;-) was
unexpectedly found to block propeptide excision and prevent export from the ER. This may be
due to the existence of a furin folding pathway involving the differential binding of the propeptide
excision and internal cleavage sites, based on their dissimilar K s, to the folding protease’s
substrate binding pockets.

While the studies described in this thesis served to discern the general outline for the
processes of furin folding and activation, many important questions remain unanswered. These
questions include: i) can the furin propeptide be directly demonstrated to be an IMC?, 1i) is the
furinepropeptide complex metastable, and does it undergo a pH-induced rearrangement triggered
by protonation of key His residues?, iii) does V,,R:fur/f/ha misfold due to non-productive binding

of the mutant internal cleavage site to the folding proteases’ substrate binding pockets?, and 1v) is
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fur/fD,;,N in an intermediate folding state, and, if so, how does the quality control system
recognize this and prevent transport past the ERGIC/CGN?

The most direct way to begin addressing these questions would be by in vitro reconstitution
of furin folding and activation from purified components. This could be performed in a manner
similar to that described for subtilisin and a-lytic protease. Generally, folding of these proteases is
reconstituted in vitro by denaturing the catalytic domain, removing/diluting the denaturant, and
adding back propeptide in trans (Baker et al., 1992b; Zhu et al., 1989). In vitro folding and
activation of a truncated furin construct lacking the non-essential cytoplasmic tail, transmembrane
domain, and cysteine-rich region (Introduction, Figure 5) could be studied by the use of circular
dichroism and other techniques in conjunction with protease activity assays with synthetic peptide
substrates.

A potential complication, however, distinguishes the in vitro reconstitution of furin folding
from that of either subtilisin or a-lytic protease. It has been suggested that the furin P domain,
which is essential for PC activity, folds into a domain separate from the catalytic/propeptide
domains (Lipkind et al., 1998; Zhou et al., 1998). The multidomain structure of eukaryotic furin
may make in vitro reconstitution of global folding technically difficult, as hydrophobic residues in
the different furin domains may interact non-productively with each other, resulting in misfolding
and aggregation. Indeed, aggregation during global folding in vitro is a problem frequently
encountered with multidomain eukaryotic proteins (Netzer and Hartl, 1997). It may be possible to
prevent aggregation by adding purified chaperone(s) to in vitro furin folding reactions.
Preliminary evidence indicates that BiP binds to misfolded furin mutants in vivo (E.D.A. and
G.T., unpublished results), suggesting that this molecular chaperone could prove useful for furin
folding in vitro.

In vitro reconstitution of furin folding/activation will not only enhance our understanding of
furin, but also of other PCs and IMC-mediated folding generally. Accumulating evidence shows
that other PCs undergo propeptide and pH-dependent activation processes (Lamango et al., 1999;
Zhou et al., 1995 and E.D.A. and G.T., unpublished results), suggesting that the model
established for furin activation may serve as an archetype for the other PCs. Additionally, the
rapidity with which the prokaryotic IMCs are degraded following folding makes the study of late
events in this process technically difficult (e.g. see Bryan et al., 1995). The slow and pH-
dependent process of furin activation will allow the study of late events in IMC-mediated folding

that cannot be observed in any other known system.
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