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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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CHAPTER 1

Activation of the Furin Endoprotease is a Multiple-Step Process: Requirements
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