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Abstract
HIV/AIDS is a global health problem of immense magnitude, with 33 million people
living with HIV and 2 million AIDS-related deaths per year. As the development of drug
resistance undermines treatment efficacy, the long-term success of anti-retroviral therapy
depends upon the introduction of novel drugs aimed at additional targets essential for the viral
life cycle. With a critical role in many viral diseases including the proteolytic maturation of the
HIV-1 envelope glycoprotein gp160, the secretory pathway proprotein convertases (PCs)
represent a potential anti-viral target.
Our laboratory has reported the identification of Spn4A, a potent naturally occurring
secretory pathway serine protease inhibitor directed at the prototype PC member, furin. Because
of the requirement for the PCs in the production of infectious HIV-1, we hypothesized that
strategic manipulation of PC activity by Spn4A and Spn4A-engineered variants would provide a
means of effectively limiting HIV-1 infection.
This thesis details the investigation of the anti-proteolytic activities and anti-HIV-1
properties of recombinant adenoviruses expressing Spn4A and Spn4A bio-engineered variants,
including a secreted recombinant Spn4A (Spn4A S). Our data shows that the expression of
Spn4A S in MAGI-CCR5 cells and furin-deficient LoVo cells inhibited the PC-dependent
processing of the HIV-1 envelope precursor gp160. Furthermore, inhibition of processing
resulted in a nearly complete reduction of productive HIV-1 infection as determined by HIV-1
Tat-driven β-galactosidase activity and multinuclear activation of a galactosidase indicator
(MAGI) assays. Complementing the previously described anti-furin activity of Spn4A, our
studies indicate that Spn4A S inhibits additional PCs involved in gp160 maturation, and that PC
inhibition can serve as an effective means of limiting HIV-1 infection.
With the central role of the PCs in the replication and pathogenesis of numerous
infectious agents, the identification of Spn4A S as an efficacious HIV inhibitor establishes
Spn4A as a prospective broad-based agent for the inhibition of PC-related diseases.
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CHAPTER I Introduction
1.1 The proprotein convertases
The proprotein convertases (PCs) are a group of serine endoproteases catalyzing the
proteolytic maturation of a wide range of proproteins and prohormones, in turn affecting a
number of processes ranging from homeostasis to disease. The group comprises nine members,
seven of which cleave substrates after basic amino acids: PC1/3, PC2, furin, PC4, PC5/6,
PACE4, and PC7/LPC; and two more distantly related proteases, SKI-1/S1P and PCSK9, which
carry out cleavage at non-basic residues (1, 2). This section will focus on the structure,
activation, and function of the PCs with multi-basic recognition sites, with particular emphasis
on furin, the first identified and most extensively characterized human PC member.
Structure and substrate specificity
Each PC is composed of several domains, most of which are conserved between all
members of the group (Fig. 1.1). All PCs are synthesized with a signal peptide at their Nterminus which directs translocation into the endoplasmic reticulum (ER). Immediately
downstream of the signal peptide is the prodomain, which is flanked by an N-terminal signal
peptidase cleavage site and a C-terminal autoproteolytic site composed of basic residues (3). The
prodomain is critical in all components of PC function including folding, activation, transport,
and regulation of activity (3-6). The site of greatest sequence similarity between the PCs lies
within the catalytic domain, which includes the catalytic triad (aspartate, histidine, and serine
residues) and the oxyanion hole characteristic of the subtilisin family of serine endoproteases (1).
Additionally, according to the crystal structure of furin, the catalytic domain houses two calcium
ions, as all PC members including furin are calcium-dependent (7). The P domain (also called
the homoB or middle domain) is the final region that is conserved in all PCs, and acts in the
stabilization of the catalytic domain and the regulation of calcium and pH dependence (7-9).
Furin, PC7, and PC5/6B (one of the two isoforms of PC5/6 that is generated by alternative
splicing) are type I transmembrane proteins, and contain at their C-terminal end, a
transmembrane domain and a cytoplasmic tail which controls the localization and sorting of the
proteases (10). Finally, furin, PC5/6, and PACE4 contain a cysteine-rich region, which is
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important in the generation of the truncated or extracellularly ‘shed’ form of these proteases and
in cell surface tethering of PC5/6A and PACE4 (11, 12).
The PCs cleave protein substrates C-terminal to paired basic residues, however, many
have additional cleavage sequence criteria usually entailing additional basic residues upstream of
the cleavage site. Furin has the most stringent basic residue requirements as studies with two
furin substrates, the anthrax toxin protective antigen (PA) and avian influenza virus
haemagglutinin (HA), identified the sequence -Arg-X-Lys/Arg-Arg↓- (where X is any amino
acid and ↓ denotes the cleavage site) as the furin consensus cleavage sequence (13, 14). In
addition, furin also favours basic residues at the P3, P5, and P6 sites (3, 5, and 6 positions Nterminal to the cleavage site) (15-17). In cases where a basic residue is present in the P4 position
or beyond, a basic residue at the P2 site is not required, and furin-mediated processing can occur,
albeit at reduced efficiency (13, 14, 16, 17). Thus, -Arg-X-X-Arg↓- makes up the minimal furin
cleavage sequence. Finally, in some cases under acidic conditions, furin can cleave substrates
that contain an Arg at the P6 position in place of the P4 Arg (9, 17, 18).
The crystal structure of the mouse furin ectodomain inhibited with decanoyl-Arg-ValLys-Arg-chloromethylketone has elucidated the molecular interactions involved in furin and PC
substrate specificity (7). The substrate binding region was shown to contain a large cluster of
negative residues, including an active-site cleft which forms highly favourable contacts with Arg
at the P1 and P4 positions. Modelled PC structures based on the furin and the yeast orthologue
kexin crystal structures have revealed similarities in that the substrate binding region is occupied
by mostly negative residues. However, the number and distribution of these residues differ
slightly between the PCs (19). Furin contains the largest number of acidic residues in the vicinity
of the active site cleft with 16, followed by PACE4, PC5/6, and PC4, with 15 acidic residues
each, and PC7, PC1, and PC2 with 13 acidic residues each. The observation that furin has the
most extensive demands for basic residues near the cleavage site and the largest number of acidic
residues in its active site, implies a positive correlation between the overall negative charge of
the active site and the basic cleavage sequence requirements for a given PC. Therefore, PACE4,
PC5/6, and PC4 are predicted to be similar to furin in their preference for basic residues, while
PC7, PC1, and PC2 cleavage would be less dependent on positive charges at the substrate
2

cleavage site. These modelling studies should aid in distinguishing between the PCs potentially
involved in the cleavage of a given substrate.
Activation, trafficking, and tissue distribution
The PCs are synthesized in the ER as zymogens that require proteolytic removal of the
prodomain to generate the mature active form of the protease. The N-terminal 83-residue
prodomain of furin functions as an intramolecular chaperone (IMC), guiding the folding,
transport, and activation of the protease in the secretory pathway (20). The generation of active
furin requires a pair of ordered, compartment-specific autoproteolytic cleavages (Fig. 1.2). The
first cleavage event (t1/2 = 10 min) occurs in the neutral pH of the ER at the furin consensus
sequence -Arg-Thr-Lys-Arg107↓-, where Arg107 borders the catalytic domain (3, 6, 21). This
excision site cleavage is required for transport out of the ER (5, 21), and although no longer
covalently bound, the propeptide of furin remains associated to the catalytic domain acting as a
potent autoinhibitor (22). Propeptide release and the generation of active furin is dependent on a
second cleavage event (t1/2 = 105 min) that occurs in the mildly acidic environment of the transGolgi network (TGN)/endosomal system at the internal pH-sensitive cleavage site, -Arg-GlyVal-Thr-Lys -Arg75↓- (9). In experiments using fluorogenic peptide substrates containing the
excision and internal cleavage sites, Anderson et al. showed that while both sites are cleaved by
furin, the internal cleavage site containing the P1/P6 Arg was processed under mildly acidic
conditions akin to those of the TGN/endosomal system and not at neutral pH. Additionally, a
mutation at the P4 position (Val72→Arg) of the internal cleavage site which abrogated its pHsensitivity, led to an accumulation of the inactive furin mutant in the ER, indicating that the
integrity of this site, and thus, the ordered cleavage of the propeptide, is necessary in guiding the
proper folding and activation of furin (20). All PCs are synthesized with an N-terminal
propeptide containing basic residues at putative excision and internal cleavage sites (23). This,
together with findings that several PCs undergo pH-dependent autoactivation processes (24, 25)
and that their propeptide acts as an autoinhibitor (25-27), suggests that the furin activation model
may be generally conserved in all PCs.
Once activated, the PCs follow distinct sorting routes through various subcellular
compartments where they encounter and process their substrates. PC5/6A, PC1/3, and PC2 sort
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to the secretory granules (28-31), while PACE4 and the type-I membrane PCs – PC5/6B, PC7,
and furin – are localized to the TGN/endosomal compartments (5, 28, 32-34). The trafficking of
type-I membrane PCs is governed by the sorting signals encoded within the cytoplasmic domain.
Although furin has a steady-state localization to the TGN, its sorting itinerary is more complex,
as its 56 amino acid cytoplasmic domain directs furin trafficking through two cycling loops: 1) at
the TGN and 2) the plasma membrane and early endosomes (Fig. 1.3) (10). Through interactions
with the phosphofurin acidic cluster sorting protein-1 (PACS-1), protein phosphatase 2A
(PP2A), and various adaptor proteins (AP1, 2, 4), two motifs within furin’s cytoplasmic domain
– the casein kinase 2 (CK2)-phosphorylated acidic cluster and a membrane-proximal segment
containing two hydrophobic motifs – guide the trafficking of furin through and between the two
cycling loops (5, 33, 35-37). In the TGN cycling loop, the membrane-proximal segment/AP1,4
and the CK2-phosphorylated acidic cluster/PACS1 are required for the budding of furin from the
TGN to the endosomes and for its retrieval from the endosomes to the TGN, respectively (38). In
the second cycling loop, furin traffics from the early endosomes to the cell surface, where it is
endocytosed as a result of the binding of the hydrophobic motif with AP2 (38, 39). The direction
of furin trafficking between the two loops is determined by the phosphorylation state of the CK2phosphorylated acidic cluster. In the early endosomes, furin with a phosphorylated acidic cluster
will recycle to the cell surface, while an acidic cluster dephosphorylated by PP2A will direct
furin back to the TGN (40).
Owing to its dynamic and highly regulated localization, furin is able to cleave its
substrates at various sites of the secretory pathway. In line with the activation and trafficking
models for furin, substrate processing has been shown to occur in the TGN/biosynthetic pathway
(41-43), at the cell surface (44-46), and in the endocytic pathway (47). Intriguingly, there is
evidence for furin-mediated processing at two sites outside of the confines of the accepted active
furin trafficking model. Numerous studies in cancer cell lines have reported the extracellular
release of a soluble “shed” form of furin that is proteolytically active, raising questions of a
physiological role for secreted furin (6, 48-50). Although such a role has not been fully
elucidated, studies with extracellular proteins fibrillin (51) and TGF-β1,2 (52) have suggested
that secreted furin may act in the extracellular processing of the precursor forms of the proteins.
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There is also mounting evidence for furin-mediated processing in the early secretory pathway.
Studies of a mutant insulin proreceptor that is misfolded and retained in the ER demonstrated
that the proreceptor undergoes furin-dependent cleavage (53). Similarly, a construct consisting of
the PC1 prosegment and a C-terminal secretory granule sorting domain was found to be cleaved
in the ER or the cis-Golgi at the furin consensus sequence (54). Finally, it has been demonstrated
that constructed mutants of profurin that remain in their zymogen form, and are presumably
retained in the ER, retain the capacity to process pro-von Willebrand factor, a furin substrate
(55). Two hypotheses have been put forth to explain observations of furin-mediated processing
in the early secretory pathway. The first is that active furin may recycle back from the TGN to
the ER (53), as there is a precedent for retrograde transport of TGN localized proteins (56). A
second possible explanation is that a subset of substrates are able to competitively displace the
inhibitory prosegment of furin in the ER, thus liberating furin activity in this compartment (54).
Although it remains that furin activity occurs predominantly at the TGN or downstream
compartments, the model for furin activation and trafficking may require refinement in light of
evidence of furin activity beyond the late secretory pathway.
The tissue distribution of the PCs ranges from highly constricted to broad. PC1/3 and
PC2 expression is confined to the neuroendocrine system (57-59), while the expression of PC4 is
further restricted to the testicular and ovarian germ cells (60, 61). In contrast, PC5/6 (62, 63) and
PACE4 (57, 63) are widely expressed in a broad range of tissues, and furin (58, 59, 64, 65) and
PC7 (66-68) are ubiquitous.
Physiological role of the PCs and knockout phenotypes
The PCs process a broad and diverse range of endogenous substrates that are unified by
the presence of the multi-basic PC recognition sequence at the cleavage site. Substrates that are
cleaved at PC recognition sites include neuropeptides, hormones, cell surface receptors, growth
factors, enzymes, adhesion molecules, and blood coagulation factors (42, 69, 70). More
specifically, the precursor forms of well-known proteins such as insulin, insulin receptor, growth
factors, matrix metalloproteinases, and albumin are included in the repertoire of PC substrates
that numbers in the dozens (10) (Table 1.1). Given that the PC members share similar cleavage
sequence criteria, a built-in redundancy in the processing of PC substrates is predicted to exist.
5

While this is the case in some instances, the varied tissue distribution, cell expression,
subcellular localization, and cleavage sequence requirements between the PCs implicates certain
members in the processing of a given substrate. However, even within these criteria, some
redundancy might be expected – for example, with furin and PC7. Knockout mouse models of
PCs have been useful in delineating the unique and obligatory roles of some PCs, while
suggesting the redundancy of others.
The mouse PC knockout studies have yielded varied results. PC1/3 (71) and PC2 (72)
null mice are viable with developmental abnormalities, and PC4 knockouts (73) are viable with
reduced fertility. A knockout in PACE4 (74) is embryonic lethal in one quarter of mice, while
the absence of PC5/6 (75) or furin (76) is more severe, with all mice dying in the early stages of
embryogenesis. Embryonic lethality in furin null mice is attributed to hemodynamic
insufficiency and cardiac ventral closure defects (76) and may be associated with the failure to
process bone morphogenetic proteins (BMPs) and TGFβ (38, 42, 77, 78). In contrast, PC7
knockout mice exhibit no apparent abnormal phenotype, suggesting redundancy in vital
physiological activity of the protease (79). Although these studies indicate that with the
exception of PC7, all PCs have unique roles, a conditional furin knockout mouse model revealed
a different scenario beyond the developmental stage. Mice with a knockout of furin in the liver
exhibit no adverse effects and retain their ability to process “furin” substrates, although some
with reduced efficiency (80). Therefore, the role of furin, and potentially other PCs whose
knockout leads to embryonic lethality, may not be obligatory beyond development in all tissues
in which they are expressed.
The PCs in microbial disease
Although the PCs play an important role in homeostasis, they are perhaps best known for
their involvement in disease. The PCs are linked to a number of cancers (81), neurodegenerative
disease (82, 83), and infectious diseases. Many pathogenic bacteria and viruses are dependent on
furin-like processing for the generation of biologically active components. Bacterial toxins
including Pseudomonas aeruginosa exotoxin A, diptheria toxin, and Anthrax toxin protective
antigen are cleaved at furin sites. The processing of these toxins occurs at the cell surface or the
endocytic pathway and allows for the entry of the toxic subunit(s) into the cell cytoplasm. A
6

critical process in the life cycles of many viruses is the cleavage of the precursor envelope
protein, generating a functional protein capable of membrane fusion. For viruses such as
measles, H5N1 influenza A, and HIV-1, furin-like PCs have been implicated in this process (1).
Furin has also been associated with pathogen virulence as exemplified by the processing of HA
in influenza A virus. An increase in virulence of influenza A is often associated with a shift from
a mono-basic cleavage site of HA that is processed by trypsin-like proteases whose expression is
limited to a few cell types, to a multi-basic cleavage sequence that is recognized by the
ubiquitously-expressed furin (84). In the case of HIV-1, furin-like cleavage of its envelope
precursor glycoprotein is an absolute requirement in the viral life cycle, and will be further
discussed in the following section.
1.2 HIV-1 gp160 processing
HIV-1 epidemiology and current therapy
HIV-1, the causative agent of AIDS, is a virus of immense global importance, infecting
CD4+ cells leading to their depletion, and eventually, death if left untreated. It is estimated that
in 2007, 33 million people were living with HIV-1, 2.7 million were newly infected, and 2
million people died due to AIDS (85). While HIV-1 is most prevalent in Sub-Saharan Africa, it
is also of considerable importance in Canada where an estimated 58,000 people are infected with
the virus (86). Although, it has been 25 years since the Nobel Prize-winning discovery of HIV-1,
efforts towards vaccine development have been largely unsuccessful (87).
Current anti-viral treatment strategies target viral gene products, however, their toxicity
and the emergence of drug resistance limit their usefulness. The current treatment for HIV,
highly active antiretroviral therapy (HAART), uses a combination of inhibitors targeted at the
HIV reverse transcriptase, protease, integrase, and viral fusion (88). Although widely used, the
efficacy of HAART is limited due to a lack of patient compliance, toxicity, and the development
of drug-resistant variants (89). New therapeutics aimed at additional targets that are essential for
the viral life cycle need to be explored. As drugs directed at viral proteins select for drugresistant HIV strains, cellular proteins that mediate important events in the viral life cycle are
potential targets for new antiretroviral drugs.
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HIV-1 life cycle
HIV-1 belongs to the Retroviridae family of viruses, characterized by a positive-sense
RNA genome that is translated into double stranded DNA and incorporated into the host
genome. The virus infects CD4+ cells including T cells and macrophages, gaining entry via
direct fusion following the binding of its mature envelope protein gp120/41 to the CD4 receptor
and the chemokine co-receptor CXCR4 or CCR5. The RNA genome is reverse transcribed in the
cytoplasm and the resulting double stranded DNA is incorporated into the host genome. From
this point, the cell’s machinery replicates and transcribes the HIV-1 genome, producing viral
gene products including structural, regulatory, and replication proteins. The viral components
assemble in the cytoplasm and exit the cell by budding, resulting in an enveloped virus
containing mature envelope glycoproteins and requiring a final maturation step that is mediated
by the viral protease shortly after exit from the cell (Fig. 1.4) (90).
A critical event required for HIV infection is the cleavage of the HIV-1 envelope
precursor gp160, yielding fusion competent products gp120/gp41 (91). The mature envelope
glycoprotein is present in the viral envelope as a trimer of heterodimers, with three molecules
each of gp120 and gp41 associated through non-covalent interactions (92). The surface subunit
of the envelope glycoprotein, gp120, contains a CD4 binding domain and mediates initial
docking of the virus to the target cell via its interaction with CD4 and the chemokine co-receptor.
The transmembrane subunit, gp41, contains an N-terminal fusion peptide which, following a
conformational change induced by gp120 and CD4/co-receptor interaction, acts to destabilize the
cellular membrane resulting in fusion and viral entry (93). Inhibition of gp160 processing, either
through a mutation in the highly conserved cleavage site -Arg-Glu-Lys-Arg↓ (94), or by
inhibition of gp160 endoproteolysis (95), results in the incorporation of gp160 into the viral
envelope, and the production of non-infectious HIV-1 particles incapable of cell fusion and
entry.
The HIV-1 envelope precursor protein is synthesized on the rough ER and inserted into
the lumen of the ER where it undergoes oligomerization and extensive glycosylation (96-98).
The oligomerized gp160 exits the ER and as it travels through the secretory pathway en route to
the cell surface, its oligosaccharide side chains are modified and it is endoproteolytically cleaved
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into gp120 and gp41 (96, 99). Although it is accepted that gp160 processing occurs late in the
secretory pathway, the exact site is under some contention. Glycosylation studies point to the
trans-Golgi or the TGN as the site of processing (99-101), while experiments with drugs
disrupting intracellular trafficking suggest that the event may occur later along the secretory
pathway (100, 102).
The PCs in gp160 maturation
Several members of the PCs have been suggested to process HIV-1 gp160 at the PCrecognized cleavage sequence -Arg-Glu-Lys-Arg↓ (103). A seminal study by Hallenberger et al.
implicated furin in this process, as inhibition of the protease resulted in a dramatic reduction in
gp160 processing and HIV-1 replication (104). However, the retention of gp160 processing in
furin-deficient cells suggests that other PC members are also involved (105). As an endoprotease
involved in envelope processing needs to co-localize with its substrate, furin, PC7, PC5/6B, and
PACE4 represent potential candidates as gp160 processing proteases. Vaccinia virus coexpression studies have indicated that furin, PC7, and to a much lesser extent, PC5/6B and
PACE4, increase the processing of gp160 above background levels (102, 106, 107). Furin and
PC7 are constitutively expressed, while PC5/6B is only weakly expressed in HIV host cells (106,
108). Furthermore, the activation of CD4+ T cells, which is favourable for HIV-1 replication,
leads to a 5- to 10-fold upregulation in the expression of furin and PC7, but not of PC5/6B (109).
This suggests that in vivo, HIV-1 gp160 is primarily cleaved by furin and PC7 whereas in nonhost cell systems, PC5/6B and PACE4 may also participate.
Despite the host cell endoprotease redundancy in gp160 processing, the proteolytic
maturation of the envelope glycoprotein is inefficient, with only a fraction of gp160 being
cleaved into gp120/41. The inefficiency of this processing event is attributed to the presence of
the highly conserved acidic residue glutamate in the P3 position of the gp160 cleavage site (103).
Both furin and PC7 contain an acidic residue at the site predicted to interact with the P3 position
of the substrate, and therefore, a P3 basic residue is highly favoured for substrate recognition and
processing by these proteases (7, 19). In a study where a perfect furin cleavage site was
introduced to gp160 by mutation of the P3 position, it was shown that while processing
efficiency had increased, the infectivity of mutant envelope viruses was attenuated. This was not
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due to a functional constriction, as the mutant envelope proteins were able to induce syncytia
formation. Therefore, HIV-1 may maintain the sub-optimal furin cleavage site 1) as a mechanism
of immune evasion whereby the production of non-neutralizing antibodies is induced by gp160
that is represented on the cell surface, 2) to prevent premature destruction of the host cell as a
result of syncytia formation mediated by cell surface gp120/41 and CD4 on neighbouring cells
(110).
The central role of the PCs in many diseases including the activation of pathogens such
as HIV-1, has pointed to the PCs as a strategic therapeutic target. Accordingly, there is
considerable interest in the development and identification of PC inhibitors.
1.3 PC inhibitors: peptide and protein-based strategies
Given the prominence of furin in a variety of disease processes, particularly in the
activation of pathogen precursor proteins, efforts in the development of PC inhibitors have
focused largely on furin as the main target of interest. The majority of identified furin inhibitors
fall within two classes – peptide-based inhibitors and protein-based inhibitors, with the exception
of several cases in which non-peptide, non-protein small molecule furin inhibitors have been
reported.
Peptide-based inhibitors
A family of decanoyl-peptidyl-chloromethylketones exploiting the PC-cleavage sequence
requirements have been widely used in inhibition studies of PC-dependent processing. The
inhibitors contain the furin consensus sequence -Arg-X-Arg/Lys-Arg-, and when added to cell
growth medium have been shown to block the cleavage of viral precursor proteins including
HIV-1 gp160, influenza virus HA, and human cytomegalovirus (HCMV) pro-gB (104, 111,
112). Although they have been instrumental in implicating furin in the cleavage of a number of
pathogen proproteins, the relative cytotoxicity, lack of specificity, instability of the methyl
chloride group, and low efficiency of intracellular uptake have impeded the therapeutic potential
of this group of inhibitors (1, 113, 114).
Polyarginines comprise a group of peptide inhibitors composed of six arginines or more.
They are relatively potent competitive inhibitors of furin with a constant of inhibition (Ki) in the
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nanomolar range (115). Inhibitory activity against other PCs including PC7, PACE4, and PC1
has also been demonstrated (115, 116). Polyarginines have been shown to significantly improve
survival rate in mice treated with Pseudomonas exotoxin A, demonstrating the application of a
broad based PC inhibitor without the generation of toxic effects (117). In cell culture,
polyarginines prevent productive HIV-1 infection through the inhibition of gp160 processing.
The lack of reported toxic effects at the concentrations required to inhibit PC-dependent
processing suggests that polyarginines may warrant further study as potential therapeutic agents
(116, 117).
Small-molecule furin inhibitors
Screens for small molecule furin inhibitors have resulted in the identification of
compound B3 and a class of inhibitors derived from 2,5-dideoxystreptamine (GADDs) with Ki’s
for furin of 12 µM and ≥6 nM, respectively (118, 119). When added to cell growth medium
below the cytotoxic concentration (15 µM), B3 has been demonstrated to partially inhibit furinmediated processing of pro-membrane type I matrix metalloproteinase (MT1-MMP) (120).
MT1-MMP is involved in cancer metastasis as its activation promotes an increase in cell motility
and invasiveness (121). Accordingly, the B3-induced inhibition of MT1-MMP in cell culture
results in a decrease in these metastatic processes (120). The potent group of furin inhibitors,
GADDs, were demonstrated to block furin-mediated cleavage of the anthrax protoxin, however,
a concentration considerably higher than the Ki (4.2–12.9 µM) was required to achieve complete
inhibition (119). In addition to B3 and GADDs, natural products of the andrographolide family
and copper complexes have been identified as less potent non-peptide/non-protein furin
inhibitors with Ki values in the high micromolar to low millimolar range (122, 123).
While moderate progress has been made in identifying effective small molecule furin
inhibitors, the serpin family of protein-based inhibitors remain as the most potent furin-directed
agents identified to date, and have been invaluable in studies of PC-associated physiological and
pathological processes.
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Serpins
Serpins are a family of proteins with a highly conserved structure that are found in all
branches of life. Their functions are as varied as the species in which they are found, and include
control of the Toll pathway during an immune response in Drosophila and the regulation of a
number of proteolytic pathways in humans such as blood coagulation (124). The prime
determinant of the inhibitory specificity of a serpin is found within the sequence and structure of
its reactive site loop (RSL), as this sequence contains the substrate recognition site of the
protease which it inhibits. Serpins have a unique slow-binding mechanism of inhibition in which
the active serine of the protease cleaves the RSL of the serpin, causing the protease-bound RSL
to move to the opposite pole. This repositioning results in a disruption of the protease’s catalytic
site, preventing the release of the protease from the complex, ultimately leading to its
degradation (Fig. 1.5) (125). A serpin’s efficiency as an inhibitor (I) for a given endoprotease (E)
is determined by the stoichiometry of inhibition (SI). The SI is the relative flux of a serpin,
following the formation of a serpin/protease acyl intermediate (EI´), through the substrate
pathway (proteolysis) (I*) or the inhibitor pathway (formation of a kinetically stable SDS-stable
complex) (EI*), and can be described by the equation (126):
I + E ↔ EI → EI´ → E + I* (substrate pathway)
↓
EI *

(inhibitor pathway)

As potent suicide substrate inhibitors with the capacity for tissue- and subcellular
compartment-specific targeting, serpins represent attractive agents in the inhibition of the PCs.
Efforts in the development and identification of such inhibitors have yielded a widely used
bioengineered serpin and several naturally occurring serpins of furin.
A furin-selective serpin, α1-PDX
A potent and selective inhibitor of furin, α1-antitrypsin Portland (α1-PDX), is a
bioengineered variant of the human serum serpin, α1-antitrypsin (α1-AT) (127). α1-AT is a
physiological inhibitor of elastase with the reactive site -Ala-Ile-Pro-Met-, and an N-terminal
secretion signal (128, 129). α1-PDX was generated by a two residue Arg substitution in the P1
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and P4 positions of α1-AT (Met→Arg; Ala→Arg), forming the minimal furin consensus
sequence, and resulting in a shift in the inhibitory specificity from elastase to furin (127).
Biochemical analyses indicated that α1-PDX acts as a serpin of furin with a Ki of 0.6 nM and SI
of 2, partitioning with equal probability through the substrate pathway or the inhibitor pathway.
With the exception of PC5/6B, which is inhibited less potently than furin (Ki = 2.3 nM; SI = 8),
α1-PDX has no in vitro activity directed at other PC members (114). However, using vaccinia
virus co-expression systems, it was reported that overexpression of furin, PC7, and to a lesser
extent, PACE4 and PC5/6B, led to an accumulation of a cleaved α1-PDX product, likely
corresponding to I* (130). Therefore, although in vitro analyses indicate α1-PDX is a furin-, and
to a lesser extent, PC5/6B-specific inhibitor, in the context of the cellular environment the serpin
may be recognized as a substrate by PC7 and PACE4.
α1-PDX has been widely used in the inhibition of numerous furin-dependent processing
events including the cleavage of bacterial pro-toxins, viral glycoproteins, and cellular substrates
associated with cancer. Consequently, the serpin has been demonstrated to prevent bacterial
toxin-induced cell lysis, productive viral infection, and tumour metastasis (114, 127, 131, 132).
With respect to the anti-viral properties of α1-PDX, the contrasting results reported on the effect
of the α1-PDX on HCMV and HIV-1 replication are of particular interest.
The proteolytic maturation of the precursor form of the HCMV envelope glycoprotein gB
is furin-dependent, as demonstrated by a lack of pro-gB processing in furin-deficient cell lines.
In studies by Jean et al., α1-PDX was demonstrated to be a highly effective anti-HCMV agent,
generating a full block in pro-gB processing and a 3-log reduction in viral production. This
inhibitory effect was generated by extracellularly applied α1-PDX (8 µM and 20 µM for gB
processing and viral production, respectively), suggesting a mechanism for the internalization of
the inhibitor. It was shown that intracellular furin levels were indeed depleted in the presence of
α1-PDX in the cellular medium, and that α1-PDX was internalized into cells by a furin-dependent
mechanism. It was proposed that furin trafficking to the cell surface mediates the uptake of α1PDX from the media (131).
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In contrast to its efficacy in limiting infectious HCMV production, α1-PDX is a
moderately effective inhibitor of HIV-1 infection. Several studies have reported the inhibition of
gp160 processing in the presence of intracellularly expressed α1-PDX, however, the degree of
inhibition appears to vary with cell type, potentially due to different PC expression profiles of the
cells (102, 127, 133, 134). The replication of HIV-1 in T-cells stably expressing α1-PDX has
been extensively studied by Bahbouhi et al. While α1-PDX was initially successful at limiting
HIV-1 replication, the virus recovered infectivity 13 days post initial infection, indicating that α1PDX cannot be used to stably inhibit HIV-1. Coinciding with the recovered HIV-1 infectivity,
was an accumulation of the cleaved form (I*) of α1-PDX. Ruling out mutations in the envelope
protein, the authors hypothesized that another convertase such as PC7, with which α1-PDX does
not form a stable EI* complex, cleaves the serpin through the substrate pathway (134). This
modulation of α1-PDX levels would lead to a decrease of anti-furin activity, and the recovery of
HIV-1 infection. These findings suggest that broad-based PC inhibitors that act predominantly
through the inhibitor pathway may be required for sustained inhibition of HIV-1 infection.
Naturally occurring serpins of PCs
Recent studies have identified several naturally occurring serpins containing an Nterminal signal peptide and multiple basic residues in their RSL. These include serpins from the
fruit fly, lancelet, mosquito, honey bee, and sea urchin (135-137). Some have demonstrated antiPC activities, others are predicted PC inhibitors, suggesting that some species have evolved
mechanisms to regulate PC activity. Interestingly, although the PCs are active within the late
secretory compartments, the identified and predicted PC-directed secretory pathway serpins
contain at their C-terminus, a variant of an ER-retrieval signal (136). Additionally, a human
serpin, human proteinase inhibitor 8 (PI8), has been shown to be a potent serpin of furin (Ki =
53.8 pM), however it is unlikely that the PCs are physiological targets of PI8 as it lacks a
secretion signal (138). While little is known about the physiological roles of these naturally
occurring serpins, their interest extends to their therapeutic potential, particularly in the case of
the most potent furin inhibitor identified to date – the Drosophila-encoded serpin, Spn4A (137).
The spn4 gene from Drosophila encodes eight isoforms of the neuroserpin Spn4 (A-H),
differing in their localization (presence or absence of signal peptide) and inhibitory profiles (RSL
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sequence) (139). One of these isoforms, Spn4A, contains an N-terminal signal peptide and a Cterminal HDEL sequence – a functional variant of the well-known KDEL motif that directs
proteins to the ER. Our laboratory has shown previously that Spn4A inhibits human furin (Ki: 13
pM; SI: 1) (50-fold more potent than α1-PDX) and Drosophila PC2 (dPC2) (Ki: 3.5 nM; SI: 1)
by a slow-binding mechanism characteristic of serpin molecules. The cleavage site was found to
be immediately downstream of the furin consensus sequence -Arg-Arg-Lys-Arg-↓ of the RSL
(137). The ability of Spn4A to inhibit furin and dPC2, two of the most evolutionarily divergent
PCs, suggests that Spn4A could act as a broad-based PC inhibitor. This is further supported by
recent studies demonstrating serpin activity of Spn4E (the non-secreted isoform of Spn4A)
directed at Drosophila furin 1 and 2 (140). The inhibitory plasticity of Spn4A may be attributed
to the unusual length of the RSL, one residue longer than the 17 residue RSL typically found in
inhibitory serpins, as a deletion in the P6 alanine results in the loss of dPC2 inhibition without an
effect on anti-furin activity (137).
When expressed in COS cells, Spn4A co-localizes with the ER marker PDI. While the
wildtype serpin is intracellularly retained, a deletion in the C-terminal sequence (∆HDEL) results
in the extracellular secretion of the Spn4A mutant (141). This suggests that the HDEL sequence
acts as a bona fide ER-retention motif. The localization of Spn4A within the secretory pathway,
and the observation that its overexpression in a subset of cells of Drosophila larvae leads to a
disruption in neuropeptide processing (142), points to a physiological role for Spn4A in PC
regulation. Further investigation will be required to uncover a potential PC regulatory
mechanism.
Despite the broad role of the PCs in the proteolytic activation of numerous viral proteins,
the efficacy of Spn4A as an anti-viral agent has not been studied. Given its potential as a broadbased PC inhibitor, it is of particular interest to investigate processes with PC redundancy such
as HIV-1 gp160 processing.
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1.4 Research hypothesis
We hypothesize that strategic manipulation of PC activity by Spn4A or its soluble variant will
effectively inhibit HIV-1 production.
1.5 Objectives
The objective of my thesis project is to determine if the naturally occurring Spn4A and the
engineered Spn4A secreted variant can block PC-dependent processing of HIV-1 gp160 and
inhibit productive HIV-1 infection.
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Figure 1.1. Schematic diagram of PC structure. PC5/6 is expressed as either the A or B isoform
generated by alternative splicing. The diagonal dashed line links the two halves of PC5/6B. The
bold labels D, H and S highlight the active-site residues; the non-bold labels N and D highlight
the oxyanion-hole residues. Adapted by permission from Macmillan Publishers Ltd: Nature
Reviews Molecular Cell Biology (1), copyright (2002).
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Figure 1.2. The furin autoactivation pathway. The furin prodomain acts as an IMC, guiding the
folding of the unstructured, inactive catalytic domain (pink circle) into the active conformation
(red oval). Following the initial folding steps, the first cleavage event occurs in the neutral pH of
the ER at the Arg107 bordering the catalytic domain. The propeptide of furin remains associated
with the catalytic domain as a potent autoinhibitor and is released following a second cleavage
event at Arg75 in the mildly acidic environment of the trans-Golgi network (TGN)/endosomal
system. Adapted with permission from (20), copyright (2002) American Society for
Biochemistry and Molecular Biology. Reprinted by permission from Macmillan Publishers Ltd:
Nature Reviews Molecular Cell Biology (1), copyright (2002).
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Figure 1.3. A model for furin trafficking. The TGN is the site of furin prodomain release and
steady state localization. Through interactions with various adaptor proteins, the cytoplasmic
domain directs furin trafficking through two cycling loops (1) at the TGN/endosomal
compartments and (2) the plasma membrane and early endosomes. Furin trafficking between the
two loops is determined by the phosphorylation state of the acidic cluster motif in the
cytoplasmic tail. In the early endosomes, furin with a phosphorylated acidic cluster will recycle
to the cell surface, while a dephosphorylated acidic cluster will direct furin back to the TGN (P)
(1).
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Table 1.1. A list of proproteins cleaved at proposed furin sites. Basic residues at the P1 and P4
positions form the minimal furin cleavage site, while basic residues at the P1, P2, and P4 sites
constitute the consensus furin cleavage site. An alternative furin cleavage site is formed by P1,
P2, and P6 basic sites. Mauve: basic P1/P4 basic residues constituting the minimal furin cleavage
site; cyan: P2 basic residue; olive: P6 basic residue. For a list of references, refer to (10).1

1

Reprinted from trends in Cell Biology, Vol. 9, S.S. Molloy, E.D. Anderson, F. Jean and G. Thomas, Bi-cycling the
furin pathway: from TGN localization to pathogen activation and embryogenesis, 28-35, copyright (1999).
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Figure 1.4. An illustration of the HIV-1 life cycle. HIV-1 enters the cell via direct fusion
following the binding of the envelope proteins gp120/gp41 to the CD4 receptor and the
chemokine co-receptor CXCR4 or CCR5. The RNA genome is reverse transcribed in the
cytoplasm and the resulting double stranded DNA is incorporated into the host genome. Newly
synthesized viral gene products include the envelope precursor protein gp160. The precursor
protein travels through the secretory pathway en route to the cell surface and undergoes
proteolytic maturation mediated by the PCs at the TGN or later compartments. The cleaved
products gp120/gp41 are incorporated into the viral envelope upon viral assembly and budding.
Illustration is based on (90).
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Figure 1.5. Crystal structure of a serpin protease complex. Ribbon depictions of native α1antitrypsin with trypsin aligned above it in the docking orientation (left), and of the complex
showing the 71 Å shift of the P1 methionine of α1-antitrypsin, with full insertion of the cleaved
reactive-centre loop into the A-sheet (right). Regions of disordered structure in the complexed
trypsin are shown as interrupted coils projected from the native structure of trypsin. Red, α1antitrypsin β-sheet A; yellow, RSL; green ball-and-stick, P1 Met; cyan, trypsin (with helices in
magenta for orientation); red ball-and-stick, active serine 195. Reprinted by permission from
Macmillan Publishers Ltd: Nature (125), copyright (2000).
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CHAPTER II Materials and methods
2.1 Cell lines and culture conditions
Wildtype (WT) and furin overexpressing (C4) 293A cells, derived from human
embryonic kidney 293 (HEK 293) cells, were kindly provided by Dr. Richard Leduc (U.
Sherbrooke) and were maintained in complete DMEM supplemented with 10% heat-inactivated
fetal bovine serum, 100 U of penicillin, and 100 µg of streptomycin per ml. MAGI-CCR5, a
HeLa-CD4 cell line that expresses CXCR4, CCR5, and an HIV-1 long terminal repeat (LTR)driven β-D-galactosidase reporter gene, was kindly provided by Dr. J. Overbaugh through AIDS
Research and Reference Reagents Program, Division of AIDS, NIAID, NIH (143). MAGI-CCR5
cells were cultured in complete DMEM supplemented with 10% heat-inactivated fetal bovine
serum, 100 U of penicillin and 100 µg of streptomycin per ml, 0.2 mg of G418 per ml, 0.2 mg of
hygromycin B per ml, and 1 µg of puromycin per ml. LoVo cells (144) were maintained in F12
Kaighn’s Modification Nutrient Mix (Invitrogen 21127) supplemented with 10% heatinactivated fetal bovine serum, 100 U of penicillin, and 100 µg of streptomycin per ml.
Incubation conditions for all cell lines were 37°C and 5% CO2.
2.2 Viruses, plasmids, and recombinant proteins
Recombinant His/FLAG-tagged adenovirus Spn4A variants – Spn4A WT ER, AdSpn4A
S (∆HDEL), and Spn4A RSL mutants (RRKR → RRLL), AdSpn4A RRLL ER and AdSpn4A
RRLL S (Fig. 3.1) – were generated using the AdEasyTM XL Adenoviral Vector System
(Stratagene) by Martine Boutin (Laboratory Technician, Jean lab). CCR5-tropic laboratoryadapted strain HIV-1BaL from S. Gartner and CXCR4-tropic laboratory-adapted strain HIV-1IIIB
from R. Gallo (both subtype B), were obtained from AIDS Research and Reference Reagents
Program, Division of AIDS, NIAID, NIH. The recombinant vaccinia expression vector encoding
gp160 was a gift from Dr. Gary Thomas (Oregon Health & Science University).
The envelope glycoprotein expression vectors of HIV-1BaL and HIV-1IIIB were
constructed by amplification by PCR of the env fragment of each viral strain, using forward
primer SC04F 5’ CCC TGGAAGCATC CAGGAAGTCA GCCTA 3’ and reverse primer 3LTRi
5’ TTAAGCCT CAATAAAGCT TGCCTTGA 3’. The subsequent 3.8kb fragments were re23

amplified with the primer pair PC160ST 5’ (forward)
GAGCAGAATTCAGTGGCAATGAGAG 3’ and PC160REV (reverse) 5’
GACCACTTGCATGCCATCTTATAGC 3’ which contain EcoR1 and Sph1 sites, respectively.
These amplicons were cloned into the pCAGGS/MCS virus envelope expression vector, kindly
provided by Dr. Nigel Templeton (University College London).
The E. coli-expressed recombinant His/FLAG-Spn4A ER was purified as previously
reported (137) by Steven McArthur (Research Assistant, Jean lab) using the AKTApurifier
FPLC system (Amersham Biosciences). The E. coli-expressed recombinant His/FLAG-Spn4A S
was purified using the MagneHisTM Protein Purification System (Promega) according to
manufacturer’s directions. To produce MAGI-CCR5 cell-expressed recombinant soluble serpins,
1.2 × 106 MAGI-CCR5 cells were seeded in 10 cm diameter plates and incubated for 24 hrs prior
to infection. The cells were incubated with 50 µl AdSpn4A S or RRLL S (MOI 3) in 5 ml
medium for 2 hrs, washed with PBS, and incubated in 8 ml medium containing 2% FBS for 48
hrs. The medium was collected, 0.22 µm-filtered, filtered again with ViresolveR NFR (Millipore)
virus exclusion filter, and concentrated 10X using Amicon Ultra-15 30,000 kDa MW Cut-Off
Centrifugal Filter Devices (Millipore) centrifuged in a swinging bucket rotor at 3600 rpm for 7
min. The presence and absence of serpin was determined by Western blot analysis of the
concentrate and flowthrough, respectively. Secreted recombinant human furin/His was purchased
from R&D Systems (1503-SE).
2.3 In-Cell Western Analysis of cellular actin levels and expression of AdSpn4A variants
To determine relative expression levels of AdSpn4A variants and their effect on cellular
actin levels, 3000 MAGI-CCR5 cells per well were seeded in 96 well plates and incubated for 24
hrs. Media was removed, and cells were treated with a series of seven two-fold dilutions of
AdSpn4A ER (MOI 3 = dilution factor of 1), AdSpn4A S (MOI 40 = dilution factor of 1),
AdSpn4A RRLL ER (MOI 7 = dilution factor of 1) or AdSpn4A RRLL S (MOI 40 = dilution
factor of 1) in 200 µl media, and incubated for 7 days. Relative levels of Spn4A and actin were
determined by In-Cell Western Analysis using the Li-Cor Odyssey Infrared Imaging System and
Application Software Version 2.0 (Li-Cor Biosciences). Assays were performed according to the
Li-Cor Odyssey In-Cell Western Assay protocol with the following amendments/conditions. All
24

steps requiring the use of Li-Cor Odyssey Blocking Buffer were performed with the blocking
buffer diluted 1:1 in PBS. The cells were probed with 1:500 anti-FLAG MAb M2 (Sigma F1804)
overnight, and subsequently treated for 1 hr with secondary antibody 1:800 IRDyeTM 800CW
goat anti-mouse Ab (LI-COR 926-32210) and 1:5000 Alexa Fluor 680 phalloidin actin dye
(Molecular Probes, Invitrogen A22286). Relative expression of FLAG normalized to actin
intensity was determined as described in the Li-Cor In-Cell Western Assay Analysis manual.
2.4 Analysis of the secretion patterns and furin-directed activity of AdSpn4A variants
In six well plates, 1 × 105 MAGI-CCR5 cells per well or 2 × 105 HEK 293 WT or C4
cells per well were seeded 24 hrs prior to AdSpn4A infection. Media was removed and replaced
with medium containing 2% FBS and AdSpn4A variants ER, S, RRLL ER, RRLL S (MOI 0.5,
8, 1, 8, respectively) to MAGI-CCR5 cells, and (MOI 0.1, 1, 0.2, 1, respectively) to HEK 293
cells. The infected HEK 293 cells and MAGI-CCR5 cells were incubated for 24 and 48 hrs,
respectively, and media and whole cell lysates were prepared according to the protocol in section
2.5.
2.5 Media collection, preparation of whole cell lysates and cellular membrane fractionation
Media was collected and centrifuged at 3000 × g for 5 min to pellet the cell debris. Cells
were washed with 2 ml PBS, detached by scraping, and harvested by centrifugation at 3000 × g
for 5 min. To prepare whole cell lysates, cell pellets were re-suspended in 200 µl hypotonic
buffer (20 mM Tris pH 7.4, 10 mM MgCl2, 10 mM CaCl2, and 10% protease inhibitor cocktail).
Re-suspended cells were incubated on ice for 15 min and vortexed every five min. Cell extract
was mixed with equal volume of 2X SDS sample buffer containing 5% β-mercaptoethanol and
heated at 95°C for 10 min. For cellular membrane fractionation, cell pellets were resuspended in
300 µl ice-cold hypotonic buffer (10 mM Tris-HCl, pH 7.8; 10 mM NaCl) and subjected to three
5 min freeze thaw cycles. Nuclei were removed by centrifugation at 900 × g for 5 min at 4°C and
the supernatants were subjected to further centrifugation at 15000 × g for 20 min at 4°C to pellet
the cellular membranes. Membrane pellets were resuspended in 20 µl hypotonic buffer, mixed
with 10 µl 2X SDS sample buffer containing 5% β-mercaptoethanol and heated at 95°C for 10
min.
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2.6 Western blot analysis conditions
Samples were separated by SDS-PAGE on a 10% gel run at 100 V for 2 hrs. Western
transfer onto a nitrocellulose membrane was performed using Biorad Trans-Blot SD Semi-dry
Transfer Cell at 25 V for 45 min. Infrared Western blot was performed according to the Li-Cor
Odyssey Western Blot protocol (145) with the following amendments/conditions. All steps
requiring the use of Li-Cor Odyssey Blocking Buffer were performed with the blocking buffer
diluted 1:1 in PBS. Blots were incubated in primary antibodies 1:200 anti-gp120 rabbit
polyclonal Ab (ABI 13-108-100), 1:1000 anti-Hsp47 mouse monoclonal Ab (Stressgen SPA470), 1:500 anti-His mouse monoclonal Ab (ABM G020), 1:500 anti-FLAG rabbit polyclonal
Ab (ABR PA1-984B), or 1:500 anti-FLAG mouse monoclonal M2 Ab (Sigma F1804) and
secondary antibodies 1:15 000 IRDyeTM 800CW goat anti-mouse Ab (LI-COR 926-32210) and
1:15 000 IRDyeTM 680CW goat anti-rabbit Ab (LI-COR 926-32221). Band intensities were
quantified using the Application Software Version 2.0 (Li-Cor Biosciences) as described in the
software manual, using median top/bottom as the background subtraction method.
For chemiluminescence Western blot, membranes were blocked at 4°C overnight in
0.05% TBS-Tween containing 5% milk powder, and incubated at RT with gentle rocking in
1:1000 anti-FLAG MAb M2 (Sigma F1804). Membranes were then washed 3 times for 10 min
in 0.05% TBS-Tween, incubated for 1 hr with gentle rocking in 1:1000 antimouse horseradish
peroxidase conjugate antibody (Amersham NA931V), and again washed 3 times for 10 min in
0.05% TBS-Tween and twice with TBS only. Membrane was incubated at RT for 3 min in 2 ml
ECL Detecton Reagent kit (Amersham Biosciences RPN 2109) and chemiluminescence film was
exposed for 10 seconds prior to development.
2.7 HIV-1 gp160 processing in the presence of Spn4A
For AdSpn4A experiments, 1 × 105 MAGI-CCR5 cells per well were seeded in six well
plates and incubated overnight. Media was replaced with 2 ml media containing AdSpn4A ER
(MOI 8 or 0.5), AdSpn4A S (MOI 8), AdSpn4A RRLL ER (MOI 8) or AdSpn4A RRLL S (MOI
8) and cells were incubated for 48 hrs. For recombinant Spn4A experiments, 2 × 105 MAGICCR5 cells per well were seeded in six well plates and incubated overnight. At time points 24
hrs pre-transfection, 18 hrs pre-transfection, at time of transfection, 12 hrs post transfection, or at
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each time point, E. coli-expressed Spn4A ER (350 µM), E. coli-expressed Spn4A S (3.8 µM), or
Spn4A S MAGI-CCR5 media concentrate (4.5 µM) was added to media.
Media of the serpin-treated cells was changed and cells were transfected with 2 µg
pCAGGS IIIB gp160 or pCAGGS BaL gp160 plasmid per well using Mirus TransITR-LT1
Transfection reagent according to manufacturer’s recommendations with the following
specifications. Eight µl TransITR-LT1 Transfection reagent was mixed with 250 µl OptiMEMTM
reduced serum media (Invitrogen) and incubated for 15 min at RT. Plasmid DNA was added and
incubated at RT for an additional 25 min, and the mixture was added to cells. One µM
azidothymidine (AZT) was added to corresponding cells at time of transfection. Cells were
incubated for 48 hrs and harvested according to the cellular membrane fractionation protocol in
section 2.5.
For analysis of furin-independent processing, 4 × 105 LoVo cells per well were seeded in
six well plates and incubated overnight. Media was replaced with 2 ml media containing
AdSpn4A S or AdSpn4A RRLL S (MOI 3) and cells were incubated for 36 hrs followed by
infection with the vaccinia virus expression vector encoding gp160. Twelve hrs post-vaccinia
infection, cellular membrane fractions were prepared for SDS-PAGE as described in section 2.5.
2.8 Detection of productive HIV-1 infection in the presence of Spn4A
Three thousand MAGI-CCR5 cells per well were seeded in 96 well plates and incubated
for 24 hrs. Media was removed and cells were inoculated with 200 µl media containing
AdSpn4A ER, AdSpn4A S, AdSpn4A RRLL ER, or AdSpn4A RRLL S (MOI 8).
Forty eight hrs post-AdSpn4A infection, medium from each well was removed, and the
cells were inoculated with HIV-1IIIB (MOI 0.005) or HIV-1BaL (MOI 0.01) in a total volume of
50 µl containing 20 µg of DEAE-dextran per ml. After 2 hrs incubation (37°C, 5% CO2), the
viral inoculum was removed and 200 µl of fresh medium was added. For AZT-treated samples, 1
µM AZT was added with the viral inoculum and reapplied with the fresh medium. Four days
later, the medium was removed and reserved for secondary infection, and the monolayer was
fixed for 5 min at room temperature with 100 µl of 4% paraformaldehyde solution in PBS. To
generate secondary infection, 96 well-plates containing freshly plated MAGI-CCR5 cells were
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inoculated with 100 µl of medium from the primary infection and incubated for 48 hrs prior to
fixing with 4% paraformaldehyde solution. Levels of primary and secondary HIV-1 infections
were determined by β-galactosidase activity and enumeration of blue foci by the MAGI
(multinuclear activation of galactosidase indicator) assay.
To determine β-galactosidase activity, cells were incubated with the β-galactosidase
substrate O-nitrophenyl β-d-galactopyranoside (ONPG) dissolved at 3 mg/ml in PBS containing
0.5% NP-40. At one and two hrs post-substrate addition, the plates were read at OD405 nm in a
Spectra Max 250 ELISA reader. To visualize and quantify blue foci, cells were washed twice
with PBS, stained with 4 mM potassium ferrocyanide, 4 mM potassium ferricyanide, 2 mM
MgCl2, and 0.4 mg/ml 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal stain,
Invitrogen) in PBS at 37°C, 5% CO2 for 50 min. Cells were again washed twice with PBS. Blue
foci were quantified using the CellProfiler cell image analysis software (Broad Institute).
2.9 Furin assays and SDS-PAGE of furin-Spn4A reactions
The furin assay data was obtained using a SpetraMax Gemini XS spectrofluorometer
equipped with a temperature-controlled 96 well plate reader (Molecular Devices) at excitation
and emission wavelengths of 370 and 460 nm to measure release of 7-amino-4-methylcoumarin.
Assays were performed with 0.2 µg recombinant furin, 100 µM pRTKR-MCA, and 10 µl
recombinant Spn4A in 100 mM Hepes, pH 7.5, containing 0.5% Triton X-100 and 1 mM CaCl2
in a total volume of 100 µl. For titration of furin by Spn4A S, 8 ng recombinant furin was
incubated with increasing amounts of Spn4A concentrate for 15 min. pRTKR-MCA (100 µM)
was added to determine residual furin activity. For SDS-PAGE of furin–Spn4A, reactions were
performed under the buffer conditions for furin assays in a total volume of 50 µl. Recombinant
furin (0.5 µg) was incubated with Spn4A for 10 min, reactions were stopped with addition of 50
mM EDTA, mixed immediately with SDS-loading buffer, and heated at 95°C for 10 min.
Western blot analyses were performed as described in section 2.6.
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CHAPTER III Cell-based expression studies and anti-furin activity of Spn4A variants
As a potent furin inhibitor, Spn4A holds potential in the inhibition of gp160 processing
and infectious HIV-1 production. In preliminary evaluation of its applicability as an anti-viral
agent, we sought to validate an expression system for Spn4A and its bioengineered variants and
to determine the effect of Spn4A expression on cellular actin levels. Furthermore, to expand
upon the previously published properties of Spn4A in vitro and in non-human cell lines, we
studied the trafficking and anti-furin activity of Spn4A and its variants in human cell-based
systems.
3.1 Development of Spn4A variants
In our studies of PC-directed inhibition and HIV-1 gp160 processing and virus
production, we employed four signal peptide-containing FLAG-Spn4A variants differing in their
RSL sequence and cellular sorting motifs (Fig. 3.1). The naturally occurring Drosophila serpin is
represented by variant a (Spn4A ER), containing the furin consensus cleavage sequence RRKR
in the P4 to P1 positions of the RSL, and a C-terminal HDEL sequence predicted to act as an ERretention motif. Because the trafficking and activity of type-I secretory pathway PCs is
predominantly confined to the late secretory compartments (10), we constructed a ∆HDEL
variant of Spn4A (variant b) (Spn4A S) that was predicted to encounter subcellular sites of PC
activity en route to its extracellular secretion. Additionally, we engineered the ER (variant c) and
S (variant d) forms of a RSL Spn4A variant, containing a two-residue substitution in the P1 and
P2 positions (RRKR→RRLL) (Spn4A RRLL ER and S). The Spn4A RRLL variants were
predicted to be inactive as serpins of furin, as Arg in the P1 position and a basic residue in the P2
position are critical and highly favourable for furin recognition, respectively (13, 14). The Spn4A
variants were encoded within adenovirus vectors (AdSpn4A), which were used as a means of
delivery and intracellular expression of the serpins.
3.2 Spn4A expression studies
To determine the expression levels of Spn4A variants in MAGI-CCR5 cells and their
effect on actin levels following seven days of AdSpn4A infection, we employed a quantitative
cell-based assay (Li-Cor Odyssey In-cell WesternTM) (146). The expression of all four variants
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was successfully detected, validating the adenovirus system as a method of Spn4A delivery (Fig.
3.2). Additionally, Spn4A levels correlated with those of AdSpn4A, as higher viral titers resulted
in higher Spn4A detection with an eventual plateau at the lowest AdSpn4A dilution factors (Fig.
3.2 A-D). Cellular actin levels suggested that at the tested titers, the ER Spn4A variants (Fig. 3.2
A, C) did not affect cell proliferation rate. In contrast, in the cells expressing the S Spn4A
variants, actin levels were significantly lower at the highest AdSpn4A titers (Fig. 3.2 B, D,
suggesting cell toxicity at high levels of adenovirus infection/Spn4A WT/RRLL S expression.
Furthermore, a comparison of intracellular Spn4A variant levels indicated that there was a
markedly greater accumulation of the ER forms, suggesting that Spn4A WT and RRLL ER are
indeed intracellularly retained, while Spn4A WT and RRLL S are largely secreted (Fig. 3.2 E).
3.3 Localization of Spn4A variants
Immunofluorescence studies of overexpressed Spn4A localization in COS-7 cells (141)
and HEK 293 cells (unpublished observations, Stephanie Condotta, Jean lab) indicate that the
wildtype serpin is localized to the ER and that a deletion of the C-terminal HDEL motif results in
the secretion of the serpin (140). We sought to confirm the predicted secretion patterns of the
Spn4A variants by their detection in cell extracts and media of MAGI-CCR5 cells infected with
AdSpn4A. Western blot analysis indicated that the serpins containing the HDEL ER-retention
motif, Spn4A ER and Spn4A RRLL ER, were retained intracellularly, whereas the serpin
variants with the HDEL deletion, Spn4A S and Spn4A RRLL S, were detected both
intracellularly and secreted in the media (Fig. 3.3). To estimate the proportion of Spn4A that was
intracellularly-retained or secreted, we quantified the relative intensities of the Spn4A variant
bands. Our analysis indicated that 98 and 99% of Spn4A ER and RRLL ER, respectively, were
retained within the cells, while 93 and 98% of Spn4A S and RRLL S, respectively, were
estimated to be secreted (Table 3.1). The secreted Spn4A migrated to a slightly higher molecular
weight than the intracellularly-retained Spn4A, which may reflect a differential glycosylation
state at the single putative glycosylation site of the serpin (137). Additionally, Spn4A RRLL ER
was detected in two molecular weight forms, suggesting that it is susceptible to cleavage in the
ER by an endogenous protease (Fig. 3.3). A possible candidate for this cleavage is the S1P/Ski-1
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serine protease, which is active in the secretory pathway and processes substrates at the RRLL
sequence (147, 148).
3.4 SDS-stable complex formation in furin overexpressing mammalian cell lines
Although anti-furin activity of Spn4A has been demonstrated in vitro and in Drosophila
cells (137, 141), the ability of Spn4A to inhibit furin in mammalian cells is a prerequisite for its
application as an anti-HIV agent. In order to determine if Spn4A acts as a serpin of furin in
mammalian cells, we expressed the four variants in human embryonic kidney (HEK)-derived
293A wildtype (WT) and FLAG-furin overexpressing (C4) cells, and detected by Western
blotting, the presence of an SDS-stable complex in cell extracts and media (Fig. 3.4). FLAGfurin was present in the cell extracts as a 106/100 kDa doublet corresponding to differential
glycosylation states, and in the media, in the 81 kDa shed form (41, 49). Spn4A variant
expression was detected in both cell lines and was in line with the secretion patterns observed in
MAGI-CCR5 cells. However, whereas in MAGI-CCR5 cells the Spn4A variants were present as
a single band (with the exception of Spn4A RRLL ER) (Fig. 3.3), Spn4A variants expressed in
HEK WT and C4 cells appeared to be subject to proteolytic cleavage, as a majority were
detected as two bands or more (Fig. 3.4). The additional bands were likely not generated by
overexpressed furin, except in the case of Spn4A S, which was detected as a single band in the
media of HEK WT cells, and two bands in the media of HEK C4 cells.
High molecular weight doublet bands (~160 kDa) corresponding to EI* complexes
between furin in its two glycosylation states and Spn4A were observed in C4 cells expressing
Spn4A ER and S and not in WT cells (Fig. 3.4 A). An intracellular complex was not detected in
cells expressing the RSL variants of Spn4A (Fig. 3.4 B), indicating that the two-residue
substitution in the P1 and P2 positions abolished furin recognition. In the media of HEK C4 cells
expressing Spn4A S, a single band of slightly lower molecular weight than the intracellular
doublet was detected, and likely corresponds to an EI* complex between Spn4A S and shed furin
(Fig. 3.4 A). Unexpectedly, a faint band of approximately the same molecular weight was
detected in the media of HEK C4 cells expressing Spn4A RRLL S, suggesting that in the
extracellular environment, a small proportion of the variant may complex with furin (Fig. 3.4 B).
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Our results demonstrate the furin-directed serpin activity of Spn4A ER and S in a
mammalian cell-based furin overexpression system. Furthermore, they suggest that the RSL
variants do not complex with furin intracellularly, but may do so extracellularly to a lesser extent
than the wildtype RSL variants.
3.5 In vitro anti-furin activity of secreted Spn4A
The processing of many furin substrates occurs at the cell surface, including those of
several bacterial protoxins (1). Our SDS-stable complex analyses in 293A C4 cells suggested
that Spn4A S is active extracellularly (Fig. 3.4 A) and may therefore be functional in the
inhibition of furin-mediated cell surface processing events. Additionally, our analyses did not
rule out the ability of Spn4A RRLL S to inhibit furin, as a high molecular weight band was
detected in the media of 293A C4 cells expressing the variant (Fig. 3.4 B). To further investigate
the anti-furin activity of the secreted serpin variants, we determined their ability to inhibit
recombinant furin in vitro as measured by enzyme inhibition assays and SDS-stable complex
formation.
Media from MAGI-CCR5 cells expressing the secreted Spn4A variants was collected
and concentrated 10X, and the resulting serpin concentrate was used in furin activity assays. In
enzyme inhibition assays, furin was incubated with the fluorogenic substrate pRTKR-MCA and
serpin concentrate, and furin activity was measured by the release of fluorescent MCA. The
assays indicated that in the presence of Spn4A S concentrate, furin activity was inhibited,
whereas it remained unchanged compared to the control in the presence of Spn4A RRLL S
concentrate (Fig. 3.5 A). Serpin titration analyses indicated that the inhibitory effect of Spn4A S
was concentration-dependent as furin activity decreased in concurrence with increasing volumes
of Spn4A S concentrate (Fig. 3.5 B).
To determine the ability of the Spn4A concentrates to form an EI* complex with furin in
vitro, we co-incubated furin with Spn4A concentrates and detected the presence of an SDS-stable
complex by Western blot analysis. A complex was detected in samples containing Spn4A S or E.
coli-expressed Spn4A ER and furin (Fig. 3.5 C). In contrast to the results obtained in our 293A
C4 Spn4A expression experiments (Fig. 3.4 B), Spn4A RRLL S did not form a complex with
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furin in vitro (Fig. 3.5 C). This may signify a relaxed furin recognition specificity when high
concentrations of shed furin and Spn4A RRLL S are co-incubated in 293A media, that is not
observed under in vitro Hepes-buffered conditions. Interestingly, although an SI value of 1 of
Spn4A for furin has been previously reported (137), we observed a cleavage of Spn4A in the
presence of furin, suggesting that under our experimental conditions, a proportion of Spn4A
ER/S is processed by furin through the substrate pathway.
3.6 Summary
By adenoviral vector-mediated Spn4A variant expression in mammalian cells, we
analyzed cell actin levels in response to Spn4A expression, the differences in secretion patterns
attributed to the C-terminal HDEL sequence, and the RSL sequence-determined furin specificity
of the Spn4A variants. Our results indicated that cell numbers as measured by actin levels were
not significantly affected except at the highest tested AdSpn4A titers, a deletion of the HDEL
sequence resulted in the extracellular secretion of the otherwise intracellularly retained serpin,
and that furin inhibition by Spn4A was abrogated with a substitution in the P1 and P2 positions
of the RSL (RRKR → RRLL). Thus, we hypothesized that when expressed at levels below the
toxic range, Spn4A ER and S may serve as effective inhibitors of gp160 processing and
productive HIV-1 infection.

33

Figure 3.1. Schematic representation of His/FLAG-tagged Spn4A variants. The wildtype Spn4A
(a) and the secreted variant with a deletion of the HDEL ER-retention sequence (b) contain the
furin consensus sequence (RRKR). Variants c (containing the HDEL ER-retention sequence) and
d (∆HDEL) contain a two-residue substitution in the RSL (RRKR → RRLL). All four variants
contain an N-terminal signal peptide (SP).
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Figure 3.2. Relative intracellular accumulation of His/FLAG-Spn4A (black bars) and actin
levels (grey line plot) in MAGI-CCR5 cells 7 days post-infection with AdSpn4A. Cells were
infected with a 2-fold dilution series of AdSpn4A A) WT ER (MOI 3, 1.5, 0.75, 0.375, 0.1875,
0.0938, 0.0469, 0.0234), B) WT S (MOI 40, 20, 10, 5, 2.5, 1.25, 0.625, 0.3125), C) RRLL ER
(MOI 7, 3.5, 1.75, 0.875, 0.4375, 0.2188, 0.1094, 0.0547), and D) RRLL S (MOI 40, 20, 10, 5,
2.5, 1.25, 0.625, 0.3125). Seven days post infection, cells were fixed, permeabilized, and probed
with mouse monoclonal anti-FLAG Ab and secondary IRDyeTM 800CW goat anti-mouse Ab and
stained with Alexa Fluor 680 phalloidin actin dye. Plates were scanned and analysed using the
Li-Cor Odyssey Infrared Imaging System and Application Software Version 2.0 (Li-Cor
Biosciences). Relative FLAG intensity normalized to actin integrated intensity (800/700 nm)
with highest MOI as the 100% value is shown in A-D. Panel E depicts comparative Spn4A
variant intracellular levels based on integrated FLAG intensity normalized to actin integrated
intensity (800/700 nm). Data are averages of three independent experiments [error bars represent
standard error].
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Figure 3.3. Secretion patterns of Spn4A variants expressed in MAGI-CCR5 cells. MAGI-CCR5
cells were infected with AdSpn4A variants ER, S, RRLL ER, RRLL S (MOI 0.5, 8, 1, 8,
respectively) and incubated 48 hrs. Cell extracts (C) and media (M) were prepared for SDSPAGE as described in section 2.5 and analyzed by Western blotting probing with mouse
monoclonal anti-FLAG Ab and secondary infrared 800CW anti-mouse Ab as described in
section 2.6. A representative image of two independent experiments is shown; molecular weight
(kDa) is shown on the left.
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Table 3.1. Relative intracellular and extracellular levels of Spn4A variants expressed in MAGICCR5 cells. The percentage of intracellularly-retained and secreted Spn4A was determined by
band intensity quantification of Western blot images from Fig. 3.3 as described in section 2.6.
Data are averages of two independent experiments.

Variant
WT ER
WT S
RRLL ER
RRLL S

% Retained
98
7
99
2

% Secreted
2
93
1
98
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Figure 3.4. SDS-stable complex formation between furin and Spn4A variants in furin
overexpressing mammalian cells. 293A wildtype (WT) and FLAG-furin overexpressing (C4)
cells were infected with A) Spn4A ER and S (MOI 0.1 and 1, respectively) and B) Spn4A RRLL
ER and S (MOI 0.2 and 1, respectively) and incubated for 48 hrs. Cell extracts (C) and media
(M) were prepared for SDS-PAGE as described in section 2.5 and analyzed by Western blotting
probing with mouse monoclonal anti-FLAG Ab and secondary anti-mouse-HRP Ab as described
in section 2.6. Representative images of two independent experiments are shown; molecular
weight (kDa) is shown on the left.
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Figure 3.5. In vitro anti-furin activity of secreted Spn4A from concentrated media of MAGICCR5 cells. MAGI-CCR5 cells were infected with AdSpn4A S and RRLL S (MOI 3) and
incubated for 48 hrs. Media was collected and concentrated 10X. The resulting Spn4A
concentrate was used in: A) Enzyme inhibition assay where furin/His was incubated with
pRTKR-MCA (100 µM) in the absence or presence of Spn4A S/RRLL S concentrate; B)
Titration of furin/His by Spn4A S concentrate in which furin was incubated with increasing
amounts of Spn4A concentrate for 15 min. pRTKR-MCA (100 µM) was added to determine
residual furin activity as described in section 2.9. The concentration of Spn4A used in assay was
estimated by Western blot band intensity titration against known Spn4A ER (E. coli)
concentrations (Appendix 1); C) Complex formation by furin/His and Spn4A S. Furin was
incubated with Spn4A S/RRLL S concentrates or E. coli-produced Spn4A ER for 10 min,
reactions were stopped with addition of EDTA and processed for Western blot analyses. Blots
were probed with mouse anti-His and rabbit anti-FLAG Abs, and secondary infrared 800CW
anti-mouse (green) and 700CW anti-rabbit (red) Abs. Data and image are representative of two
independent experiments performed in duplicate. Molecular weight (kDa) is shown on the left.
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CHAPTER IV Anti-HIV-1 activity of Spn4A variants
In Chapter III we confirmed the ability of the Spn4A variants containing the furin
consensus sequence in their RSL (Spn4A ER and Spn4A S) to act as serpins of furin. In addition,
our cell expression studies indicated that the intracellular retention or secretion of Spn4A
variants is dependent on the presence of the C-terminal HDEL ER-retention sequence. In the
studies described in the present chapter, we evaluated the ability of the four Spn4A variants
differing in their furin specificity and localization to inhibit HIV-1 gp160 processing and the
production of infectious virions. Our studies were conducted in MAGI-CCR5 cells, a HeLa cell
line expressing the HIV receptor and co-receptors (CD4 and CXCR4, CCR5) and HIV-1 Tatinduced β-galactosidase as a marker of HIV-1 replication (143). In studies of furin-independent
gp160 processing, LoVo cells (144), a human adenocarcinoma cell line deficient in furin activity
were used.
4.1 Anti-HIV activity of adenovirus-delivered Spn4A variants in MAGI-CCR5 cells
In order to assess if the furin-directed serpins Spn4A ER and S can act as inhibitory
agents of PC-dependent HIV-1 gp160 processing, we sequentially infected and transfected
MAGI-CCR5 cells with AdSpn4A and the envelope expression vector gp160 from the CCR5tropic HIV-1 BaL strain, respectively. Two days post-transfection, cellular membrane fractions
were prepared and analyzed by Western blotting probing for gp160, the cleaved product gp120,
and a membrane marker, heat shock protein 47 (Hsp47) – a non-inhibitory ER-localized serpin
(149). The precursor protein gp160 and the cleaved product gp120 were detected in all
membrane fractions transfected with the envelope construct except in those of cells expressing
Spn4A S, in which only gp160 was present (Fig. 4.1 A). Analyses of gp160 cleavage efficiency
obtained by quantification of gp160 and gp120 band intensities indicated a nearly complete
block in gp160 processing in cells expressing Spn4A S. Additionally, Spn4A ER appeared to
partially impair gp160 processing, as the efficiency of cleavage averaged 68 of the control value
(p = 0.08) (Fig. 4.1 B). The RSL variants of Spn4A and the reverse transcriptase inhibitor AZT
did not significantly affect precursor cleavage. Hence, the furin-directed serpin variant Spn4A S
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was an effective inhibitor of gp160 processing when expressed in MAGI-CCR5 cells, while
Spn4A ER may have inhibited processing to a lesser extent.
In our gp160 processing analyses, we consistently observed a doublet band of Hsp47 in
membrane fractions expressing the ER Spn4A variants, while only a single band was present in
untreated and S Spn4A variant expressing cells (Fig. 4.1 A). Hsp47 is an ER-localized
glycoprotein with a C-terminal RDEL sequence acting as an ER-retention motif (149). Like the
HDEL sequence, the RDEL motif is thought to be recognized by a KDEL-like receptor, which
shuttles the motif-containing protein from the cis-Golgi back to the ER (150). The appearance of
the higher molecular weight band of Hsp47 when the ER Spn4A variants are overexpressed may
correspond to differentially glycosylated, and hence, differentially localized Hsp47. This led us
to hypothesize that overexpression of a protein whose localization is managed by a KDEL-like
receptor, could lead to the saturation of the receptor and secretion of the otherwise ER-retained
protein. We thus collected the media of the cells in our gp160 processing experiments and
probed for the presence of Spn4A. Although at more moderate titers of AdSpn4A ER and RRLL
ER the expressed serpin variants were retained within the cells (Fig. 3.3), the titers used in the
gp160 processing experiments led to the secretion of the ER Spn4A variants (Fig. 4.1 A).
However, the Spn4A ER and RRLL ER secretion patterns reported in Fig. 3 were performed in
the absence of gp160 transfection, therefore, further controls are required in order to establish a
direct association between AdSpn4A titers and secretion. Nevertheless, the observed secretion of
Spn4A ER and RRLL ER suggests that the partial, although not statistically significant, block in
gp160 processing by Spn4A ER (Fig. 4.1 B) could be mediated by Spn4A ER that had escaped
the ER-Golgi intermediate compartment (ERGIC) pathway. Accordingly, a lower titer of
AdSpn4A ER, which did not result in the secretion of the serpin variant (Fig. 3.3), had no impact
on gp160 processing (Fig. 4.1 C). Conversely, a longer time of infection with AdSpn4A ER
resulted in a greater degree of inhibition than was observed in the results presented in Fig. 4.1 A
(Fig. 4.1 D).
Because gp160 processing is a critical component of the HIV-1 life cycle, we
hypothesized that the expression of Spn4A S, which fully inhibited the cleavage of gp160 (Fig.
4.1), could provide a means of inhibiting productive HIV-1 infection. To examine the effect of
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Spn4A variants on HIV-1 replication, we sequentially infected MAGI-CCR5 cells with
AdSpn4A and HIV-1BaL. Four days post infection, cells were processed for detection of primary
infection and the growth media from the primary infection was transferred to otherwise untreated
MAGI-CCR5 cells. These cells were fixed two days post-inoculation and processed for detection
of secondary infection. The level of productive HIV-1 infection was determined by βgalactosidase activity and MAGI (enumeration of blue foci) assays (151). Due to cell
overconfluence in the primary infection, blue foci could not be accurately quantified; hence, only
secondary infection MAGI assay results are shown. β-galactosidase activity assays indicated that
in cells expressing Spn4A S, productive infection was reduced to 19 and 7% of the control in the
primary and secondary infections, respectively (Fig. 4.2 A, B). The inhibitory effect was
comparable to that of 1 µM AZT which reduced productive infection to 23 and 1.6% of the
control. Our MAGI assays confirmed that Spn4A S was indeed an inhibitor of productive HIV1BaL infection as its expression resulted in a 92% decrease in the number of blue foci during
secondary infection (Fig. 4.2 C, D). The RSL variants Spn4A RRLL ER and S, and Spn4A ER,
which partially blocked gp160 processing (Fig. 4.1), did not reduce β-galactosidase activity and
blue foci counts, indicating that the variants were ineffective as anti-HIV agents (Fig. 4.2)
Our studies of HIV-1BaL replication in the presence of Spn4A S indicated that the serpin
variant is an effective inhibitor of HIV-1 production. The ability of Spn4A S to block furin
activity and gp160 processing suggests that the anti-HIV activity of the serpin occurs through the
inhibition of PC-dependent gp160 processing. The gp160 cleavage sequence -Arg-Glu-Lys-Argis highly conserved in all HIV-1 strains, and therefore, we predicted that Spn4A S could act as an
anti-HIV agent independent of viral strain. We tested the effect of Spn4A S on gp160 processing
and infectious virus production of the CXCR4-tropic virus, HIV-1IIIB. As in our HIV-1BaL gp160
processing analyses, cleavage of HIV-1IIIB gp160 was fully inhibited by Spn4A S while the RSL
variant of the secreted serpin, Spn4A RRLL S, did not have an inhibitory effect on envelope
precursor cleavage compared to the control (Fig. 4.3). Similarly, β-galactosidase activity assays
indicated that in primary and secondary infection Spn4A S was as effective as 1 µM AZT in
reducing productive infection to nearly background levels (Fig. 4.4 A, B). In agreement with the
β-galactosidase activity assays, Spn4A S expression resulted in the complete block of syncytia
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formation (Fig. 4.4C, D). Interestingly, although Spn4A RRLL S did not affect gp160
processing, there was a downward trend in productive HIV-1 infection with average βgalactosidase activity values of 90 and 66% of the control in primary and secondary infection,
respectively (Fig. 4.4 A, B). This trend was more pronounced in the MAGI assays, as Spn4A
RRLL S expression resulted in a significant reduction in the number of blue foci (44% of the
control) (Fig. 4.4 D).
4.2 Effect of Spn4A S on furin-independent gp160 processing
Despite a deficiency in furin activity, LoVo cells are able to correctly process HIV-1
gp160, indicating that other furin-like PCs can act in the proteolytic cleavage of the envelope
precursor (105). The ability of Spn4A to inhibit two of the most evolutionarily divergent PCs –
human furin and Drosophila PC2 (137) – led us to hypothesize that Spn4A may be a broad-based
PC inhibitor and could therefore target other furin-like PCs involved in gp160 processing. We
tested this hypothesis by determining the effect of Spn4A S expression on furin-independent
gp160 processing in LoVo cells. In Western blot analysis of LoVo cells infected with AdSpn4A
and a vaccinia virus expression vector encoding gp160, gp120 was detected in the control and
AdSpn4A RRLL S-treated cells, but not in cells expressing Spn4A S (Fig. 4.6 A). Quantification
of the cleavage efficiency indicated that processing was fully inhibited by Spn4A S, whereas 27
and 30% of gp160 was cleaved in control cell and cells expressing Spn4A RRLL S, respectively
(Fig. 4.5 B). The complete block of furin-independent gp160 processing by Spn4A S suggests
that the serpin variant inhibits the non-furin PC(s) involved in the cleavage event in LoVo cells
(105).
4.3 Studies of gp160 processing in the presence of extracellularly applied Spn4A
One of the major challenges in the development of protein-based therapeutics is
associated with the delivery of the protein drug across the cell membrane. The PCs involved in
gp160 processing are active in the secretory pathway, and in the case of furin, traffic to the cell
surface as a part of a complex sorting itinerary. It has been previously shown that the furin
selective serpin, α1-PDX, can be internalized by cells by a furin-dependent mechanism.
Furthermore, when applied to cellular growth media, recombinant α1-PDX inhibits furin44

mediated pro-gB processing and HCMV replication. Similarly, the extracellular introduction of
recombinant Spn4A could potentially result in its internalization into cells by a PC-dependent
mechanism, providing a means of inhibition of gp160 processing and HIV-1 production. To
determine if extracellularly applied Spn4A could be used as an anti-viral agent, we generated
three preparations of recombinant Spn4A and tested their ability to inhibit gp160 processing
(summarized in Table 4.1).
In vitro analysis of the first preparation, E. coli-expressed Spn4A ER purified by fast
protein liquid chromatography (FPLC) (generated by Martine Boutin and Steven McArthur, Jean
lab) indicated that the recombinant Spn4A was active as a serpin of furin (Fig. 3.5 C). To test
whether it can inhibit gp160 processing, a time course addition of recombinant Spn4A ER to the
media of MAGI-CCR5 cells was performed (24 hrs, 18 hrs pre-, 12 hrs post-gp160 transfection,
at the time of transfection, or at each time point). The rationale for the reapplication of Spn4A at
the different time points was to avoid the potential loss of anti-PC activity as a result of Spn4A
degradation. Incubation of MAGI-CCR5 cells in up to 350 µM of Spn4A ER did not affect
gp160 processing, indicating that the extracellularly applied serpin failed to inhibit the PCs
involved in the cleavage event. Similarly, our studies with up to 3.8 µM E. coli-expressed Spn4A
S did not result in an inhibitory effect on gp160 processing (Table 4.1).
Spn4A contains a single putative glycosylation site, which may be important for the
activity and stability of the serpin. In Chapter III, we showed that Spn4A S secreted into the
media of AdSpn4A S infected MAGI-CCR5 cells retains its anti-furin activity (Fig. 3.5). To
determine if the lack of inhibition in envelope protein processing by E. coli-expressed Spn4A
can be attributed to a requirement for glycosylation, we tested the effect of MAGI-CCR5expressed Spn4A S present in concentrated media on gp160 cleavage. As with the E. coliexpressed serpins, gp160 was unaffected when MAGI-CCR5 cells were incubated in the
presence of up to 4.5 µM Spn4A S (Table 4.1). This suggests that Spn4A, regardless of
glycosylation state, is not active as an anti-viral agent when applied to cellular media without an
expression vector. Further studies of the stability of the recombinant serpins in the media will be
required to determine if the lack of inhibition resulted from degradation of Spn4A.
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4.4 Summary
We performed studies of gp160 processing and HIV replication in cells expressing four
Spn4A variants differing in their localization and RSL sequence. Spn4A S was shown to fully
inhibit gp160 processing in MAGI-CCR5 and furin-deficient LoVo cells, indicating that in
addition to inhibiting furin, the serpin variant targets other PCs involved in precursor cleavage.
The inhibition of gp160 processing by Spn4A S translated to a nearly complete block in
productive HIV-1BaL and HIV-1IIIB infection. In contrast, Spn4A ER blocked only 32% of gp160
cleavage and did not impact viral production in cells infected with HIV-1BaL. The anti-HIV
activity of Spn4A S appears to require a means of intracellular expression, as incubation of cells
in the presence of the protein failed to generate an inhibitory effect on gp160 processing.
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Figure 4.1. Effect of Spn4A variant expression on HIV-1BaL gp160 processing in MAGI-CCR5
cells. Cells were infected with AdSpn4A variants (MOI 8) for 48 hrs, media was changed and
cells were transfected with the HIV-1 envelope expression vector gp160BaL. Two days posttransfection, cellular membrane fractions and media were prepared for SDS-PAGE as described
in section 2.5 and analyzed by Western blotting. Membrane fractions were probed with rabbit
polyclonal anti-gp120 Ab, mouse monoclonal anti-Hsp47 Ab and secondary infrared 800CW
anti-mouse (green) and 700CW anti-rabbit (red) Abs (top panel A). Media was probed with
mouse monoclonal anti-FLAG Ab and secondary infrared 800CW anti-mouse (green) Ab
(bottom panel A). A representative image of three independent experiments is shown. B) gp160
cleavage efficiency determined by quantification of gp160 and gp120 band intensities using the
formula gp120/(gp120 + gp160)*100. Data are averages of three independent experiments.
Cleavage efficiency in MAGI-CCR5 cells infected with AdSpn4A ER (MOI 0.5) (C), and (MOI
8) where media was not changed prior to transfection (D). Data are averages of three and two
independent experiments, respectively [error bars represent standard error; ***p < 0.001].
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Figure 4.2. HIV-1BaL production during primary and secondary infection in MAGI-CCR5 cells
expressing Spn4A variants. MAGI-CCR5 cells were sequentially infected with AdSpn4A
variants (MOI 8) for 48 hrs and HIV-1BaL (MOI 0.01) for four days. Cells were fixed and
processed for detection of primary infection by β-galactosidase activity assay (A) as described in
section 2.8. To generate secondary infection, media from the primary infection was transferred to
otherwise untreated MAGI-CCR5 cells. Two days post-inoculation, cells were fixed and
processed for detection secondary infection by β-galactosidase activity assay (B) and MAGI
assay (C, D) as described in section 2.8. Representative images of blue foci are shown in (C) and
quantified in (D). β-galactosidase activity and MAGI assays are averages of at least two
independent experiments, respectively [error bars represent standard error; *p < 0.05, **p < 0.01,
***p < 0.001].
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Figure 4.3. Effect of Spn4A variant expression on HIV-1IIIB gp160 processing in MAGI-CCR5
cells. MAGI-CCR5 cells were infected with AdSpn4A variants (MOI 8) for 48 hrs, media was
changed, and cells were transfected with the HIV-1 envelope expression vector gp160IIIB. Two
days post-transfection, cellular membrane fractions were prepared for SDS-PAGE as described
in section 2.5 and analyzed by Western blotting, probing with rabbit polyclonal anti-gp120 Ab,
mouse monoclonal anti-Hsp47 Ab, and secondary infrared 800CW anti-mouse (green) and
700CW anti-rabbit (red) Abs. A representative Western blot image is shown in A. Panel B
depicts gp160 cleavage efficiency determined by quantification of gp160 and gp120 band
intensities using the formula gp120/(gp120+gp160)*100. Data are averages of three independent
experiments [error bars represent standard error; ***p < 0.001].
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Figure 4.4. HIV-1IIIB production during primary and secondary infection in MAGI-CCR5 cells
expressing Spn4A variants. MAGI-CCR5 cells were sequentially infected with AdSpn4A
variants (MOI 8) for 48 hrs and HIV-1IIIB (MOI 0.005) for four days. Cells were fixed and
processed for detection of primary infection by β-galactosidase activity assay (A) as described in
section 2.8. To generate secondary infection, media from the primary infection was transferred to
otherwise untreated MAGI-CCR5 cells. Two days post-inoculation, cells were fixed and
processed for detection secondary infection by β-galactosidase activity assay (B) and MAGI
assay (C, D) as described in section 2.8. Representative images of blue foci are shown in (C) and
quantified in (D). β-galactosidase activity and MAGI assays are averages of four and three
independent experiments, respectively [error bars represent standard error; *p < 0.05, **p < 0.01,
***p < 0.001].
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Figure 4.5. Inhibition of furin-independent gp160 processing by Spn4A S. LoVo cells were
sequentially infected with AdSpn4A variants (MOI 3) for 36 hrs and with the vaccinia virus
expression vector encoding gp160. Twelve hrs post-vaccinia infection, cellular membrane
fractions were prepared for SDS-PAGE as described in section 2.5 and analyzed by Western
blotting, probing with rabbit polyclonal anti-gp120 Ab, mouse monoclonal anti-Hsp47 Ab, and
secondary infrared 800CW anti-mouse (green) and 700CW anti-rabbit (red) Abs. A
representative Western blot image is shown in A. Panel B depicts gp160 cleavage efficiency
determined by quantification of gp160 and gp120 band intensities using the formula
gp120/(gp120+gp160)*100. Data are averages of three independent experiments [error bars
represent standard error; ***p < 0.001].
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Table 4.1. Summary of extracellulary applied Spn4A studies. The ability of Spn4A secreted
from MAGI-CCR5 cells (column two) and E. coli-expressed Spn4A ER (column three) and
Spn4A S (column four) to inhibit HIV-1 gp160 processing when applied to MAGI-CCR5 growth
media was determined. Source and preparation refer to the expression and
concentration/purification method of recombinant Spn4A. The in vitro anti-furin activity was
determined by enzyme inhibition assay and detection of SDS-stable complex formation (Fig 3.5).
The concentration of Spn4A used in the gp160 processing experiments was estimated by
Western blot band intensity titration against known Spn4A ER (E. coli) concentrations
(Appendix 1). + and − denote a positive and negative result obtained in the corresponding
analysis, respectively; not determined (ND) indicates analysis was not performed.

Spn4A ER

Spn4A S

Source

E. coli

E. coli

Preparation

FPLC

Magnetic nickel bead
His tag protein
purification kit

Spn4A S
Media from AdSpn4A
S infected MAGICCR5 cells
Virus exclusion filter
Concentrated 10X

In vitro antifurin activity

+

ND

+

Inhibition of
gp160 processing

−

−

−

350 µM

3.8 µM

4.6 µM

Estimated
concentration
tested
Comments

Importance of
glycosylation

Importance of
glycosylation

HDEL impacts
trafficking

May require a higher
concentration

May require a higher
concentration
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CHAPTER V Discussion
In the present study we evaluated the ability of the potent furin inhibitor, Spn4A, targeted
to three different sites to inhibit PC-directed HIV-1 gp160 processing and viral production. By
adenoviral vector delivery, we expressed Spn4A ER – the naturally occurring serpin with a Cterminal ER-retention motif (HDEL) and Spn4A S – a bioengineered variant of Spn4A with a
deletion of the HDEL sequence. Spn4A ER was expected to localize to the ER, whereas we
predicted that Spn4A S would be secreted. We also assessed the ability of extracellularly applied
recombinant Spn4A ER/S to inhibit gp160 processing. Although all the Spn4A variants were
active as serpins of furin (with the exception of E. coli-expressed recombinant Spn4A S, whose
activity was not tested) (Fig. 3.4 A, 3.5), our analyses of gp160 processing in the presence of the
differentially targeted serpins demonstrated a complete block in processing by Spn4A S (Fig.
4.1, 4.3), a partial decrease induced by high levels of Spn4A ER expression (Fig. 4.1), and no
effect generated by the extracellularly applied serpins (Table 4.1). We also showed that Spn4A S
inhibits gp160 processing attributed to non-furin PCs (Fig. 4.5). Furthermore, we demonstrated
that the serpin variant is an effective anti-viral agent, as its expression results in a nearly
complete inhibition of productive HIV-1 infection (Fig. 4.2, 4.4).
5.1 Spn4A trafficking and anti-furin activity
Spn4A contains an HDEL sequence at its C-terminus, a variant of the well-known KDEL
ER-retention motif. ER-retention motif-containing proteins are thought to be recognized by the
KDEL or KDEL-like receptor, which resides in the cis-Golgi and is responsible for transporting
ER-resident proteins back to the ER (150). Previously reported immunofluorescence studies
indicated that Spn4A is localized to the ER when expressed in COS-7 cells (141), and that this
localization is dependent on the HDEL motif, as its deletion results in the secretion of the serpin
(140). Our studies of Spn4A ER and S expression in human cell lines largely agreed with these
findings, as the serpins were intracellularly retained and secreted, respectively (Fig. 3.3).
However, in infections with high titers of AdSpn4A ER or the RSL mutant AdSpn4A RRLL ER
(MOI 8), we observed the secretion of the variants. Additionally, in Western blot analyses of
Hsp47 in cells infected with high levels of the ER forms of AdSpn4A, we observed an extra band
possibly corresponding to a differential glycosylation state, signifying a change in the
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localization of Hsp47 (Fig. 4.1 A). Hsp47 is an ER-localized glycoprotein with a C-terminal
RDEL sequence, another variant of the KDEL motif (149). The secretion of Spn4A ER and
RRLL ER during high levels of expression, concurrently with a possible relocalization of another
ER-resident protein, Hsp47, suggests these changes may be the result of a saturation of the
KDEL receptor. This is supported by studies showing that overexpression of KDEL-containing
proteins results in the partial secretion of both the overexpressed and uninduced ER-resident
proteins (152, 153). Alternatively, the secretion of Spn4A ER and RRLL ER may be influenced
by the presence of transfection reagent and gp160 expression, therefore further Spn4A ER
expression studies in the absence of the two factors will be required to address this possibility. In
summary, together with previous studies (142), our observations indicate that Spn4A ER is
localized to the ER, however, its secretion in mammalian cells can be induced by deletion of the
C-terminal HDEL motif and possibly, by high levels of expression.
Spn4A is a potent inhibitor of furin (Ki = 13 pM), forming an SDS-stable complex with
furin in vitro (137, 141, 142) and in Drosophila S2 cells (137). We investigated the ability of
Spn4A ER/S and Spn4A RRLL ER/S – variants with a two-residue substitution in the RSL at
sites critical for furin recognition – to form an SDS-stable complex in human cells stably
overexpressing furin. Our results indicated that both Spn4A ER and S were active as serpins of
furin, while as predicted, the Spn4A RRLL variants did not form intracellular SDS-stable
complexes with the protease (Fig. 3.4). The release of the inhibitory prodomain of furin in the
trans-Golgi is a prerequisite for furin activity (20). Consequently, furin is predominantly active
in the late secretory pathway – in the TGN, endosomal compartments, and the cell surface (1).
Because protease activity is critical for the serpin mechanism of action, we had predicted that the
ER-localized Spn4A ER would fail to form an EI* complex with furin, in contrast to Spn4A S
which would route through sites of furin activity. Our observation of EI* complex formation
between Spn4A ER and furin could be explained by several studies reporting furin activity in the
early secretory pathway (53-55). Another possible explanation is that the activation and
trafficking pathways of furin may be misregulated in cells stably overexpressing the protease. An
analysis of EI* complex formation with endogenous furin would be useful in establishing to
what extent active furin is represented in the ER.
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5.2 Effect of Spn4A variants on gp160 processing
HIV-1 gp160 processing yielding active envelope glycoproteins gp120 and gp41, is a
critical event in the viral life cycle. Cleavage is mediated by the PCs active in the late secretory
pathway – furin and PC7, and possibly to a lesser extent, PACE4 and PC5/6B (103). The central
role of the PCs in HIV-1 replication points to this group of proteases as a potential anti-viral
target. Our analyses of gp160 processing in the presence of Spn4A delivered to different
subcellular/extracellular sites yielded varied results. Spn4A S was the most effective variant in
inhibiting gp160 processing, as its expression in MAGI-CCR5 cells generated a complete block
in precursor cleavage (Fig. 4.1). Inhibition of gp160 processing by a furin-directed secretory
pathway serpin has been previously demonstrated with the use of α1-PDX. Like Spn4A S, α1PDX is secreted and inhibits gp160 processing when overexpressed in cell culture (114).
However, the reported efficacy of inhibition ranges from a complete to a partial block in
processing (102, 127, 133, 134). In contrast to α1-PDX, whose anti-PC activity is limited to furin
and PC5/6B as demonstrated by in vitro studies (114), Spn4A has been shown to inhibit
Drosophila PCs – dPC2, furin1, and furin2 (137, 140). The full block in gp160 cleavage and
evidence for broad-based PC inhibitory activity led us to hypothesize that in addition to furin,
Spn4A S may target other PCs involved in the processing event. In line with this hypothesis, we
observed full inhibition of gp160 processing in LoVo cells (Fig. 4.5), which are deficient in furin
activity but retain their ability to correctly process gp160 (105).
Our observation of a complete block in gp160 processing in both MAGI-CCR5 and
LoVo cells points to a previously unreported PC target for Spn4A. Vaccinia virus overexpression
studies have implicated furin and PC7 as the main PCs involved in gp160 processing. PC5/6B
and PACE4 are also active in the late secretory pathway, the site of gp160 cleavage (102, 106,
107, 109). However, evidence for their involvement is contentious, as several studies have
shown that overexpression of PC5/6B and PACE4 either does not affect or only marginally
increases gp160 processing efficiency (102, 106, 107). LoVo cells express PC7, PACE4, but not
PC5/6B, or an active form of furin (106, 144). To our knowledge, a full PC expression profile of
HeLa cells – the parental cell line of MAGI-CCR5 cells – has not been published. Northern blot
analyses indicate that furin mRNA is present in HeLa cells, while PC5/6 is not (75, 154). A
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recently published transcriptome of HeLa S3 cells, a HeLa-derived cell line adapted to grow in
suspension, indicates that PC7 is transcribed (155). Consistent with the Northern blot reports in
HeLa cells (75, 154), furin and PC5/6 transcripts were present and absent in HeLa S3 cells,
respectively (155). Taking into account the available expression profiles for the PCs in MAGICCR5 and LoVo cells and evidence for their involvement in gp160 processing, it is likely that in
addition to furin, Spn4A inhibits PC7 in the two cell lines.
We also investigated the effect of the naturally occurring form of the serpin, Spn4A ER,
on gp160 processing. Inhibition of processing by Spn4A ER appeared to require AdSpn4A ER
titers at levels at which secretion of the serpin was observed. While infection at an MOI of 0.5
resulted both in the intracellular retention of Spn4A ER and EI* complex formation in furin
overexpressing cells, we did not observe inhibition of processing (Fig. 4.1). It is possible that the
ER-localized serpin did not effectively deplete endogenous furin levels. However, evidence for
furin activity in the ER (53-55), and the observation that Spn4A ER expression results in a
partial block in HCMV pro-gB processing (unpublished observations, François Jean), suggests
that Spn4A ER could be used to inhibit furin-directed processing. Unlike pro-gB, gp160 is not
entirely dependent on furin for processing (105), and in our cell system PC7 likely contributes to
gp160 cleavage. In contrast to furin, there are no reports of PC7 activity in the early secretory
pathway. Therefore, an alternative interpretation for our results could be that Spn4A ER depletes
furin levels in the early secretory pathway, but not those of PC7, which may not traffic through
the ER/cis-Golgi in its active form. This would result in a scenario like that in LoVo cells where
gp160 processing occurs in the absence of active furin. We were able to induce a partial block in
gp160 processing when cells were infected with a considerably higher titer of AdSpn4A ER
(MOI 8) (Fig. 4.1). However, at this level of expression we observed the secretion of the serpin,
suggesting that the inhibitory effect could be largely attributed to Spn4A ER that had escaped to
the late secretory compartments.
Finally, we tested the ability of Spn4A to inhibit gp160 processing when applied
extracellularly. To avoid the loss of activity of the recombinant serpins as a result of possible
degradation, we reapplied Spn4A to the media at several time points prior to, at the time of, and
post-transfection. Incubation of MAGI-CCR5 cells in the presence of 3.8 to 350 µM of Spn4A
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appeared to have no effect on gp160 processing (Table 4.1). This is in contrast to studies with
recombinant α1-PDX, which at a concentration of 8 µM fully inhibits pro-gB processing (131).
α1-PDX is 50 times less potent than Spn4A at inhibiting furin (114, 137), therefore it is unlikely
that a higher concentration of Spn4A is required to observe an effect. Glycosylation state and the
presence of the ER-retention motif is also unlikely to be a factor, as we tested Spn4A ER and S
expressed in E. coli and Spn4A S expressed in MAGI-CCR5 cells. Studies with cells incubated
with 8 µM of α1-PDX showed that the serpin is internalized in a furin-dependent manner,
resulting in an 80% reduction of intracellular furin levels (131). This suggests that Spn4A should
be able to deplete furin by an analogous mechanism. Investigation of the effect of externally
applied Spn4A on a furin-dependent processing event would be useful in demonstrating this
mechanism of furin inhibition. Furthermore, the stability of recombinant Spn4A in the media
should be evaluated in order to rule out the loss of activity due to degradation.
Given the existence of PC redundancy in gp160 processing, the inability of externally
applied Spn4A to inhibit precursor cleavage implies a failure to deplete PC7 levels. Although our
studies in LoVo cells suggest that PC7 is targeted by Spn4A, we have no evidence that inhibition
occurs by the serpin mechanism rather than through the substrate pathway. Therefore, we can not
rule out that the failure of externally applied Spn4A to deplete PC7 levels is due to its inability to
form an EI* complex with the protease. An alternate explanation is that a PC7 targeted serpin
applied at the cell surface cannot be used to effectively reduce intracellular PC7 stores. Although
PC7 has been shown to be represented at the cell surface (131), it does not contain the same
sorting motifs in its cytoplasmic tail as furin. PC7 contains a dileucine signal thought to act as an
internalization motif, however, it lacks the tyrosine containing motif which has been shown to be
both necessary and sufficient for retrieval of proteins from the cell surface to the TGN (28, 156,
157). This suggests that unlike furin, cell surface PC7 may not recycle to the TGN, the site of
steady-state PC7 localization, and may instead sort to the lysosomes or recycle to the cell
surface. The lack of gp160 processing inhibition observed in the presence of extracellularly
applied Spn4A might be further evidence against the retrieval of cell surface PC7 to the TGN.
In Figure 5.1, we present a model for the anti-PC activity of differentially targeted Spn4A
variants based on their effect on gp160 processing. The model is presented on the assumption
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that MAGI-CCR5 cells express furin and PC7 as suggested by studies in HeLa and HeLa S3
cells (75, 154, 155), and in Fig. 5.1 C, that externally applied Spn4A inhibits furin by a
mechanism analogous to that of externally applied α1-PDX reported in (131). Confirmation of
the PC expression profiles in MAGI-CCR5 cells and investigation into the potential parallels
between Spn4A and α1-PDX function will be required to validate the model.
5.3 Effect of Spn4A variants on HIV-1 production
The PCs occupy a central role in the HIV-1 life cycle, as the PC-mediated proteolytic
maturation of the viral envelope glycoprotein is a requirement for the production of infectious
virions. Cleavage of gp160 occurs during its trafficking to the cell surface, where the mature
glycoproteins gp120 and gp41 are incorporated into the viral particle upon budding (103).
Inhibition of gp160 processing results in the incorporation of immature glycoproteins into noninfectious virions (95, 158). These virions are incapable of entry, as gp160 is unable to mediate
fusion following CD4 receptor recognition (91). Our HIV-1 production assays indicated that
Spn4A S is an effective anti-viral agent, limiting productive HIV-1 infection to nearly
background levels. The inhibitory effect was more pronounced in the secondary infection,
indicating that replication detected during primary infection resulted largely in the production of
non-infectious virions (Fig. 4.2 A, B). Furthermore, both the CCR5-tropic BaL strain and
CXCR4-tropic IIIB strain of HIV-1 was inhibited, suggesting that Spn4A S inhibits processing at
the highly conserved gp160 cleavage site (Fig. 4.2, 4.4). In our gp160 processing analyses, we
observed a complete and partial block in cleavage upon expression of Spn4A S and Spn4A ER,
respectively (Fig. 4.1). The incomplete inhibition of gp160 processing observed during Spn4A
ER expression did not translate to inhibition of the virus, as productive HIV-1BaL infection was
unaffected by the serpin variant (Fig. 4.2). Therefore, inhibition of gp160 processing can serve as
an effective means of limiting HIV-1 production but may require a complete block in the
processing event, such as that generated by Spn4A S.
The PC-directed inhibitors, polyarginine and α1-PDX have been reported to suppress
productive HIV-1 infection (116, 133, 134). Like Spn4A S, polyarginine inhibits furinindependent processing and fully blocks HIV-1 production at a concentration of 1 µM (116).
Although in our hands, polyarginine had only a modest impact on HIV-1IIIB production (data not
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shown), the published study suggests that broad-based PC inhibitors are effective anti-HIV-1
agents (116). By contrast, HIV-1 replication studies in cells stably expressing the furin-selective
inhibitor, α1-PDX, demonstrated that although the serpin is initially effective in limiting HIV-1
production, viral replication recovers 13 days post-infection. The recovery corresponded to an
accumulation of cleaved α1-PDX, which was suggested by the authors to be a product of PC7
cleavage (134). It would be of interest to investigate the effect of Spn4A S on HIV-1 production
in a similar long-term study, as our results suggest that unlike α1-PDX, Spn4A S effectively
inhibits PC7.
In our gp160 processing experiments, the RSL variants Spn4A RRLL ER and Spn4A
RRLL S served as negative controls, as they did not form intracellular EI* complexes with furin,
and consequently, did not affect gp160 processing (Fig. 4.1, 4.3). We attributed the loss of antifurin activity to the two-residue substitution at the P1 and P2 positions of the RSL (RRKR →
RRLL). However, the resulting RSL sequence forms the consensus cleavage site of the S1P/Ski1 protease, a more distantly related PC member. S1P/Ski-1 is a secretory pathway protease with
a central role in cholesterol metabolism, as its cleavage of SREBPs leads to the induction of
cholesterol synthesis (148). Interestingly, like furin, S1P/Ski-1 is involved in viral replication,
including that of Old World arenaviruses that encode the S1P/Ski-1 cleavage site within their
envelope glycoproteins (159). The ability of Spn4A RRLL to inhibit S1P/Ski-1 has not been
directly investigated, however, studies with recombinant vesicular stomatitis virus (VSV) in
which the Lassa virus glycoprotein is expressed in place of VSV G, showed that Spn4A RRLL S
expression results in a two-log reduction in viral production (unpublished observations, Ute
Ströher and Heinz Feldmann, National Microbiology Laboratory). This suggests that Spn4A
RRLL S may be active as an inhibitor of S1P/Ski-1.
Cholesterol has been linked to the replication of a number of viruses, including HIV-1, as
depletion of cholesterol results in an inhibition of HIV-1 infection and syncytia formation (160).
Efficient HIV-1 entry is thought to require the clustering of CD4 and chemokine receptors to
lipid rafts – sites that cholesterol plays a key role in maintaining (161). In our HIV-1 production
experiments, we observed a decrease in productive HIV-1IIIB infection in cells expressing Spn4A
RRLL S (Fig. 4.4). Interestingly, we did not detect an effect on HIV-1BaL infection (Fig. 4.2).
59

Thus, our studies suggest that Spn4A RRLL S has anti-viral activity against the CXCR4-tropic
and not the CCR5-tropic virus. In our system, HIV-1IIIB did not replicate as efficiently as HIV1BaL (Fig. 4.2, 4.4), therefore it is possible that infection with the latter strain was too robust to
generate an inhibitory effect by Spn4A RRLL S. Alternatively, the observed discrepancy
between the two viral strains may suggest underlying differences in their cholesterol
dependency, possibly associated with co-receptor function and recruitment.
5.4 Conclusion
Our investigation into the trafficking, anti-PC, and anti-HIV activity of Spn4A and its
bioengineered variants has resulted in the identification of Spn4A S as an effective inhibitor of
productive HIV-1 infection. The anti-viral effect of Spn4A can be attributed to inhibition of PCdirected gp160 processing, indicating that PC inhibition can serve as a means of limiting HIV-1
production.
A major concern with inhibiting host-cell factors is the possibility of generating toxic
effects associated with the loss of a critical cellular function. The apparent built-in redundancy
existing for some PCs, as exemplified by the lack of observed abnormal phenotype in conditional
furin knockout mice (80), suggests that PC inhibition may be a viable anti-viral strategy.
However, the involvement of several PCs in HIV-1 gp160 maturation presents a further
challenge in developing PC inhibitors to limit HIV-1 production (105). Conversely, the low
efficiency of gp160 processing attributed to the highly conserved sub-optimal PC cleavage site
(94), suggests that a partial knockdown of the PCs may be sufficient to effectively inhibit gp160
cleavage, while maintaining the processing of host cell-derived substrates.
Our results indicated that Spn4A S inhibits furin, and at least another PC involved in
gp160 processing, likely PC7. We showed that actin levels of MAGI-CCR5 cells infected at
AdSpn4A S titers required to generate the reported anti-HIV effect, were at over 85% compared
to that of uninfected controls (Fig. 3.2 B). We also attempted to test for AdSpn4A S-induced
apoptosis by Western blotting, probing for the zymogen and active form of caspase 3. Although
we were unable to detect the active form, we observed the disappearance of inactive caspase 3 in
staurosporine treated samples. By contrast, the inactive caspase band was present at equal levels
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in the control and AdSpn4A S treated samples (Appendix 2). These preliminary analyses suggest
that the expression of Spn4A S at levels that generated a robust inhibition of productive HIV-1
infection did not result in significant toxic effects.
Beyond their role in HIV-1 replication, the PCs participate in the replication and
pathogenesis of numerous infectious agents and have links to many diseases including cancer
and Alzheimer’s. With the identification of Spn4A as an efficacious HIV inhibitor, we present a
prospective broad-based agent for the inhibition of PC-related pathologies.
5.5 Future directions
The lack of abnormal phenotype reported in PC7 knockout mice, along with the
observation that the tissue distribution and localization of PC7 and furin largely overlaps,
suggests a redundant function for PC7 (79, 113). Evidence for a unique role for PC7 includes in
vitro analysis of PC7 cleavage sequence requirements (34), and the modelled PC7 structure
based on the furin crystal structure (19). These studies suggest that PC7 may have substrate
specificity that is distinct from that of furin – namely, a greater and lesser requirement for a basic
residue at the P2 position, and an arginine at the P4 position, respectively (34). Furthermore, PC7
and furin trafficking likely differs, as two of the three major domains that govern furin bi-cycling
are not present in the cytoplasmic tail of PC7 (28). Studies of endogenous PC7 and furin
localization in rat liver suggest that while furin is most abundant in the TGN, steady-state PC7
localization is shifted to the TGN-derived vesicles (162). While α1-PDX has been useful in
dissecting furin-dependent processing events, the lack of inhibitory activity against other PC
members, including PC7, has limited its efficacy in inhibiting PC redundant processes. In our
study of Spn4A and its variants, we provide evidence that Spn4A is a PC7 inhibitor. Spn4A
therefore, represents a powerful tool for investigation of processing events with PC redundancy
and may be used alone or in parallel with α1-PDX to provide information on the trafficking and
relative importance of the PCs in a given process. One of the hypotheses stemming from our
studies of gp160 processing in the presence of externally applied Spn4A, is that PC7 may differ
from furin in that it may not recycle to the TGN. This has important implications in the design of
a therapeutic targeted at PC7. Support for this hypothesis could be provided by parallel studies of
furin-dependent processing and gp160 processing in the presence of externally applied Spn4A.
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In our gp160 processing studies in the presence of Spn4A, we observed that Spn4A did
not affect processing when delivered to two sites (early secretory pathway and cell surface) at
which there is evidence that furin could be inhibited (53, 131). Furthermore, furin-defective
LoVo and RPE-40 cell lines are able to process gp160 as efficiently as cells expressing furin
(102, 105). This brings into question the relative importance of furin in gp160 maturation. Most
evidence for the involvement of individual PCs in gp160 processing has come from PC
overexpression studies, which may not be indicative of their activity when expressed at
endogenous levels. An alternative strategy towards identifying the PCs involved in gp160
processing is to employ RNAi directed at individual PCs. With information about the
contribution of each PC towards gp160 maturation, a more focused anti-viral therapeutic strategy
minimizing toxic effects can be devised.
Spn4A is a PC inhibitory serpin naturally occurring in Drosophila, however, little is
known about its role. Our observation that Spn4A ER is secreted upon its overexpression,
resulting in partial inhibition of a PC-dependent processing event, hints at a possible model for
PC regulation in Drosophila cells. In a microarray study of the transcriptome of Drosophila
larvae infected with the pathogenic bacterium Pseudomonas entomophila, Spn4 expression was
found to be induced upon infection (163). Additionally, studies in mammalian cell lines have
shown that the induction of ER stress, a hallmark of many diseases including those with links to
the PCs (164), results in the upregulation of a number of ER-resident proteins (152, 165-167),
but not of the KDEL receptor (152), leading to the partial secretion of KDEL containing
proteins. If such a model is applied to Drosophila, a scenario could be envisioned in which a PCrelated disease induces overexpression of specific ER-localized proteins, including Spn4A,
causing the saturation of the KDEL-like receptor. This could result in the secretion of the potent
PC inhibitor through the late secretory compartments – the site of PC activity (168, 169). Such a
regulatory mechanism could allow for normal PC function in healthy cells while inhibiting the
PCs when they contribute to disease. A study showing that Spn4A overexpression in a subset of
cells of Drosophila larvae results in a disruption of neuropeptide processing lends support to the
concept of Spn4A overexpression-induced PC inhibition (142). Moreover, several identified and
predicted PC-directed secretory pathway serpins contain a C-terminal variant of an ER-retrieval
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signal (136), suggesting the retention motif may be integral to a potential PC regulatory function
of the serpins. Further investigation into the changes in expression levels and localization of
Spn4A in Drosophila in response to immune challenge, ER stress, and particularly, infection
with pathogens that may utilize the PCs, would be of interest towards defining a natural role for
Spn4A.
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Figure 5.1. A model for the effect of differentially localized PC inhibitors on gp160 processing
in MAGI-CCR5 cells. A) Expression of Spn4A S results in the complete inhibition of gp160
processing. The Spn4A variant with a deletion of the ER-retention motif traffics through the
secretory pathway, including to sites of PC activity. Inhibition of furin and PC7 by Spn4A S
results in a complete block in gp160 processing, leading to the cell surface presentation of the
immature envelope glycoproteins. In HIV-1 infection, in the absence of gp120/41, gp160 is
incorporated into the viral envelope, forming non-infectious HIV-1 virions (95, 158) . B)
Expression of Spn4A ER at levels at which secretion is not observed fails to inhibit gp160
processing. With the presence of an ER-retention motif at its C-terminus, the trafficking of the
naturally occurring Spn4A variant is limited to the early secretory pathway (142). Furin and PC7
are predominantly active in the late secretory compartments where they are released from their
inhibitory prodomain (1). Reports of furin activity in the early secretory pathway (53-55), in
addition to our analyses presented in Fig. 3.4, suggest that inhibition of furin in the early
secretory pathway may be feasible. The lack of inhibitory effect may therefore also be explained
by the inability of Spn4A ER to inhibit PC7, as there is no evidence for PC7 activity in the early
secretory pathway. C) Extracellularly applied Spn4A ER/S does not affect gp160 processing.
Depletion of furin levels and inhibition of furin-mediated pro-gB processing in the presence of
extracellularly applied α1-PDX has been reported (131). Spn4A is predicted to act by a similar
mechanism. Although PC7 is represented at the cell surface, it lacks the trafficking motifs within
its cytoplasmic tail that are attributed to the ability of furin to recycle from the cell surface to the
TGN (28, 156, 157). Therefore, although externally applied Spn4A may be capable of depleting
furin stores, PC7 levels at the site of gp160 processing may remain largely intact, accounting for
the retention of gp160 processing.
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Appendix 1. Supporting recombinant Spn4A data.
Table A1.1. Determination of concentration of purified E. coli-expressed His-FLAG-Spn4A ER
based on pmol amounts of selected residues determined by Amino Acid Analysis (AAA). Total
volume analyzed was 20 µl. Residues used to calculate Spn4A concentration are highlighted in
yellow and were chosen based on the criteria of relatively high % composition within the Spn4A
molecule and agreement between AAA % composition and actual % composition.

residue

number
of
residues

Asp
Glu
Ser
Gly
His
Arg
Thr
Ala
NH3
Pro
Tyr

37
56

Val
Met
Cys
Ile
Leu
Phe
Lys

24

Sum
Average

45

concentration
of Spn4A
(mM)

pmol
amount

actual %
composition

AAA %
composition

nmol of
Spn4A

10737
15294
6632
4961
4556
5511
4418
11156
672
4846
2620

9.1
13.8
6.9
3.7
4.4
4.4
4.7
10.1

9.75
13.89

290.19
273.11

14.51
13.66

6882
3014
38
4617
12605
6067
5518

5.9
3
0.2
4.2
11.1
5.9
5.7

6.25

286.75

14.34

11.44

280.11

14.01

4.2
2

110144
14
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Figure A1.1. Western blot images of A) concentrated media of MAGI-CCR5 cells expressing
Spn4A S and flowthrough resulting from concentration; B) unbound and eluted fraction of E.
coli-expressed Spn4A S purified with a magnetic nickel bead His tag protein purification kit. See
section 2.2 for details. Blots were probed with mouse monoclonal anti-FLAG Ab and secondary
infrared 800CW anti-mouse Ab. Molecular weight (kDa) is shown on the left.
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Figure A1.2. Determination of concentration of A) Spn4A S in concentrated MAGI-CCR5
media and B) E. coli-expressed Spn4A S purified with a magnetic nickel bead His tag protein
purification kit. Spn4A samples were run on SDS-PAGE alongside a dilution series of known
amounts of E. coli Spn4A ER (based on AAA, Table A1.1). Integrated intensity of bands was
determined using Li-Cor Odyssey Software 2.0 and graphed versus pmol amount or
concentration of Spn4A ER (black circles). The concentration of Spn4A samples was determined
by plotting integrated band intensities (grey circles) on the best fit line. Average of two
independent experiments is shown.
35

Spn4A S MAGI
730 pmoles/4 µl = 183µM

Integrated intensity

30
25
20
15
10
5
0
0

200

400

600

800

pmoles Spn4A
70

Integrated band intensity

60

50

E. coli Spn4A S
74 µM
40

30

20

10
20

30

40

50

60

70

Spn4A concentration (µM)

80

90

100

84

Appendix 2. Caspase activation analysis in the presence of AdSpn4A variants
Figure A2.1. Detection of inactive caspase 3 in MAGI-CCR5 cells infected with AdSpn4A
variants. MAGI-CCR5 cells (2 × 105 cells per well) were seeded in 6 well plates and incubated
overnight. AdSpn4A variants were added to cell media at the MOI indicated in the image label
and incubated for 48 hours. Six hours prior to cell harvesting, 0.75 µM staurosporine (ST.) was
added to corresponding cells. Whole cell lysates were prepared as described in section 2.5 and
run on SDS-PAGE. Western blot analysis was performed as described in section 2.6 probing
with 1:500 rabbit anti-caspase 3 Ab (9665, Cell Signalling Technology) and 1:1000 mouse antitubulin Ab (MS-1226-P1 Lab Vision) and secondary infrared 700CW anti-rabbit (red) and
800CW anti-mouse (green) Abs. Con. denotes untreated control cells. A representative image of
one experiment performed in duplicate is shown; molecular weight (kDa) is shown on the left.

Spn4A
Spn4A ER Spn4A S RRLL ER
con. 0.5 4
7 47
1
9

55

Spn4A
RRLL S
7 47 ST.

tubulin

40
35

pro-caspase 3

85

