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Abstract
The four serotypes of dengue virus (DENV-1–4) are viruses of global concern.
Although it is a key step in the lifecycle of these viruses, the host-mediated proteolytic
maturation of the structural membrane precursor (prM) glycoprotein is an enigmatic
molecular event. Maturation of prM is required for DENV infectivity. This proteolysis is
thought to be mediated by human furin, a member of the proprotein convertase family of
endoproteases that cleaves a wide variety of host cell molecules and is often hijacked by
infectious agents to facilitate their lifecycle. DENV prM maturation is enigmatic for three
reasons. First, a cleavage sequence that would be poorly processed by furin has been selected
in all four serotypes, resulting in a large proportion of uncleaved immature prM on nascent
virus particles. Second, it is unknown whether furin is the sole host enzyme responsible for
cleaving prM. Third, while this event has been studied in the context of DENV-2, it is
unknown whether the other three serotypes behave similarly with regard to prM maturation
rate and its dependence on host furin. Research into these biological questions has been
hindered by a lack of molecular tools to accurately quantify DENV-1–4 prM maturation.
Here, we developed a novel adaptation of multiple reaction monitoring mass
spectrometry (MRM-MS) that uses N-terminal acetyl (NTAc) labelling to differentially
quantify cleaved M and uncleaved prM. We applied our NTAc-MRM methodology to
determine the relative maturation rate of DENV-1–4 derived from cultured human cells and
found significant differences among the serotypes. We also found that prM maturation of
DENV-1 does not require active furin. Finally, we applied NTAc-MRM to quantify DENV1–4 prM maturation in the presence of an adenovirus-expressed serine protease inhibitor
(serpin), Spn4A, which stoichiometrically inhibits furin-like proteases. We found that the
ER-retained form of Spn4A inhibited DENV-1–4 prM maturation, but a constitutively
secreted form of Spn4A produced a robust inhibition of the DENV lifecycle, including
intracellular vRNA synthesis, which cannot be explained solely in terms of prM maturation.
We therefore hypothesize that host cellular targets of furin-like proteases play an important
part in the DENV lifecycle.
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Lay Summary
The four serotypes of the dengue virus are responsible for a significant global health
burden, but their biology is not well understood. In particular, a key step of the viral
lifecycle, namely the maturation step in which the viral glycoprotein coat is cleaved by the
host enzyme furin to enable the infectivity of the virus, is enigmatic because it has been
selected to be poorly cleaved in all four dengue virus serotypes. Here, we developed a novel
application of multiple reaction monitoring mass spectrometry for the detection and
quantification of viral proteins, and a novel approach to specifically differentiate hostcleaved glycoprotein from uncleaved glycoprotein. This allows, for the first time, direct
quantification of viral maturation. We applied this methodology to analyze dengue virus
grown in human cell culture, giving us new insight into the differences between the serotypes
in terms of maturation as well as the dependency on host furin.
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Preface
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Christine’s Figure 3.8).
Three undergraduate internship students, supervised by me and others, also contributed
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experiments whose results are shown in Figure 3.7 were performed by Gianna Huber. One
replicate qRT-PCR experiment whose results are incorporated in Figure 3.7 was performed
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Figure 4.5) were performed by Sophie Aicher. These students also contributed to the
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Chapter 1: Introduction
1.1

Dengue virus
One of the most widespread and enigmatic viruses in the world is the dengue virus

(DENV). It is consistently classified as the most important arthropod-borne virus (arbovirus)
in the world today in terms of its disease burden in humans, with an estimated 390 million
cases annually (1–3). DENV also bears the classification of a neglected tropical disease
(NTD), one of only nineteen such diseases worldwide (4, 5). This designation, assigned by
the World Health Organization (WHO), reflects the prevalence of DENV in tropical and
subtropical regions, the disproportionately high impact on populations living in poverty, and
general deficiencies in scientific understanding of the virus as well as methodologies and
policies for its detection, control, and prevention (4, 5). Although dengue-associated illnesses
have been reported for centuries, it was not until 50 years ago that positive laboratory
diagnosis was possible. Since that time, the worldwide incidence of DENV infection has
increased more than 30-fold, often associated with increasing populations and increasing
urbanization in the low- to middle-income countries in which it circulates. As a result, efforts
to develop diagnostics, treatments, and vaccines are increasingly becoming research
priorities, and work to understand the nature of the infection and its pathologies, in the
context of reservoirs, vectors, and human hosts, has never been more important (5–8).
1.1.1

History, isolation, and classification
Dengue fever is known by many alternative names, the most common of which is

‘break-bone fever’, coined in 1780 during an outbreak in Philadelphia (9). The term ‘dengue’
appears to have originated from a corruption of the term ‘dandy fever’, an epithet applied by
the people of the Caribbean islands of Martinique and Guadeloupe, which saw the first
recognized outbreaks of dengue in the western hemisphere in 1635 (8, 10). While dengue has
been classically considered a ‘nuisance disease’ due to the low rates of mortality inflicted by
primary infection, the relatively recent emergence over the last 50 years of severe dengue,
including dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS), has
dramatically altered this picture (8).
The infectious agent responsible for dengue fever, the dengue virus (DENV), was first
isolated in Japan in 1943 and in Hawaii in 1944 (1, 2, 11, 12). Comparison of the abilities of
these isolates to neutralize patient sera, alongside other isolates from New Guinea and India,
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immediately made clear that these were two related but distinct serotypes, later known as
DENV-1 and DENV-2 (12, 13). With the growing spread of the primary mosquito vector,
Aedes aegypti, concomitant with increasing urbanization and globalization, DENV epidemics
were increasingly reported in tropical and subtropical areas around the world over the second
half of the 20th century (1, 2). Large-scale attempts to eradicate Ae. aegypti in the Americas
were undertaken between 1947 and 1970, but these programs were halted by the banning of
the insecticide DDT (8). Subsequent deterioration of public health management, population
growth, urbanization, and vector re-establishment led to the resurgence of DENV, further
complicated by the introduction of new serotypes and strains from abroad (2, 8).
DENV is a member of the genus Flavivirus within the family Flaviviridae, a group of
enveloped RNA viruses that includes yellow fever virus (YFV), tick-borne encephalitis virus
(TBEV), Japanese encephalitis virus (JEV), West Nile virus (WNV), and Zika virus (ZIKV),
among others (6). There are currently four serotypes of the virus known to infect humans,
numbered sequentially from DENV-1 to DENV-4, that exhibit 60–70% genetic sequence
identity. Though this level of homology is similar to that observed between WNV and JEV,
the DENV serotypes nevertheless cause similar disease manifestations and make use of
enzootic, endemic, and epidemic cycles occupying the same ecological niche (6, 14). A
recently described but unconfirmed fifth serotype has been isolated from an outbreak in
Malaysia in 2007; however it appears to a be a sylvatic rather than a human-adapted serotype
that is phylogenetically distinct from DENV-1–4 (15, 16). Currently, DENV serotypes 1–4
circulate and co-circulate throughout the geographical range of their Ae. aegypti vector,
including most tropical and subtropical regions of the world, with over 100 countries
considered endemic for at least one serotype of the virus (1, 2).
1.1.2

Evolution, epidemiology, and the role of the mosquito vector
Based on phylogenetic analyses, all four DENV serotypes have evolved from a

common ancestor in a sylvatic cycle involving non-human primates before jumping into
humans by independent events ranging from 500 to 1000 years ago (6, 17). Although an
African origin for the virus, colocalized with the rise of Ae. aegypti, was long thought to be
the case, the possibility of an Asian origin has also been raised (15, 18). Regardless of origin,
by the beginning of the 19th century, the circulation of infectious mosquitoes and humans
among coastal ports led to DENV becoming globally widespread (15).
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Until the 1980s, most endemic areas reported the cocirculation of one or at most two
DENV serotypes (2). However, by 2013, most areas of Brazil, Mexico, India, and Indonesia
were reporting cocirculation of every serotype. While this increase can be partially ascribed
to the development of more cost-effective serotype-specific diagnostic methods in the form
of PCR, the magnitude of the increase in a relatively short timeframe is still dramatic (2).
The principle vector of transmission is the Ae. aegypti mosquito, although other Aedes
species, for example Ae. albopictus, can also serve as secondary vectors (17). These highly
domesticated mosquitoes are distributed in nearly all tropical and subtropical regions around
the globe, and they have developed a tendency to lay their eggs in artificial containers
containing stagnant water, bringing them into consistent close proximity with humans (9,
18). Feedings generally take place just after dawn and just before dusk; female Ae. aegypti
mosquitoes in particular have a tendency to break off feeding if startled before quickly
resuming, on the same or a different person. This behaviour can result in rapid DENV
transmission within a closed environment, for example a room in a house or an apartment, in
a short time (9).
1.1.3

Viral biology, pathogenesis, and disease manifestations
Mosquitoes become infected upon feeding on viraemic humans; then, following an

extrinsic incubation period in the mosquito intestinal tract of around 10 days, the virus infects
the mosquito salivary glands (5, 6, 9). Mosquito bites on a human host after this point, either
feeding or probing, lead to infection. The incubation period for DENV in a human host
averages 4 to 7 days, during which immature dendritic cells in the skin become infected
through non-specific DC-SIGN binding (5, 9). These dendritic cells then mature and migrate
to local lymph nodes, where they trigger cellular and humoral immune responses through
presentation of viral antigens to T cells (6, 9). Additional sites of infection and replication
have been identified, including the liver, macrophages, and peripheral blood monocytes (6).
Disease manifestations vary according to the age and immunocompetence of the host
(5, 6). Initial DENV infections, particularly in children, are often asymptomatic, or they may
be accompanied by a mild nonspecific febrile illness. Secondary infections can result in
much more severe disease, particularly under certain sequences of infection. Severe
pathophysiology can include DHF, the most severe cases of which are classified as DSS, the
latter being an acute vascular permeability syndrome that is most severe in children (5, 6,
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19). Notably, while the DHF/DSS classification has been deprecated by the WHO and
officially replaced by the terminology ‘severe dengue’, it remains widely used in the
literature and among clinicians (5, 6, 19).
Onset of clinical symptoms typically occurs abruptly, and can be grouped into three
phases: the initial febrile phase, a critical phase, and a recovery phase (5, 6, 20). The defining
feature of the febrile phase is a rapid-onset high fever, often with concomitant headache,
vomiting, myalgia, and joint pain, as well as occasional short-lived macular rashes (5, 6, 20).
This can last for 3 to 7 days, after which time the symptoms resolve and most patients
recover without the need for hospitalization; such cases are referred to as ‘non-severe
dengue’.
Following the febrile phase, a minority of patients, predominantly children below the
age of 15 years, begin to exhibit significant systemic vascular leakage contemporaneous with
defervescence. The increase in capillary permeability during this critical phase, thought to be
triggered by circulating DENV non-structural protein 1 (NS1) (21), results in physiological
responses intended to maintain circulation to critical organs; these responses present
clinically observable warning signs. At this stage, fluid therapy in the form of intravenous
rehydration is often sufficient to prevent further deterioration (5, 6, 20). However, if left
unchecked, severe dengue (i.e. DSS) can rapidly manifest, indicated by a dramatic reduction
in the patient’s pulse pressure and by peripheral vascular collapse. Such cases can occur
suddenly in patients who seem ostensibly well on their way to recovery, and organ failure,
irreversible shock, and death may result regardless of resuscitation attempts. The emergence
of haemorrhagic symptoms, including skin and/or mucosal bleeding, is also common during
this critical phase, arising from infection of haematopoietic cells and platelet dysfunction
leading to thrombocytopenia (5, 7, 20).
If severe dengue does not develop or is suitably treated through careful administration
of fluids, perturbations in vascular permeability normally resolve after 2 to 3 days, leading to
dramatic improvements in the patient’s condition and the beginning of the recovery phase.
The main risk at this stage is hypervolaemia resulting from excessive and ongoing fluid
therapy, leading to pulmonary edema and/or congestive heart failure; it is therefore important
for clinicians to recognize the end of the critical phase and terminate fluid therapy
accordingly (5, 20).
4

Unfortunately, DENV infection presents nonspecific clinical symptoms that resemble a
wide range of other conditions, from infections with other viruses such as influenza and
measles to non-viral diseases such as malaria and typhoid, as well as malignancies such as
acute leukaemia (5). Laboratory confirmation of clinically diagnosed cases is therefore vital
to identify DENV cases and manage them accordingly.
1.1.4

Laboratory and clinical diagnostic methods
Since no specific antiviral therapies or vaccines exist for DENV at this time, rapid and

reliable diagnosis is needed to assign patients to the most appropriate and effective treatment
(5, 22, 23). Currently, a variety of laboratory diagnostic methodologies exist to confirm
DENV infection. These current diagnostic techniques are briefly summarized in the context
of the time course of dengue illness in Figure 1.1. These can be broadly divided into two
categories: direct (virologic) techniques that measure the virus or its components, and
indirect (serologic) techniques that measure the human antibody response to the virus (5, 22,
23).
The gold standard methodology is virus isolation and propagation in mosquito cells
(usually Ae. albopictus C6/36 cells), followed by immunofluorescence (IF) microscopy. This
yields the highest possible confidence in terms of identifying DENV, but it is also the least
accessible technique. Nucleic acid detection through qRT-PCR analysis of viral RNA
(vRNA) provides better sensitivity and a more rapid turnaround than virus isolation.
Detection of viral antigens through enzyme-linked immunosorbent assays (ELISA) is another
virologic approach, primarily targeting the circulating secreted NS1 protein and its very
strong humoral response. In all cases, samples of serum, plasma, or whole blood are useful,
although non-invasive sample types (e.g. saliva) are also being evaluated. Moreover, it is
important to note that, while virus isolation and qRT-PCR rely on the presence of infectious
virus and are therefore only applicable to samples from viraemic patients collected 3 to 4
days post-onset of symptoms, NS1 remains circulating at high levels for several weeks after
defervescence (Figure 1.1A) (5, 20, 22, 24–30).
Unfortunately, a variety of limitations and drawbacks are associated with these
techniques (5, 22, 23). Virus isolation requires 1–2 weeks to perform as well as cell culture
and fluorescence microscopy facilities, and highly trained personnel. The viability and
infectivity of the heat-labile virions is crucial to the assay, requiring refrigeration (4 °C) for
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storage periods up to 24 h and deep-freeze (–70 °C) or cryogenic storage beyond that; these
conditions must be maintained in a ‘cold chain’ from the point of origin of a sample to the
laboratory where it will be tested. The specificity of antigen-directed assays is limited by the
high level of antigenic similarity among flaviviruses (and different serotypes of the same
virus), making cross-reactivity and therefore misdiagnosis a major problem for both host
antibody- and viral protein-based assays, particularly in countries with multiple circulating
flaviviruses. Viral nucleic acid detection by qRT-PCR is limited to blood or cerebrospinal
fluid samples collected before the third day post-onset of symptoms, after which the accuracy
of the assay drops below 70% due to loss of viraemia (28); the reagents, equipment, and
trained personnel can also be prohibitively expensive, as can the cold conditions required for
sample storage and transport. On the serologic side, levels of virus-directed antibodies vary
widely according to the time post-infection, the sequence of infection, and the immune status
of the patient. Virus-directed IgM is usually only detectable after 5 days post-onset of
symptoms. These techniques also require a biocontainment level BCL-2 laboratory
environment, thus increasing requirements for transport and handling of infected samples. In
light of these difficulties, the WHO and the CDC have stated that the development of early,
rapid, and reliable methods for accurate DENV diagnosis and serotyping should be research
priorities (5, 22, 23, 31–33).
1.1.5

MS-based diagnostic approaches to viral protein detection and quantification
One potential approach to addressing this urgent need is mass spectrometry (MS)-

based. Two MS methodologies, multiple reaction monitoring mass spectrometry (MRM-MS)
and SISCAPA (stable isotope standards and capture by anti-peptide antibodies)-MALDI
(matrix-assisted laser desorption ionization), can be applied to the non-invasive detection and
quantification of viral protein in infected individuals as they have been previously applied in
detecting other low-abundance protein biomarkers (34–37). Both methodologies are highly
multiplexed and quantitative measurements of protein abundance, based on the unequivocal
identification of proteotypic ‘signature’ peptides in a biological sample and quantifying them
with spiked-in stable heavy isotope-labelled standard (SIS) peptides. While these techniques
are well-established tools for detecting and quantifying human protein biomarkers and
infectious agents including bacteria and fungi, neither has ever been applied to directly
detecting viral proteins circulating in infected individuals (34–37).
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MRM-MS is a well-recognized and established approach to the detection and
quantification of low-abundance serum biomarker proteins (34, 35, 38, 39). Biological
samples are digested with trypsin to generate tryptic peptides. Proteotypic peptides are tryptic
peptides selected to serve as a signature or fingerprint of their parent protein, unequivocally
confirming its presence in the sample. Their sequences must therefore be unique within the
sample; this is taken into account when designing these assays by searching proteomic
databases for the primary amino acid sequence of the peptide and ensuring that hits with
100% coverage and 100% identity target only the correct protein. Absolute protein
quantification is also possible through the use of SIS peptides, synthetic peptides that bear
non-radioactive 13C/15N-labelled C-terminal residues that function as an internal standard
(40). Several hundred proteotypic peptides can be multiplexed into a single assay, with SIS
peptide ‘pools’ that enable the simultaneous detection and quantification of hundreds of
biomarker proteins available commercially (34, 35, 38, 39).
Despite its advantages as a molecular tool, MRM-MS is not ideally suited to clinical
diagnostic applications due to the high cost of liquid chromatography (LC)-MS equipment,
operation, and maintenance as well as relatively low sample throughput. An alternative MSbased diagnostic approach that is currently well established in clinical settings is SISCAPAMALDI. This technique uses peptide-specific antibodies to enrich biological samples for
proteotypic and SIS peptides before mass analysis on a MALDI-time of flight (TOF)
instrument; as with MRM-MS, its capacity for one-shot multiplexed detection of peptides is a
key advantage. This approach directly addresses the pitfalls associated with the MRM-MS
approach in terms of a clinical diagnostic, as MALDI-TOF instruments are much cheaper,
smaller, and simpler, and they are amenable to both high sample throughput (thousands per
day) as well as automated liquid handling (36, 37).
Collectively, MS-based diagnostics tackle the limitations of the current methodological
paradigm. They are highly specific in that there is no possibility of cross-detecting
heterologous virus serotypes or other related viruses, and highly sensitive given that a subfemtomole-scale amount of virus-derived peptide suffices for detection and quantification
(34, 35, 38); this methodology could therefore represent a primary tool for identifying and
characterizing the spread of virus outbreaks. The high-throughput capacity of SISCAPAMALDI is particularly well suited to rapidly screening large numbers of samples (36, 37).
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Combined with the ability to analyze blood samples collected as soon as symptoms manifest
without needing to wait for detectable IgM/IgG, this one-shot diagnostic approach should be
rapid enough to provide clinicians with robust information to evaluate a febrile patient’s
likelihood of developing severe DENV symptoms and manage their clinical course
accordingly, in addition to retrospective diagnosis. Developing this assay to target NS1 in
particular has an additional advantage in that NS1 levels in patient sera are very high
throughout the febrile and critical phases of infection, allowing a single assay to cover
patients in both phases (Figure 1.1) (28, 29).
Beyond the clinic, the multiplexed nature of MS-based diagnostics and their
amenability to automation could dramatically streamline the analysis of large numbers of
samples. This could be useful, for example, in the screening of blood banks since viruses
may be otherwise undetectable in asymptomatic blood donors; DENV in particular has been
identified by the American Red Cross and the American Association of Blood Banks as one
of three top-priority targets for screening of blood supplies (41–43). Thus, the endpoint
applications of virus-directed MRM-MS and SISCAPA-MALDI range from primary clinical
diagnoses in endemic communities, to differential identification and characterization of new
outbreaks in non-endemic areas and automated screening of blood supplies for asymptomatic
infections. Moreover, MS-based approaches are not limited to DENV; any pathogen with
detectable levels of circulating protein should be a viable target for this diagnostic approach,
including pathogens of global importance such as chikungunya virus, influenza A virus, and
malaria (44). Thus, MS-based diagnostic technologies such as MRM-MS and SISCAPAMALDI could form a foundation on which to build a ‘universal’ diagnostic assay, testing for
the presence of proteotypic peptides from any number of human pathogens in a single
trypsinized biological sample.
1.2

Furin and the proprotein convertases
The proprotein convertases (PCs) are a family of eukaryotic serine endoproteases

responsible for the spatiotemporally specific post-translational proteolysis of target protein
precursors; this proteolysis event is often referred to as ‘activation’ or ‘maturation’, yielding
an ‘active’ or ‘mature’ protein product (45, 46). The first endoprotease identified as being
involved in the proteolytic maturation of a proprotein was the yeast enzyme Kex2 (47). Its
mammalian homologue, furin, was discovered shortly thereafter. The list of putative furin
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substrates has continued to grow, reaching 89 substrates across a variety of organisms (45,
46, 48–50). Today, the PC family of endoproteases in humans has expanded to include furin,
PC1/3, PC2, PC4, PACE4 (paired basic amino acid cleaving enzyme 4), PC5/6 (isoforms A
and B), PC7, SKI-1/S1P (subtilisin/kexin-like isozyme-1/site 1 protease), and PCSK9
(proprotein convertase subtilisin/kexin 9) (Figure 1.2). Furin, SKI-1/S1P, and PC7 are
ubiquitously expressed (51), while PC1/3 and PC2 are specific to neuroendocrine cells (52),
PC4 is expressed in germline cells (53), PACE4 and PC5/6 are expressed in a wide variety of
tissues (54–56), and PCSK9 is found in brain, liver, and intestinal cells (57).
The minimal consensus cleavage sequence for furin is (–RP4–XP3–XP2–RP1–↓), with a
strong preference for a basic residue in the P2 position (45, 46). The requirement for an Arg
in P1 and the strong preference for Arg/Lys in P2 is also shared among PC1/3, PC2, PC4,
PACE4, PC5/6, and PC7. A P4 Arg is also required by PC4, PACE4, PC5/6, and PC7,
leading to some degree of overlap and redundancy in substrate specificity among these
enzymes that is partially mitigated by their differential tissue distribution and subcellular
localization (Figure 1.2) (45, 48, 50).
1.2.1

Furin’s functional roles and proteolytic mechanism
Furin is a type I membrane-anchored 794-residue protein encoded by the FURIN gene;

it is ubiquitously expressed in vertebrates and localizes to the trans-Golgi network (TGN),
cell surface, and endosomal compartments of the secretory pathway. The domain structure of
furin includes an N-terminal signal peptide, a prodomain that functions as an intramolecular
chaperone and autoinhibitor until maturation, a catalytic domain, the P domain that dictates
furin’s pH and Ca2+ requirements, and a cysteine-rich domain of unknown function, followed
by a single-span transmembrane segment and a cytoplasmic domain that regulates the
subcellular localization and shuttling of furin among its various compartments (45, 46).
Cellular proprotein targets of furin are numerous and diverse, including growth factors
(e.g. TGF-β (58) and β-NGF (59)), receptors (e.g. insulin receptor (60)), adhesion molecules
(e.g. α-integrins (61)), and metalloproteases (62). Unfortunately, a wide variety of nonendogenous proteins can be processed by furin as well, with potentially detrimental effects;
examples include viral glycoproteins (e.g. DENV prM, HIV-1 gp160 (63, 64), HA0 in highly
pathogenic (H5 and H7) strains of influenza A virus (65–67), and Ebola virus sGP (68)) as
well as bacterial toxins (e.g. anthrax PA83 (69)). Furin operates optimally at a slightly acidic
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pH, maintaining over 50% activity between pH 5 and 8, and its activity also requires the
presence of Ca2+ at concentrations of about 1 mM (45, 46, 49, 69–71).
The proteolytic activity of furin is mediated by the serine, histidine, and aspartic acid
residues that comprise its catalytic triad (Figure 1.3). These three residues are perfectly
conserved among the PCs, while the catalytic domain that bears them maintains 54–70%
sequence identity (45, 46). The target specificity of furin is dictated by the residues lining its
substrate-binding cleft; the S1–S6 sites have an acidic character, giving rise to the preference
for substrates with positive charges in P1–P6, while S′1 and S′2 preferentially accommodate
small polar side chains and medium-sized hydrophobic residues, respectively (Figure 1.3)
(72).
1.2.2

Furin activation, trafficking, and sorting in the host cell
The furin prodomain acts as an intramolecular chaperone during the initial folding of

the protein in the endoplasmic reticulum (ER) (46, 71, 73). Once folding is complete and the
active site has formed, the prodomain is cleaved twice to enable the catalytic triad to fold
correctly. The first cleavage event occurs rapidly at neutral pH in the ER at the sequence (–
R–T–K–R–↓) (74). The prodomain then remains noncovalently associated with the catalytic
domain, providing an auto-inhibitory function to prevent unwanted proteolysis as furin
moves through the secretory pathway. Upon reaching the acidic environment of the TGN,
protonation of the His69 pH sensor leads to a conformational change that exposes the
prodomain’s secondary cleavage site (H–R–G–V–T–K–R–↓) (73, 74). His69 is located in the
P7 position of the secondary cleavage site within a hydrophobic pocket on the surface of the
prodomain; protonation of the histidine imidazole ring leads to a significant conformational
change that allows furin to cleave it and release the prodomain (46, 71, 73, 74). This leads to
disinhibition of the catalytic domain and the generation of fully active, mature furin capable
of cleaving substrate in trans (46, 71, 73).
From the TGN, active furin is trafficked in a highly regulated manner through
TGN/endosomal compartments to the cell surface and back; this continual sorting helps furin
to access and process the wide variety of substrates it is responsible for cleaving (71). This
dynamic cycling is mediated by specific sequences within its cytoplasmic domain. For
example, a bipartite motif controls local cycling between the TGN and endosomes, with one
segment of the motif promoting budding from the TGN to endosomes while the other
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manages the retrieval of furin from endosomes to the TGN; this latter retrieval is mediated by
PACS-1 (phosphofurin acidic cluster sorting protein 1) (75). Another trafficking loop
between the endosomal compartment and the plasma membrane allows furin to be exposed at
the cell surface. Upon returning from the plasma membrane via endocytosis, furin in early
endosomes can be redirected back to the cell surface or sorted back to the TGN (71, 74). The
steady-state population of furin in the TGN can therefore be seen as a reservoir from which
active furin is continually recruited, and to which furin is continually returned (46).
1.2.3

Viral hijacking of furin
Among the many biological roles of furin are some with notably harmful effects.

Maturation of many viral structural glycoproteins is mediated by furin in humans, including
those of avian influenza A, HIV-1, Ebola virus (EBOV), and DENV (46, 76). Often, this
proteolysis is required for the fusogenicity of the virus particle: for example, HIV-1 gp160 is
cleaved by furin to expose the fusion peptide on the cleavage product gp41 (46, 64, 77, 78).
Interestingly, while this process can be mediated by furin and inhibited by furin inhibitors,
direct evidence that gp160 can be correctly processed in the furin-deficient LoVo cell line
indicates that furin is not the only protease involved (79). Alternative PCs such as PC5/6B,
PC7, and PACE4 have been suggested, due to their similar substrate specificities and
trafficking patterns, their susceptibility to furin-oriented inhibitors, and their broad tissue
distribution (45, 79).
In the case of avian influenza A, in strains where the haemagglutinin precursor protein
(HA0) cleavage site does not contain a consensus furin cleavage site, viral tropism is
restricted to the avian intestinal tract; however, if mutated to enable processing by the
ubiquitously expressed furin, the infection likewise becomes ubiquitous (46). The virulence
of the deadly strain of H5N1 responsible for an outbreak in Hong Kong in 1997 was shown
to depend on two mutations, one of which generated a tandem furin cleavage site at the
junction within HA0, further underlining the key role played by furin in viral pathogenesis
(67, 76, 80).
1.2.4

Host proprotein convertases as antiviral targets
The central role played by proprotein convertases in the lifecycle of many viruses

makes them good candidates for broad-spectrum indirect-acting antiviral (IAA) therapeutic
approaches. Early approaches to furin inhibition included a variety of small-molecule
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inhibitors (81). These are competitive active site-directed inhibitors that present a highly
cationic furin cleavage site (R–X–K/R–R); however, their application is limited given their
inability to specifically inhibit furin versus other PCs (82, 83). The first class of such
inhibitors was the chloromethylketones (CMKs), small molecules with an N-terminal
decanoyl moiety designed to increase cell permeability and a C-terminal CMK group to
prevent degradation (84); however their usefulness is limited given their lack of specificity
and relatively high toxicity (81). Polyarginines, particularly hexa-D-arginine and poly-Dnonaarginine, have also been used, with studies showing their effectiveness as antiinflammatories and protective agents against anthrax toxin (85–87). Unfortunately, limited
specificity and bioavailability represent significant challenges yet to be overcome (81).
Alternatives to small-molecule inhibitors include protein-based inhibitors, specifically
serpins (88, 89). Inhibition of furin mediated by an engineered variant of the serpin α1antitrypsin, known as α1-Portland (α1-PDX), has proven an effective strategy for blocking the
proteolytic maturation of the human cytomegalovirus (HCMV) glycoprotein B (gB), thereby
in turn blocking the production of infectious virus particles (90). Interestingly, Jean et al. also
demonstrated in this study that extracellularly applied α1-PDX is an effective way of
eliminating intracellular furin activity by binding furin at the cell surface and targeting it for
lysosomal degradation; this depletion of furin at the cell surface would then lead furin to be
recruited from the TGN to the plasma membrane via the endosomal system to maintain
homeostasis. These furin molecules would in turn be bound by α1-PDX and targeted for
degradation until the reservoir of furin in the TGN was all but depleted, preventing HCMV
gB maturation and blocking the viral lifecycle even though α1-PDX never directly entered the
TGN (90). Furthermore, the furin-mediated cleavage of HIV-1 gp160 can also be blocked
through the intracellular expression of furin-targeted serpins, for example Spn4A, a naturally
occurring serpin isolated from Drosophila melanogaster that is the strongest known inhibitor
of human furin (88, 91).
Interestingly, the recombinant prosegment of furin is another effective protein-based
method of inhibiting furin enzymatic activity. The therapeutic targeting of furin has also been
proposed as an approach to anticancer treatment since it is often upregulated in cancer cells;
it has been shown that the furin prosegment, expressed in cancer cells that are injected into
immunosuppressed mice, has anti-tumour and anti-cancer activity as potent as that of α112

PDX (92, 93). Furin prosegment-mediated inhibitions of MMP-9 activity and brain-derived
neurotrophic factor maturation have also been demonstrated (94, 95).
1.3

Molecular biology of the dengue virus
The single-stranded positive-sense RNA genome of DENV constitutes a single open

reading frame (ORF) encoding three structural glycoproteins (capsid (C), precursor
membrane (prM), and envelope (E)) and seven non-structural proteins (NS1, 2A, 2B, 3, 4A,
4B, and 5) (Figure 1.4A). The genome is translated by host ribosomes into a polyprotein of
approximately 3400 residues, which is then processed at multiple sites by both cellular and
viral proteases to generate individual, functional protein units. Virions are 50–60 nm in
diameter, consisting of an outer glycoprotein shell with 180 copies each of E and prM and a
host-derived lipid bilayer encapsulating the genome and the associated capsid proteins
(Figure 1.4B). On the virus surface, immature prM–E or mature M–E heterocomplexes
associate with icosahedral geometry to form the virus coat; prM–E complexes are arranged in
homotrimeric spikes while M–E complexes form a smooth herringbone-like homodimeric
formation (Figure 1.4C).
1.3.1

The DENV lifecycle: attachment, entry, translation, and replication
The first stage of interaction between DENV and the host occurs between cell-surface

receptors and the DENV structural glycoproteins E and M (the mature form of prM) (Figure
1.5). E is the key to viral attachment and entry; it first binds to mammalian receptors
including ubiquitous molecules like heparan sulfate and Hsp90 as well as cell-specific
receptors like DC-SIGN, the mannose receptor, CD14, and C-type lectin receptors (96–98).
Binding initiates clathrin-mediated endocytosis, internalizing the virion. The acidification of
the late endosomal vesicle results in a conformational change in E that reveals its
hydrophobic fusion peptide, which then triggers fusion between the viral envelope and the
endosomal membrane followed by particle disassembly (Figure 1.5) (6, 98–100).
Once the single-stranded positive-sense vRNA genome is released into the cytoplasm,
translation occurs via host translation machinery, producing a single polyprotein that is then
cleaved by a combination of the viral NS2B-NS3 protease and host proteases, including furin
and signal peptidases (99, 101, 102). The replicase complex, composed of the NS3
protease/helicase, the NS5 RNA-dependent RNA polymerase, and many other viral and host
proteins, assembles at the surface of the ER (98, 103–106). This triggers dramatic
13

rearrangements in the membrane superstructure, forming a virus-induced organelle-like
compartment that allows efficient vRNA replication through a mechanism thought to be
mediated by NS4A (Figure 1.5) (106, 107). Specific signal sequences in NS1 and the
ectodomains of prM and E result in their translocation to the lumen of the ER, while C, NS3,
and NS5 remain cytosolic (99, 101).
1.3.2

The DENV lifecycle: assembly, proteolytic maturation of prM, conformational

changes, and egress
The assembly of nascent virions occurs as vRNA associates with capsid proteins to
form the nucleocapsid; prM–E complexes in the ER membrane also associate in close
proximity to the replicase complex (99, 101, 103, 108). The nucleocapsid buds into the ER
membrane, obtaining an envelope of ER-derived lipids and associated prM–E complexes.
Assembled virus particles often appear either as dense arrays within distended ER cisternae,
or as single virions within the ER lumen (105). Virions then egress by making use of the
classical secretory pathway, whereby virions are transported piecemeal in vesicles through
the Golgi to the plasma membrane and eventually exocytosed (Figure 1.5) (105).
Viral morphology changes dramatically as nascent virions transition through the
secretory pathway (Figure 1.5). In the neutral-pH environment of the ER lumen, prM
functions as a chaperone for the folding of E; prM-E heterodimers on the immature virion
form 60 trimeric spikes on the surface of the virus, leading to a ‘spiky’ morphology
observable by electron microscopy. During transit through the low-pH environment of the
TGN, E undergoes a dramatic but reversible low-pH-triggered conformational change,
homodimerizing and lying flat against the surface in a herringbone-like pattern to produce a
‘smooth’ morphology (99, 109, 110). This change exposes a processing site on prM for the
host-encoded proprotein convertase (PC) furin, which then irreversibly cleaves prM to yield
mature membrane protein (M, 8 kDa) and a peptide fragment (pr, 21 kDa). The pr peptide
remains associated with E, blocking the fusion peptide to prevent intracellular membrane
fusion. Finally, as the virion leaves the host cell and enters the neutral-pH extracellular
milieu, pr dissociates from E, yielding the fully mature, fully infectious DENV particle;
interestingly, many partially mature or immature virions are also produced (Figure 1.5) (99,
109, 111).
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Unlike prM processing for other flaviviruses, it is important to note that furin-mediated
cleavage of prM is a relatively inefficient process, with only about 66% of the prM on
DENV-2 particles being processed (111–113). This results in newly secreted virions
exhibiting a spectrum of maturation states, ranging from fully mature to completely
immature, with many partially mature virus particles. Since immature prM-E heterodimer
complexes will revert to their homotrimeric spiky form upon return to neutral pH whereas
mature pr–E complexes remain as smooth homodimers, the mature and immature forms are
not structurally compatible and will segregate to opposite poles of the virion, yielding
‘mosaic’ virus particles (114).
1.3.3

Antibody-dependent enhancement
One of the most unusual features of the DENV lifecycle is antibody-dependent

enhancement (ADE), a process by which immature and otherwise non-infectious virions can
be opsonized by non-neutralizing antibodies, promoting infection of FcR-bearing cells (14).
A primary infection with any DENV serotype results in lifelong immunity to that serotype,
mediated through protective serotype-specific antibodies. However, the majority of
antibodies produced in response to DENV infection are cross-reactive and non-neutralizing.
Upon a secondary infection with a heterologous serotype, this allows efficient enhancement
of infection through binding surface epitopes on DENV glycoproteins that are not involved
in virus entry (14, 115–117).
The phenomenon of ADE is strongly associated with severe disease outcomes in the
context of DENV infection, specifically a greatly increased risk of developing severe dengue
(DHF/DSS) as opposed to non-severe dengue fever. ADE also provides an explanation for
the increased likelihood of infants and children developing severe dengue. In DENVendemic countries, the mother will often have been infected with DENV at least once; when
these maternal polyclonal anti-DENV antibodies are passed to the infant at sub-protective
concentrations, the infant’s risk of developing severe dengue during a primary infection is
increased as though it were a secondary infection (14, 118).
The inefficiency of prM processing is thought to be one of the determinants of ADE;
non-neutralizing antibodies directed against prM or E epitopes that are not exposed in the
mature conformation have been shown to facilitate the entry of otherwise non-infectious,
fully immature DENV particles (98, 119, 120). Nevertheless, it has been demonstrated in
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vitro that many different monoclonal DENV antibodies are capable of forming infectious
immune complexes, with the key requirement being that the antibodies bind at subneutralizing concentrations (14).
1.3.4

The role of furin in the DENV lifecycle
The prevailing dogma concerning the involvement of furin in flavivirus maturation is

based on notably scant evidence. The universally cited study by Heinz and colleagues in
1997 constitutes data obtained with TBEV, demonstrating that immature prM can become
mature in vitro by the addition of recombinant bovine furin under acidic conditions, that prM
proteolysis is blockable by the dec-RVKR-CMK furin inhibitor, and that infection of furindeficient LoVo cells yielded only immature TBEV particles (121). This work has since
become the central pillar on which our understanding of the involvement of furin in flaviviral
maturation is rooted and is often the sole reference that contemporary publications cite to
support that role (122).
Within the DENV field, direct experimental evidence for the role of furin is similarly
limited. An early study showed that chloroquine treatment, blocking the acidification of the
secretory pathway, resulted in less than a 1-log decrease in the specific infectivity of DENV2 in Vero cells (123). This result was seemingly overturned with the study by Smit and
colleagues in 2008, wherein prM maturation and viral infectivity were comparatively
assessed in C6/36 Ae. albopictus larval cells and furin-deficient LoVo human colorectal
adenocarcinoma cells (124). An accumulation of uncleaved prM in LoVo cells was found by
Western blotting analysis; furthermore, a 4-log reduction in DENV infectious units derived
from LoVo cells, determined by an infectious centre assay, was observed and then taken by
the authors as conclusive evidence that furin is required for infectivity and thus required for
prM maturation.
Unfortunately, several limitations in the evidence presented reduce the interpretability
of the authors’ conclusion. First, while a band corresponding to the predicted molecular
weight of M was not observed in LoVo cell culture supernatant, it was also not seen in the
C6/36-derived samples. Second, the authors used the number of copies of the vRNA genome,
as determined by qRT-PCR, as a quantitative measure of the number of genome-containing
particles (GCP) being produced. More recently, vRNA has been shown to be associated with
exosomes, which are extracellular vesicles that are often associated with a variety of viral and
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cellular components including vRNA, viral proteins, and viral and cellular miRNAs; this has
been directly observed in the case of HCV and is proposed to occur for DENV and vesicular
stomatitis virus (125, 126). Thus, vRNA can be associated with non-viral particles, and its
quantification therefore does not necessarily correlate with the number of extracellular
virions. Similar vRNA copy numbers cannot be used to conclude that the kinetics of the
infection are proceeding similarly in C6/36 and LoVo cells, especially considering that the
infection was performed at a very high MOI of 10. Third, the biological validity of
comparing a mosquito larval cell line with a human colorectal adenocarcinoma cell line is
questionable, particularly because of their highly dissimilar glycosylation pathways. This
issue becomes even more significant in light of recent evidence that DENV-2 infection
kinetics and virion structure vary strongly between temperatures of 30 °C (used for
maintaining C6/36 cells) and 37 °C (used for maintaining LoVo cells) (127, 128). Fourth,
maturation efficiency was determined by comparing the intensity of the prM and M bands
with that of E, raising questions as to the ability to specifically quantify each protein given
that the E band was flanked closely by other bands, likely corresponding to heterogeneous
glycosylation states. Fifth, the residual 104 IU/mL infectivity of LoVo-derived supernatant
was explained by the authors as resulting from virus maturation following cell entry during
their titration assay, performed in BHK-15 baby hamster kidney cells. The authors seem to
have overlooked that mosquito- and human-derived DENV are unlikely to be equally
infectious in a cell line derived from a third organism simply due to the differences in the
host cell lines, particularly in terms of glycosylation in the secretory pathway. Results from
BHK-15 and Vero cells were also mentioned but only presented as a GCP:IU ratio, which is
subject to the limitations associated with their method for quantifying GCP noted above.
Finally, as many studies do, the authors’ work, performed solely with DENV-2, was
explicitly interpreted and discussed as though it were universally applicable to all DENV
serotypes (124).
Recent studies have shown alternative pathways to classical proteolysis by furin are
likely involved in flavivirus maturation. For example, a key publication by Pierson and
colleagues in 2011 found that WNV infectivity did not require the activity of furin-like
proteases, specifically demonstrating that neither the administration of the dec-RVKR-CMK
furin inhibitor nor ectopic expression of furin from a plasmid impacted WNV infectivity of
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Raji-DC-SIGNR cells (129). Collectively, the effect of these studies is to demonstrate
convincingly that furin is indeed capable of cleaving flaviviral prM, but the answer to the
question of whether furin is the key enzyme or the only enzyme involved in this process in
the context of DENV remains obscure.
1.3.5

Differences among DENV serotypes
While the four serotypes of DENV are commonly taken to have identical lifecycles

from a molecular standpoint and to exhibit the same viral pathophysiology (122), growing
evidence suggests this is hardly the case. For example, certain sequences of infection in
which a heterologous serotype infects a previously infected host are more likely to result in
severe dengue than others. In Singapore, a study running from 2005 to 2011 found that
DENV-1 was more strongly associated with severe dengue than DENV-2 (130), while in
Thailand, a study running from 1994 to 2006 found that DENV-2 and -4 were much less
frequently associated with clinical disease upon primary infection than DENV-1 and -3,
although DENV-2 and -3 were twice as likely to result in severe dengue as DENV-4 upon
secondary infection (131).
Key differences at the molecular level are also becoming apparent. Cryo-EM and
crystal structures of the immature and mature forms of DENV-1 and DENV-2 reveal that, for
example, the exposed surface of DENV-2 E is more positively charged than that of DENV-1
(109, 132, 133). This may explain why DENV-2 attachment depends on heparan sulfate,
while the other three serotypes do not (134). Additionally, while DENV-2 structure is highly
susceptible to temperature-dependent changes in structure between 30 °C and 37 °C, DENV1 and DENV-4 maintain their size and the smooth appearance associated with their mature
forms (127, 135).
Finally, a very important discrepancy in the intracellular trafficking of DENV-1–4 was
recently found by Li et al. who showed that recombinant subviral particles of DENV-1–3
move from the ER to the cis-Golgi in a KDELR-dependent manner, while DENV-4 does not
bind to KDELR in any way (136). This not only raises the question of how DENV-4 is able
to move into and through the secretory pathway, but it also highlights the important fact that
our knowledge of DENV biology, particularly serotype-specific knowledge pertaining to
serotypes other than DENV-2, remains extremely limited.
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1.4

Research hypotheses and rationales
In this study, we sought to investigate serotype-specific differences in DENV biology

in the context of prM maturation. It is intriguing that the sequences of the furin cleavage sites
within DENV-1–4 prM are predicted to be poor substrates for furin. Moreover, given the
dearth of evidence supporting an exclusive role for furin in prM maturation and the
biological role that immature virions are thought to play in severe disease through ADE, we
sought to examine the relative maturation efficiencies of the four serotypes as well as the
specific role played by furin and the PCs in the biology of DENV prM maturation. In the
process, we have developed novel mass spectrometry (MS)-based tools to enable specific,
sensitive, and quantitative assessment of DENV protein levels in biological samples, as well
as the absolute amounts of mature M and immature prM in order to directly measure the
maturation efficiency of viral populations.
1.4.1

Aim 1
The furin cleavage sites of DENV-1–4 prM are highly conserved, differing in only two

positions from P8 to P′4. First, we sought to elucidate the role of the His residue that is
conserved in the P6 position of the pr–M junction for DENV-1–3 but is mutated to Arg in
DENV-4. We hypothesized that this His residue functioned as a pH sensor, allowing the
virus to control the strength of the furin–prM interaction as it transitions through the
secretory pathway from the ER, through the acidic TGN and endosomal compartments, to the
extracellular space.
To do so, we developed a quantitative way of investigating this hypothesis. We
designed a fluorescence-based kinetic enzyme assay, using human cell culture-derived furin
to process synthetic internally quenched fluorogenic substrate (IQFS) peptides based on the
pr–M junction. Such assays are well-established tools for studying the proteolytic activity of
furin (137–139). It is important to understand the properties of these residues under the
physiologically relevant pH range that prM–furin will experience during their transition
through the secretory pathway. To this end, we needed to be able to accurately measure and
control the pH of the system, a requirement that can best be met in an in vitro setting.
1.4.2

Aim 2
We next sought to determine the relative prM maturation efficiency of DENV-1–4 in

human cells and to evaluate the furin dependency of prM maturation in a cell culture-based
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system. Based on the available evidence and the results of Aim 1, we hypothesized that the
four DENV serotypes did not undergo maturation with equal efficiency. We further
hypothesized that furin, while playing a role in prM maturation, was not the only protease
responsible for cleaving prM, and thus DENV-1–4 particles produced in a furin-deficient
human cell line would be more immature but not completely immature.
To tackle these questions, we developed a quantitative approach by which to measure
DENV protein levels in cell culture supernatant based on multiple reaction monitoring
(MRM) mass spectrometry (MS). In this process, we developed, optimized, and validated
assays simultaneously targeting multiple proteotypic peptides derived from structural
proteins (prM, E) and non-structural proteins (NS1) of all four DENV serotypes. This
method for direct detection and absolute quantification addresses many of the shortcomings
of existing virologic diagnostic methods as well as laboratory protein assays.
We further adapted our MRM-MS assays to measure the absolute amount of immature
prM and mature M present in cell culture supernatant samples using an N-terminal acetyl
(NTAc) labelling approach. This methodology, which we have termed NTAc-MRM, was
deployed to assess the maturation efficiencies and total prM content of cell culture
supernatant samples derived from human cells infected with DENV-1–4, including furindeficient cells.
1.4.3

Aim 3
Finally, we sought to elucidate the role of furin and other furin-like proteases in the

DENV lifecycle. We hypothesized that inhibition of furin and furin-like proteases by means
of a protein-based inhibitor would effectively abolish prM maturation by eliminating the
redundant protease activity shared by furin and the furin-like proteases PC5/6B, PC7, and
PACE4 (the latter two of these are still present and active in the furin-deficient cell line used
in Aim 2).
We employed an adenovirus-based expression vector encoding variants of the D.
melanogaster serpin Spn4A, previously identified as the most potent known inhibitor of furin
with strong inhibitory activity against other furin-like proteases (91). Adenoviruses encoding
ER-retained (wildtype, bearing a C-terminal HDEL) and secreted (HDEL truncated) forms of
Spn4A were previously developed; non-inhibitory mutants bearing a single point mutation
were also created, both in ER-retained and secreted variants. These adenoviruses were used
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to infect human cell cultures, which were then concurrently infected with DENV-1–4, and
the resulting cell culture supernatants were analyzed by NTAc-MRM for total prM content
and maturation efficiency.
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1.5

Figures and tables
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Figure 1.1 Overview of course of dengue illness and applicable laboratory diagnostic
techniques.
(A) A summary of the relative abundance of host and viral factors that form the basis of
existing clinical diagnostics over the course of a typical dengue case. (B) Applicable
diagnostic approaches during the febrile, critical, and recovery phases of dengue illness.
Virologic techniques are generally limited to the febrile phase, except for ELISA-based NS1
detection (NS1 is secreted and circulates in blood at high levels for several weeks post-onset
of symptoms). In contrast, serologic techniques, including IgM antibody capture (MAC)ELISA, anti-IgG ELISA, plaque reduction neutralization tests (PRNT), and
haemagglutination inhibition assays (HIA) all require detectable levels of DENV-directed
antibodies, which may take up to one week to form (5).
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Figure 1.2 Overview of the subcellular distribution of proprotein convertase enzymatic
activity.
The primary subcellular compartments in which the PCs exert enzymatic activity (except
PCSK9) are shown. Neuroendocrine cell-specific PC1/3 and PC2 activity is mostly restricted
to secretory granules, processing polypeptide prohormones in the regulated secretory
pathway. The other PCs make use of the constitutive secretory pathway, with furin, PC5/6,
PACE4, and PC7 activity localized to the TGN, the endosomal system, and the cell surface
or extracellular space. Active furin, PC5/6B, and PC7 can also be retrieved from the plasma
membrane to the TGN via multiple cycling loops through the endosomal system. Germ cellspecific PC4 is less well understood but thought to be active at the cell surface. SKI-1/S1P
activity is restricted to the cis and medial Golgi apparatus. Finally, PCSK9 has no known
proteolytic substrates other than its own prodomain; it instead is responsible for binding to
low-density lipoprotein receptor (LDLR) molecules on the cell surface and targeting them for
lysosomal degradation independently of its enzymatic activity (45).
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Figure 1.3 Electrostatic surface potential of the furin substrate binding cleft.
The crystal structure of a soluble fragment of murine furin in complex with the dec-RVKRCMK inhibitor (stick model) is shown. (A) The catalytic domain (orange), including the
catalytic triad Ser368–His194–Asp153 (cyan stick model), as well as the P domain (green)
are highlighted. (B) Furin is represented as an electrostatic surface potential map, calculated
in PyMOL 1.3 using default settings. The acidic (red) character of the furin substrate binding
cleft contributes to its preference for basic residues in the P1–P4 positions, and the deep S1
and S4 pockets contribute to the specificity for Arg residues in the P1 and P4 positions. (72)
(PDB 1P8J).
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Figure 1.4 Overview of the DENV proteome and virion structure.
(A) Representation of the viral proteome. The DENV genome is translated into a polyprotein
that is subsequently cleaved into functional protein units by a combination of cellular and
viral proteases at the site indicated (triangles). The structural proteins include the capsid (C),
membrane (prM and its mature form M), and envelope (E) proteins; non-structural proteins
include the protease-helicase NS3 and its cofactor NS2B as well as the NS5 RDRP. (B)
CryoEM structure of a mature DENV particle showing the smooth herringbone-like
association of M–E heterocomplexes, with the fusion peptide within E domain II highlighted
in red (101) (PDB 1K4R). (C) CryoEM structure of a dimer of two M–E heterocomplexes at
the surface of the DENV particle, with the M protein highlighted in red (140) (PDB 3J27).
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Figure 1.5 Overview of the DENV lifecycle.
[1] DENV interacts with cell-surface receptors that trigger [2] receptor-mediated endocytosis
and entry of the virion. The acidification of the late endosome [3] triggers pH-dependent
conformational changes in E that lead to the insertion of the fusion peptide into the
endosomal membrane, fusion with the viral envelope, and [4] release of the viral genetic
material into the cytosol. The viral RNA genome is rapidly [5] translated, yielding a single
polyprotein that is cleaved into functional protein subunits by the viral (NS2B/3) protease
and cellular signalases. The association of the replicase macromolecular complex, containing
the viral NS5 RDRP, on the surface of the ER facilitates the [6] replication of the RNA
genome. Nascent vRNA is bound by capsid proteins to form the nucleocapsid, which is
recruited to vesicles [7] budding into the ER lumen that contain high amounts of prM–E.
These immature virions move through the constitutive secretory pathway before undergoing
inefficient pH-dependent [8] furin-mediated proteolytic maturation in the acidic TGN.
Finally, virions are [9] released, comprising mature, partially mature, and immature viruses.
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Chapter 2: Targeted quantitative proteomic analysis of DENV-1–4
proteins reveals serotype-specific non-canonical prM activation pathways1
2.1

Introduction
A key determinant of flaviviral infectivity is the proteolytic maturation of the virus-

associated structural glycoprotein prM as nascent virions traffic through the secretory
pathway (113, 114, 141). While this proteolysis is thought to be mainly mediated by the
ubiquitous membrane-anchored cellular proprotein convertase furin, prM proteolysis
mediated by other human PCs has not been conclusively ruled out.
2.1.1

Flaviviral prM activation: the current model
The currently accepted model for flaviviral prM activation states that prM

endoproteolysis is mediated in the TGN by furin, yielding two products: soluble pr, and
membrane-anchored M (109, 121, 124, 133, 141, 142). Furin is predominantly localized to
the TGN at steady state. However, furin is not statically retained in the TGN; it traffics
between two local cycling loops, one at the TGN and the other at the cell surface (71). The
prM proteolysis event is required for the fusogenicity of the virion, allowing pr to dissociate
from its interaction with domain II of the flaviviral E protein and exposing the fusion peptide
(6, 99, 113, 114, 141, 143, 144).
Spatiotemporal regulation of cleavage is thought to be achieved in part through pHdependent conformational changes in the prM–E heterocomplex, exposing the prM cleavage
site to the activity of furin-like proteases only at the low pH found in late secretory pathway
compartments (109, 113, 133, 141). Convergent lines of experimental evidence suggest that
these events involve multiple pH sensors on prM and E, primarily located at the prM–E
interface. These viral pH sensors are conserved His residues that function as molecular
switches as immature virus particles traffic through the secretory pathway and its intrinsic
intracellular pH gradient (6, 99, 110, 141, 143, 145–148).
Two of the main functions of flaviviral pH sensors are to orchestrate the furindependent activation of prM in the host cell secretory pathway and to control viral membrane
fusion. This is perhaps best exemplified by the viral hijacking of TGN-localized furin-like

1

A modified version of Chapter 2 is included in a manuscript to be submitted for publication: McArthur, S.J.,
Foster, L.J., Jean, F. (2018).
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enzymes to specifically control the subcellular localization of prM proteolysis, preventing
premature fusion between the virus coat and host intracellular membranes, during virion
formation in the ER and in the early secretory pathway (6, 99, 110, 141, 143, 145–148). In
addition, the pH-dependent dissociation of the pr peptide from the virus-associated M
glycoprotein (109, 113, 133, 141) occurs extracellularly, suggesting that pr retention
intracellularly inhibits membrane fusion in the TGN/endosomal system.
2.1.2

DENV prM: an enigmatically poorly cleaved furin substrate
Interestingly, in the case of DENV, although the primary cleavage sequences of

DENV-1–4 prM are highly conserved, the sequence that has been naturally selected and
retained for all four serotypes is enigmatic in that it is very poorly cleavable (99, 111, 112).
These DENV-1–4 prM cleavage sites bear some molecular features that are of interest as
potential determinants of the interaction between the host enzyme and the viral substrate
(112). One of these features is the histidine residue (His86) located in the P6 position of prM
of DENV-1, -2, and -3 prM but not DENV-4 prM where it is mutated to Arg (111, 112).
Histidines often play an important role in sensing the pH of the local microenvironment; in
fact, a number of His residues with known pH-sensory function have been identified in
DENV as well as other viruses (146, 147). For example, His323 of E has been shown to be
critical for viral entry, as its protonation in the late endosome results in a conformational
change exposing the fusion peptide (146). Similarly, His244 of E, located at the pr–E
interface, is known to be an important determinant of the pH-dependent function of mature pr
to bind E, block the fusion peptide, and prevent fusion with intracellular membranes (110).
Substituting an alanine for His244 disrupts the pr–E interaction and reduces the release of
virus-like particles. Virus release can be partially rescued by neutralizing the acidic pH of the
TGN compartment; this supports the idea that the positive charge on His244 is a key factor in
pr–E binding and the ability of pr to inhibit membrane fusion (110).
Moreover, histidines in the P6/P7 position of furin cleavage sites often have a pH
sensory role; indeed, the positioning of DENV-1–3 His86 is reminiscent of the furin pH
sensor regulating the compartment-specific activation of furin itself. Our previous work on
the autocatalytic activation of the furin zymogen (pro-furin) has demonstrated that His69,
localized in the P7 position of the cleavage site of the autoinhibitory propeptide (74), acts as
a pH sensor that regulates furin activation. Furin requires a defined sequence for excision of
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its autoinhibitory propeptide to generate active enzyme (74). Given these similarities, we
hypothesized that His86 of DENV-1,-2, and -3 prM functions as a pH sensor in the
spatiotemporal regulation of furin-mediated prM activation.
This hypothesis is supported by the findings of Sittisombut and colleagues, who
investigated the maturation state and infectivity of viral progeny bearing Ala substitutions at
positions throughout the DENV-2 prM furin cleavage site (111). They demonstrated that a
His86Ala mutation at P6 in a DENV-2 infectious clone results in 10-fold lower virus titre
despite 2-fold higher production of virion-sized particles, and 35-fold higher production of
fully immature virions compared to wild-type (111). Ancillary, albeit circumstantial,
evidence suggests that this role might have far-reaching consequences. For example,
secondary infection with DENV-4, in which an arginine rather than a histidine is present in
P6, has been found to lead to clinical DHF half as often as with DENV-2 or -3 (131).
Another interesting study focused on a number of South Pacific island nations that
experienced severe DENV-2 outbreaks in the early 1970s that were associated with severe
DF and DHF. In an outbreak in the Kingdom of Tonga in 1974, this highly virulent character
was abruptly attenuated, with infection resulting only in mild illness and no fatalities. A
His86Arg mutation was one of three amino acid substitutions found associated with this
Tonga clade (149).
Another particular feature of interest for the DENV prM cleavage site is its furin
recognition sequence (–RP4–XP3–K/RP2–RP1–↓), which is, in fact, a suboptimal cleavage site
motif for furin (–R–D/E–K–R–↓) conserved across all serotypes (99, 111, 112). While any
amino acid can occupy the P3 position, there is a preference for basic or small hydrophilic
amino acids; acidic residues are highly uncommon (45, 48). We have previously shown that
the presence of a P3 acidic residue (Asp or Glu) in peptidyl substrates with the furin
recognition sequence dramatically reduces the catalytic turnover rate (kcat) of furin by 50-fold
and increases the Michaelis-Menten constant (Km) by 3-fold (137). Consistent with these
observations, Sittisombut and colleagues demonstrated that a Glu89Ala mutation in the P3
position of prM in a DENV-2 infectious clone results in about 50% more efficient prM
processing and a twofold higher virus titre; however, fewer total virus-like particles were
produced (112).
Interestingly, while the P3 acidic residue is unique to DENV prM among human
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flaviviruses (150), the full-length gp160 form of HIV-1 Env also exhibits an acidic P3
residue (cleavage sequence [–R–E–K–R–↓]). Binley et al. showed that altering the nonoptimal cleavage site motif to an optimal cleavage site motif (e.g. –R–R–R–R–↓) at the
gp120–gp41 interface results in enhanced proteolysis of both mutants in human cells
compared to the wild-type sequence. However, an overall reduction in infectious virus
particle release was observed, suggesting that the Env proteolysis rate needs to be limited and
that highly efficient furin-mediated proteolysis counterintuitively confers a disadvantage on
the virus (151).
In the case of DENV-1–4, it remains to be determined if the strict conservation of the
non-optimal cleavage site motif (–R–D/E–K–R–↓) for all four DENV serotypes is a common
molecular determinant for the proteolytic activation of prM in the host cell secretory
pathway. Based on previous work on DENV-2 and the strict conservation of the non-optimal
cleavage site motif for DENV-1–4 prM, the expectation is that, as with DENV-2, activation
of DENV-1, -3, and -4 prM will be rather inefficient and result in the production of partiallymature ‘mosaic’ virions (113, 114). While the evolutionary reason these poorly cleaved
sequences are selected is unknown, hypotheses include the prevention of premature host cell
lysis as well as the induction of cross-reactive non-neutralizing antibodies targeting
uncleaved prM during DENV infection, facilitating ADE (150–152).
Our hypotheses were threefold: first, that His86 functions as a pH sensor in the furin–
prM interaction of DENV-1, -2, and -3; second, that furin may not be the sole enzyme
responsible for cleaving prM in human cells, given the redundancy in substrate specificity
demonstrated by other furin-like PCs (45); and third, that the four DENV serotypes do not
necessarily interact in the same way with furin or furin-like PCs, based on variations in their
primary sequence. In testing these latter two hypotheses, it was important to establish a
methodology to evaluate for the first time the maturation efficiency of DENV-1–4 in a
human cell culture-based setting. Previous studies have universally relied on immunoblotbased means of detecting prM (111, 112, 124). Unfortunately, the quantitativeness of such
approaches is relative at best and relies upon successful interaction between the molecule of
interest and an antibody, therefore depending on the specificity and affinity of the antibody
for its target. Since no antibodies targeting immature prM and mature M of all four DENV
serotypes were available at the time, and given the lack of inter-serotype quantitativeness that
31

would undermine conclusions drawn with such a methodology, we chose a targeted
quantitative proteomics approach to tackle this key biological question. This approach is
referred to as multiple reaction monitoring (MRM) mass spectrometry (MS).
2.1.3

MRM-MS: principles and applications
MRM, also known as selected reaction monitoring (SRM), is an LC-MS based

technique in which tryptic peptides are separated by high performance liquid
chromatography (HPLC) before being analyzed on a triple quadrupole (QQQ) mass
spectrometer (38). Biological samples are digested with trypsin to generate tryptic peptides,
since the specificity of trypsin in cleaving after basic residues ensures there will be at least a
1+ charge on the peptide in the low pH of the mobile phase. As they elute from the HPLC,
peptides are ionized and desolvated through electrospray ionization. Positively charged
peptides are then subjected to a strong electric field that guides them into the first of three
quadrupoles where oscillating radio frequency (RF) fields allow mass selection to be
performed, allowing only ions of a specific mass-to-charge ratio (m/z) to pass through. The
second quadrupole is filled with an inert gas; precursor ions that enter undergo collisional
fragmentation, most commonly along the peptide bond, producing multiple product ions. In
this context, each precursor–product ion pair is referred to as a ‘transition’. Finally, product
ions enter the third quadrupole, where oscillating RF fields again allow mass selection to take
place, ensuring that only product ions of a specific m/z pass through and strike the detector
(38).
The m/z values allowed through both stages of mass selection as well as the collisional
energy used to fragment the precursor peptide are all controlled, and are specifically designed
and optimized for each peptide, with the QQQ rotating through a series of settings specific to
each transition, a process known as the duty cycle. Since two stages of mass selection are
performed, background noise for MRM assays is extremely low, even in complex
proteinaceous biological samples. Moreover, since multiple transitions for each peptide can
be monitored in a single assay, absolute confirmation of the identity of a peptide based on the
m/z of the single precursor and multiple product ions is possible (38).
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2.1.4

NTAc-MRM is a novel adaptation of MRM-MS to quantify DENV prM

maturation
To allow differential detection and quantification of immature prM and mature M, we
have developed and optimized specific MRM assay methods directed against the tryptic
peptide immediately C-terminal to the furin cleavage site in prM (the N-terminal peptide of
the proteolysis product M). Since furin cleavage occurs following Arg in the conserved prM
consensus sequence (–R–[D/E]–K–R–↓–S–V–A–L–) that will also be cleaved by trypsin, the
endogenous furin-generated and in vitro trypsin-generated M peptides will be identical
following trypsin digestion. However, in vitro N-terminal acetyl (NTAc) labelling of DENV
protein extracts before trypsinization, labelling the exposed N-terminus of endogenous furincleaved M with an acetyl group, allows differential detection of endogenous furin-cleaved
and in vitro trypsin-cleaved peptides by MS. Moreover, by developing MRM assays targeting
the NTAc-labelled light peptides with the corresponding NTAc-labelled heavy (SIS)
peptides, differential quantification of furin-cleaved M and uncleaved prM peptides is
possible, allowing absolute quantification of DENV maturation in biological samples for the
first time. We developed, optimized, and applied this NTAc-MRM methodology to the
characterization of the prM proteolytic maturation state of DENV-1–4 progeny derived from
cultured human cells, testing our hypothesis that DENV-1–4 prM proteolytic maturation was
not necessarily equivalent across the four serotypes and that it was not universally and
exclusively furin-dependent.
In addition, we hypothesized that the P6 His of prM in DENV-1, -2, and -3 acts as a pH
sensing switch during furin-mediated proteolysis that is absent in DENV-4, and that the P3
Asp/Glu plays a role in modulating the prM-furin binding interaction and catalytic efficiency
for all serotypes. We examined these functionalities in detail for DENV-1–4 by in vitro
kinetic studies of furin-mediated proteolysis of prM-based peptidyl substrates as a function of
pH, using an internally quenched fluorogenic substrate (IQFS)-based assay developed for
that purpose.
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2.2
2.2.1

Materials and methods
In silico digest and proteotypic candidate selection
Primary protein sequences for prM, E, and NS1 of DENV-1 strain Hawaiian-3

(USA/Hawaii/1945, accession AF425619, genotype I), DENV-2 strain NGC (Thailand/NGSC/1944, accession M29095, Asian genotype II), DENV-3 strain H-87 (Philippines/H87/1956, accession M93130, genotype I), and DENV-4 strain H-241 (Philippines/H241/1956, accession U18433, genotype I) were subjected to an in silico trypsin digest using
the PeptideMass tool (153, 154). Proteotypic peptide candidates were selected that met all of
the following criteria: length between 7 and 30 amino acids; not more than one oxidizable
residue (Met, Cys, or Trp); no Asp-Pro motif; not more than one Pro-Pro motif; no Nterminal Gln; no putative N-glycosylation sites; and a hydrophobicity score between 15 and
45, as calculated by the SSRCalc algorithm (155). Each proteotypic peptide candidate was
then used as the query in a BLASTP search (156) against the non-redundant (nr) NCBI
protein database. Peptides for which the only 100% coverage, 100% identity hits were
associated with the appropriate DENV serotype were considered to be proteotypic, forming a
list of 59 proteotypic peptide candidates.
2.2.2

Peptide synthesis, verification, and preliminary characterization
Solid-phase synthesis of crude, unlabelled peptides for initial MRM development was

performed on an Intavis Multipep Peptide Synthesizer (Intavis Bioanalytical Instruments AG,
Köln, Germany) using standard Fmoc chemistry with self-purification as previously
described (157). Successful peptide synthesis was verified by MALDI-TOF MS analysis; 57
of the 59 peptides were synthesized successfully (Table 2.1). Peptides were then analyzed by
LC-MS using the QQQ in MS/MS scan mode to confirm LC-MS compatibility and to
identify the dominant precursor charge state (Table 2.1).
For the peptides that produced the best signal in the QQQ, heavy (SIS) peptides bearing
a C-terminal Arg-[13C615N4] or Lys-[13C615N2] were custom synthesized by Thermo Fisher
Scientific and delivered at >98% purity, pre-quantified by amino acid analysis and presolubilized in 5% acetonitrile (ACN) at 5 pmol/µL.
2.2.3

Cell culture
Human hepatoma Huh-7.5.1 cells were kindly provided by Dr. Francis Chisari (Scripps

Research Institute, La Jolla, CA, USA) (158) and were maintained in Dulbecco’s Modified
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Eagle Medium (DMEM) supplemented with 1% each of penicillin, streptomycin, Lglutamine, non-essential amino acids, and HEPES, as well as 10% fetal bovine serum (FBS)
that had been heat-inactivated by incubating at 56 °C for 30 min (Gibco/Invitrogen,
Burlington, ON, Canada). African green monkey kidney Vero E6 cells (ATCC #CRL-1586)
as well as human colorectal carcinoma LoVo cells that do not produce functional furin
(ATCC #CCL-229) were maintained in Minimum Essential Medium Alpha (MEM-α)
supplemented with 1% each of penicillin, streptomycin, L-glutamine, and 10% FBS
(Gibco/Invitrogen). All cell lines used in this work were tested for mycoplasma
contamination using the MycoAlert Plus detection kit (Lonza Group AG, Basel, Switzerland)
according to the manufacturer’s instructions and confirmed to be mycoplasma-free. Cells
were grown as monolayers at 37 °C with 5% CO2 and allowed to reach 90% confluency
before infection.
2.2.4

Virus stock generation
Samples of DENV-1 strain Hawaiian-3, DENV-2 strain NGC, DENV-3 strain H-87,

and DENV-4 strain H-241 (as noted in Section 2.2.1) were kindly provided by Dr. Mike
Drebot (National Microbiology Laboratory, Winnipeg, MB, Canada).
Vero E6 cells were cultured in 175 cm2 flasks to 90% confluence. After the culture
medium was removed, the cells were washed with PBS, and an inoculum of 3 mL of culture
medium without FBS with 200 µL DENV stock was added. Inoculated cells were incubated
at 37 °C for 1 h, with the flask gently rocked every 15 min to allow even distribution of the
virus. Without removing the inoculum, 30 mL of fresh medium with 2% FBS was then added
and the infected cells were cultured for 4 days. The medium was then collected and clarified
by centrifuging at 1500 g, 15 min, 4 °C before being aliquoted and snap-frozen. Viral stocks
were stored at –86 °C. Viral titres were determined by plaque assay, performed in Vero E6
cells using the protocol described by Medina et al. (159).
2.2.5

Viral infection
Huh-7.5.1 cells or LoVo cells were plated at 5×104 or 1×104 cells/well in 12- or 24-

well plates, respectively. After the culture medium was removed, the cells were washed with
PBS, and 2 mL of fresh culture medium (including 10% FBS) containing the appropriate
amount of DENV stock was added. Infected cells were maintained for 4 days at 37 °C with
5% CO2, after which the medium was collected and clarified by centrifuging at 1500 g for 15
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min at 4 °C. Samples were aliquoted; portions destined for LC-MS analysis were rendered
non-infectious by heat inactivation (99 °C for 10 min) (159) before being processed
immediately as described below.
2.2.6

Sample preparation and in-solution trypsin digestion
Samples were exchanged into an ammonium bicarbonate (50 mM, pH 8.0; ABC)

buffer by ultrafiltration using 10 kDa molecular weight cutoff (MWCO) centrifugal filter
units (Pall Corporation, Port Washington, NY, USA). Concentrated samples were then
reconstituted in ABC buffer supplemented with sodium deoxycholate (1% w/v) to a final
volume of 26 µL. From each sample, 1 µL was taken for protein quantification, which was
performed using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s directions. With the protein
concentration determined, 20 µg of sample was taken for subsequent analysis.
The sample was then denatured by heating to 99 °C for 5 min. Thiol groups were
reduced by adding dithiothreitol (0.5 µg) followed by incubating (37 °C, 30 min in an air
incubator to prevent condensation on the lid). Reduced thiols were then alkylated by adding
iodoacetamide (2.5 µg) followed by incubating (37 °C, 30 min). Trypsin digestion was
performed by adding sequencing-grade modified porcine trypsin (Promega Corporation,
Madison, WI, USA) (minimum 0.5 µg; final protein:trypsin ratio at least 1:50 w/w) and
incubating for 18 h at 37 °C. Tryptic digests were then acidified to pH <2.5 with 0.5% formic
acid (FA)/3% acetonitrile (ACN) and centrifuged (16000 g, 10 min) to stop the trypsin
digestion and precipitate out the deoxycholic acid.
2.2.7

SIS peptide spike and LC-MS
A SIS peptide cocktail of 100 fmol/µL of each SIS peptide was prepared fresh in 0.5%

FA, and the appropriate amount was added to each sample. Solid-phase extraction and
desalting using self-made C18 StageTips containing Empore C18 SPE material (3M
Company, Maplewood, MN, USA) was performed as described elsewhere (160, 161), eluting
each sample with 2×10 µL of 70% ACN. Samples were then dried by vacuum evaporation
without heating for 1 h. Dried samples were reconstituted in 20 µL LC Buffer A (0.1%
FA/3% ACN) and sonicated for 90 s to ensure thorough reconstitution.
1–5 µL of sample containing 2–10 µg of protein was then injected and analyzed by LCMS/MS. Mass selection and analysis was performed on an Agilent 6460 triple quadrupole
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mass spectrometer, operating with parameters as noted below. Data analysis, including
generation of extracted ion chromatograms (EIC) and manual peak integration, was
performed with MassHunter Qualitative Analysis software (Agilent Technologies, Santa
Clara, CA, USA).
2.2.8

LC-MS operation parameters
Peptides were separated by nano-HPLC on a water/ACN/0.1% FA mobile phase using

an HPLC Chip II (G4240-62010, Agilent; 160 nL enrichment column, 75 µm × 150 mm
analytical column packed with Zorbax 300SB-C18 5 µm material, pore size 300 Å) in a Chip
Cube (G4240A) ESI ion source. Peptides were enriched at 2 µL/min in 3% buffer B before
being analyzed at 300 nL/min using a 55 min gradient of 3–80% B, followed by a 10-min
wash and re-equilibration of the trap and analytical columns before injecting the next sample.
In the first stage of MRM method development, the dominant precursor charge state for
each peptide was determined by analyzing 500 fmol of SIS peptide alone in MS/MS scan
mode. Fragmentation patterns were obtained in product ion scan mode, using arbitrary
fragmentor voltage (FV) and collision energy (CE) settings of 175 V and 10, 20, and 30 V,
respectively. Peak identities were assigned manually; of these, the strongest 3–5 assignable
peaks were selected for MRM.
Optimal FV and CE settings for each transition were then determined. An MRM
method for the precursor ion alone was created (CE = 0 V, selecting for the precursor m/z on
Q1 and Q3) with FV varied in 20 V intervals from 60–240 V. Using the optimal FV thus
determined, a series of MRMs for each product ion were created with CE varied in 2 V
intervals from 5–35 V. This information was used to construct the fully multiplexed MRM
methods, including heavy and light peptides: one MRM method targeting all four DENV
serotypes (Table A.1.1), and one for each individual DENV serotype (Table A.1.2–Table
A.1.5).
2.2.9

MS data analysis
All results were processed using MassHunter Qualitative Analysis software (Agilent).

Extracted ion chromatograms (EIC) for each MRM were extracted and visually inspected;
peptide elution was verified by the co-elution of at least 3 transitions. EIC were smoothed
(quartic/quintic Savitsky-Golay algorithm over 15 points) and then manually integrated on
the strongest transition. In cases where an interfering peak disrupted the shape of the
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strongest transition peak, a secondary transition was consistently used for integration (e.g.
peptides 2D2r and 4D2r). Light peptide concentration was calculated by determining the
light:heavy peak area ratio and dividing this value by the known concentration of the spikedin heavy peptide. Signal-to-noise ratios (SNR) were calculated in peak-to-peak mode, with an
interference-free 2 min region from the first 10 min of each EIC defined as noise.
2.2.10 Calibration curves and determination of lower limits of detection and
quantification
Cell culture supernatant samples derived from infected Huh-7.5.1 cells were collected
and processed as described above, with the following exceptions. Following trypsinization
and acidification, each sample was split into 5 identical sub-samples; into each of these, SIS
peptide cocktail amounts in the range of 1.6–800 fmol/µL per peptide were spiked. These
samples were then individually desalted, dried, reconstituted, and analyzed by MRM-MS as
described above.
Following EIC extraction, smoothing, and integration as described above, heavy:light
peak area ratios were calculated (since all 5 samples within each DENV serotype contained
an identical unknown amount of light peptide). These values were then plotted as a function
of the known heavy peptide concentration, and a linear regression of the form [y = ax + b]
was performed. Response factors (RF) for each concentration point were calculated [RF = (b
– y)/x] and plotted as a function of heavy peptide concentration. A linear response was
defined as an RF falling within 20% of the target concentration response (34, 162).
In accordance with NCI Clinical Proteomic Tumor Analysis Consortium (CPTAC)
guidelines (35) and previous work by other groups (34), the LOD was defined as the lowest
concentration point that is measurable with SNR >3.0, and the LOQ was defined as the
lowest concentration point within the linear response range that is measurable with SNR
>10.0 and CV <20%. All response curves for free amine N-termini (N-NH2) peptides shown
here comprise the results of 4 independent experiments performed over a period of 10
months, with each concentration point representing one independent experiment analyzed in
at least 3 injections over the span of one week; curves for acetylated N-termini (N-Ac)
peptides comprise the results of 2 independent experiments performed over a period of 5
months, with each concentration point representing one independent experiment analyzed in
at least 3 injections over the span of one week.
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2.2.11 N-terminal acetylation
Sample preparation was performed as described above, with the following exceptions.
Following the initial inactivation step, concentration/buffer exchange into a sodium
carbonate buffer (20 mM, pH 8.4) was performed on 10 kDa MWCO centrifugal filter units
to a final volume of 51 µL, of which 1 µL was taken for protein quantification by BCA assay
as described above. To the remaining 50 µL, 50 µL of a freshly prepared sulfo-Nhydroxysuccinimidyl (NHS) acetate (Sigma) solution was added to a final concentration of
0.1 mg/mL and incubated at room temperature for 2 h. Samples were then exchanged into
ABC buffer, quenching any unreacted sulfo-NHS acetate, and concentrated to 25 µL on 10
kDa MWCO centrifugal filter units. Subsequent sample preparation (denaturation, reduction,
alkylation, trypsinization, SIS spike-in, desalting, and LC-MS analysis) were performed as
noted above, with the inclusion of N-acetylated forms of each SIS peptide (Thermo Fisher
Scientific) in the spike-in peptide cocktail.
2.2.12 IQFS stocks
Internally quenched fluorogenic substrate (IQFS) peptides were designed using a 2aminobenzoic acid (Abz) donor group (λex = 320 nm, λem = 420 nm) and 3-nitrotyrosine
(Tyr(3-NO2)) acceptor group (absorbance λmax = 420 nm) as described previously (138, 163–
166). IQFS were custom-synthesized by GL Biochem (Shanghai, PRC) and received as a
lyophilized powder. Stocks were generated by reconstituting the peptides in DMSO (Sigma)
to a concentration of 10 mM, followed by aliquoting and storage at –20 °C.
2.2.13 Generation of furin stock
Human embryonic kidney (HEK)-293-C4 cells that stably overexpress a soluble,
secreted form of furin were kindly provided by Dr. Richard Leduc (University of
Sherbrooke, Sherbrooke, QC, Canada) (167). C4 cells were maintained in 175 cm2 flasks in
Minimum Essential Medium Alpha (MEM-α) supplemented with 1% each of penicillin,
streptomycin, L-glutamine, and 10% heat-inactivated FBS (Gibco/Invitrogen) at 37 °C with
5% CO2 (167, 168). Confluent monolayers of cells were then cultured in standard media in
the absence of FBS for one day; the resulting volume of supernatant was collected and
clarified by centrifugation (4 °C, 3000 g, 10 min) to remove cell debris, then concentrated
~100-fold and exchanged into storage buffer (50 mM bis-tris, 50 mM sodium acetate, 1 mM
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calcium chloride, pH 7.5) by ultrafiltration on 10 kDa MWCO centrifugal filter units (Pall)
before being aliquoted and stored at –86 °C.
2.2.14 Kinetic assays
Assays were performed as previously described (90, 91, 163–166). Briefly, in black
flat-bottom 96-well plates, furin assay buffer (50 mM bis-tris, 50 mM sodium acetate, 1 mM
calcium chloride, 0.1% Triton X-100; pH 7.5 except where noted) was first added, followed
by furin stock (final concentration 0.5% v/v per well; determined by active site titration
(below) to be equivalent to 173 nM active furin), and finally the appropriate amount of IQFS
peptide stock diluted in furin assay buffer, to a final volume of 100 µL per well. Plates were
analyzed in real time on a SpectraMax Gemini XS spectrometer (Molecular Devices),
incubating at 37 °C for 1 h with readings every 1 min.
Raw fluorescence readouts were corrected for the inner filter effect (IFE), determined
below as previously described (137, 163). Briefly, slopes were calculated for the initial linear
phase of the kinetic trace, beginning after the slope had stabilized (around 4–8 min) and
continuing until it began to plateau (around 16–20 min). Slopes were averaged across
triplicates; averaged slopes were then corrected against triplicate-averaged IQFS-only control
wells for the appropriate substrate concentration.
Resulting initial velocities (𝑣0 ) were then plotted against substrate concentration ([𝑆]),
and a Michaelis-Menten curve of the form 𝑣0 =

𝑣𝑚𝑎𝑥 [𝑆]
𝐾𝑚 +[𝑆]

was fit with standard deviation-based

weighting in the Visual Enzymics module of Igor Pro (Wavemetrics).
2.2.15 RP-HPLC
Following kinetic analysis, reactions destined for RP-HPLC were stopped by the
addition of water/trifluoroacetic acid (TFA) to a final concentration of 0.1% TFA and a final
volume of 300 µL. RP-HPLC was performed using a water/0.1 %TFA (Buffer A) and
acetonitrile (ACN)/0.1% TFA (Buffer B) mobile phase on a Vydac monomeric C18 column,
using a Polaris 212 system (Varian Inc., Mississauga, ON, Canada). A 30-min gradient of 5–
70% B was used to separate peptides. Fluorescence of the Abz moiety (λex = 320 nm, λem =
420 nm) at the N-terminus of IQFS peptides was measured using a model 363 fluorescence
detector (Varian).
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2.2.16 Estimation of active enzyme concentration
To estimate the concentration of active sites (active enzyme concentration, [𝐸]0 ), a
titration experiment using the decanoyl-Arg-Val-Lys-Arg-chloromethylketone (CMK)
inhibitor was performed as previously described (169). Briefly, inhibitor concentrations from
1 to 2000 nM were added before adding enzyme and substrate to the reactions as noted
above; the kinetic assay and subsequent analysis were then carried out as noted above.
Fitting a line to a plot of

[𝐼]0
𝑣
1− 𝑖

vs.

𝑣0

𝑣0
𝑣𝑖

(where [𝐼]0 is the initial concentration of free

inhibitor, 𝑣0 is the uninhibited initial velocity, and 𝑣𝑖 is the inhibited initial velocity at
[𝐼] = [𝐼]0 ) and calculating the intercept on the ordinate gives an approximation of [𝐸]0
(170). This value was then used to convert 𝑣𝑚𝑎𝑥 values to 𝑘𝑐𝑎𝑡 by correcting for initial active
enzyme concentration (𝑘𝑐𝑎𝑡 =

𝑣𝑚𝑎𝑥
[𝐸]0

).

2.2.17 Estimation of inner filter effect
In order to estimate the inner filter effect (IFE), that is, the degree of quenching of free
Abz fluorophore by intact substrate, an assay was carried out at each [𝑆] used as previously
described (137, 163). To a solution of 100 mM Abz in assay buffer, 0–100 µM WNV-IQFS
was added and a single fluorescence reading taken. Triplicate wells were averaged, and
fluorescence readouts plotted against [𝑆] to determine the factor needed to correct for IFE at
each [𝑆] used.
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2.3
2.3.1

Results
In silico digest and proteotypic peptide selection
We began by identifying candidate proteotypic peptides from the sequenced DENV

proteome for laboratory strains of each of the four serotypes (Figure 2.1). Our in silico
trypsin digest yielded a total of 283 tryptic peptides; we proceeded to curate this list
manually on a number of standardized criteria (34), selecting for proteotypic peptide
candidates that would likely perform well in an MRM-MS assay. We selected peptides
between 5 and 30 residues in length, containing not more than one oxidizable residue (Cys,
Met, or Trp) and not more than one Asp-Pro or Pro-Pro motif, no N-terminal Gln, no putative
N-glycosylation sites, and a hydrophobicity score in the range of 15–45 as computed by the
SSRCalc algorithm (155). Peptides were also confirmed as proteotypic (that is, unique in
sequence within our biological samples) by performing a BLASTP search against the nr
database; the peptide met the standard for uniqueness and was considered proteotypic if the
only 100% coverage, 100% identity hits occurred against the correct DENV protein for the
correct serotype. In this way, we obtained a shortlist of 59 proteotypic peptides covering
DENV-1–4 E, prM, and NS1 that were likely to be amenable to MRM-MS (Table 2.1).
2.3.2

Development, validation, optimization, and characterization of MRM-MS

assays targeting DENV proteins
Solid-phase synthesis of crude, unlabelled versions of these 59 proteotypic peptides for
initial MRM development was performed using standard Fmoc chemistry with selfpurification as previously described (157). Successful peptide synthesis was verified by
MALDI-TOF MS analysis; 57 of the 59 peptides were synthesized successfully (Table 2.1).
Peptides were then analyzed by LC-MS using the QQQ in MS/MS scan mode to confirm LCMS compatibility and to identify the dominant precursor charge state (Table 2.1).
Individual MRM assays were then designed and optimized on a nano-LC QQQ system
for the subset of these 57 peptides that gave the best response (Figure 2.1, Table 2.2). Briefly,
each crude peptide was injected in MS/MS scan mode with no fragmentation to determine
the predominant precursor charge state of the peptide. Selecting for this dominant precursor
ion, a product ion scan with arbitrary fragmentation settings was performed to identify 3–5
strong transitions that could be followed by MRM-MS for reliable and reproducible detection
of the peptide; ion identities and charges were assigned manually. The peptide was then
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analyzed in MRM mode, scanning for these ion pairs (transitions) over a range of fragmentor
voltage (FV) and collision energy (CE) settings to determine the optimal parameters for each
transition. We were initially able to successfully optimize 21 assays targeting prM, E, and
NS1 for DENV-1–4, which we multiplexed into five MRM analysis methods: a panserotypic method as well as one targeted to each serotype so as to minimize the length of the
duty cycle and improve assay performance and peak shape in samples where the infecting
serotype is known (Table 2.2, Tables A.1.1–A.1.5).
2.3.3

MRM-MS assays allow sequence-specific detection and absolute quantification

of DENV-1–4 prM, E, and NS1 in cell culture supernatant
To establish that biological DENV samples contain sufficient viral protein to be detectable
and quantifiable by MRM-MS, we generated cell culture supernatant (CCSN)-derived
DENV-infected samples (Figure 2.1). Briefly, human hepatoma cells (Huh-7.5.1) were
cultured and infected with DENV-1–4 at MOI 0.1. Three days post-infection, infected cell
culture media was collected, concentrated, and inactivated. Samples were prepared by
denaturation, reduction and alkylation of cysteine thiol groups, and trypsinization for 18 h to
produce tryptic peptides. Tryptic digests were then spiked with a cocktail of heavy (SIS)
versions of our 21 peptides bearing a C-terminal Arg-[13C615N4] or Lys-[13C615N2] such that
the final on-column amount would be 100 fmol per injection for each peptide. Samples were
then cleaned up and analyzed by a pan-serotypic MRM-MS assay targeting all 21 DENV-1–4
peptides (Table A.1.1). We were able to reliably detect and quantify 13 of our 21 target
peptides targeting E, prM, and NS1 of the four DENV serotypes, with estimated sub-fmol
amounts of endogenous peptide on-column being clearly resolved and integrable (Figure
2.1). Importantly, we were able to reliably detect and quantify 13 peptides without relying on
virus purification, developing a pan-serotypic analytical method that could be applied to
samples in which the infecting DENV serotype is unknown.
2.3.4

Limits of detection and quantification for DENV-1–4 proteotypic peptides are

in the low- to sub-fmol range
It is important to establish the dynamic range for each individual MRM assay including
the lower limits of detection (LOD) and quantification (LOQ) in a relevant sample matrix
before attempting to make quantitative observations and conclusions (34, 162). We therefore
performed experiments to characterize the performance of our multiplexed 21-peptide MRM
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assay, including LOD and LOQ estimation (35, 162). Clinical isolates would be the ideal
way to simulate the sample matrix that would eventually be analyzed in a diagnostic
application, but these are of course very difficult to procure. We therefore created “mock
serum” samples composed of 3–4.5 µg/µL FBS with 103–104 pfu/µL CCSN-derived DENV1–4, intending to mimic approximately 0.2 µL per injection of DENV-infected serum oncolumn. Sub-aliquots of each sample containing identical endogenous peptide amounts were
spiked with SIS peptide cocktail concentrations ranging from 0.16–80 fmol/µL for each
peptide. These samples were analyzed by the fully multiplexed 21-peptide MRM method 3–4
times each over the course of a week; the full experiment was repeated four times over the
course of five months with varying SIS peptide concentrations to establish reproducibility
and linearity.
Resulting extracted ion chromatograms (EICs) were smoothed and manually integrated
on the strongest transition, with individual peak identities confirmed by the coelution of 2–3
additional transitions. Signal-to-noise ratios (SNR) were calculated in peak-to-peak mode
using the first 2 minutes of each run as a noise baseline. Heavy (SIS) to light (endogenous)
peak area ratios were calculated and averaged among experimental replicates, then averaged
and plotted against SIS concentration as response curves (Figures A.2.1–24, panel A).
Response factor (RF) plots were also generated to determine the range of linearity in each
response curve (Figures A.2.1–24, panel B); RF values within 20% of the target
concentration response were considered to be linear.
In accordance with NCI Clinical Proteomic Tumor Analysis Consortium (CPTAC)
guidelines (35) and previous work by other groups (34), the LOD was defined as the lowest
concentration point that is measurable with SNR >3.0 and the LOQ was defined as the lowest
concentration point within the linear response range that is measurable with SNR >10.0 and
CV <20% (34, 35). Using the concentration response curves and RF plots generated above,
LODs and LOQs for each proteotypic peptide on-column were estimated (Table 2.2).
Linearity and response range was successfully validated for 13 of our 21 peptides; notably,
many peptides demonstrate on-column LODs in the high amol range, while most on-column
LOQs are in the low fmol range. Elution profiles of these 13 peptides indicate good peak
shape and a lack of interference on the main transition, supporting their usefulness as
proteotypic peptides for MRM-MS (Figure 2.2 and Figure 2.3).
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Unfortunately, we were unable to successfully validate 8 of our 21 peptides (Table
2.2). Problems included the presence of interfering peaks, non-concentration-dependent
signal, and poor reproducibility and linearity in the mid-fmol range. We also found that some
peptides were not detectable since the levels of the endogenous (light) forms were too low,
possibly resulting from inaccessibility to tryptic cleavage or unfavourable biophysical
parameters that prevented the peptide (light or heavy) from performing well in a highly
complex sample matrix on the LC-MS. Since our existing MRM-MS methods had been
optimized to include these peptides, we continued to collect data for them rather than alter
the assay by their exclusion.
2.3.5

NTAc-MRM assays allow differential quantification of cleaved M and

uncleaved prM from DENV-1–4
Our original in silico digest of the DENV-1–4 proteome revealed a set of proteotypic
peptides corresponding to the immediate C-terminal product of the prM cleavage site (i.e. the
N-terminal peptide of M) which has never been directly studied across the four DENV
serotypes. We adapted a protocol for the in vitro N-terminal acetyl (NTAc) labelling of
peptide substrates, based on a methodology commonly used in positional proteomics (171,
172). This methodology is summarized in Figure 2.4. Briefly, cell culture supernatant DENV
samples were collected and processed as usual, except that primary amines including all
protein N-terminal amines were covalently modified with acetyl groups through the addition
of sulfo-N-hydroxysuccinimidyl acetate. This includes the N-terminus of endogenously
cleaved M. Trypsinization results in the cleavage of all prM junctions that have not already
been cleaved endogenously; the purpose of NTAc labelling is therefore to distinguish the
trypsin cleavage product (unlabelled N-NH2) from the endogenous cleavage product (N-Ac
label). By spiking in N-NH2 and N-Ac SIS peptides and performing multiplexed MRM-MS
analysis on all four forms, we can differentially quantify mature M and immature prM.
Using this methodology, we were able to successfully differentiate and quantify N-NH2
(immature) and N-Ac (mature) forms of prM from DENV-1–4. However, highly conserved
Met residues in the DENV-2, DENV-3, and DENV-4 peptides complicated MRM
development and analysis. To tackle this, separate MRMs targeting methionine (Met-S) and
methionine sulfoxide (Met-SO) forms for all light/heavy N-NH2/N-Ac peptides were
optimized. In all biological samples presented here, no quantifiable levels of the Met-SO
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form of any peptide were consistently observed; all quantification and interpretation is
therefore based on the Met-S forms only.
LOD and LOQ for these four N-Ac peptides were determined at the same time using
the same approach as for the 21 N-NH2 peptides (Figures A.2.1–24), using serotype-specific
MRM methods for linearity and response analysis (Tables A.1.2–5). We found that LOD and
LOQ for these peptides were in the same low-fmol range as seen for our N-NH2 peptides
(Table 2.2). Thus, the finalized forms of our fully validated, multiplexed MRM-MS assays
target a total of 48 peptide forms (including heavy and light, Met-S and Met-SO, and N-NH2
and N-Ac forms), comprising 17 unique peptides derived from DENV-1–4 prM, E, and NS1
(Table 2.2).
2.3.6

Deciphering the role of host furin-like enzymes in the DENV-1–4 lifecycle by

NTAc-MRM
We then sought to apply our NTAc-MRM assays to determine the absolute level of
prM maturation in viral progeny derived from DENV-1–4-infected human hepatoma Huh7.5.1 cells as well as furin-deficient human colorectal adenocarcinoma LoVo cells. Following
infection at an MOI of 0.1, cell culture supernatant was collected 4 days post-infection and
prepared for LC-MS analysis, including NTAc labelling of endogenously cleaved M prior to
trypsin digestion. NTAc-MRM analysis revealed a noticeable disparity in the absolute levels
of prM and M as well as structural glycoprotein E and non-structural lipoprotein NS1 found
for each serotype.
2.3.6.1

DENV-1 prM proteolytic cleavage occurs in a furin-independent manner

For DENV-1, we found that extracellular prM derived from Huh-7.5.1 cells were
mostly mature, to the extent that the N-NH2 immature prM peptide was below LOQ for the
assay, representing an efficiency of maturation greater than 95% (Figure 2.5). Unexpectedly,
we also found that maturation of DENV-1 derived from furin-deficient LoVo cells remained
efficient, again with no quantifiable amount of immature prM peptide detected. This
evidence strongly suggests that DENV-1 prM maturation takes place in a furin-independent
manner in LoVo cells.
Despite the apparent lack of furin dependency for prM maturation, a robust effect on
the extracellular abundance of viral proteins was observed in LoVo cell culture supernatant.
We found that levels of DENV-1 structural proteins (total M+prM as well as E) as well as
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non-structural proteins (NS1) were reduced by about 70% in LoVo media compared to Huh7.5.1 (Figure 2.5 and Table 2.3). Thus, while prM maturation does not require the presence
of functional furin in LoVo cells, these results suggest that furin may be playing some other
direct or indirect role in the DENV-1 lifecycle.
2.3.6.2

DENV-2 viral protein secretion and maturation are furin-dependent

In accordance with prior work in the field (111, 112, 124), we found that DENV-2 prM
was moderately cleaved during Huh-7.5.1 infection, with maturation efficiency around 56%
among extracellular prM molecules (Figure 2.6). Moreover, the predominantly immature
character of DENV-2 prM in LoVo cells that has been described by others (124) was
confirmed by our results, wherein levels of the N-Ac mature M peptide in LoVo-derived cell
culture supernatant were below the assay LOQ, representing a prM maturation rate of no
more than 24%.
Other studies also have reported that the levels of genome-containing virus particles
remain relatively unchanged in LoVo cells compared to other cell types when infected with
DENV-2 (124). We confirmed that extracellular levels of DENV-2 E were not significantly
different between Huh-7.5.1 and LoVo media (Figure 2.6). However, an unexpected
reduction of about 54% in the total amount of M+prM was found outside LoVo cells
compared to Huh-7.5.1 cells (Figure 2.6 and Table 2.3). Since both prM and E are encoded
by the same ORF and should therefore be present in a 1:1 stoichiometric ratio on the surface
of each virus particle, it is not obvious why their extracellular abundance should differ so
significantly although others have also observed this phenomenon (112). A possible
explanation for the apparent disparity in extracellular E and prM protein levels could be that
these proteins are emerging from infected cells by means other than virus particle egress,
perhaps through exosome secretion in the same way that HCV vRNA and core proteins are
found associated with exosomes (125).
2.3.6.3

DENV-3 viral protein secretion and maturation are furin-dependent

Similar to DENV-2, we found that DENV-3 prM is moderately cleaved during
infection of Huh-7.5.1 cells, with a rate of maturation around 60% (Figure 2.7). In comparing
DENV-3-infected Huh-7.5.1 and LoVo cell culture supernatants, a similarly dramatic
reduction in maturation efficiency was also observed, with mature M peptide levels again
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below the assay LOQ, indicating that maturation efficiency is no more than 35%. As with
DENV-2, this suggests a significant role played by furin in the maturation of DENV-3 prM.
Total extracellular viral protein levels again exhibited a dramatic reduction for LoVo
compared with Huh-7.5.1 cells, including a 71–92% reduction in total M+prM and an 82%
reduction in NS1, with E levels reduced below the LOQ of the assay (Figure 2.7 and Table
2.3). This is reminiscent of the effect seen for DENV-1: a robust inhibition of viral protein
secretion among structural (prM, E) and non-structural (NS1) proteins in furin-deficient
LoVo cells.
2.3.6.4

Highly immature DENV-4 protein secretion levels are furin-dependent

Finally, we observed that DENV-4 prM was the least mature of the four serotypes, with
prM maturation efficiency in Huh-7.5.1 cells a mere 25% despite relatively high extracellular
viral protein abundance (Figure 2.8). Unfortunately, the furin dependency of DENV-4
proteolytic maturation could not be directly elucidated by our assay; although extracellular
mature M peptide abundance was reduced below the assay LOQ in LoVo versus Huh-7.5.1
cell culture supernatant, a concomitant decrease in immature prM peptide levels means that
maturation efficiency could be anywhere from 0 to 52%.
This, however, highlights the other key observation: that extracellular viral protein
levels are severely reduced in DENV-4-infected LoVo media, with an 83–92% reduction in
total M+prM levels and NS1 levels below the LOQ of the assay (Figure 2.8 and Table 2.3).
This is the strongest effect on viral protein levels observed among the four DENV serotypes.
It therefore seems that the DENV-4 lifecycle is the most sensitive to furin deficiency,
although it remains undetermined whether this effect is concomitant with a reduction in
maturation of virus-associated prM.
In summary, uniquely among DENV-1–4, we found that DENV-1 prM maturation was
unaffected by the absence of furin in LoVo cells, whereas DENV-2 and DENV-3 were
confirmed as undergoing furin-dependent maturation (Figure 2.9).
2.3.7

Real-time furin kinetic assay design and generation of human furin stocks
We next investigated the hypothesis that the serotype-specific differences in prM

maturation we observed arose from different properties of the primary cleavage sequence
(Figure 2.10). We began by designing a real-time fluorescence based kinetic assay for furinmediated cleavage of DENV-based peptides. Briefly, IQFS peptides consist of the target
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cleavage site with a fluorophore conjugated to the N-terminus (in this study, 2-aminobenzoic
acid (Abz)) and a quenching moiety at the C-terminus (in this study, 3-nitrotyrosine). While
intact, if the IQFS peptide is excited with light at the optimal excitation wavelength (λex) of
the fluorophore, no light is emitted at the emission wavelength (λem) due to Förster resonance
energy transfer (FRET) to the quenching group. However, following cleavage of the scissile
peptide bond by furin, the fluorophore is dequenched and free to emit at its λem; this results in
an increase in relative fluorescence as the IQFS is processed by furin in a time-dependent
manner. In addition to real-time fluorescence readouts acquired on a spectrofluorometer, the
assay can be validated with endpoint HPLC. In order to provide effective buffering over the
range of pH values we would need to test, we used a bis-tris/sodium acetate buffering system
for pH control in the assay. This type of assay was originally pioneered by Dr. François Jean
(137, 138) and has been used to quantify the proteolysis of virus-derived peptides for SARSCoV and HCV (164, 165).
To obtain a working furin stock suitable for kinetic assays, we cultured human
embryonic kidney (HEK)-293A-C4 cells that stably overexpress a soluble, secreted form of
furin that is FLAG-tagged to allow detection and can be isolated in appreciable quantities
from cell culture supernatant to facilitate enzyme purification (167). Confluent monolayers of
cells were cultured in standard media in the absence of FBS for one day; the resulting volume
of supernatant was collected, clarified to remove cell debris, and concentrated ~100-fold and
exchanged into assay buffer by ultrafiltration. Furin enzymatic activity was confirmed by
measuring proteolysis of the pERTKR-MCA peptidyl substrate (Figure A.3.1) as described
previously (167).
We next designed IQFS peptides corresponding to the native DENV-1–4 and WNV
prM P8–P′4 cleavage sequences (DENV-1/3 since they share an identical sequence, DENV2, and DENV-4 IQFS, as well as WNV-IQFS) (Figure 2.10). The choices of fluorophore (2aminobenzoic acid, Abz) and quenching group (3-nitrotyrosine, Tyr(3-NO2)) were based on a
kinetic assay we developed previously to measure the activity of the PCs (137, 138). Briefly,
while the IQFS is intact, the proximity of the fluorophore to the quenching group results in
quenching through FRET. Once the IQFS is cleaved by the target protease, the fluorescence
emissions of the fluorophore become unquenched; this results in an increase in fluorescence
as a function of time, which is monitored by a spectrofluorometer (Figure A.3.2). The slope
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of the initial linear portion of these traces is then taken as the initial velocity (𝑣0 ) for the
purpose of calculating Michaelis-Menten parameters (163).
2.3.8

Validation and optimization of real-time kinetic assay
Furin activity was first tested against the WNV-based IQFS since that substrate was

predicted to have the most favourable kinetic parameters given the absence of a negatively
charged P3 residue (Figure 2.10). Once cleavage was verified by kinetic assay and RP-HPLC
(Figure A.3.2), an active site titration experiment using the decanoyl-Arg-Val-Lys-Argchloromethylketone (CMK) inhibitor was performed as previously described (169). Briefly,
fitting a line to a plot of

[𝐼]0
𝑣
1− 𝑖

𝑣0

vs.

𝑣0
𝑣𝑖

(where [𝐼]0 is the initial concentration of inhibitor, 𝑣0 is

the uninhibited initial velocity, and 𝑣𝑖 is the inhibited initial velocity at [𝐼] = [𝐼]0 ) and
calculating the intercept on the ordinate gives an approximation of [𝐸]0 (170). From two
independent experiments, [𝐸]0 was calculated to be 173 ± 5 nM (Figure A.3.3). This value
was then be used to convert 𝑣𝑚𝑎𝑥 to 𝑘𝑐𝑎𝑡 by correcting for initial active enzyme
concentration (𝑘𝑐𝑎𝑡 =

𝑣𝑚𝑎𝑥
[𝐸]0

).

Since our DENV IQFS are cleaved relatively inefficiently by furin, a high substrate
concentration [S] is needed to ensure a quantifiable readout. However, the fluorescence
response of IQFS assays at high [S] becomes non-linear due to the inner filter effect (IFE), a
phenomenon wherein emissions from the fluorophore are partially quenched by quenching
groups that happen to lie on the path to the detector (173). We constructed a calibration curve
to attempt to correct for this effect as previously described (163, 173). Briefly, at each [S]
used in our assay, fluorescence was measured and compared for IQFS alone and IQFS
supplemented with 100 nmol of free Abz. By measuring the difference in the fluorescence
response, we were able to estimate the fluorescence response factor over the [S] range of our
assay. The IFE-corrected readout was estimated at 𝑓𝑐𝑜𝑟𝑟 = 𝑓𝑜𝑏𝑠 × (7.91 × 10−4 [𝑆] + 1)
(Figure A.3.4).
2.3.9

In vitro pH-dependent kinetic characterization of furin-mediated cleavage of

DENV-based peptide substrates underlines the role of the P6 His pH sensor
We first determined the Michaelis-Menten kinetic parameters of our WNV- and
DENV-based IQFS at pH 7.0 and 6.0 to form a baseline for comparison. As expected, we
found that the WNV IQFS was cleaved much more efficiently than the DENV IQFS at both
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pH, with 𝑣𝑚𝑎𝑥 nearly threefold better at pH 7.0 and twofold better at pH 6.0 (Figure 2.11).
We also found that, whereas all WNV and DENV IQFS had comparable 𝐾𝑚 values at pH
7.0, WNV IQFS had a much stronger binding affinity at pH 6.0 than DENV IQFS, showing a
threefold lower 𝐾𝑚 under these conditions (Figure 2.11).
We then performed 1-hour kinetic assays at 37 °C for our DENV-based IQFS at pH
7.0, 6.5, 6.0, and 5.5. Individual fluorescence readouts were corrected for IFE using the
correction factor noted above. Slopes were calculated for each assay over the initial linear
portion minus the portion where the readout was stabilizing as the plate warmed up to 37 °C
(generally 8–20 min). Slopes were averaged across triplicates; to correct for background
decay, triplicate-averaged substrate-only traces were subtracted. Resulting initial velocities
(𝑣0 ) were fit to the Michaelis-Menten equation (𝑣0 =

𝑣𝑚𝑎𝑥 [𝑆]
𝐾𝑚 +[𝑆]

). Plots reflecting the pH

dependency of 𝑘𝑐𝑎𝑡 and 𝐾𝑚 are shown in Figure 2.12.
As we hypothesized, we found that 𝑘𝑐𝑎𝑡 of all four serotypes did not depend on the
presence of a histidine residue in P6. We also found that 𝐾𝑚 was pH-dependent only for the
DENV-1–3-based substrates IQFS-1 and IQFS-2, while the DENV-4-based substrate IQFS-3
was pH-independent (Figure 2.12). This supports the role of the P6 His residue found in
DENV-1–3 as a pH sensor, which could be affecting the strength of the prM–furin
interaction without altering the catalytic efficiency under the experimental conditions tested.
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2.4
2.4.1

Discussion
Development and application of MRM-MS assays for the multiplexed detection

and quantification of DENV proteins
In the case of emerging and re-emerging human viruses such as DENV, detection and
quantification of viral proteins is a common challenge, with most conventional approaches
such as Western blotting or ELISA relying on the development of antibodies that may be
difficult or costly to develop or procure. The limited specificity of such techniques when
applied to different members of a taxonomical family of viruses, or among different
serotypes of the same virus, also makes them worrisome from a molecular diagnostic point of
view. Flaviviruses exemplify this point, with a high degree of cross-reactivity observed for
anti-flaviviral antibodies against other flaviviruses as well as, in the case of DENV, different
serotypes of the same virus (22, 115, 117, 174). These methods also rely on the
immunoreactivity of the analyte, necessitating additional biohazard containment practices
that may not be amenable or feasible in certain settings (5).
As an analytic technique, MRM-MS is well established and has been demonstrated to
overcome similar challenges for a variety of biological samples, from bacterial- and fungalinfected samples to cancer samples (35, 175). Its excellent quantitativeness, specificity, and
low noise are its key advantages, allowing direct measurement of femtomoles of tryptic
peptides without the need for enrichment or purification and without relying on the affinity of
an antibody or probe (35). Here, we describe the development of MRM-MS assays for the
detection and quantification of prM, E, and NS1 derived from laboratory strains of DENV-1–
4. Since we are directly detecting tryptic peptides derived from viral proteins,
immunoreactivity is no longer relevant. This allows us to heat-inactivate virally infected
samples after acquiring them, obviating the need for biocontainment. Moreover, this highly
multiplexed methodology allows detection and quantification of structural and non-structural
proteins from all four serotypes simultaneously, permitting analysis of samples in which the
infecting serotype is unknown. Importantly, our experimental approach does not require virus
purification, avoiding the loss of material seen, for example, in the MRM method employed
by Rougemont et al. to quantify chimeric DENV-YFV viruses from Vero (nonhuman
primate) cell culture (176).
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An important limitation of designing MRM assays targeting flaviviruses is the very
small size of the viral proteome; due to limited choice, suboptimal candidates for proteotypic
peptides sometimes need to be used. For example, methionine residues present a significant
challenge since, in addition to its predominant reduced form (Met-S), methionine can adopt
oxidized forms (methionine sulfoxide, Met-SO; and very small amounts of methionine
sulfone, Met-SO2) in aqueous solutions (34). Highly conserved Met residues are located
within our NTAc peptides for quantifying prM proteolysis in DENV-2–4, but not DENV-1
(Table 2.2). We approached this issue by designing separate MRM assays targeting the major
Met-S and Met-SO forms. However, we recognize this is not ideal. First, assay sensitivity is
theoretically halved since one peptide is split over two peaks; second, quantitativeness is
compromised since the ‘known’ SIS concentration becomes two ‘unknowns’ detected in
separate MRMs. We have attempted to address this by summing Met-S and Met-SO peak
areas; however, we recognize that the two forms are chemically very different and thus may
respond differently in the QQQ. Further method development, for example adding an
oxidation step using performic acid to constitutively oxidize Met-S to Met-SO2 (177) as
described by Lemoine and colleagues (176, 178) could provide a solution to this problem.
Unfortunately, we have not had the opportunity to test and optimize such a step, since this
would require the additional development of new MRMs for the N-NH2 and N-Ac forms of
the Met-SO2 peptides and their optimization, including full response curve and linearity
analysis as well as LOD and LOQ estimation.
Despite this issue, we believe the quantitativeness of our MRM assays for Metcontaining peptides is still sufficient to allow biological interpretation. In the SIS-only
control samples that are regularly injected in each run, we have observed a significant
population of both Met-S and Met-SO peptides; however, in biological samples, Met-SO
forms of heavy (SIS) and light (endogenous) peptides are below the detection limit, to the
extent that all values reported for each peptide in our studies reflect the detectable Met-S
forms only. We hypothesize that the addition of dithiothreitol (DTT) as a reducing agent
during trypsinization, which is not removed until the final solid-phase extraction step, the
very low pH (< 2.5) of samples at all stages following trypsinization, and the high peptide
content of these samples contribute to greatly reducing the rate of oxidation of Met residues.
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MRM-MS performs well in comparison to other techniques for virologic detection of
DENV protein. For example, common ELISA-based antigen detection kits show LODs in the
1–10 ng/mL range (179, 180). In molecular terms, this corresponds to about 0.025–0.25
fmol/µL monomeric NS1, about 0.048–0.48 fmol/µL immature prM, about 0.11–1.1 fmol/µL
M, and about 0.017–0.170 fmol/µL E. The on-column LODs for our multiplexed MRM
assays are in a similar range, with most peptides below 1 fmol/µL (Table 2.2), although it is
important to note that on-column samples are typically concentrated about 25× during the
sample preparation process such that our on-column LODs are about 25× higher than the
smallest concentration of peptide that can be detected in the original biological sample.
However, while ELISA and other indirect virologic detection methodologies rely on the
quality of the antibodies used and the immunoreactivity of the sample, MRM-MS allows
direct multiplexed detection of virus-derived tryptic peptides, requiring only synthetic SIS
peptides to allow quantification. Combined with its 100% primary sequence specificity,
averting the problems associated with the intra-familial antigenic similarity of viruses and the
cross-reactivity of antibodies, MRM-MS is a useful tool for the analysis of biological
samples containing DENV, and an MRM-MS approach to the detection of nearly any viral
protein could be rapidly developed by adapting the methodology presented here.
2.4.2

NTAc-MRM analysis reveals key differences in furin dependency of DENV-1–4

prM maturation
To our knowledge, measurement of DENV-1, -3, and -4 prM proteolytic maturation
has not been performed to date, probably resulting from the lack of reliable antibodies for M,
prM, and/or E available for those serotypes. Here, we applied our NTAc-MRM methodology
to analyze for the first time human cell culture supernatants infected with each of the four
DENV serotypes and found key differences in overall maturation among the serotypes.
Similar to the previous findings by Junjhon et al. obtained through immunoblotting (111,
112), we found that DENV-2-associated prM glycoprotein was about 60% cleaved in Huh7.5.1 cell culture supernatant; DENV-3 prM was cleaved at about the same rate. This
corroborates the observations of others that human hepatoma cell-derived DENV-2 particles
have a mosaic nature, bearing a combination of mature M and immature prM molecules on
their surface (111, 113, 114), and suggests that DENV-3 likely forms mosaic virions as well.
The relative inefficiency of prM maturation also lends support to the hypothesis that furin is
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the major PC involved in mediating this proteolytic activation, given the negatively charged
P3 residue that is expected to impede furin-mediated cleavage. This hypothesis is
corroborated by our finding that prM proteolytic maturation of DENV-2 and DENV-3 was
significantly reduced in furin-deficient LoVo cells compared to Huh-7.5.1 cells, with the
mature M peptide in both cases below the assay LOQ, indicating that maturation efficiency
was at most 24% and 35%, respectively. Thus, DENV-2 and DENV-3 prM maturation
appears to be furin-dependent, although not necessarily exclusively.
In contrast, we found that DENV-1 is very highly mature, with over 95% of prM
cleaved in virions produced in Huh-7.5.1 cells. This finding is inconsistent with the
expectation that the P3 negatively charged residue should reduce furin-mediated proteolysis,
and it suggests that furin may not be the primary PC involved in DENV-1 prM maturation.
Indeed, since the DENV-1 and DENV-3 consensus pr–M cleavage sites are identical from P8
to P′4, the difference in maturation between the two cannot be explained by the primary
cleavage site sequence alone. Building on this, we demonstrate fully furin-independent prM
maturation in LoVo cells, with a maturation rate of over 85% despite the constitutive absence
of active furin. Importantly, we cannot exclude the possibility that furin is cleaving prM in
Huh-7.5.1 cells, but it is clear that it is not the only PC that can mediate proteolytic
maturation of DENV-1 prM in the host cell secretory pathway.
This seems to suggest a role for additional furin-like enzymes that can cleave at the
consensus furin cleavage site located within prM, perhaps including related PC family
members or other proteases that virions could encounter during assembly and egress in the
secretory pathway. One such protease is PC7, a ubiquitously expressed secretory pathway PC
whose enzymatic activity localizes to the TGN, cell surface, and endosomal compartments,
and which, like furin, cleaves at paired basic residues (45). Interestingly, alongside furin,
PC7 has been shown to cleave the HIV structural glycoprotein gp160, a notable substrate
given the highly conserved negative P3 residue (64, 78, 181). Since PC7 mRNA has been
shown to be present in LoVo cells (182), it seems possible that DENV-1 prM proteolysis in
LoVo cells could in fact be PC7-mediated.
Another member of the PC family, PC5/6, also exhibits a high level of redundancy in
substrate cleavage specificity with furin, similarly preferentially cleaving at (–R–X–K–R–↓)
sites (45, 183). Since PC5/6 mRNA is also found in LoVo cells (54, 182) and its membrane55

bound isoform PC5/6B traffics to the plasma membrane and is recycled to early endosomes
alongside furin (184), it may be that PC5/6B plays a role in cleaving prM in DENV-1infected furin-deficient LoVo cells.
The case of DENV-4 is also particularly interesting. We found that prM on Huh-7.5.1derived DENV-4 virions was predominantly immature, with only about 25% cleaved. Based
on the primary sequence of the DENV-4 prM cleavage site, we had hypothesized that the
lack of pH sensitivity arising from the mutation of P6 His to Arg would partially abrogate the
spatiotemporal regulation of both the host-mediated proteolytic maturation of prM and the
furin–prM interaction; our data seem to support this idea. Unfortunately, the reduction in
total viral protein seen in LoVo cell culture supernatant drove the amount of M below LOQ,
giving us no clear indication of the maturation efficiency in these furin-deficient cells and
precluding any interpretation relating to the furin dependency of DENV-4 maturation.
While it remains to be seen whether maturation levels in modern DENV-infected
patient sera resemble those observed in cell culture using long-established laboratory-adapted
strains, these results raise interesting biological questions in the context of non-neutralizing
prM-directed antibodies and their contribution to ADE. For example, a primary DENV-1
infection followed by DENV-2 or DENV-3 has been associated with the highest probability
of developing severe dengue (185). Our finding that DENV-1-associated prM is very highly
cleaved and is therefore less likely to induce non-neutralizing antibodies targeting uncleaved
prM supports the observation made by Rodenhuis-Zybert et al. that such antibodies are not a
discriminating factor for pathological severity (186). Unfortunately, while highly
quantitative, this NTAc-MRM method does not have the ability to assess the maturation state
of individual virions, but rather quantifies endogenous prM proteolysis across an entire
population, likely composed of some fully immature virions, fully mature virions, and many
partially-mature mosaic virions (99).
Finally, our results provide evidence against the prevailing assumption that the
proteolytic maturation of DENV-associated prM is entirely and exclusively mediated by
human furin for all four serotypes; the results also unravel key differences in the relative prM
maturation state of DENV-1–4 particles. In agreement with DENV-2 work performed by
others, we found that prM proteolytic cleavage in DENV-2 and DENV-3 seems to result in
the release of partially mature virions with around 50–60% of virus-associated prM being
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cleaved. We also found DENV-2 and DENV-3 are both strongly furin-dependent, since the
presence of mature M was reduced below assay LOQ in the context of furin-deficient LoVo
cells. We found that DENV-4 virions are the least mature of the serotypes by a large margin,
with prM proteolytic cleavage in infected Huh-7.5.1 media around 25%; however, furin
dependency could not be determined due to the low viral protein levels in LoVo-derived
samples. In contrast, DENV-1 virus particles were very highly mature, and prM proteolytic
maturation appeared to be furin-independent, with maturation over 85% even in furindeficient LoVo cells.
2.4.3

The DENV-1–4 lifecycle is impaired in furin-deficient cells independent of prM

proteolytic maturation
Interestingly, we also found that total levels of extracellular viral structural and nonstructural proteins were robustly reduced in the context of LoVo versus Huh-7.5.1 cells.
Since prM proteolytic maturation is not required for egress of virus particles (124), it is
unclear why such a consistent and dramatic effect on viral protein secretion would be
observed, particularly on the secreted non-structural protein NS1. Nevertheless, given the
disparity between the furin-expressing Huh-7.5.1 and furin-deficient LoVo cell lines, several
explanations seem possible. First, differences in cell surface receptors or other host factors
between hepatoma (Huh-7.5.1) and colorectal adenocarcinoma (LoVo) cells could affect
DENV spread between neighbouring cells differently, particularly since colorectal cells do
not represent a physiologically relevant site of infection. Since our experiments were
performed at MOI 0.1, the ability of nascent virions to attach and enter non-infected cells
plays a key role in the kinetics of the infection. However, since there has been no direct
genomic, transcriptomic, or proteomic comparison of the two cell lines, the specific
molecules that could be involved are unknown.
The second and more likely hypothesis is that the role of furin in the DENV lifecycle
may be more complex than simply cleaving prM, potentially including a broad and important
role, directly or indirectly, at one or more stages. A wide variety of host cell surface and
intracellular receptors, signalling molecules, and transcription factors are regulated by furin
(46), for example TGF-β, which has been implicated as having a positive role in HCV
replication (58). It could be that specific host factors required to support efficient DENV
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entry, replication, assembly, and/or egress could be compromised in furin-deficient cells,
possibly explaining the non-serotype-specific reduction in extracellular viral protein.
Among these host factors, it seems possible that decreased levels of the TAM ligand
Gas6 could impede DENV infection kinetics. The TIM and TAM families of transmembrane
receptor tyrosine kinases, which are key factors in phagocytic engulfment of apoptotic cells,
are known to be entry factors for DENV-2, particularly in cell types that lack other putative
DENV entry factors such as DC-SIGN or the mannose receptor (187). While TIM proteins
bind directly to phosphatidylserine on the virion surface, the interaction with the TAM
receptor Axl with DENV-2 is mediated by Gas6 (187–189). Importantly, furin putatively
cleaves pro-Gas6 to Gas6 (190), an event required for its activity. While it has been observed
that fetal bovine serum (FBS), a component of the cell culture medium used in our
experiments, typically contains enough Gas6 to allow maximal transduction by flaviviruses
of Axl at the concentrations we used (191), the heat inactivation step we performed before
adding FBS to culture medium neutralizes the ability of Gas6 to bridge the virus and Axl,
preventing this exogenous Gas6 from affecting the viral lifecycle (192). Thus, viral
attachment and entry in the furin-deficient LoVo cell line might be reduced because activated
Gas6 is not available to mediate interaction with cellular TAM proteins.
2.4.4

The P6 His has a role as a pH sensor in the furin–prM interaction
To better understand the role of primary sequence determinants on the kinetics of furin-

mediated prM cleavage, we sought to describe the in vitro characterization of MichaelisMenten kinetic parameters governing the furin-mediated cleavage of DENV-1–4 prM-based
peptide substrates in a pH-dependent manner. While a similar study was performed by
Izidoro et al. using a slightly different system (139), we are specifically interested in the pH
dependency of Michaelis-Menten kinetic parameters kcat and Km. We also hypothesized that
the P7 residue, a Glu conserved across DENV-1–4, would likely influence the pKa of the P6
His and thus the pH dependency of kcat and Km. We therefore designed our IQFS to include
P8 to P′4, expanding on the P6–P′4 IQFS used by Izidoro et al. (139).
The pH dependency of 𝐾𝑚 seems to depend on the presence of the P6/P7 His as well as
the identity of the P3 negative residue, in keeping with observations of furin’s own
propeptide maturation (73). Keeping in mind that the pKa of the pyrrole NH of histidine is
generally around 6.0 but is likely shifted due to the neighbouring P5 Arg and P7 Glu
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residues, it seems important that the DENV-4 sequence binds better than DENV-1–3 at pH
7.0 but not as well as DENV-1–3 at pH 6.0 or lower (Figure 2.12A). Since DENV-4 bears a
P6 Arg, the neighbouring positive and negative charges lead to a more neutral surface
potential, and the lack of His removes the pH dependency. In contrast, DENV-1–3 at pH 7.0
have their P6 His deprotonated and have an overall negative surface potential due to the P7
Glu, while at pH 6.0 or lower the His is protonated, neutralizing some of the negative surface
potential and allowing at least one additional H-bond (Figure 2.12A). Catalytic rate is
comparatively unaffected, as 𝑘𝑐𝑎𝑡 does not seem to vary significantly among DENV-1–4 at
any pH, as expected (Figure 2.12B). Interestingly, we found that the 𝐾𝑚 value of the DENV2 sequence was about two-fold higher than for DENV-1, -3, and -4 at pH 7.0 (Figure 2.12A).
Since the DENV-1 and -3 sequences bear a smaller P3 Asp compared to the larger P3 Glu of
DENV-2 and -4, this may be a contributing factor considering the structural features of the
S3 binding pocket and the surrounding negative electrostatic surface potential on furin. The
difference between DENV-2 and DENV-4, therefore, comes down to the deprotonated P6
His versus the positively charged P6 Arg as a way to mitigate the negative P7 Glu residue.
In a biological context, taking 𝐾𝑚 to reflect the affinity of the prM–furin interaction,
these results suggest that DENV-1–3 interact more strongly with furin in the low-pH
environment of the TGN than DENV-4. However, DENV-4 would interact more strongly
with furin than DENV-1–3 in a higher pH setting such as the extracellular compartment;
moreover, in this setting, DENV-2 would interact more weakly than DENV-1 and -3. Based
on this, we hypothesize that furin acts not simply a protease but also as an intracellular
receptor with a role in trafficking these poorly cleaved, strongly bound (low 𝑘𝑐𝑎𝑡 , low 𝐾𝑚 )
viral substrates through the late secretory pathway compartments including the TGN,
endosome, and plasma membrane (46, 71). Specifically, it seems that the His86 pH sensing
switch on DENV-2 and to a lesser extent DENV-1 and -3 allows tight binding to furin in the
acidic environment of the TGN and pH-dependent release upon exposure to the neutral pH of
the extracellular space. In contrast, DENV-4, lacking the pH sensing switch, would be bound
by furin with roughly equal strength in any of these compartments.
Nevertheless, the differences in prM maturation efficiency among the DENV serotypes
that we observed in human hepatoma cells cannot be readily explained by the biochemical
properties and host interactions of the prM cleavage site with furin; indeed, DENV-1 and -3
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share the exact same primary sequence around the prM proteolysis site (P8–P′4) (Figure
2.10) despite widely varying prM maturation efficiency (Figure 2.9). Kinetic analysis of
DENV-based IQFS also shows no significant differences in the bimolecular rate constant
among the serotypes, suggesting that the strong variations in prM maturation efficiency we
observed do not arise directly from the kinetics of the furin-mediated prM proteolysis event
(Figure 2.12C–D). This suggests that additional features of the prM molecule or other
molecular determinants are involved in the PC-mediated activation of DENV-1–4 prM in a
biological setting.
In order to dissect the possible role of PCs with redundant substrate specificity such as
PC7 and/or PC5/6B, and to eliminate the concern of comparing two physiologically distinct
cell lines in the context of DENV infection, we next sought to apply a protein-based PC
inhibitor to DENV-1–4 infection in Huh-7.5.1 cells.
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2.5

Figures and tables

Table 2.1 Proteotypic peptide candidates for DENV-1–4 prM, E, and NS1 synthesized
for MRM development.
The following peptides were synthesized by standard Fmoc chemistry-based peptide
synthesis; successful synthesis was confirmed by MALDI-TOF MS. These crude, unlabelled
peptides were only used for initial MRM development and optimization. To establish each
peptide’s amenability to LC-MS, a small amount was injected and analyzed in MS/MS mode
on the QQQ. The dominant precursor mass-to-charge ratio (Prec. m/z) charge state (Prec.
charge) for each peptide is shown. Prot.: protein. FW: formula weight. Prec.: precursor.
a

: This peptide is proteotypic for DENV-1 and DENV-2 NS1. b: This peptide is proteotypic

for DENV-1, -2, and -4 NS1.

Virus

Prot.

ID

Sequence

DENV-1

NS1

1A10
1A11
1A12a
1A13b
1D3
1E10
1E11
1E12
1E13
1E14
1E15
1E16
1E17
1E18
2A10
2A12
2A13
2D10
2D11
2D2
2E10
2E11
2E12
2E13
2E14
2E15
3A10

IYGGPISQHNYRPGYFTQTAGPWHLGK
IIGADVQNTTFIIDGPNTPECPDNQR
ASFIEVK
LMSAAIK
VETWALR
EKPVNIEAEPPFGESYIVVGAGEK
EVAETQHGTVLVQVK
GMSYVMCTGSFK
DKPTLDIELLK
IPFSSQDEK
IVQYENLK
MFEATAR
GSLITCAK
SWLVHK
NFAGPVSQHNYRPGYHTQTAGPWHLGK
SLQPQPTELK
LTIMTGDIK
IETWILR
CPFLK
SVALVPHVGMGLETR
VVQPENLEYTIVITPHSGEEHAVGNDTGK
NKPTLDFELIETEAK
CPTQGEPSLNEEQDK
EIAETQHGTIVIR
IPFEIMDLEK
ETLVTFK
SLAGPISQHNHRPGYHTQTAGPWHLGK

prM
E

DENV-2

NS1

prM

E

DENV-3

NS1

Length
27
26
7
7
7
24
15
12
11
9
8
7
8
6
27
10
9
7
5
15
29
15
15
13
10
7
27

FW
3046.7
2829.2
793
733.1
874
2560
1637.7
1310.7
1284.7
1050.2
1006.2
825
792.1
768.9
3021.4
1140.3
991.4
930.2
606.8
1565.9
3134.4
1748.1
1674.7
1466.7
1234.6
837
2948.4

Prec.
m/z
610.4
ND
397.4
367.4
437.9
ND
546.9
437.8
429.2
526
504
413.3
396.9
385.4
605.4
571
496.5
465.9
ND
523
628
583.6
838.1
489.8
618
419.4
492.5

Prec.
charge
5
ND
2
2
2
ND
3
3
3
2
2
2
2
2
5
2
2
2
ND
3
5
3
2
3
2
2
6
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Virus

Prot.

ID

Sequence

DENV-3

NS1

3A11
3A12
3A13
3A14
3A3
3E1
3E10
3E11
3E12
3E13
3E14
3E16
3E2
4A10
4A11
4A12
4A13
4A14
4A15
4D10
4D11
4D2
4D3
4E10
4E11
4E12
4E13
4E14
4E15
4E16

IVTAETQNSSFIIDGPSTPECPSASR
EVYTQLCDHR
TLTPQPMELK
ASLIEVK
LTVVVGDITGVLEQGK
TEATQLATLR
EVSETQHGTILIK
NKPTLDIELQK
IPFSTEDGQGK
FQCLESIEGK
ELLVTFK
GSLVTCAK
LITANPVVTK
NSTFLIDGPDTSECPNER
LASAILNAHEDGVCGIR
AYAGPFSQHNYR
NQTWQIEK
ALAPPVNDLK
IFTPEAK
DGEPLMIVAR
GRPLLFK
SVALTPHSGMGLETR
VESWILR
TYCIEASISNITTATR
LPDYGELTLDCEPR
EEQDQQYICR
CPTQGEPYLK
MLESTYR
TWLVHK
VPIEIR

E

DENV-4

NS1

prM

E

Length
26
10
10
7
16
10
13
11
11
10
7
8
10
18
17
12
8
10
7
10
7
15
7
16
14
10
10
7
6
6

FW
2708.1
1263.3
1157.4
759
1628
1103.3
1454.7
1298.6
1178.4
1153.4
849.1
778
1055.3
1995.2
1739.2
1410.6
1046.1
1037.3
805
1100.4
830.2
1555.9
902.1
1744.1
1620.9
1311.3
1135.3
899.1
782.9
725.9

Prec.
m/z
ND
422.1
579.5
380.4
ND
552.5
485.9
433.8
590
577.5
425.3
389.9
528.5
666
ND
471.2
524
519.5
403.4
550.9
415.9
519.6
451.9
582.1
ND
656.5
568.5
450.4
392.4
363.9

Prec.
charge
ND
3
2
2
ND
2
3
3
2
2
2
2
2
3
ND
3
2
2
2
2
2
3
2
3
ND
2
2
2
2
2
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Table 2.2 Estimated MRM assay parameters LOD and LOQ.
Sequences of all proteotypic peptides used in this work are shown; all bear free amine (NNH2) N-termini except for the N-Ac peptides noted below. On-column estimated (Est’d)
LOD and LOQ values for each N-NH2 peptide were determined by construction of response
curves and RF plots (Figures A.2.1–A.2.24), using a pan-serotypic method (Table A.1.1) to
analyze mock serum samples spiked with SIS peptides. In the case of N-Ac peptides, singleserotype methods (Tables A.1.2–A.1.5) were used rather than the pan-serotypic method. ND
denotes peptides for which on-column LOD or LOQ could not be determined; * denotes
oxidized residues (methionine sulfoxide); † denotes covalently modified residues
(carbamidomethyl cysteine). a: This peptide is proteotypic for DENV-1 and -2. b: This
peptide is proteotypic for DENV-1, -2, and -4.

Virus

Protein Peptide

Sequence

DENV-1

prM

SVALAPHVGLGLETR
Ac-SVALAPHVGLGLETR
TEVTNPAVLR
LITANPIVTDK
ASFIEVK
LMSAAIK
LM*SAAIK
SVALVPHVGMGLETR
SVALVPHVGM*GLETR
Ac-SVALVPHVGMGLETR
Ac-SVALVPHVGM*GLETR
LITVNPIVTEK
EIAETQHGTIVIR
NFAGPVSQHNYRPGYHTQTAGPWHLGK
SLQPQPTELK
LTIMTGDIK
LTIM*TGDIK
SVALAPHVGMGLDTR
SVALAPHVGM*GLDTR
Ac-SVALAPHVGMGLDTR
Ac-SVALAPHVGM*GLDTR
TEATQLATLR
IPFSTEDGQGK

E
NS1

DENV-2

prM

E
NS1

DENV-3

prM

E

1D2
1AcD2
1E1
1E2
1A12a
1A13rb
1A13ob
2D2r
2D2o
2AcD2r
2AcD2o
2E2
2E13
2A10
2A12
2A13r
2A13o
3D2r
3D2o
3AcD2r
3AcD2o
3E1
3E12

Est’d
LOD
(fmol)
<0.1
<0.5
<0.5
<0.5
<0.5
<0.8
ND
<0.5
5
<0.5
0.1
<0.5
ND
ND
ND
ND
ND
0.16
1
0.5
0.5
0.5
ND

Est’d
LOQ
(fmol)
2
2
5
2
1
10
ND
10
50
2
2
2
ND
ND
ND
ND
ND
1
20
2
15
2
ND
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Virus

Protein Peptide

Sequence

DENV-3

NS1

DENV-4

prM

TLTPQPMELK
TLTPQPM*ELK
ASLIEVK
SVALTPHSGMGLETR
SVALTPHSGM*GLETR
Ac-SVALTPHSGMGLETR
Ac-SVALTPHSGM*GLETR
EEQDQQYIC†R
MLESTYR
M*LESTYR
ALAPPVNDLK
IFTPEAK

E

NS1

3A13r
3A13o
3A14
4D2r
4D2o
4AcD2r
4AcD2o
4E12
4E14r
4E14o
4A14
4A15

Est’d
LOD
(fmol)
ND
ND
0.8
0.8
ND
0.1
0.5
ND
ND
ND
0.8
<0.16

Est’d
LOQ
(fmol)
ND
ND
2
1
ND
3
10
ND
ND
ND
1
2
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Figure 2.1 Overview of MRM-MS method development.
(A) Approximate locations of proteotypic peptides described in this study within the context
of the DENV proteome. Peptide 1D2, 2D2, 3D2, and 4D2 are all located at the extreme Nterminus of M, immediately following the consensus furin cleavage site. NTAc forms of
these peptides (1AcD2, 2AcD2, 3AcD2, and 4AcD2 respectively) were used for NTAcMRM. (B) Schematic of MRM-MS development and application. An in silico trypsin digest
was performed on the DENV-1–4 NS1, prM, and E sequences. From the list of 283
hypothetical tryptic peptides, 59 were selected as candidates based on a number of wellestablished criteria (34). Crude, unlabelled versions were then synthesized, and MRM
methods were created and optimized. We then used these peptides to analyze supernatants
from Huh-7.5.1 and LoVo cell cultures infected with DENV-1, -2, -3, or -4, validating and
confirming the detection of 21 peptides derived from NS1, E, and prM.
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A

B

Figure 2.2 Elution profiles for DENV-1 and DENV-2 proteotypic peptides.
A cocktail of 50 fmol/µL of each of the 13 heavy (SIS) peptides was injected and analyzed
by the pan-serotypic MRM-MS method. Resulting EIC for (A) DENV-1 peptides and (B)
DENV-2 peptides are shown. Only the strongest transition is depicted.
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A

B

Figure 2.3 Elution profiles for DENV-3 and DENV-4 proteotypic peptides.
A cocktail of 50 fmol/µL of each of the 13 heavy (SIS) peptides was injected and analyzed
by the pan-serotypic MRM-MS method. Resulting EIC for (A) DENV-3 peptides and (B)
DENV-4 peptides are shown. Only the strongest transition is depicted.
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Figure 2.4 Overview of NTAc-MRM methodological approach.
In a DENV-infected sample, some prM will have been cleaved by host proteases, exposing
the N-terminus of M (red), while some prM will remain uncleaved (brown). NTAc labelling
adds covalent acetyl moieties to all exposed N-termini. Trypsinization will then cleave all pr–
M junctions that have not already been cut. Thus, mature M can be differentiated from
immature prM by means of the N-Ac label, and can be differentially quantified by MRMMS.
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A

DENV-1 M & prM

B

DENV-1 E

C

DENV-1 NS1

D

DENV-1 M/(prM+M)

Percent
maturation
Huh-7.5.1
MOI 0.1
LoVo
MOI 0.1

≥95 ± 20%
≥85 ± 17%

Figure 2.5 NTAc-MRM analysis of DENV-1 reveals a furin-dependent effect on viral
protein secretion levels but not on maturation.
Huh-7.5.1 cells or furin-deficient LoVo cells were infected with DENV-1 at MOI 0.1 for 96
h. Media was then collected and analyzed by NTAc-MRM. (A) Concentrations in media of
prM- and M-derived proteotypic peptides 1D2 and 1AcD2 respectively. (B) Concentration in
media of E-derived proteotypic peptide 1E1. (C) Concentration in media of NS1-derived
proteotypic peptide 1A12. (D) Overall maturation efficiency (i.e. the proportion of cleaved M
within the total amount of uncleaved prM plus cleaved M) among the two independent
experiments. Concentrations in fmol/µL are annotated above bars; values below the assay
LOQ are marked as ‘<LOQ’. One representative of two independent experiments is shown;
error bars represent SD among 2–3 replicate injections.
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A

DENV-2 M & prM

C

DENV-2 M/(prM+M)

B

DENV-2 E

Percent
maturation
Huh-7.5.1
MOI 0.1
LoVo
MOI 0.1

56 ± 3%
≤24 ± 4%

Figure 2.6 NTAc-MRM analysis of DENV-2 confirms a furin-dependent effect on
maturation independent of structural viral protein secretion levels.
Huh-7.5.1 cells or furin-deficient LoVo cells were infected with DENV-2 at MOI 0.1 for 96
h. Media was then collected and analyzed by NTAc-MRM. (A) Concentrations in media of
prM- and M-derived proteotypic peptides 2D2r and 2AcD2r respectively. (B) Concentration
in media of E-derived proteotypic peptide 2E2. (C) Overall maturation efficiency (i.e. the
proportion of cleaved M within the total amount of uncleaved prM plus cleaved M) among
the two independent experiments. Concentrations in fmol/µL are annotated above bars;
values below the assay LOQ are marked as ‘<LOQ’. One representative of two independent
experiments is shown; error bars represent SD among 2–3 replicate injections.
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A

DENV-3 M & prM

B

DENV-3 E

C

DENV-3 NS1

D

DENV-3 M/(prM+M)

Percent
maturation
Huh-7.5.1
MOI 0.1
LoVo
MOI 0.1

60 ± 8%
≤35 ± 2%

Figure 2.7 NTAc-MRM analysis of DENV-3 reveals a furin-dependent effect on
maturation and viral protein secretion levels.
Huh-7.5.1 cells or furin-deficient LoVo cells were infected with DENV-3 at MOI 0.1 for 96
h. Media was then collected and analyzed by NTAc-MRM. (A) Concentrations in media of
prM- and M-derived proteotypic peptides 3D2r and 3AcD2r respectively. (B) Concentration
in media of E-derived proteotypic peptide 3E1. (C) Concentration in media of NS1-derived
proteotypic peptide 3A14. (D) Overall maturation efficiency (i.e. the proportion of cleaved M
within the total amount of uncleaved prM plus cleaved M) among the two independent
experiments. Concentrations in fmol/µL are annotated above bars; values below the assay
LOQ are marked as ‘<LOQ’. One representative of two independent experiments is shown;
error bars represent SD among 2–3 replicate injections.
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A

DENV-4 M & prM

B

DENV-4 M/(prM+M)
Percent
maturation
Huh-7.5.1
MOI 0.1
LoVo
MOI 0.1

C

25 ± 4%
≤52 ± 2%

DENV-4 NS1

Figure 2.8 NTAc-MRM analysis of DENV-4 reveals a furin-dependent effect on viral
protein secretion levels.
Huh-7.5.1 cells or furin-deficient LoVo cells were infected with DENV-4 at MOI 0.1 for 96
h. Media was then collected and analyzed by NTAc-MRM. (A) Concentrations in media of
prM- and M-derived proteotypic peptides 4D2r and 4AcD2r respectively. (B) Overall
maturation efficiency (i.e. the proportion of cleaved M within the total amount of uncleaved
prM plus cleaved M) among the two independent experiments. (C) Concentration in media of
NS1-derived proteotypic peptide 4A14. Concentrations in fmol/µL are annotated above bars;
values below the assay LOQ are marked as ‘<LOQ’. One representative of two independent
experiments is shown; error bars represent SD among 2–3 replicate injections.
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Figure 2.9 DENV prM maturation levels show serotype-specific differences in Huh7.5.1 and furin-deficient LoVo cells.
Overall maturation efficiency (i.e. the proportion of cleaved M within the total amount of
uncleaved prM plus cleaved M) among the two independent experiments for each DENV
serotype. Where sub-LOQ values alter the interpretation of percentage maturation values, ‘>’
denotes values representing the lower limit of maturation, and ‘<’ denotes values
representing the upper limit of maturation. One representative of two independent
experiments is shown; error bars represent SD among 2–3 replicates.
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Table 2.3 Viral protein secretion is universally reduced in furin-deficient LoVo cells
compared to Huh-7.5.1 cells.
Percent decrease in extracellular viral protein levels derived from DENV-infected LoVo cells
compared to Huh-7.5.1 cells. One representative of two independent experiments is shown;
error values represent SD among 2–3 replicates. Where sub-LOQ values were obtained for
the concentrations of E, NS1, or either prM or M, a range is indicated. ND: no data.

Percent decrease in LoVo cells compared to Huh-7.5.1 cells
Viral protein

DENV-1

DENV-2

DENV-3

DENV-4

M+prM

64–68 ± 23%

54–81 ± 10%

71–92 ± 11%

83 ± 15%

E

72 ± 10%

17 ± 6%

38–100 ± 7%

ND

NS1

70 ± 18%

ND

82 ± 17%

79–100 ± 3%
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P7
P6

A
DENV-1
DENV-2
DENV-3
DENV-4
WNV

P3

↓

* *.*** ****. **:**:******.** *:**:**::**
NATETWVTYGTCSQTGEHRRDKRSVALAPHVGLGLETRTETW
NSTSTWVTYGTCTTMGEHRREKRSVALVPHVGMGLETRTETW
NLTSTWVTYGTCNQAGEHRRDKRSVALAPHVGMGLDTRTQTW
NLTSTWVMYGTCTQSGERRREKRSVALTPHSGMGLETRAETW
TKSAVYVRYGRCTKTRHSRRSRRSLTVQTHGESTLANKKGAW
70........80........90.......100.......110

B
ID

Sequence

WNV

Abz-RHSRRSRR-SLT-Tyr(3-NO2)-Val

DENV-1/3

Abz-GEHRRDKR-SVA-Tyr(3-NO2)-Leu

DENV-2

Abz-GEHRREKR-SVA-Tyr(3-NO2)-Leu

DENV-4

Abz-GERRREKR-SVA-Tyr(3-NO2)-Leu

Figure 2.10 Sequences of DENV-1–4 prM and the IQFS designed in this study.
(A) Partial primary amino acid sequence of prM in the four DENV serotypes and WNV. The
furin cleavage site is indicated by the downwards arrow. A histidine residue, conserved
across DENV-1, -2, -3, and WNV, is located in the P6 or P7 position relative to this site;
however, it is absent in DENV-4. Unusual P3 and P7 acidic residues are also conserved
across all DENV serotypes. (B) IQFS peptide design. The peptides span the P8 to P′4
positions of the cleavage site, with an N-terminal fluorophore (2-aminobenzoic acid, Abz)
and a quencher near the C-terminus (3-nitrotyrosine). P7, P6, and P3 residues are
highlighted.

76

A (pH 6.0)

B (pH 7.0)

C (pH 6.0)
Substrate

Km (µM)

WNV
DENV-1/3
DENV-2
DENV-4

8.1 ± 0.7
42 ± 2
40 ± 4
24 ± 1

vmax
(RFU/min)
76 ± 2
23.2 ± 0.8
19.6 ± 0.7
24 ± 2

D (pH 7.0)

Substrate

Km (µM)

WNV
DENV-1/3
DENV-2
DENV-4

14 ± 1
9±1
7.5 ± 0.8
11 ± 2

vmax
(RFU/min)
104 ± 2
65 ± 2
69 ± 3
61 ± 2

Figure 2.11 DENV-based IQFS are cleaved by furin at a slower rate than WNV-IQFS.
(A–B) Initial rate (𝑣0 ) values were fit to the Michaelis-Menten equation [𝑣0 =

𝑣𝑚𝑎𝑥 𝑆
𝐾𝑚 +𝑆

].

Representative M-M curves for WNV and DENV IQFS at (A) pH 6.0 and (B) pH 7.0 were
plotted. One representative of two independent experiments composed of triplicate wells is
shown; error bars represent SD. (C–D) Kinetic parameters 𝐾𝑚 and 𝑣𝑚𝑎𝑥 , derived from assays
performed at (C) pH 6.0 and (D) pH 7.0 are shown, averaged over two independent
experiments; error values represent SEM.
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A

B

C

D
Bimolecular rate constant kcat/Km
(min–1µM–1)
pH

DENV-1/3

DENV-2 DENV-4

7.0

1.2 ± 0.2

0.8 ± 0.2 1.23 ± 0.06

6.5

1.26 ± 0.06

0.9 ± 0.2 0.8 ± 0.1

6.0

1.0 ± 0.4

0.9 ± 0.1 0.7 ± 0.2

5.5

0.9 ± 0.1

0.7 ± 0.2 0.6 ± 0.1
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Figure 2.12 The protonation state of the P6 His affects the Michaelis-Menten (M-M)
kinetic parameters of DENV IQFS.
About 173 nM of furin was incubated with 5–100 µM IQFS in assay buffer at the indicated
pH for 1 hour at 37°C. Fluorescence readouts were corrected for IFE; slopes were then
calculated over the initial linear portion (8–20 min), averaged across triplicates, and corrected
against substrate-only triplicate averaged slopes to correct for background decay. Resulting
initial velocities (𝑣0 ) were fit to the M-M equation (𝑣0 =

𝑣𝑚𝑎𝑥 [𝑆]
𝐾𝑚 +[𝑆]

). Plots show (A) the M-M

constant 𝐾𝑚 , (B) rate constant 𝑘𝑐𝑎𝑡 , and (C, D) bimolecular rate constant

𝑘𝑐𝑎𝑡
𝐾𝑚

. In total, 36 M-

M plots were generated, composed of DENV-1/3, DENV-2, and DENV-4 IQFS at pH 5.5,
6.0, 6.5, and 7.0, each tested in three independent experiments performed in triplicate. Error
bars represent SD.
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Chapter 3: Inhibition of furin-like proteases by engineered Spn4A variants
differentially modulates DENV-1–4 infection and maturation in a serotypespecific manner
3.1

Introduction
Given the limitations associated with studying the proteolytic maturation of DENV-1–4

prM in furin-deficient LoVo cells, we sought an approach whereby the enzymatic activity of
furin-like proteases with overlapping or redundant specificity could be collectively
modulated. Importantly, this modulation needed to be accomplished in an ongoing manner in
the context of a multi-day viral infection. To accomplish this, we used the expression of
serpin proteins (serine protease inhibitors) through an adenoviral vector to inhibit furin-like
protease activity and modulate DENV-associated prM maturation and the viral lifecycle.
3.1.1

The biology of serpins
Serpins constitute one of the largest and most versatile groups of protease inhibitors,

representing 2–10% of circulating plasma proteins in humans (193). Found across the animal,
plant, and prokaryotic kingdoms as well as in viruses, serpins are an ancient and diverse
superfamily of proteins that regulate a wide spectrum of other proteins involved in many
important biological functions. One of their most important roles is the direct control of
proteolytic cascades by protease inhibition. While serpins were initially characterized for
their serine protease-directed inhibitory activity, the superfamily has grown to include
inhibitors of other protease types as well as non-inhibitory serpins (194, 195).
Serpin-mediated protease inhibition is accomplished by a unique suicide mechanism
during which the serpin acts as a pseudosubstrate (92, 196, 197). First, the target protease
recognizes and binds to the bait, which is a consensus cleavage sequence specific for the
target that is presented within the highly accessible reactive site loop (RSL) of the serpin
(Figure 3.1A). This bait sequence determines the selectivity of the serpin; engineering serpins
by swapping one bait sequence for another is sufficient to completely retarget the inhibitory
activity of the serpin (196–198). An example of this is seen in the archetypal serpin α1antitrypsin (AT). The RSL of α1-AT targets enzymes such as elastase, with secretory
pathway trafficking directed by its N-terminal signal peptide and a P4–P1 bait sequence of (–
A–I–P–M–↓) (199). A naturally occurring rare variant, α1-AT Pittsburgh (α1-PIT), bears a
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single mutation wherein the P1 residue is changed from Met to Arg. This switches the
inhibitory activity of the serpin from elastase to thrombin and other plasma proteolytic
enzymes including factor XIa, kallikrein, and factor XIIf, resulting in potent anticoagulant
activity and heritable coagulation abnormalities (200, 201). This highlights the key role
played by the RSL in determining the inhibitory selectivity and efficacy of the serpin.
Following recognition and binding of the bait, proteolysis occurs during which a
covalent intermediate forms between the P1 residue of the serpin and the catalytic serine of
the target serine protease. Ordinarily, this is would be followed by deacylation and release of
the cleaved product (202, 203); however, for inhibitory serpins, a major conformational
change rapidly occurs upon formation of this intermediate. Before it can be released, the P
side of the cleaved RSL, along with its bound target, are translocated over 70 Å along the
length of the serpin in a ‘mousetrap’-like action, deforming the target and resulting in a
kinetically trapped serpin-enzyme complex (SEC) that is heat-stable and SDS-stable (194,
195, 197, 202, 204).
This inhibitory mechanism is driven by the highly conserved metastable native fold of
the serpin, conserved across millions of years of evolution (193, 194). Specifically, there are
two β-strands found within β-sheet A oriented in parallel, resulting in an energetically
unfavourable and unstable interaction (196, 202, 204, 205). Cleavage at the RSL allows the
rapid intercalation of the P side of the RSL into β-sheet A, resulting in an energetically
favourable, thermodynamically stable antiparallel β-sheet organization (204). This dramatic
conformational change is facilitated by the ‘hinge’ of the serpin, a region just upstream of the
RSL whose crucial feature is the small, uncharged residue located in the P14 position relative
to the scissile bond (203) (Figure 3.1A). Mutation of the P14 residue to a charged amino acid
has been shown to render the serpin plasminogen activator inhibitor 1 (PAI-1) non-inhibitory
(203). It is thought that this substitution slows the rate of the conformational change
sufficiently to allow the target protease to deacylate and escape before it is trapped. Another
non-inhibitory serpin, maspin, bears larger side chains in its hinge region than are found in
inhibitory serpins, ensuring the insertion site within β-sheet A is kept in a closed
conformation. As a result, no proteases have been found to be directly inhibited by maspin,
and its biological activity instead relates to tumour suppression through adhesion to
extracellular matrices, inhibition of cancer cell invasion, and inhibition of angiogenesis, some
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of which depend on structural properties of the RSL (206). This further underlines the key
structural role played by the hinge region in the serpin inhibitory mechanism.
3.1.2

Serpin-mediated furin inhibition
The concept of serpin-mediated inhibition of human furin was first demonstrated with

α1-AT Portland (α1-PDX), a modified version of α1-AT. The variant α1-PDX was created by
substituting the P4 and P1 residues of the α1-AT bait sequence with Arg, creating a minimum
consensus furin cleavage sequence (–R–I–P–R–↓) that switched the serpin’s specificity from
elastase to furin (63). Its inhibitory activity was found to be restricted to only furin (Ki = 0.6
nM) and PC5/6B (Ki = 2.3 nM), with no inhibition of other PC family members in vitro
(169). A wide range of pathogen-associated furin-mediated proteolysis events have been
shown to be inhibited by α1-PDX, including bacterial protoxins as well as viral glycoproteins
such as HIV-1 gp160 (63) and human cytomegalovirus (HCMV) pro-gB (90).
The use of α1-PDX was largely superseded by a novel naturally occurring serpin that
was later discovered from an unexpected source. Initially characterized as the most potent
known inhibitor of human furin (Ki = 13 pM) (91), the Drosophila melanogaster serpin 4A
(Spn4A) bears a bait sequence of (–R–R–K–R–↓) in the P4–P1 positions of its RSL (Figure
3.1A), forming an ideal pseudosubstrate for furin. This serpin is one of eight isoforms
encoded by the Spn4 gene, which encodes four variants with an N-terminal signal peptide
directing the serpin to the secretory pathway (Spn4A–D) and four lacking it (Spn4E–H). The
four variants within each set bear RSLs with distinct specificities encoded by four separate
exon cassettes through alternative splicing (207, 208).
In addition to furin, Spn4A has been shown to inhibit other PCs with similar substrate
specificity, including human PC5/6A, PC5/6B, PACE4, and PC7 (209), as well as its
probable natural target, D. melanogaster PC2 (91). Along with an N-terminal signal peptide
that directs its translocation to the ER, Spn4A has a KDEL-like sequence at its C-terminus,
HDEL, that is thought to lead to its intracellular retention within the ER/ERGIC (91, 210).
Our team has previously demonstrated the ability of Spn4A to inhibit the furin-mediated
processing of viral substrates including HIV gp160 (88).
3.1.3

Application of Spn4A to investigate the role of furin in the DENV lifecycle
To investigate the potential role of furin and furin-like proteases, including PC5/6B and

PC7, in the proteolytic maturation of DENV-1–4, we employed adenovirus (Ad)-encoded
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engineered Spn4A variants to modulate the activity of furin-like proteases in cell culture in a
system we have previously described (198, 211). We chose this approach as an alternative to
experimentation in LoVo cells, since we found that the latter were not highly permissive to
DENV infection, exhibited significant CPE over long time courses of infection, and were
difficult to compare with our baseline Huh-7.5.1 cells. Moreover, LoVo human colorectal
adenocarcinoma cells do not represent a physiologically relevant site of DENV infection
while Huh-7.5.1 human hepatoma cells do (134, 212, 213).
We also chose this approach over the use of exogenous inhibitors to modulate furinlike protease activity since applications of these inhibitors have considerable drawbacks in
the context of viral infection. While chloromethylketone (CMK) derivatives of an RVKR
consensus sequence are useful (as described in Ch. 2), their specificity is poor and they are
toxic at high doses (81). Poly-arginine-based inhibitors are more effective, but difficulties in
cell penetration and delivery of these highly cationic peptides to the target compartments of
the secretory pathway are formidable (81). Such small molecule-based inhibitors are also of
limited utility in the context of viral infection since they are subject to metabolic degradation
and can be rapidly turned over by the host cell, necessitating the addition of the inhibitor to
virally infected cell culture at regular and frequent intervals over the course of infection.
Unlike exogenous small molecule-based furin inhibitors, the use of adenovirusencoded Spn4A allows highly effective inhibition of furin-like proteases over the time course
of DENV infection through continuous endogenous expression of secretory pathway-directed
Spn4A. Moreover, several Spn4A variant constructs previously created by our team were
available, providing a molecular toolkit for obtaining more detailed biological information
(Figure 3.1B) (198, 211). Comparison of compartment-specific inhibitory activity in the
ER/ERGIC versus inhibition through the full secretory pathway is possible through use of
two Spn4A variants: the wildtype C-terminal HDEL-bearing Spn4A (Spn4A retained,
Spn4A-R), and a variant wherein the HDEL motif is truncated (Spn4A secreted, Spn4A-S).
The differential trafficking of these two Spn4A variants allows differential measurement of
the role of furin and furin-like proteases in cleaving DENV prM in the early versus the late
constitutive secretory pathway (45). Non-inhibitory variants of these serpins, where the P14
Thr328 residue is mutated to Asp, can also be used, both in retained (Spn4A-T328D-R) and
secreted (Spn4A-T328D-S) forms. We have previously demonstrated that Spn4A-T328D
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variants show no inhibitory activity towards their target proteases (198, 211), and thus they
provide a very effective control for the inhibitory activity of Spn4A by allowing the same
protein to be expressed by the same vector under the same conditions, differing only in a
single residue so as to partition the serpin entirely to the substrate rather than to the inhibitory
enzymological pathway (211).
It is important to note that, while it might expected that ER-retained Spn4A-R would
not effectively inhibit furin since the enzymatic activity of the latter is commonly accepted to
be restricted to the TGN and later compartments (45, 48), in at least two examples, furin
activity has been found in the early secretory pathway. A study by Steiner and colleagues
provided experimental evidence that misfolded mutant insulin proreceptors (Pro62 IR) that
are constitutively ER-retained could be cleaved by furin at a consensus (–R–K–R–R–↓)
cleavage site, yielding two cleavage products that were not found in a furin-deficient cell line
and that bore immature carbohydrates characteristic of the ER or cis-Golgi (60). The authors
suggested that this unexpected result could arise in two ways. First, the presence of misfolded
protein could have triggered the redistribution of furin from the late to the early secretory
compartments by a recycling pathway. Second, the protein could have been cleaved if the
protein was able to displace furin’s inhibitory prosegment from its active site; this
prosegment, even after cleavage, is known to remain associated with furin until its
autocatalytic removal in the TGN (60).
Another study by Seidah and colleagues reported that a construct containing the PC1
inhibitory prosegment fused to a C-terminal secretory granule sorting domain (proCT) could
be cleaved in the ER, a result supported when the authors added a C-terminal KDEL ER
retention signal to the construct and found that it could still be cleaved, both by furin and by
PC7 (214). The authors similarly proposed that while most PC substrates are processed in the
TGN or downstream secretory pathway, in some cases, substrates for which furin has a very
high affinity could outcompete and displace furin’s inhibitory prosegment in compartments
upstream of where the prosegment would normally dissociate (214).
Moreover, it bears reiterating that the evidence supporting the TGN as the specific
compartment in which DENV prM cleavage takes places is scant. Indeed, no direct
experimental evidence has been published reporting that prM cleavage occurs exclusively in
the TGN for DENV. This conclusion has instead been reached by a combination of analogy
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with TBEV (215); the pH-induced conformational changes in the prM–E complex needed to
expose the prM cleavage site, cross-referenced with the pH of constitutive secretory pathway
compartments in healthy cells (101, 109, 133); and the fact that furin’s enzymatic activity is
well known to be active only in the TGN and downstream compartments (46, 74, 182). Basic
questions, such as the subcellular localization and trafficking of furin, the progression of
furin’s own autocatalytic activation, the compartments in which it is enzymatically active,
and even the intra-compartmental pH of the secretory pathway, remain unanswered in the
context of DENV-infected cells. Considering the well-established and dramatic
rearrangements of compartments and organelles that are triggered during flaviviral infection
(105–107, 216, 217), it seems unlikely that the answers to these questions for uninfected cells
would be directly transferable to virally infected cells.
Here, we infected Huh-7.5.1 human hepatoma cells with Ad-Spn4A variants, allowing
Spn4A expression to get underway before infecting with DENV-1–4. We sought to
characterize the effect of Spn4A-mediated inhibition of furin and furin-like PCs on the
fusogenicity of DENV-1–4 progeny, through quantifying both the infectivity of nascent
virions as well as prM proteolytic maturation. Importantly, in light of the discussion above,
we hypothesized that both Spn4A-S and Spn4A-R would have an effect on DENV-associated
prM maturation. We hypothesized that this effect would differ only in magnitude since
Spn4A-S would bind and inhibit furin-like enzymes throughout the entire secretory pathway
while Spn4A-R would only do so in the ER/ERGIC, where it is retained by its C-terminal
HDEL motif. The negative controls for these serpins are their T328D hinge mutant forms,
which do not exhibit any inhibitory activity towards furin-like enzymes (198, 211), and were
hypothesized to have no effect on the DENV lifecycle.
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3.2
3.2.1

Materials and methods
Cell culture
Huh-7.5.1, HEK-293-C4, and Vero cells were cultured and maintained as described in

section 2.2.
3.2.2

Adenoviral infection
Cells were cultured to 90% confluence in 6- or 12-well plates. After the culture

medium was removed, the cells were washed with PBS, and fresh culture medium (including
FBS) containing adenovirus was added. Titres of all viruses used in this study are presented
in Table B.1.1. Infected cells were maintained in culture for 24 h (all figures except Figure
3.2A) or 48 h (Figure 3.2A) at 37 °C with 5% CO2, following which dengue viral infection,
where applicable, was performed as described below.
3.2.3

Dengue viral infection
Culture medium on adenovirus-infected cells was removed; cells were washed with

PBS, and fresh culture medium (including FBS) containing DENV-1, DENV-2, DENV-3, or
DENV-4 was added to the cells. DENV strains were identical to those presented in Section
2.2.4; titres are presented in Table B.1.1. Infected cells were maintained for 4 days at 37 °C
with 5% CO2, after which the medium was collected and clarified. Samples were aliquoted
and stored at –86 °C; portions destined for LC-MS analysis were rendered non-infectious by
heat inactivation (99 °C for 10 min) (159) before being processed immediately as described
in Sections 2.2.6–2.2.11.
3.2.4

Western blotting
Western blot analysis was performed as described previously (198). Briefly, infectious

cell samples were centrifuged for 15 min at 12000 g and the supernatant was aspirated. The
cell pellets were resuspended in 100 μL radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris-HCl pH 8, 150 mM NaCl, 1% octylphenyl-polyethylene glycol [IGEPAL], 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS] containing 1× complete EDTAfree protease inhibitor cocktail [Roche]). Whole cell extracts were vortexed for 1 min before
being clarified by centrifugation (15 min, 12000 g). All samples were mixed with 2×
Laemmli SDS sample buffer (62.5 mM Tris-HCl pH 6.8, 25% glycerol, 2% SDS, 0.01%
bromophenol blue, and 5% β-mercaptoethanol). The samples were denatured by heating at 95
°C for 5 min and then analyzed by SDS-PAGE, with electrophoresis performed on 8–15%
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polyacrylamide gels at 90–130 V. Proteins were transferred to a nitrocellulose blotting
membrane (Pall) using a BioRad Trans-Blot Semi-Dry Transfer instrument for 45 min at 25
V. Membranes were first blocked with Odyssey blocking buffer (LI-COR) before probing for
proteins of interest. Membranes were probed using a rabbit polyclonal anti-FLAG antibody
(1:1000; Sigma #F1804 or Thermo #PA1-984B) to detect FLAG-tagged furin and Spn4A, as
well as a mouse monoclonal anti-Hsp47 antibody (1:1000; Stressgen/Enzo #SPA-470) for a
loading control. Hsp47 was selected as a loading control since it is an ER-retained (RDEL
label) serpin like Spn4A-R, with a molecular weight (47 kDa) near that of Spn4A (45 kDa)
(211). Proteins were visualized by probing with fluorescently labelled secondary antibodies,
composed of IRDye 680 donkey anti-mouse (1:20000; LI-COR #B71025-01) and IRDye 800
donkey anti-rabbit (1:20000; LI-COR #B80731-02), followed by scanning on the Odyssey
imaging system (LI-COR) as described previously (198, 218).
3.2.5

RNA isolation and cDNA synthesis
Total RNA was isolated using TRIzol (Thermo) according to the manufacturer’s

instructions as previously described (65). Infected cells were lysed and homogenized with 0.5
mL TRIzol reagent (Thermo) on ice, after which the samples were incubated for 5 min at
room temperature to allow complete dissociation of the nucleoprotein complex. Then 0.1 mL
of chloroform was added, the tubes were vigorously shaken for 15 s by hand, and then
incubated for 3 min at room temperature. The samples were centrifuged at 12000 g for 15
min at 4 °C. The upper aqueous phase containing RNA was removed and placed in a new
tube. Next, 0.25 mL of 100% isopropanol was added to the aqueous phase and incubated for
10 min at room temperature, after which the samples were again centrifuged at 12000 g for
10 min at 4 °C. The supernatant was removed and the pellet was washed with 0.5 mL 75%
ethanol; samples were vortexed briefly and then centrifuged at 7500 g for 5 min at 4 °C. The
supernatant was discarded and the pellet was air dried for 10 min. The pellet was then
resuspended in 20 μL RNase-free water. The samples were heated to 55 °C for 10 min and
the amount of RNA was measured with a NanoDrop spectrophotometer. The isolated RNA
was stored at –86 °C until further use.
The Applied Biosystems High Capacity RNA-to-cDNA Kit (#4387406) was used for
cDNA synthesis as previously described (218). Briefly, thawed RNA samples were diluted
with RNase-free water to a total amount of RNA of 500 ng in 10 μL. The same volume of
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prepared master mix (per reaction: 0.8 μL dNTP mix, 1 μL reverse transcriptase, 2 μL 10×
RT buffer, 0.5 μL RNase inhibitor, 2 μL 10× RT random primers, and 3.7 μL RNase-free
water) was added to the RNA samples. The samples were then subjected to a thermocycler
(Eppendorf Mastercycler) gradient, running at 25 °C for 10 min, then 37 °C for 120 min, then
85 °C for 5 min. When complete, the reaction was cooled to 4 °C. The resulting cDNA was
stored at –20 °C until further use.
3.2.6

qRT-PCR
The Stratagene Brilliant III Ultra-Fast QPCR Master Mix (Agilent #600880) was used

for qPCR according to the manufacturer’s directions. Briefly, the thawed cDNA samples
were diluted 1:5 with RNase-free water. To 15 μL of prepared master mix (per reaction: 0.2
μM Roche Probe (10 μM), 0.4 μM forward and reverse primer, β-actin probe (0.15 μM) and
primer (0.3 μM), and 2× Brilliant III Master Mix), 5 μL of cDNA was added. Primer
sequences for DENV-1–4 are shown in Table B.1.2. An Mx3005P real-time PCR system
(Stratagene) was used to quantify the synthesized amount of RNA. The thermocycle program
was run one time at 95 °C for 3 min, then 40 times at 95 °C for 20 s followed by 60 °C for 20
s. Readouts were normalized to β-actin and all results were analyzed by the 2–ΔΔCt method.
Mean fold changes in expression of DENV-1–4 vRNA for Ad-Spn4A-S-infected samples are
shown relative to Ad-Spn4A-T328D-S-infected samples.
3.2.7

Plaque assay
Plaque assays in Vero E6 cells were performed as previously described (218). Briefly,

confluent monolayers of Vero E6 cells were inoculated with serially diluted DENV-infected
cell culture supernatant. Plates were incubated at 37 °C with 5% CO2 for 90 min, with gentle
rocking every 15 min to allow the virus to spread evenly. The inoculum was then removed,
and an overlay of 1:1 of 2× growth medium (composed of MEM supplemented with 1%
NEAA, 1% sodium pyruvate, and 2% FBS) and agar (DENV-2: 1% agar; DENV-1/3 1.5%
agar; DENV-4: 2% agar) at 42 °C was added to each well. The overlay was allowed to
solidify at room temperature for 15 min; plates were then incubated at 37 °C with 5% CO2
for 5 days. Fixing buffer, composed 3.7% formaldehyde in PBS, was then added to each well
and incubated for 1 h at room temperature. The overlay was then removed and the fixed cells
were washed with water before applying crystal violet solution (composed of 20% methanol
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and 1% crystal violet). After incubating for 5 min at room temperature, the stain solution was
removed and plates were washed before counting plaques.
3.2.8

NTAc-MRM analysis

Samples were prepared, run, and analyzed as described in Sections 2.2.6–2.2.11.
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3.3
3.3.1

Results
Serpin-like properties of adenovirus-encoded Spn4A variants expressed in

human cells
Adenovirus constructs encoding four variants of Spn4A were engineered by a previous
M.Sc. student, Christine Lai (Figure 3.1) (211). These variants included the wildtype form of
Spn4A (Spn4A-R, bearing a C-terminal HDEL motif that functions as an ER retention signal
(91, 210, 219)); a truncated secreted variant (Spn4A-S, lacking the C-terminal HDEL motif
but otherwise identical to Spn4A-R); and non-inhibitory mutant forms of both. These latter
bear a point mutation in the hinge region (T328D) that blocks the serpin inhibition
mechanism by impeding the intercalation of the cleaved RSL into the β sheet A (202),
diverting the serpin entirely into the substrate pathway (Figure 3.1B). To verify the formation
of the heat-stable, SDS-stable EI complex by inhibitory serpins and the lack thereof by noninhibitory serpins, adenoviral infection and Spn4A expression in HEK-293-C4 cells that
constitutively express a soluble, FLAG-tagged form of furin (167) was performed, and
protein abundance was analyzed by SDS-PAGE followed by Western blotting (Figure 3.2A).
Heat shock protein 47 kDa (Hsp47) was used as a loading control since it is a secretory
pathway-directed non-inhibitory serpin that is retained in the ER by a C-terminal RDEL tag
with a molecular weight near that of Spn4A (220). Importantly, no significant cytopathic
effect was exerted by any of the Spn4A variants under the conditions tested (211).
As hypothesized, we found that adenovirus-expressed Spn4A-S formed an EI complex
in the presence of secreted soluble furin, while Spn4A-T328D-S did not form an EI complex,
yielding free furin and cleaved Spn4A (Figure 3.2A). We found that Spn4A-R also formed an
EI complex with furin; again, this was not seen for the Spn4A-T328D-R non-inhibitory
serpin, which was only cleaved (Figure 3.2A).
Next, we sought to confirm the expression and appropriate secretion or retention of our
Ad-Spn4A variants in the context of DENV infection. Huh-7.5.1 human hepatoma cells were
infected with adenoviruses (Ad) encoding FLAG-tagged Spn4A-R and Spn4A-S for 24 hours
at MOI 50 before they were concurrently infected with DENV-2 at MOI 0.1. Cell culture
supernatants and cell lysates were analyzed by Western blotting 4 days following DENV-2
infection. We found that both forms of the serpin are highly expressed in the context of
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DENV-2 infection; moreover, Spn4A-R is mostly retained intracellularly, while high levels
of Spn4A-S are found outside the cells (Figure 3.2B).
3.3.2

The overexpression of Spn4A-S effectively abolishes infectivity of DENV-1–4

progeny
Next, we evaluated the comparative efficacy of our Spn4A variants in compromising
the infectivity of DENV-1–4 progeny. Both Spn4A-R and Spn4A-S form an EI complex with
furin (Figure 3.2A) and effectively inhibit any active furin-like proteases, in the ER or the
entire secretory pathway respectively. We hypothesized that this would lead to inhibition of
prM proteolysis and the generation of predominantly immature virus particles, in turn greatly
reducing the infectivity of DENV-1–4 viral progeny. In contrast, the Spn4A-T328D variants
do not show any inhibitory activity against furin (Figure 3.2A) or furin-like proteases. We
therefore hypothesized that Spn4A-T328D-R and Spn4A-T328D-S would have no impact on
the infectivity of nascent virions.
We infected Huh-7.5.1 cells with our Ad-Spn4A variants for 24 h at MOI 50 before
concurrently infecting them with DENV-1–4 at MOI 1. Four days after the DENV infection,
cell culture media were collected and their infectivity determined by a plaque assay
performed in Vero E6 cells. ‘Mock’ adenovirus infection (consisting of media alone) and the
empty vector (wildtype adenovirus, Ad-empty) were both used to control for the effects of
adenovirus infection on cells undergoing DENV infection. We also controlled for the
inhibitory activity of Spn4A-R and Spn4A-S with the non-inhibitory ‘hinge’ mutants Spn4AT328D-R and Spn4A-T328D-S, enabling direct comparison of results by ensuring that the
identical protein, differing only by one point mutation, was expressed by the same adenoviral
vector under the same conditions.
First, we found that Spn4A-S did indeed strongly inhibit the infectivity of DENV-1, to
the extent that plaques were not observable in any dilution we tested (Figure 3.3A). No
significant difference was observed between cells infected with media instead of an
adenovirus (DENV only), the empty adenovirus vector (Ad-empty), Ad-Spn4A-R, or the
non-inhibitory variants Ad-Spn4A-T328D-S or Ad-Spn4A-T328D-R, with all viruses giving
titres in the range of 106–107 PFU/mL (Figure 3.3B). Importantly, given the lack of effect
seen with Spn4A-T328D-S, we concluded that the effect of Spn4A-S must be a consequence
of its inhibitory activity. It is interesting to note that while Spn4A-R was capable of forming
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an EI complex with furin (Figure 3.2A), in the context of DENV-1-infected Huh-7.5.1 cells
this interaction, if it occurred, had no significant effect on the infectivity or fusogenicity of
nascent virions (Figure 3.3B), contrary to our hypothesis.
Similarly, a strong inhibition of DENV-2 infectivity was observed with overexpressed
Spn4A-S, such that again plaques were not observable in any tested dilution (Figure 3.4A).
All controls, including the DENV only and Ad-empty as well as non-inhibitory Ad-Spn4AT328D-S and Ad-Spn4A-T328D-R, resulted in DENV-2 virions with very similar infectivity,
all within 0.5–5×106 PFU/mL. The absence of effect in the presence of Spn4A-R compared
to Spn4A-T328D-R was again notable; moreover, the effect of Spn4A-S compared to
Spn4A-T328D-S again made it clear that the reduction in infection stemmed from the
inhibitory activity of Spn4A-S (Figure 3.4B).
The trend continued in DENV-3, where another robust reduction in infectivity
mediated by Spn4A-S was observed, resulting in the absence of plaques at all tested dilutions
in the plaque assay (Figure 3.5A). Overall infectivity again showed no significant difference
through all controls, including the DENV-only and Ad-empty controls as well as the two
T328D hinge mutants. Moreover, Spn4A-R once again did not exert any significant effect on
virion infectivity compared to Spn4A-T328D-R, and the effect of Spn4A-S was linked to its
inhibitory activity, given the absence of effect of Spn4A-T328D-S (Figure 3.5B).
Finally, DENV-4 also demonstrated a strong inhibition of infectivity by Spn4A-S,
again with no plaques visible in any dilution tested by plaque assay (Figure 3.6A). Control
adenoviruses Ad-empty, Ad-Spn4A-T328D-R, and Ad-Spn4A-T328D-S again yielded
virions with the same infectivity as DENV-4 alone (Figure 3.6B). Based on the plaque assay
results gathered for DENV-1–4, we concluded that Spn4A-R and Spn4A-T328D-R did not
have any significant impact on infectivity of DENV-1–4 virions. Moreover, as for DENV-1–
3, the effect of Spn4A-S on DENV-4 was dependent on its inhibitory activity, demonstrated
by the lack of effect of Spn4A-T328D-S (Figure 3.6B). Once again, despite the ability of
Spn4A-R to form an EI complex with furin (Figure 3.2A), no significant effect on the
infectivity of DENV-4 progeny was observed compared to the non-inhibitory Spn4A-T328DR (Figure 3.6B).
Interestingly, DENV-1, -3, and-4 showed relatively diffuse, poorly defined plaques
(Figure 3.3A), a clear contrast with the small, sharply defined plaque morphology observed
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for DENV-2 (Figure 3.4A). This could indicate that the viral release kinetics of DENV-1, -3,
and -4 are faster than for DENV-2 in the Vero cells in which the plaque assay was performed
(122). Another possible explanation is that DENV-2 replicates at the same rate, but its spread
is restrained by cellular antiviral responses that it is unable to evade (221). Since, to our
knowledge, a side-by-side comparison of plaque morphology of DENV-1–4 has not been
published, this could represent a novel insight into the comparative kinetics of DENV-1–4
infection and form a basis for future work.
To summarize, we found that Spn4A-S did indeed strongly inhibit the infectivity of
DENV-1 (Figure 3.3), DENV-2 (Figure 3.4), DENV-3 (Figure 3.5), and DENV-4 (Figure
3.6) virions, yielding a very strong reduction that was dependent on the serpin’s inhibitory
activity. None of the other serpin variants, including Spn4A-R, produced any significant
effect on DENV-1–4 infectivity.
3.3.3

Intracellular viral RNA of DENV-1–4 is strongly inhibited by Spn4A-S
While we expected Spn4A-S to have a strong effect on DENV infectivity, it was less

clear what effect to expect on the biosynthesis of viral RNA. Given that the canonical effect
of furin inhibition is on virion maturation in the secretory pathway (124) and, therefore, postreplication steps only, we hypothesized that intracellular vRNA levels would not be impacted
by inhibition of furin and furin-like proteases. We tested this by infecting Huh-7.5.1 cells
with our Ad-Spn4A variants for 24 h at MOI 50, before concurrently infecting with DENV-1,
-2, -3, or -4 at MOI 0.1. Four days after the DENV infection, total RNA was isolated and
viral RNA was quantified by qRT-PCR.
Contrary to our hypothesis, we found that Spn4A-S exerted a strong inhibitory effect
on intracellular vRNA levels of all four DENV serotypes compared to Spn4A-T328D-S
(Figure 3.7). Similar to the impact on infectivity, this indicates that the impact on vRNA was
dependent on the inhibitory activity of the serpin. Thus, it seems that the reduction in viral
titre observed for DENV-1–4 produced in Spn4A-S-expressing cells could be related to the
reduction in vRNA although the molecular mechanism behind this effect is enigmatic.
3.3.4

Extracellular DENV-1/3/4 protein levels are strongly reduced by Spn4A-S
To test the effect of Spn4A expression on DENV-1–4 extracellular protein levels and

prM maturation, we again infected Huh-7.5.1 cells with our Ad-Spn4A variants for 24 h at
MOI 50 before concurrently infecting with DENV-1, -2, -3, or -4 at MOI 1. Four days after
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DENV infection, cell culture supernatants were collected, clarified, N-acetylated, trypsinized,
prepared, and analyzed by NTAc-MRM. We specifically assayed the levels of M/prM and
NS1, with the rationale that the former is a structural virus-associated glycoprotein
representing virus particles, while the latter is a non-structural oligomeric lipoprotein
assembled and secreted by a pathway independent of viral egress (222). Notably, while we
also performed measurements of extracellular E protein levels, these were below LOQ for
almost all samples tested and are therefore not presented here. This may reflect the fact that
we have consistently observed less E than M/prM in our samples (for example, see Figure
2.5–2.7), and since M/prM is much closer to LOQ in these experiments than previously, this
reduction in extracellular virus particles is enough to consistently drive E protein levels
below LOQ.
We found that the reduction of intracellular vRNA observed for DENV-1, -3, and -4
was mirrored in an overall decrease in extracellular viral protein. In the case of DENV-1,
while the low amount of M+prM remained unchanged between Spn4A-T328D-S and Spn4AS (Table 3.1A), a reduction of about 65% occurred, compared to the vector alone (Table
3.1C). NS1 was reduced to such an extent in the presence of Spn4A-S compared to Spn4AT328D-S (Table 3.1A) or the vector alone (Table 3.1C) that it was below LOQ.
Levels of DENV-3 M+prM were likewise strongly reduced in the presence of Spn4AS, with a concomitant decrease in NS1 levels below LOQ compared to either Spn4A-T328DS (Table 3.3A) or the vector alone (Table 3.3C). Interestingly, unexplained increases in both
M+prM (2-fold) and NS1 (1.5-fold) were seen with Spn4A-T328D-S (Table 3.3A) compared
to the vector alone (Table 3.3C).
For DENV-4 as well, while an unexpected 3-fold increase in M+prM between Spn4AS (Table 3.4A) and Ad-empty (Table 3.4C) was observed, comparison of Spn4A-T328D-S
and Spn4A-S (Table 3.4A) shows a moderate but significant reduction of about 30% in
extracellular M+prM. NS1 levels, on the other hand, were more strongly reduced in the
presence of Spn4A-S (Table 3.4A), yielding a 55% reduction compared to Ad-empty (Table
3.4C) and an 82% reduction compared to Spn4A-T328D-S (Table 3.4A). As with DENV-3,
unexplained increases in M+prM (4-fold) and NS1 (2-fold) were seen in the presence of
Spn4A-T328D-S (Table 3.4A) compared to the vector alone (Table 3.4C).
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Because extracellular levels of DENV-2 proteins tended to be very near or below the
assay LOQ, interpretation was not possible (Table 3.2). Since the infection was carried out in
Huh-7.5.1 cells that are well-known to exhibit significant CPE upon DENV-2 infection
(223), it is likely that the low amount of viral protein detected arose because the long
timeframe of infection (120 h adenovirus infection with concurrent 96 h DENV-2 infection)
or high MOI (50 for adenovirus, 1 for DENV-2) led to excessive CPE and premature cell
death, reducing DENV-2 protein expression. The problem was exacerbated by the relatively
high LOQ of our DENV-2 peptides, along with the lack of a validated MRM targeting
DENV-2 NS1, a shortcoming that we have not been able to rectify despite several attempts
(Table 2.2). In light of this problem, we were unable to make observations or draw
conclusions regarding the extracellular M+prM levels or maturation state of DENV-2 in the
presence of our Spn4A-S variants (Table 3.2A) and Ad-empty control (Table 3.2C).
3.3.5

Spn4A-R expression increases the extracellular abundance of DENV-1–3

M+prM but not NS1
Since we hypothesized that Spn4A-R would inhibit furin and furin-like proteases,
albeit only in the early secretory pathway, we expected that the effect of Spn4A-S on
extracellular viral protein abundance would be mirrored, although perhaps to a lesser degree.
Contrary to this expectation, we found that while Spn4A-R exerted considerable influence on
extracellular viral protein levels as well as maturation, an overall increase in extracellular
structural proteins (M+prM) from DENV-1–3 was observed, but not in non-structural
proteins (NS1). Importantly, these effects were not seen in the case of the non-inhibitory
Spn4A-T328D-R and were therefore dependent upon the serpin’s inhibitory activity.
In terms of virus-associated structural proteins, in the presence of Spn4A-R, we
observed a 50% increase in the extracellular amount of DENV-1 M+prM (Table 3.1B) and a
350% increase in DENV-3 M+prM (Table 3.3B) compared to the empty vector or Spn4AT328D-R (Figure 3.8A). We also found that the extracellular levels of DENV-2 M+prM
were increased inasmuch as they were above LOQ in the presence of Spn4A-R but remained
less than or equal to LOQ in the presence of the empty vector or Spn4A-T328D-R (Table
3.2B).
Interestingly, this inhibitory activity-dependent increase in M+prM that was
consistently observed in DENV-1–3 was not observed in the case of DENV-4 (Table 3.4B).
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NS1 levels for DENV-1, -3, and -4 also did not follow this pattern; indeed, extracellular NS1
levels in the presence of Spn4A-R were decreased by at least 50% for DENV-1 (Table 3.1B),
DENV-3 (Table 3.3B), and DENV-4 (Table 3.4B) compared to Spn4A-T328D-R (Figure
3.8B).
3.3.6

Proteolytic maturation of DENV-1 and -3 but not necessarily DENV-4 is

abrogated by Spn4A-R expression
While the presence of Spn4A-S resulted in extracellular structural protein levels too
low to accurately quantify, we found that the inhibitory activity of Spn4A-R exerted a more
measurable effect on DENV-1 and -3 prM maturation, compared to either the vector alone or
the non-inhibitory Spn4A-T328D-R variant (Figure 3.8C). Specifically, we found that
DENV-1 maturation was reduced from 69% in the presence of Spn4A-T328D-R to 19% in
the presence of Spn4A-R (Table 3.1), while DENV-3 maturation was similarly reduced from
84% to 18% (Table 3.3). Interestingly, the reduction in maturation concomitant with an
increase in extracellular M+prM observed did not result in any significant overall decrease in
infectivity for DENV-1 (Figure 3.3) or DENV-3 (Figure 3.5).
In the case of DENV-4, since the level of M peptide in the presence of Spn4A-R was
below the assay LOQ (Table 3.4B), no quantitative interpretation of maturation was possible.
Nevertheless, it is interesting to note that, whereas a substantial increase in immature prM
peptide was observed with Spn4A-R compared to Spn4A-T328D-R in the case of DENV-1
(4-fold increase, Table 3.1B) and DENV-3 (17-fold increase, Table 3.3B), DENV-4 instead
showed a 40% reduction (Table 3.4B), suggesting that the very highly immature character of
DENV-1 and -3 in the presence of Spn4A-R might not be reflected in DENV-4. In any case,
DENV-4 remains very poorly cleaved, even in the absence of serpin-based PC inhibition,
with a maturation efficiency of only 11–23% in the presence of the T328D hinge mutant
serpins (Table 3.4).
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3.4

Discussion
Given the serotype-specific effects on prM maturation found in LoVo-derived viral

progeny, we sought a complementary molecular tool to investigate whether specific
inhibition of furin and furin-like proteases in an Huh-7.5.1 cell-based system produced a
similar effect. Here, we investigated for the first time the effect of compartment-specific
inhibition of furin-like proteases in a human cell line on the infectivity, extracellular viral
protein release, and prM maturation efficiency of DENV-1–4. Although we expected that
only prM maturation and thereby infectivity would be strongly affected by inhibition of
furin-like proteases, more profound and varied impacts on the DENV lifecycle were
observed.
3.4.1

Spn4A-S expression strongly and pan-serotypically inhibits DENV infectivity

and intracellular viral RNA
In agreement with previous studies (121, 124), we found that DENV-2 infectivity is
effectively abolished under inhibition of furin-like proteases. Rather than using alternative
cell lines like LoVo or exogenous peptidomimetic pseudosubstrates like dec-RVKR-CMK,
we performed our inhibitory studies using our broad-spectrum protein-based PC inhibitor
Spn4A-S expressed by an adenoviral vector. We also showed for the first time that the
infectivity of DENV-1, -3, and -4 are similarly abolished under inhibition of furin-like
proteases that are mediated by Spn4A-S.
Earlier, we had found that DENV-2 derived from furin-deficient LoVo cells still bore
some amount of cleaved M, and we hypothesized that perhaps redundant proteolysis
mediated by furin-like proteases such as PC5/6B or PC7 was responsible for the residual
level of maturation (see Chapter 2). Then, by strongly inhibiting all of these enzymes with
Spn4A-S, maturation might be reduced to such a level that the chance of a virus particle
successfully interacting with a cell-surface receptor and being internalized would be nearly
eliminated. Since DENV maturity is reflected in the mosaic nature of its virus particles,
wherein structurally incompatible immature and mature prM–E complexes segregate (114), it
seems likely that as prM proteolysis is inhibited, a greater proportion of these prM–E
complexes remain immature, and therefore the relative surface area on the virus particle
bearing mature, fusion-competent prM–E complexes may be reduced to a level that makes
successful attachment statistically highly improbable. If this is the case, it makes sense that
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infectivity would be nearly eliminated, even if there were still some residual level of mature
M when furin-like protease activity is inhibited.
We were more surprised to note that intracellular levels of DENV-1–4 vRNA were also
significantly reduced in the presence of SpnA-S compared to the non-inhibitory Spn4AT328D-S. Since the inhibitory effect of Spn4A-S is exerted on secretory-pathway PCs that
cleave its bait sequence (–R–R–K–R–↓), and since the canonical role of such proteases in the
DENV lifecycle is limited to the proteolytic maturation of structural glycoproteins on the
surfaces of nascent virions, it is unclear why earlier steps in the lifecycle, such as replication,
would be affected. Even the reduction in infectivity, leading to a reduction in virus spread
since the experiment was conducted at an MOI of 0.1, seems insufficient to account for the
near-complete absence of DENV-1 and -2 intracellular vRNA that we observed.
Other prior work by Lai in the Jean lab into the transcriptomic characterization of the
effects of Spn4A variants expressed through adenoviral vectors gives insight into mRNA
deregulation in uninfected human cells (211). She found that mRNA transcripts of cell cycle
process-related gene clusters were significantly downregulated in the presence of Spn4A-S
(Figure B.2.1). One particular gene of interest corresponding to cdc2, the catalytic subunit of
the cyclin-dependent kinase 1 (CDK1) complex that regulates the G2 to M and G1 to S phase
transitions of the cell cycle, was downregulated in the presence of Spn4A-S by a factor of
about 2.0 (Figure B.2.2). Moreover, the cyclin B1, which activates cdc2/CDK1, was also
found to be downregulated by a factor of 1.9, while the CDK inhibitor 1C (CDKN1C), which
targets cyclin B1–CDK1, was found to be upregulated by a factor of 2.6 (Figure B.2.2).
Collectively, the downregulation of cdc2 and cyclin B1 concomitant with the upregulation of
their inhibitor CDKN1C suggests that Spn4A-S induces cell cycle arrest or at least strongly
inhibits the cell cycle in H4 neuroglioma cells (211). It seems plausible that similar cell cycle
inhibition would occur in Huh-7.5.1 cells, since CDK1, cyclin B1, and CDKN1C are
conserved in all mammalian cells (224).
While the effects of CDK1 inhibition on the DENV lifecycle have not been studied,
post-entry stages of the closely related ZIKV lifecycle are known to be inhibited through
small molecule-based inhibition of CDKs (225). This therefore represents a likely
hypothetical mechanism for the universal inhibition of DENV-1–4 vRNA and infectivity
mediated by Spn4A-S that we observed, although the molecular mechanism through which
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Spn4A-S mediates this deregulatory effect on CDK1, cyclin B1, and CDKN1C mRNAs
remains to be determined.
An alternate and perhaps complementary mechanism to explain the effect of Spn4A-S
could be inhibition of the attachment/entry stages, also arising from the ability of Spn4A-S to
block furin and the PCs. As discussed in Ch. 2 (Section 2.4.3), DENV-2 entry into cells
lacking canonical DENV receptors such as DC-SIGN occurs via TAM family members such
as Axl, mediated through TAM ligands such as Gas6 (187). The maturation of pro-Gas6 to
Gas6 is mediated by furin (190), an event which should be completely inhibited in the
presence of Spn4A-S; furthermore, any potential redundant cleavage by other PCs such as
PC7 would also be eliminated. This would dramatically reduce the probability of DENV-2
uptake by the TAM receptor family; and if this attachment/entry mechanism is shared among
the other three serotypes, this may represent a hypothetical pan-serotypic inhibition of DENV
entry into Huh-7.5.1 cells.
3.4.2

Spn4A-R expression unexpectedly increases the extracellular levels of DENV-1–

3 but not DENV-4 M+prM
Another unforeseen result was found in the case of DENV-1–3 infection of Spn4A-Rexpressing cells, where extracellular M+prM glycoprotein levels were markedly increased
compared to the vector alone or the Spn4A-T328D-R control. Importantly, this increase was
not observed in the case of DENV-4, nor was it found during treatment with the secreted
Spn4A variants.
These results could hypothetically be explained by the overwhelming ER stress that
cells undergo during adenoviral expression of ER-retained proteins (211). Earlier studies on
human neuroglioma H4 cells found that seven ER stress genes were highly upregulated
(more than 3-fold) in response to high levels of Spn4A-R expression, including chaperones,
transcription factors involved in ER stress and cell cycle, ERAD components, and ERinduced apoptosis regulators (211). Notably, although Spn4A-R should be ER-retained, we
found some Spn4A-R in the media of DENV-2-infected cells (Figure 3.2B). This could
simply be a result of the cytopathic effect exerted by DENV-2 in Huh-7.5.1 cells over long
time courses of infection (223). Alternatively, as mentioned above, ER stress resulting from
highly expressed ER-retained Spn4A-R could be allowing Spn4A-R to leak further down the
secretory pathway. Since the HDEL motif borne by Spn4A-R would be bound and released
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by cellular KDELR over a different pH gradient, and with a higher pKa, than native KDELbearing proteins due to the substitution of Lys with His (226), it may be that KDELRmediated retrograde transport is insufficient to prevent all overexpressed Spn4A-R from
progressing further down the secretory pathway.
Direct experimental evidence has shown that the intracellular trafficking of DENV-1–3
virus particles, but not DENV-4, from the ER through the ERGIC to the cis-Golgi is
dependent on specific interactions with the KDEL receptors (KDELR) 1 and 2 (136), a
concept that has recently been extended to JEV (227). The KDELR binding interaction is
mediated by a trio of conserved basic residues at the N-terminus of (immature) prM (136).
Bearing its C-terminal KDEL-like ER retention signal (HDEL), the Spn4A-R molecule will
also be bound by KDELR, but is retained in the ER/ERGIC compartment through retrograde
trafficking, in contrast with the anterograde trafficking undergone by DENV-1–3. The
binding of cargo containing a KDEL-like motif to the KDELR results in intracellular
signalling cascades; overloading the KDELR with an excess of KDEL-like motif-bearing
molecules results in additional ER stress signalling so as to promote bulk flow through the
secretory pathway and prevent protein accumulation in the ER from reaching dangerous
levels (228, 229).
Since the ER/ERGIC of cells expressing Spn4A-R through an adenoviral vector will be
overloaded with retained Spn4A-R molecules as well as highly stable Spn4A-R EI
complexes, we hypothesize that this ER stress response mediated by the KDELR is
increasing bulk flow through the secretory pathway, resulting in a larger number of DENV
particles containing M+prM. The lack of effect in the presence of Spn4A-T328D-R, which
bears the same C-terminal HDEL motif, compared to Spn4A-R can be explained by the fact
that Spn4A-R forms an extremely stable EI complex with furin and furin-like proteases
(Figure 3.2), while the non-inhibitory Spn4A-T328D-R is cleaved as an ordinary substrate
and is rapidly turned over.
3.4.3

DENV-1 and -3 proteolytic maturation is reduced in the presence of Spn4A-R
Interestingly, despite the overall increase in extracellular M+prM virus-associated

structural glycoproteins, from which we can infer an increase in the number of extracellular
virus particles, a corresponding increase in infectivity was not observed by plaque assay for
DENV-1 (Figure 3.3), DENV-2 (Figure 3.4), or DENV-3 (Figure 3.5). This may be related to
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a robust reduction in prM maturation found in the presence of Spn4A-R but not the empty
vector or Spn4A-T328D-R controls, whereby DENV-1 maturity decreased from 69% to 19%
(Table 3.1) and DENV-3 maturity decreased from 84% to 18% (Table 3.3). Notably, while
M+prM levels in the presence of the empty vector or Spn4A-T328D-R were below LOQ for
DENV-2 (Table 3.2), no Spn4A-R-related effect on prM maturation was observed in the case
of DENV-4 (Table 3.4).
The most obvious potential mechanism for this relates to the inhibitory activity of
Spn4A-R, such that it is indeed being recognized and cleaved as a suicide inhibitor by furin
and furin-like enzymes, specifically PC5/6B and PC7, which may be involved in cleaving
prM during egress through the secretory pathway. Since the Spn4A-R molecule is restricted
to the ER/ERGIC by its C-terminal HDEL motif, well upstream of the TGN where furin’s
inhibitory prosegment dissociates, this implies that either some perturbation of the
constitutive secretory pathway is taking place that allows furin enzymatic activity earlier in
the pathway, such that it can be inhibited by Spn4A-R in virally infected cells; or that the
high affinity of furin for Spn4A-R allows it to outcompete and displace furin’s inhibitory
prosegment in the early secretory pathway (60, 214).
Given the substantial changes that others, notably Bartenschlager and colleagues, have
observed in the ER/ERGIC during DENV infection, such as the formation of tightly packed
‘virion bags’ within the ER lumen containing DENV particles that are cargoed into vesicles
piecemeal as they move to the cis-Golgi (106), both hypothetical mechanisms seem
plausible. For example, acidification of the ER/ERGIC could mean that furin’s
autoproteolytic activation occurs earlier than in uninfected cells, resulting in fully active furin
in the early secretory pathway in the context of viral infection. Alternatively, KDELR,
required for maintaining the ER retention of Spn4A-R via retrograde trafficking, could be
saturated by the large number of DENV particles – all presenting immature prM and its
KDELR binding site – in the lumen of the ER, outcompeting Spn4A-R and cellular factors
by hijacking KDELR for anterograde transport. We hypothesize that, through some
combination of these mechanisms, Spn4A-R may be localized further downstream in the
secretory pathway, active furin/PCs may be found further upstream, Spn4A-R may be
displacing furin’s inhibitory prosegment to inhibit it before it becomes constitutively active,
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or some combination of these effects is taking place during DENV infection, leading Spn4AR to inhibit furin more strongly than in uninfected cells.
An additional hypothesis relates to the saturation of KDELR signalling induced by
DENV binding, triggering changes in the cis-Golgi and later compartments to prepare them
for an influx of proteins and to mitigate ER stress arising from protein buildup (228, 229). In
this context, it may be that DENV particles are moving too rapidly through the secretory
pathway to be efficiently cleaved by furin, particularly considering the requirement for a
prolonged prM–furin interaction in light of the low kcat and low Km of the proteolysis event
(Figure 2.12). During normal DENV infection, the pH-dependent interaction between these
two membrane-bound proteins may be difficult to achieve considering the rigid and highly
defined shape of the virion – indeed, efficient prM maturation would be expected to require a
high local stoichiometry of furin molecules as well as a very specific curvature of the TGN
membrane to accommodate their simultaneous binding. Adding to this the increased bulk
flow through the secretory pathway induced by adenovirus-encoded Spn4A-R signalling
through KDELR – bulk flow that includes host cellular furin/PC substrates and factors that
could easily outcompete prM for furin binding – may be sufficient to reduce the likelihood of
a productive prM–furin interaction and decrease outgoing DENV maturation efficiency in the
manner we observed.
3.4.4

The lifecycles of DENV serotypes are differentially impacted by Spn4A

expression
It is also interesting to note that DENV-1 and DENV-3 are the most mature of the four
serotypes during adenovirus infection, and although maturation can be inhibited by Spn4AR, it never decreases to the point that the M peptide is below LOQ, with a ‘basal’ efficiency
around 20%. This underlines that while both can be cleaved by furin and furin-like PCs such
as PC5/6B or PC7, these are not the sole factors involved in prM maturation. One protease
outside the PC family that could be involved in prM maturation is matriptase, a type II
membrane-anchored serine protease that recognizes and cleaves monobasic sites. It is
associated with tetraspanin-enriched microdomains (TEMs) at the cell surface (230) and has
been shown to cleave influenza A HA0 (231, 232). Matriptase-mediated HA0 cleavage has
been shown to occur in three places: the extracellular milieu, mediated by matriptase in its
shed form; at the cell surface, during viral attachment or exit, mediated by the membrane102

anchored or shed forms; and within the endosomal compartment, mediated by the membranebound form (231). Perhaps, in the case of DENV-1 and DENV-3, virions are accessible to
matriptase binding and proteolysis following release, but because in the neutral-pH
environment of the extracellular milieu the ‘spiky’ conformation of immature prM-E
heterodimers would render the proteolysis site inaccessible, matriptase-mediated proteolysis
would be limited to the endosomal compartment, perhaps resulting in the basal 20%
maturation observed for these two viruses.
Finally, while serpin expression affected DENV-4 intracellular vRNA and infectivity in
the same way as the other serotypes in our study, albeit to a lesser extent, drastic differences
in prM levels and maturation efficiency were observed. Of the four serotypes, DENV-4 prM
was present in the smallest amounts and was consistently poorly cleaved under all
experimental conditions. Interestingly, the increase in total prM in the presence of Spn4A-R
seen with DENV-1–3 was not seen with DENV-4; instead, notable increases in total prM
were found in the presence of Spn4A-S and Spn4A-T328D-S compared to their ER-retained
counterparts.
DENV-4 is unique among the serotypes in that its trafficking is KDELR-independent;
the virus does not bind KDELR at all due to the substitution of two key His residues with
non-basic amino acids at the N-terminus of prM (136). Besides KDELR, all DENV serotypes
including DENV-4 require class II ADP-ribosylation factors (Arf)4 and Arf5 for secretion,
which similarly rely on interaction with the N-terminal region of prM (233); as postulated by
Li et al., this suggests that DENV-4 interacts with another receptor in the ER, and that this
interaction is Arf4/Arf5-dependent (136). Interestingly, the basal 20% maturation found for
DENV-1 and -3 did not hold for DENV-4, suggesting that any redundant proteolysis
undergone by DENV-1 and -3 prM, mediated by matriptase or other enzymes, does not take
place in the case of DENV-4. More work is required to tackle these biological questions.
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3.5

Figures and tables

A

B

Figure 3.1 Adenovirus-encoded FLAG-tagged Spn4A constructs used in this study.
(A) Structure of the wildtype D. melanogaster serpin Spn4A (source: PDB 4P0F). The
reactive site loop (RSL, red), the bait sequence to which furin binds (RRKR, green), and the
T328 residue within the hinge region (magenta) are highlighted. The wildtype form bears an
ER-retained HDEL sequence at the C-terminus. (B) Adenoviruses encoding four variants of
Spn4A were used, including the ER-retained form Spn4A-R, and a truncated secreted
variant, Spn4A-S, that lacks the C-terminal HDEL sequence. Hinge region mutant forms of
each variant, composed of a single point mutation (T328D) that renders the serpin noninhibitory, were used as controls. Each construct encodes a His-FLAG tag following the
signal peptide (s.p.).
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B

Figure 3.2 EI complex formation and secretion of Spn4A-expressing adenovirus
constructs.
(A) HEK-293A-C4 cells that overexpress FLAG-tagged furin were infected at MOI 5 for 48
h. Cells were lysed and analyzed by Western blotting using a rabbit polyclonal anti-FLAG
antibody (1:1000) to detect Spn4A and furin (green), and a mouse anti-Hsp47 antibody
(1:1000) (red). (B) Huh 7.5.1 cells were infected with recombinant adenoviruses (MOI 50)
expressing the secreted form of Spn4A (Spn4A-S), an ER-retained variant (Spn4A-R), or an
empty adenovirus vector alone. After 24 h, the cells were infected with DENV-2 (MOI 0.1).
Four days later, cell lysate (C) and media (M) samples were collected and analyzed by
Western blotting using a rabbit polyclonal anti-FLAG antibody (1:1000) to detect Spn4A
(green). Results are representative of three independent experiments.
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DENV-1

B

Figure 3.3 Spn4A-S has a dramatic inhibitory effect on DENV-1 infectivity.
Huh-7.5.1 cells were infected with Ad-Spn4A-R, Ad-Spn4A-S, Ad-Spn4A-T328D-R, AdSpn4A-T328D-S, or Ad-empty at an MOI of 50; or with medium alone as a control (“DENV
only”). After 24 h, culture medium was changed, and the cells were concurrently infected
with DENV-1 at an MOI of 1. After 96 h, cell culture supernatants were collected and a
plaque assay was performed. (A) Representative images of plaques at a 10–4 dilution. (B)
Titres averaged over three independent experiments each comprising three technical
replicates. Error bars show SD.
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B

Figure 3.4 Spn4A-S has a dramatic inhibitory effect on DENV-2 infectivity.
Huh-7.5.1 cells were infected with Ad-Spn4A-R, Ad-Spn4A-S, Ad-Spn4A-T328D-R, AdSpn4A-T328D-S, or Ad-empty at an MOI of 50; or with medium alone as a control (“DENV
only”). After 24 h, culture medium was changed, and the cells were concurrently infected
with DENV-2 at an MOI of 1. After 96 h, cell culture supernatants were collected and a
plaque assay was performed. (A) Representative images of plaques at a 10–3 dilution. (B)
Titres averaged over three independent experiments each comprising three technical
replicates. Error bars show SD.
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Figure 3.5 Spn4A-S has a dramatic inhibitory effect on DENV-3 infectivity.
Huh-7.5.1 cells were infected with Ad-Spn4A-R, Ad-Spn4A-S, Ad-Spn4A-T328D-R, AdSpn4A-T328D-S, or Ad-empty at an MOI of 50; or with medium alone as a control (“DENV
only”). After 24 h, culture medium was changed, and the cells were concurrently infected
with DENV-3 at an MOI of 1. After 96 h, cell culture supernatants were collected and a
plaque assay was performed. (A) Representative images of plaques at a 10–5 dilution. (B)
Titres averaged over three independent experiments each comprising three technical
replicates. Error bars show SD.
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Figure 3.6 Spn4A-S has a dramatic inhibitory effect on DENV-4 infectivity.
Huh-7.5.1 cells were infected with Ad-Spn4A-R, Ad-Spn4A-S, Ad-Spn4A-T328D-R, AdSpn4A-T328D-S, or Ad-empty at an MOI of 50; or with medium alone as a control (“DENV
only”). After 24 h, culture medium was changed, and the cells were concurrently infected
with DENV-4 at an MOI of 1. After 96 h, cell culture supernatants were collected and a
plaque assay was performed. (A) Representative images of plaques at a 10–5 dilution. (B)
Titres averaged over three independent experiments each comprising three technical
replicates. Error bars show SD.
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Figure 3.7 Intracellular DENV vRNA levels are affected by expression of Spn4A
variants.
Huh-7.5.1 cells were infected with Ad-Spn4A-S or Ad-Spn4A-T328D-S at an MOI of 50.
After 24 h, culture medium was changed, and the cells were concurrently infected with
DENV-1, DENV-2, DENV-3, or DENV-4 at MOI 0.1. After another 96 h, infected cells
were harvested and lysed, and total RNA was then isolated and quantified by qRT-PCR.
Results are expressed relative to Ad-Spn4A-T328D-S for each DENV serotype. Results
shown are the average of two to four independent experiments, analyzed in two to three
technical replicates each. Error bars represent SD. Statistical significance was estimated by a
two-tailed unpaired Student’s t-test: ****, p<0.0001; **, p<0.01; *, p<0.05.
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Table 3.1 Effects of Spn4A overexpression on extracellular DENV-1 M/prM and NS1.
Huh-7.5.1 cells were infected with (A) Ad-Spn4A-T328D-S or Ad-Spn4A-S; (B) Ad-Spn4AT328D-R or Ad-Spn4A-R; or (C) Ad-empty at an MOI of 50. After 24 h, culture medium
was changed, and the cells were concurrently infected with DENV-1 at an MOI of 1. After
another 96 h, supernatant was collected, clarified, and analyzed by NTAc-MRM.
Extracellular concentrations of immature prM (peptide 1D2) and mature M (peptide 1AcD2)
as well as NS1 (peptide 1A12) are indicated. Overall maturation efficiency is defined as
[M]/([prM]+[M]). Error values represent standard deviation over at least two replicate
injections. One representative of two independent experiments is shown.

A

DENV-1 + Ad-Spn4A secreted variants
M

Ad-Spn4AT328D-S
Ad-Spn4AS

B

0.47 ± 0.03
0.38 ± 0.06

NS1
0.37 ± 0.03
≤0.1

DENV-1 + Ad-Spn4A retained variants

1.3 ± 0.1

Concentration in media (fmol/µL)
prM
M+prM
Maturation
efficiency
0.60 ± 0.07
1.9 ± 0.2
69 ± 13%

0.6 ± 0.3

2.5 ± 0.3

M
Ad-Spn4AT328D-R
Ad-Spn4AR

C

Concentration in media (fmol/µL)
M+prM
Maturation
efficiency
≤0.2
0.47–0.67 ±
≥70 ± 8%
0.03
0.29 ± 0.12
0.7 ± 0.2
56 ± 24%
prM

3.1 ± 0.6

19 ± 13%

NS1
0.77 ± 0.08
0.30 ± 0.03

DENV-1 + Ad-empty
M

Ad-empty

1.3 ± 0.2

Concentration in media (fmol/µL)
prM
M+prM
Maturation
efficiency
0.7 ± 0.1
2.0 ± 0.3
66 ± 19%

NS1
0.423 ± 0.008
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Table 3.2 Effects of Spn4A overexpression on extracellular DENV-2 M/prM and NS1.
Huh-7.5.1 cells were infected with (A) Ad-Spn4A-T328D-S or Ad-Spn4A-S; (B) Ad-Spn4AT328D-R or Ad-Spn4A-R; or (C) Ad-empty at an MOI of 50. After 24 h, culture medium
was changed, and the cells were concurrently infected with DENV-2 at an MOI of 1. After
another 96 h, supernatant was collected, clarified, and analyzed by NTAc-MRM.
Extracellular concentrations of immature prM (peptide 2D2r) and mature M (peptide
2AcD2r) are indicated. Overall maturation efficiency is defined as [M]/([prM]+[M]). Error
values represent standard deviation over at least two replicate injections. One representative
of two independent experiments is shown.

A

DENV-2 + Ad-Spn4A secreted variants
Concentration in media (fmol/µL)
M
prM
M+prM

AdSpn4AT328D-S
AdSpn4A-S

B

1.0 ± 0.2

1.5 ± 0.2

≤0.2

≤1

≤1.2

ND

DENV-2 + Ad-Spn4A retained variants

AdSpn4AT328D-R
AdSpn4A-R

C

0.46 ± 0.08

Maturation
efficiency
29 ± 10%

M

Concentration in media (fmol/µL)
prM
M+prM

0.5 ± 0.1

≤1

0.5–1.5 ± 0.1

Maturation
efficiency
≥34 ± 13%

0.50 ± 0.05

1.5 ± 0.3

2.0 ± 0.3

25 ± 7%

DENV-2 + Ad-empty

Ad-empty

M

Concentration in media (fmol/µL)
prM
M+prM

0.284 ± 0.004

≤1

0.284–1.284 ±
0.004

Maturation
efficiency
≥22.2 ± 0.4%
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Table 3.3 Effects of Spn4A overexpression on extracellular DENV-3 M/prM and NS1.
Huh-7.5.1 cells were infected with (A) Ad-Spn4A-T328D-S or Ad-Spn4A-S; (B) Ad-Spn4AT328D-R or Ad-Spn4A-R; or (C) Ad-empty at an MOI of 50. After 24 h, culture medium
was changed, and the cells were concurrently infected with DENV-3 at an MOI of 1. After
another 96 h, supernatant was collected, clarified, and analyzed by NTAc-MRM.
Extracellular concentrations of immature prM (peptide 3D2r) and mature M (peptide
3AcD2r) as well as NS1 (peptide 3A14) are indicated. Overall maturation efficiency is
defined as [M]/([prM]+[M]). Error values represent standard deviation over at least two
replicate injections. One representative of two independent experiments is shown.

A

DENV-3 + Ad-Spn4A secreted variants

0.9 ± 0.2

Concentration in media (fmol/µL)
M+prM
Maturation
efficiency
0.49 ± 0.03
1.4 ± 0.3
65 ± 27%

≤0.2

0.110 ± 0.007

M
Ad-Spn4AT328D-S
Ad-Spn4AS

B

0.110–0.310 ±
0.007

≤65 ± 1%

NS1
0.233 ± 0.003
≤0.1

DENV-3 + Ad-Spn4A retained variants

0.68 ± 0.08

Concentration in media (fmol/µL)
prM
M+prM
Maturation
efficiency
0.12 ± 0.03
0.8 ± 0.1
84 ± 21%

0.47 ± 0.03

2.1 ± 0.3

M
Ad-Spn4AT328D-R
Ad-Spn4AR

C

prM

2.6 ± 0.3

18 ± 4%

NS1
0.14 ± 0.02
≤0.1

DENV-3 + Ad-empty
M

Ad-empty

0.6 ± 0.1

Concentration in media (fmol/µL)
prM
M+prM
Maturation
efficiency
0.17 ± 0.03
0.7 ± 0.1
78 ± 28%

NS1
0.15 ± 0.01
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Table 3.4 Effects of Spn4A overexpression on extracellular DENV-4 M/prM and NS1.
Huh-7.5.1 cells were infected with (A) Ad-Spn4A-T328D-S or Ad-Spn4A-S; (B) Ad-Spn4AT328D-R or Ad-Spn4A-R; or (C) Ad-empty at an MOI of 50. After 24 h, culture medium
was changed, and the cells were concurrently infected with DENV-4 at an MOI of 1. After
another 96 h, supernatant was collected, clarified, and analyzed by NTAc-MRM.
Extracellular concentrations of immature prM (peptide 4D2r) and mature M (peptide
4AcD2r) as well as NS1 (peptide 4A14) are indicated. Overall maturation efficiency is
defined as [M]/([prM]+[M]). Error values represent standard deviation over at least two
replicate injections. One representative of two independent experiments is shown.

A

DENV-4 + Ad-Spn4A secreted variants

0.14 ± 0.01

Concentration in media (fmol/µL)
M+prM
Maturation
efficiency
1.20 ± 0.03
1.34 ± 0.04
11 ± 1%

≤0.1

0.89 ± 0.02

M
Ad-Spn4AT328D-S
Ad-Spn4AS

B

0.89–0.99 ±
0.02

≤10.1 ± 0.2%

NS1
0.789 ± 0.008
0.14 ± 0.02

DENV-4 + Ad-Spn4A retained variants

0.160 ± 0.006

Concentration in media (fmol/µL)
prM
M+prM
Maturation
efficiency
0.52 ± 0.06
0.68 ± 0.06
23 ± 3%

≤0.1

0.31 ± 0.08

M
Ad-Spn4AT328D-R
Ad-Spn4AR

C

prM

0.41 ± 0.08

≤24 ± 4%

NS1
0.71 ± 0.02
0.34 ± 0.01

DENV-4 + Ad-empty
M

Ad-empty

0.11 ± 0.01

Concentration in media (fmol/µL)
prM
M+prM
Maturation
efficiency
0.20 ± 0.09
0.3 ± 0.1
36 ± 16%

NS1
0.31 ± 0.03
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Figure 3.8 Summary of the effects of retained Spn4A variants on DENV-1, -3, and -4
protein secretion and prM maturation.
Data summarized and plotted from Tables 3.2–3.5 representing extracellular (A) combined
M+prM and (B) NS1 levels as well as (C) prM maturation efficiency are shown. The hatched
bar represents sub-LOQ data, with the top of the bar representing the upper limit on the
possible value (concentration = LOQ). Error bars represent SD. Statistical significance was
estimated by a two-tailed unpaired Student’s t-test: ****, p<0.0001; ***, p<0.001; **,
p<0.01; *, p<0.05.
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Chapter 4: Conclusions and future directions
4.1

Discussion
The primary aims of this work were threefold: to determine whether the P6 His residue

in the DENV-1–4 cleavage site functioned as a pH sensor, to investigate the putative role of
furin in the DENV-1–4 lifecycle, and to investigate and characterize serotype-specific
differences in the maturation of prM among the four DENV serotypes. In the course of
investigating these aims, three new methodologies were independently developed, optimized,
and validated: a real-time fluorescence-based kinetic assay for furin-mediated proteolysis of
DENV-derived IQFS based on our previous work; MRM-MS assays for detection and
absolute quantification of proteotypic peptides derived from DENV-1–4 NS1, E, and prM;
and an adaptation of MRM-MS that uses NTAc labelling to differentially quantify mature M
and immature prM in biological samples, referred to as NTAc-MRM.
4.1.1

MRM-MS is a useful technique for detecting and quantifying viral proteins
MRM-MS is a uniquely well-suited technique for detecting low-abundance proteins in

biological samples, particularly viral proteins (234). Rather than relying on the production of
antibodies that would be required for current standard protein analytic techniques such as
immunoblotting and ELISA, MRM-MS assay development is much more streamlined,
requiring only the primary sequence of the viral protein of interest to begin. In-house
synthesis of candidate proteotypic peptides and their SIS counterparts combined with MRMMS optimization, development, and validation can occur in a much shorter timeframe than
that required to raise antibodies. Thus, in emergency scenarios where a novel or significantly
different strain of a virus causes a rapid outbreak of disease, for example the West African
EBOV outbreak in 2014 or the ongoing ZIKV epidemic, MRM-MS could be a very useful
tool to allow the rapid and reliable detection of viral proteins in biological samples.
Moreover, the absolute sequence specificity of MRM-MS ensures that cross-reactivity, a
common pitfall among virologic diagnostic techniques, is not an issue. Its sensitivity and
quantitativeness are also key advantages, allowing absolute quantification of peptides in
complex biological samples without needing to rely on virus purification, and providing
direct detection and quantification of the proteins of interest through the presence of the SIS
spike-in peptide.
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There are two key limitations of using MRM-MS in a diagnostic capacity. First, the
cost, in terms of time and money, associated with the instrumentation and training required as
well as the analysis of individual samples can be prohibitive, particularly in clinical or
laboratory settings without a proteomic core infrastructure. This could be alleviated by
applying MRM-MS not in a clinical setting but rather in apex reference laboratories wherein
such infrastructure would typically be present; pre-inactivated samples could be safely
transported from sentinel clinics and hospitals without the need for a cold chain, allowing for
centralized analysis in a manner similar to that currently mandated by the WHO (5).
The second limitation of MRM-MS is the flipside of one of its key strengths: the
absolute sequence specificity of the technique for the target proteotypic peptides. While such
specificity is useful since there should be no false positives in a properly developed and
validated MRM-MS assay, a single polymorphism in the peptide would render the
proteotypic peptide undetectable and necessitate the development of a new assay for that
particular variant (38, 234). This problem is exacerbated by the innately high rate of mutation
of RNA viruses, like those presented in this work, due to the highly error-prone RDRPs that
are responsible for genome replication (235, 236). To mitigate this problem, it is important to
select proteotypic peptides that are as strongly conserved as possible; the use of multiple
peptides for a single protein could also be helpful, perhaps even allowing the rapid
identification of new mutations should one peptide be undetectable while the others remain
detectable.
4.1.2

NTAc-MRM is a useful technique for quantifying viral proteolytic maturation
Quantitative analysis of the proteolysis rates of protein-based substrates is another

technique that can be difficult to perform. Approaches such as Western blotting require
specific, high-affinity antibodies that recognize not only the uncleaved precursor but also at
least one form of the cleaved product. Such antibodies are not always available, and they are
expensive and time-consuming to generate. The quantitativeness of such approaches is also
relative at best and can rely on bands of significantly different molecular weights that have to
be visually detectable and quantifiable; typical standards for quantitativeness, including
assessment of linearity and estimation of LOD/LOQ, are costly and cumbersome due to the
high levels of protein typically required.
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Building on the MRM-MS assays we have developed, we have coupled an N-terminal
labelling methodology to differential MRM-based quantification to establish NTAc-MRM. It
should be noted that this idea stems from N-terminal positional proteomics as well as the
terminal amine-labelling substrate assays (ATOMS and TAILS) designed by Christopher
Overall’s team at UBC (237, 238). However, whereas these techniques are intended to
facilitate identification of novel protease substrates in biological samples, we are specifically
concerned only with the proteolytic maturation of DENV prM. We therefore designed a
protocol that combines the best of these approaches into a targeted quantitative positional
proteomics methodology, allowing for targeted analysis of complex, non-purified biological
samples to directly quantify the proteolysis efficiency of a specific protein of interest.
Given the central role that proteolysis plays in the flaviviral lifecycle, wherein the
single-ORF genome translates into a viral polyprotein that must be cleaved into its
constituent structural and non-structural proteins, NTAc-MRM could be very useful (99, 101,
141, 239, 240). Understanding the exact efficiency with which the NS3/2B protease complex
cleaves its substrates, for example, would not only provide unprecedented insight into the
mechanics of replication and assembly but could also prove useful in testing the efficacy of
protease inhibitors, in vitro as well as in vivo. Moreover, this concept is not limited to a
single virus; as long as the primary sequence of the N-terminus of the cleavage product of
interest is known and is compatible (i.e. a tryptic peptide with reasonable biophysical
characteristics), NTAc-MRM could be applied to quantifying its proteolysis in biological
samples. We have begun preliminary work to demonstrate this in the case of WNV as well as
ZIKV (Section 4.2.1) and EBOV (Section 4.2.2).
Despite its usefulness, NTAc-MRM has clear limitations. Most importantly, the
cleavage site of interest needs to occur at a basic residue and the peptide of interest needs to
be compatible with LC-MS in terms of its biophysical properties in order for NTAc-MRM to
be applied as described here. Adaptations of the technique to alternate proteolysis sites
should be possible, for example by performing the sample digest with an enzyme other than
trypsin. The LC-MS amenability of the peptide can also be addressed in a variety of ways
depending on the particular peptide, for example using alternative chromatographic methods
or covalent modifications to deal with peptides with hydrophobicity/hydrophilicity issues
(see Section 4.2.1.3).
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Moreover, MRM-MS and NTAc-MRM are techniques that analyze a population of
viruses at the same time, providing results that represent a snapshot of protein abundance and
proteolytic cleavage at the time the sample was collected. Detailed information into the
maturation state of individual virions is not obtained by this approach; this precludes any
measurement or interpretation of the immature, mature, or mosaic nature of DENV particleassociated prM. Approaches like ‘flow virometry’, as described by Zicari and colleagues
(241), provide a complementary methodology that can elucidate this information at the level
of individual virions, with the caveat being the reliance of the methodology on antibodybased indirect detection that is inconsistent across the four DENV serotypes.
In summary, NTAc-MRM constitutes a useful approach to the measurement of specific
proteolytic cleavage events of low-abundance proteins in biological samples. Here we
present the first in vitro application of this methodology, although it could be easily and
rapidly adapted to other sample types. For example, with some additional method
development, NTAc-MRM could be used to quantify DENV-1–4-associated prM proteolytic
maturation in the context of infected individuals, which has never before been studied; such
an experiment would have significant repercussions for the physiological role played by
ADE and its relationship to severe dengue.
4.1.3

The putative role of furin in the DENV lifecycle
According to current dogma, the exclusive role of furin in the DENV lifecycle is to

mediate the proteolytic maturation of prM either as nascent virions transition through the
TGN (the classical pathway) or following FcγR-mediated endocytosis (the alternate pathway)
(Figure 4.1) (109, 113, 119, 133, 242). Our results demonstrate that the situation is
considerably more complex than this, with the level of furin dependency varying among
DENV serotypes as well as probable roles for redundant furin-like proteases. It is important
to underline that while we have no cause to suggest that furin does not cleave prM, our
studies show that at least in the case of DENV-1, it is clearly not the only enzyme with that
function, since virions derived from LoVo cells lacking functional furin retain a high rate of
maturation in virus-associated prM (Figure 2.5). Given the overlap in substrate specificities
and subcellular localization, PC5/6B and PC7 seem to be excellent candidates for proteases
that could cleave prM; non-PCs such as matriptase could also play a role.
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The robust overall reduction in viral protein levels observed in furin-deficient LoVo
cells compared to Huh-7.5.1 cells and the strong inhibition of DENV protein secretion and
vRNA abundance seen with Spn4A-S treatment seem to suggest that the activity of furin has
profound repercussions beyond simple proteolytic maturation of prM in the DENV lifecycle.
The stoichiometric inhibition of furin (i.e. through Spn4A) and the constitutive absence of
active furin through other means (e.g. LoVo cells) are bound to have significant impacts on a
wide variety of host factors that would normally be processed by this important enzyme.
Given the broad range of substrates that are processed by furin, from transcriptional
regulators such as TGF-β to entry factors like Gas6, the indirect consequences of the
inhibition of furin activity are numerous and diverse. It is therefore worth noting that as a
therapeutic avenue, inhibiting furin alone is unlikely to achieve inhibition of the DENV
lifecycle in the absence of side effects. Moreover, given the redundancy among furin-like
proteases and our observation that proteases other than furin can cleave DENV prM, a
significant impact on the DENV lifecycle in vivo seems improbable.
In addition to indirect roles for furin, our results also raise the possibility that the direct
role of furin in the DENV lifecycle is not limited to prM proteolysis. We found that the
primary sequence of the DENV-1–4 prM consensus cleavage site is very poorly cleaved
relative to other furin substrates (Figure 2.11), likely a result of the negative P3 residue, and
that the His residue located in the P6 position has a pH sensory function, producing a pHdependent effect on Km (Figure 2.12). Taken together, these findings suggest that the protein–
protein interaction between furin and prM is more akin to receptor–ligand rather than
enzyme–substrate, with pH-dependent changes in the Km allowing compartment-specific
association and dissociation, with proteolysis occurring very slowly if at all. We thus
hypothesize that furin acts as an intracellular receptor for DENV prM, binding the consensus
cleavage site that is exposed in the low pH of the TGN and releasing it upon exposure to
neutral pH at the cell surface, possibly aiding in the trafficking of nascent viral particles
through the secretory pathway.
4.1.4

Theoretical models of DENV-1–4 maturation and egress
The currently accepted model for DENV maturation and egress is not based on direct

experimental evidence, but rather on analogy with related viruses (TBEV) and conjecture
based on the structural properties of DENV prM and the prM–E heterocomplex (109, 121,
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133, 215). In this model, DENV particles are fully immature until they enter the TGN, where
the lower pH induces a shift from ‘spiky’ homotrimeric to ‘smooth’ homodimeric
conformations in the membrane-bound prM–E heterocomplex, exposing the consensus furin
cleavage site. This is then bound and cleaved by membrane-bound furin, locking in the
smooth conformation; pr remains associated with E until the virus particle exits the cell,
where the neutral pH environment allows the dissociation of pr and the exposure of the
fusion peptide on E (Figure 4.1).
Our studies call into question several of the underlying assumptions of this classical
model of DENV maturation and egress, particularly in terms of the specific roles of furin, the
potential involvement of other furin-like proteases, and differences in maturation efficiency
as well as furin dependency between the four DENV serotypes.
4.1.4.1

DENV-1 maturation and egress: a theoretical model

We found that DENV-1 maturation seems to be furin-independent, since DENV-1
derived from both Huh-7.5.1 and furin-deficient LoVo cells showed a very high proportion
of mature M. DENV-1 is also the most mature of the four serotypes, with maturation rates
over 85%, an interesting finding considering the effect that the negative P3 residue would be
expected to exert on furin binding. These results contrast the accepted view in the field that
furin is exclusively responsible for mediating the proteolytic maturation of prM (99, 101,
122).
We therefore hypothesize that DENV-1 prM maturation is not furin-dependent and that
while furin can cleave DENV-1 prM, it is clearly not the only enzyme to do so. Given the
inhibitory effect exerted by Spn4A-R on DENV-1 maturation, it seems that another host
cellular endoprotease, most probably PC5/6B or PC7, is chiefly responsible for cleaving
DENV-1 prM (Figure 4.2). Other non-PCs seem to be a factor in DENV-1 maturation as
well, perhaps including enzymes such as matriptase.
In our model, we therefore propose that nascent DENV-1 virions, cargoed into ‘virion
bags’ and trafficked from the ER to the cis-Golgi through KDELR/Arf4+5-mediated
transport, arrive at the cis-Golgi fully immature. Virions then progress to the TGN, where
pH-dependent conformational changes result in the exposure of the prM cleavage site. PC7
and PC5/6B as well as furin may bind and cleave prM – slowly in the case of furin – and
assist the movement of the virion through the late secretory pathway to the plasma
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membrane, where additional enzymes such as matriptase could cleave the exposed prM site.
The variety of enzymes involved in prM processing is likely to be quite diverse, given the
highly mature viral progeny that emerge. Finally, largely mature virions exit the cell and
return to neutral pH, allowing the dissociation of the pr fragment from M to expose the
fusion peptide on E and render the virion fully fusion-competent (Figure 4.2).
4.1.4.2

DENV-2 maturation and egress: a theoretical model

Furin appears to play a more canonical role in the DENV-2 lifecycle, taking into
account previous work (124) as well as our own results. The half-mature virions generated by
infected Huh-7.5.1 cells fit with our finding that the DENV-2 sequence is processed by furin
inefficiently, with a low kcat. The idea that furin could be acting as an intracellular receptor
for DENV through prM binding is further borne out by the pH-dependent low Km of the
furin–prM interaction, allowing furin to bind and release prM in a pH-dependent manner
without necessarily cleaving it. Unfortunately, our results with Spn4A-R were inconclusive,
precluding any discussion as to whether DENV-2 maturation is specifically PC-dependent or
whether non-PCs may also be involved. However, since LoVo-derived virions were
immature to the degree that the M peptide was below LOQ, it seems likely that DENV-2
maturation is indeed furin-mediated. Nevertheless, redundant enzymes, for example PC7 or
PC5/6B, may cleave prM to a small extent alongside furin.
Much as with DENV-1, we hypothesize that DENV-2 moves in a KDELR/Arf4+5dependent manner similarly through the secretory pathway, undergoing its pH-dependent
conformational change before encountering furin and other active PCs in the TGN. Notably,
whereas we expect DENV-1 to be bound and cleaved by a multitude of enzymes, DENV-2
should be more furin-specific. Unfortunately, the molecular mechanism behind this
specificity remains enigmatic, particularly considering the near-identical primary sequences
of the DENV-1 and -2 prM cleavage sites. In any case, DENV-2 is inefficiently cleaved, and
escorted by furin (and other PCs) through the endosomal compartment to the cell surface,
where the return to neutral pH leads the immature prM–E complexes to segregate and return
to their spiky trimeric conformation, while pr dissociates from mature M–E which remains in
its smooth dimeric conformation (Figure 4.2).
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4.1.4.3

DENV-3 maturation and egress: a theoretical model

The maturation process of DENV-3 seems more akin to that of DENV-2 than to that of
DENV-1, an interesting observation given that DENV-1 and -3 share identical prM
consensus cleavage sequences from P8 to P′4. Given our finding that DENV-3 is also about
half-mature, and this maturation is strongly reduced in LoVo cells, it seems that furin plays a
central role in DENV-3 maturation, as in the case of DENV-2. Indeed, much like DENV-2,
the level of mature M in virions generated in LoVo cells is below LOQ, indicating that furin
deficiency may in fact abolish prM maturation without necessarily excluding the possibility
of redundant proteolysis mediated by other furin-like proteases. Spn4A-R was able to reduce
maturation significantly as well, although not to the extent that the mature M peptide was
below LOQ.
Thus, we hypothesize that DENV-3, after entering the Golgi via KDELR/Arf4+5mediated trafficking, undergoes its pH-dependent conformational change and is bound by
furin or other furin-like proteases upon reaching the TGN. Proteolysis occurs slowly as furin
accompanies the virion through the endosomal compartment to the cell surface, where the
return to neutral pH reverts the conformational change in the immature prM–E population
(Figure 4.2). For the mature M–E complexes, pr dissociates to expose the fusion peptide on
E. For DENV-2 and particularly DENV-3, it seems likely that alternative ingress
mechanisms, including ADE and post-entry maturation, play a larger role given the ‘mosaic’
nature of the virions. In contrast, highly mature DENV-1 particles may follow canonical
attachment and entry mechanisms more closely given the lack of immature prM–E on the
virion surface.
4.1.4.4

DENV-4 maturation and egress: a theoretical model

DENV-4 provides a very interesting scenario, bearing a substitution in its prM cleavage
site that eliminates the His pH sensor located in P6 of DENV-1–3. It is tempting to speculate
that a connection exists between this key mutation and the fact that we observed DENV-4 to
be consistently the least mature of the four serotypes. Moreover, this low level of maturation
seems unaffected by the presence or absence of furin or Spn4A-R-mediated furin inhibition.
Unfortunately, this highly immature virus results in M peptide levels that are frequently near
or below LOQ, making it difficult to draw conclusions on the level of furin dependency in
the prM maturation event.
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Given that DENV-4 trafficking has been shown to be entirely independent of
KDELR/Arf-4+5, this gives rise to a very uncertain model of egress; it could indeed be called
into question whether DENV-4 traffics through the constitutive secretory pathway at all. The
indifference of DENV-4 M+prM levels to Spn4A-R supports this. Whereas DENV-1–3
levels are increased, probably due to KDELR saturation and consequent signalling resulting
in higher bulk flow through the secretory pathway (Figure 4.3), DENV-4 shows no such
effect. An alternative way for DENV-4 to exit its host cell could include the unknown
mechanism by which the hexameric NS1 lipoprotein is secreted.
4.1.5

Effects of ER-retained serpin expression on the DENV-1–4 lifecycle
In the course of investigating the effects of serpin-mediated inhibition of furin-like

proteases on the DENV lifecycle, we found that Spn4A-R expression produced an
unexpected effect on extracellular viral protein abundance. Levels of M+prM were increased
for DENV-1–3 but not for DENV-4 in the presence of Spn4A-R despite an overall reduction
in the maturation efficiency. We hypothesize that this increase is an effect of the high levels
of ER-retained Spn4A-R expressed in these cells, due in part to the overloading of the
KDELR in the early secretory pathway. The retrograde trafficking of Spn4A-R via KDELR
combined with the anterograde trafficking of nascent virus particles via KDELR that is
required for egress (136) likely leads to signalling cascades through KDELR that are meant
to indicate ER stress and high protein levels. Such signalling would likely promote bulk flow
through the secretory pathway to mitigate protein buildup, and it could result in faster
throughput of virus particles down the secretory pathway (Figure 4.3). This model for
DENV-1–3 contrasts with the model for DENV-4, whose egress has been shown to be
KDELR-independent and which could therefore employ mechanisms other than the
constitutive secretory pathway to exit the host cell (136). Interestingly, KDELR-mediated
trafficking is not the only method by which DENV moves through the secretory pathway;
work by Bartenschlager and colleagues suggests that transport of nascent DENV particles
from the ER to the Golgi involves the dimeric membrane-associated form of NS1 and both E
and prM (222).
Nevertheless, the overall effect of Spn4A-R for DENV-1–3 is a clear reduction in
DENV-associated prM maturation that is dependent on the inhibitory activity of the serpin,
concomitant with an increase in extracellular viral protein abundance (Table 4.1).
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4.1.6

Inhibition of furin-like proteases by Spn4A-S pan-serotypically blocks the

DENV lifecycle
We found that Spn4A-S produced a profound and pan-serotypic inhibition of the
DENV lifecycle, including vRNA levels, contrasting with our expectation that constitutive
inhibition of furin-like proteases would only affect the proteolytic maturation of virusassociated prM. We have devised several hypotheses that could explain this effect, primarily
in terms of the effects of furin targets or downstream factors whose activity or abundance
would be dysregulated upon serpin-mediated furin inhibition. Importantly, these hypotheses
are not mutually exclusive, and further work is needed to definitively validate or invalidate
each of them.
One hypothetical mechanism for the pan-serotypic effect of Spn4A-S that we observed
concerns Axl, a TAM family member that mediates DENV-2 entry in cells lacking canonical
DENV receptors, and Gas6, a TAM ligand whose maturation and activation is mediated by
furin (187, 190). While TAM members such as Axl have canonical roles in the
phosphatidylserine (PS)-dependent phagocytic engulfment and clearance of apoptotic cells,
in the context of DENV infection, Axl instead mediates entry by binding PS on the virion
surface through Gas6, which functions as a ‘bridging’ molecule (187). Since Gas6 activation
would be blocked as long as Spn4A-S is inhibiting the furin-like proteases in the secretory
pathway, DENV entry could be curtailed by the reduced level of extracellular Gas6.
Experimental evidence for this Gas6-mediated entry mechanism only exists for DENV-2, but
if this mechanism is common to DENV-1, -3, and -4, Spn4A-S could represent a panserotypic method of inhibiting DENV entry into non-DC-SIGN-expressing cells.
Another potential mechanism is based on the deregulation of certain mRNAs upon
Spn4A-S expression in uninfected human cells. Specifically, the simultaneous
downregulation of both cdc2, a component of the CDK1 complex that regulates various
phase transitions in the cell cycle, and cyclin B1, which activates CDK1, were observed. At
the same time, the CDK1 inhibitor CDKN1C was upregulated (Figure B.2.2) (211). This
suggests an induction of cell cycle inhibition or arrest in the presence of Spn4A-S, an
observation that was not seen for Spn4A-T328D-S and therefore stems from the inhibitory
activity of the serpin. Although the mechanism by which Spn4A-S mediates this effect is
unclear, the fact that it is dependent on its inhibitory activity suggests that some subset of
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targets of furin or other furin-like proteases are likely responsible. Notably, while the effects
of CDK1 inhibition on the DENV lifecycle have not been studied, post-entry stages of the
closely related ZIKV lifecycle are known to be inhibited through small molecule-based
inhibition of CDKs (225).
An additional hypothesis concerns the role of interleukin 8 (IL-8) and cyclooxygenase
2 (COX-2) in the DENV lifecycle. IL-8 is a pro-inflammatory cytokine of the CXC
chemokine family that is found in many cell types, including fibroblasts, monocytes, and
hepatocytes. It has important roles as an inflammatory mediator during bacterial or viral
infection as well as the upregulation of certain tumour genes such as COX-2 (243). COX-2,
in turn, is responsible for the production of prostanoids and can be induced by a wide variety
of growth factors, tumour promoters, and cytokines (243). Upregulation of COX-2
expression has been experimentally demonstrated in the case of HCV infection of Huh-7
human hepatoma cells, mediated through activation of the ERK/JNK MAPK pathway by IL8, whose induction is in turn triggered by HCV NS5A (243).
In the context of DENV infection, separate research groups have observed that DENV2 NS1 abundance is positively correlated with IL-8 in Huh-7 cells (244), and that COX-2
plays a key role in facilitating DENV-2 replication, whereby DENV-2 upregulates COX-2
through an NF-κB-mediated mechanism (245). Our team has previously demonstrated that
expression of adenovirus-encoded Spn4A-S in human H4 neuroglioma cells triggers a 5-fold
reduction in IL-8 mRNA levels (211), indicating that Spn4A-S plays an immunomodulatory
role.
It is unknown whether the upregulation of COX-2 induced by DENV-2 occurs
exclusively via an IL-8-mediated pathway, but if it does occur for DENV as it does for HCV
then this would represent a possible mechanism for the pan-serotypic inhibition of the DENV
lifecycle that we observed during Spn4A-S treatment. Furin can stimulate IL-8 release, for
example by cleaving pro-TGF-β1 in specific tissues or through pathways dependent on
ubiquitously expressed NF-κB (246); thus, stoichiometric inhibition of furin-like proteases
mediated by Spn4A-S is likely to reduce IL-8 transcription although this observation needs to
be validated in our Huh-7.5.1 cell-based system. Then, through IL-8 mRNA downregulation,
Spn4A-S could be indirectly downregulating COX-2 expression, including any DENVinducible expression, and thereby pan-serotypically inhibiting the DENV lifecycle.
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4.2

Future directions
Collectively, the work presented here provides a number of proofs of concept,

including the use of MRM-MS and NTAc-MRM to detect and quantify viral proteins and
proteolytic maturation respectively as well as the use of adenovirus-encoded serpins to target
PC activity and affect the DENV lifecycle. While specific mechanisms behind Spn4A-R/S
activity and specific roles for furin and other PCs have not been clearly and conclusively
demonstrated, a number of interesting hypotheses have been raised that warrant further
studies into the proteolytic maturation of viruses.
4.2.1

Applications of MRM-MS: Zika virus
As noted previously, the applications of MRM-MS and NTAc-MRM to the study of

human viruses is not limited to DENV. Indeed, the proteins of any virus could be assayed
and quantified by these approaches, the sole requirement being tryptic peptides that are
biophysically amenable to LC-MS. As an example, we have begun preliminary work into
establishing MRM-MS assays to detect ZIKV prM, E, and NS1, using the same overall
approach as we used for DENV-1–4. We have been successful in designing, optimizing, and
validating MRM-MS assays targeting ZIKV prM, E, and NS1 in infected cell lysate.
4.2.1.1

Introduction

Zika virus (ZIKV) is a mosquito-borne flavivirus closely related to DENV that was
first isolated from nonhuman primates in Africa in 1947. For six decades, it had been
responsible for infrequent infections, resulting in only 14 documented cases worldwide
before emerging in the Pacific and the Americas in 2007 (247, 248). Following its probable
introduction in Brazil in 2013, the virus has spread rapidly in at least 26 countries in the
Americas, with up to an estimated 1.3 million cases reported in Brazil during the current
outbreak (248). Since 2015, a sharp rise in microcephaly in babies born in Brazil has worried
the WHO (249–254). Particularly in northeast Brazil, reported cases of microcephaly, a
typically rare condition characterized by central nervous system malformations associated
with abnormally small heads and brains in newborn infants, increased 100-fold from
November 2015 to February 2016, coincident with the rise of ZIKV (249, 250). Other studies
have connected ZIKV to other serious neurological disorders such as Guillain-Barré
syndrome (249, 250). With the rapid spread of ZIKV in those 26 countries and the potential
biological links between ZIKV infection and life-threatening disorders, the WHO has
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declared the ZIKV outbreak to be a public health emergency of international concern in April
2016. ZIKV is now the second-most widely distributed arbovirus in the Americas, after
DENV (249, 251, 255). The WHO also acknowledged the causal association between
congenital ZIKV infection and infant microcephaly and other severe brain anomalies (ZIKV
congenital syndrome) (249, 251, 256–260).
Given the similarities between ZIKV and DENV, we have begun investigating the
putative role of furin in the ZIKV lifecycle. In a preliminary experiment, we infected Huh7.5.1 and furin-deficient LoVo cells with ZIKV (Puerto Rico/2015; ATCC VR1843) at an
MOI of 1 and 0.1 for 24 h before harvesting cell culture supernatant and performing a plaque
assay in Vero E6 cells, using a protocol similar to our established DENV protocol (218). We
found that infectious titre of ZIKV derived from LoVo cells was reduced by about 4 to 5
orders of magnitude beneath the limit of detection of the plaque assay, corresponding to less
than 2000 pfu/mL (Figure 4.5). This striking result echoes similar preliminary observations
for DENV, suggesting a broader significance for furin beyond its canonical role in mediating
proteolytic maturation of prM. We therefore sought to test the hypothesis that the reduction
in ZIKV infectivity in LoVo cells compared to Huh-7.5.1 cells was related to the canonically
impaired maturation of ZIKV virions in the absence of functional furin.
We are therefore beginning to develop MRM-MS assays for the quantification of ZIKV
prM, E, and NS1 as well as an NTAc-MRM approach for the differential detection and
quantification of mature and immature ZIKV prM in the same way as for DENV.
4.2.1.2

Preliminary results

To begin, we performed an in silico trypsin digest of the primary sequence of ZIKV
(French Polynesia/2013, accession AHZ13508) proteins C, prM, E, and NS1. We identified
21 peptides that bore the characteristics of good proteotypic peptide candidates for MRM-MS
assay development (Table 4.2). Specifically, our criteria were as follows: a length between 7
and 35 residues; not more than one total instance of M, C, W, DP, or PP motifs; no Nterminal Q; a hydrophobicity score between 15 and 45 as calculated by the SSRCalc
algorithm (155); and unique in that the only 100% coverage, 100% identity hits were on
ZIKV in a BLASTP search of the nr database. We next determined whether these sequences
were conserved in other ZIKV strains, including recent ZIKV isolates from the Americas.
We performed multiple sequence alignments among 6 other sequences, including AFD30972
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(strain FSS13025 Cambodia/2010), AEN75265 (strain IbH30656 Nigeria/1968; laboratory
reference strain), AMH87239 (Brazil/2015), AHL43500 (Brazil/2014), AMA12084
(Brazil/2015), and ALU33341 (Brazil/2015). From our 21 initial peptide candidates, we
confirmed that 14 were conserved in recent ZIKV isolates, including 2 peptides from C, 3
peptides from prM, 6 peptides from E, and 3 peptides from NS1 (Table 4.2).
To begin our MRM-MS assay development, we received SIS peptide versions of three
peptides (ZD3 from prM, ZE7 from E, and ZA1 from NS1), with 13C/15N-labelled C-terminal
residues, from JPT Peptide Technologies. These lyophilized peptides were reconstituted in
5% ACN at 5 pmol/µL. MRM-MS assays were then designed in a similar manner to our
DENV assays. Briefly, desalted peptides were first analyzed in MS/MS scan mode to identify
the predominant precursor charge state. FV for the precursor ion was then optimized using an
MRM with no fragmentation, scanning 60–240 V in 20 V increments. Next, we ran a product
ion scan with arbitrary fragmentation settings and manually assigned the resulting mass
spectra, taking the 4–5 strongest product ions for our MRM-MS assay. Optimal CE settings
were then determined by running each MRM over a range of CE values (5–35 V). The final
MRM assay was validated using a cocktail of 500 fmol/µL of each peptide, confirming good
chromatographic characteristics for each peptide, although the signal for prM peptide ZD3
was notably low (Figure 4.6). The full ZIKV MRM-MS assay, including the NTAc version
of the ZD3 peptide designated as ZAcD3, is presented in Table C.1.1.
To validate detection of our ZIKV proteotypic peptides, we infected human alveolar
basal epithelial adenocarcinoma (A549) cells with ZIKV at MOI 0.1. Cells were harvested at
48 hpi and lysed. Lysates were denatured, reduced, alkylated, and trypsinized before being
spiked with our SIS peptide cocktail, desalted, and analyzed by MRM-MS. We found that
our ZIKV NS1 and E peptides could be robustly detected and quantified (Figure 4.7);
however, our prM peptide ZD3, while detectable and quantifiable, yielded a relatively poor
response. H:L peak area ratios suggest that 0.55 ± 0.01 fmol of E and 1.25 ± 0.02 fmol of
NS1 (Figure 4.7A) as well as 0.74 ± 0.07 fmol of prM (Figure 4.7B) were present oncolumn, although in the absence of a calibration curve, this is only a qualitative estimate.
While we have designed and optimized an MRM method for detection of the NTAc form of
prM peptide ZD3, we have not yet had the opportunity to test and optimize our sulfo-NHS-
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based N-acetylation methodology to allow NTAc-MRM analysis of prM proteolytic
maturation in ZIKV biological samples.
These preliminary results demonstrate robust ZIKV infection of A549 cells and form
the basis of MRM-MS and NTAc-MRM assays that could be further developed to quantify
ZIKV proteins and proteolytic maturation in a biological context.
4.2.1.3

Discussion

In contrast with other methodologies for detecting and quantifying viral protein, our
preliminary work developing MRM-MS assays has yielded several advantages. Most
importantly, since we do not need to rely on generating antibodies, MRM-MS can proceed
from in silico digest to validated detection in a very short time, as the rate-limiting step is the
highly automatable synthesis and purification of SIS peptides. Quantitativeness and absolute
sequence specificity are also key benefits as well as the ability to analyze multiple proteins in
a multiplexed format.
While we were able to obtain a signal for prM peptide ZD3, its response is relatively
poor in that it exhibits a peak area 10% that of E peptide ZE7 when both are present at 500
fmol on-column (Figure 4.6). It seems likely that unfavourable biophysical characteristics of
the peptide are having an impact on its response in the QQQ. In addition to being very highly
hydrophilic, the dominant precursor charge species is the 3+ ion, which gives a very small
precursor m/z (heavy 360.2, light 356.9). This species is relatively fragile, with very low FV
and CE needed to get it through Q1 and allow it to fragment effectively (Table C.1.1). The
combination of a low m/z and high hydrophilicity could be creating problems in that the
peptide elutes very early in the run, alongside a large volume of other low-m/z hydrophilic
species; this could mean the peptide is unable to acquire the 3+ charge it needs due to
competitive ionization. Attempts to use the 2+ precursor were unsuccessful since this species
disintegrates rather than fragmenting, even with low FV and CE. Moreover, its hydrophilicity
may be preventing it from being retained effectively by the C18 trap column during
enrichment, leading to peptide loss before it reaches the analytical column.
Given the biological importance of the ZD3 peptide, being the N-terminal tryptic
peptide of mature ZIKV M, troubleshooting to obtain a good signal will be an important
cornerstone of future work in developing NTAc-MRM assays (in which the ZD3 signal will
be split further between mature and immature forms, likely rendering it undetectable). At
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present, there are four options that could be immediately tried. First, eliminating ACN from
the buffer composition during sample loading and enrichment (normally 3% ACN is present
at this stage) could improve the retention of the peptide; increasing the length of the hold
before ramping could improve this further. Second, the sample could be loaded onto the trap
column in a 0.1% trifluoroacetic acid (TFA) buffer rather than the 0.1% formic acid (FA)
buffer we currently use; this could also improve the peptide’s retention on the trap column.
Third, the biological complexity of the sample could be reduced to mitigate competitive
ionization, either by performing virus purification before digestion or by fractionating the
trypsinized sample using cation exchange (SCX) stage tips. Fourth, a dimethyl labelling
approach could be viable, wherein heavy or light formaldehyde would be used to distinguish
the mature and immature forms of the ZD3 peptide; this would supersede NTAc labelling
and necessitate the development of new MRM-MS assays targeting the heavy- and lightdimethyl labelled forms of the peptide. In any case, optimizing the response of the ZD3
peptide will be critical to moving forward with NTAc-MRM assay development, with the
ultimate goal of quantifying ZIKV prM maturation in biological samples.
4.2.2

Applications of MRM-MS: Ebola virus
In addition to ZIKV, we are working to apply our MRM-MS methodology to the

detection of EBOV, a non-flavivirus that is markedly different from both DENV and ZIKV.
This not only further illustrates the broad applicability of our approach, but also serves to
form a foundation to study elements of EBOV biology that have remained enigmatic, such as
the secreted structural protein sGP and its furin cleavage products, including the Δ-peptide.
We were successful in designing, optimizing, and validating MRM-MS assays targeting
EBOV sGP using a plasmid expression vector in mammalian cells.
4.2.2.1

Introduction

EBOV is a human pathogen of utmost global concern, leading to severe disease (Ebola
viral disease, EVD) and mortality rates averaging 78% (261–265). The largest EBOV
outbreak in history started in February 2014, affecting rural as well as urban areas in West
Africa. The lack of established prophylactic or antiviral approaches has led major public
health institutions including the WHO, Public Health Agency of Canada, and US CDC to be
highly apprehensive of the threat posed by EBOV: it is listed as a category A biothreat agent
and must be handled under biohazard containment level (CL)-4 conditions (261–265).
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Together with Marburg virus (MARV), EBOV constitutes the virus family Filoviridae,
so named for the long, filamentous nature of its virus particles. Transmission occurs through
direct contact with infectious bodily fluids, either in the context of an infected individual or
items that have come into contact with an infected individual. As a result, nosocomial
infections are a significant threat, particularly among healthcare professionals (263–265).
EBOV outbreaks are notoriously slow to be identified; in an outbreak in Uganda in 2007,
EBOV was not identified as the causative agent and EBOV-specific control measures were
not implemented until three months after the first EVD cases (266). Given the significant
repercussions and ramifications of EBOV outbreaks, rapid and reliable differential diagnosis
is of paramount importance to enable swift containment and control. Concurrent outbreaks of
EBOV and other febrile illnesses, for example the simultaneous EBOV and measles
outbreaks in Sudan in 2004, greatly complicate the issue, as patients with completely
different aetiologies show very similar clinical presentation (261, 266).
Current diagnostic tools are limited in their specificity and accuracy for EBOV (261,
263). On the virologic side, detection of EBOV RNA is possible with quantitative real-time
reverse-transcriptase (qRT)-PCR; viral proteins including GP, NP, and VP40 are also
detectable by ELISA. Unfortunately, these techniques are limited to patient samples collected
3–7 days post-onset of symptoms; moreover, virologic ELISAs are not commercially
available and existing PCR kits show highly variable performance (263, 267). Virus isolation
and electron microscopy-based direct visualization of virus particles are the current gold
standard techniques, but they are highly demanding in terms of the facilities, highly trained
personnel, and long timeframe they require. Serologically, detection of EBOV-directed IgG
or IgM antibodies is possible through direct ELISA, antigen-capture ELISA, or serum
neutralization; however, in fatal cases, the patient generally dies before an antibody response
is mounted (261, 263).
In light of these difficulties, it has been proposed that rapid, highly specific, and highly
sensitive laboratory diagnostic techniques will be vital to determining whether a febrile
individual is infected with EBOV, thus allowing rapid deployment of EBOV-specific control
measures to minimize the scale and impact of local outbreaks (261–263, 266). We sought to
address this need by developing MRM-MS assays targeting EBOV proteins in biological
samples.
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4.2.2.2

Preliminary results

We began by performing an in silico tryptic digest on the primary sequence of the Zaire
EBOV (ZEBOV) reference strain 1976/Mayinga structural proteins GP (UniProtKB entry
Q05320), VP24 (Q05322) and VP40 (Q05128); we identified 25 proteotypic peptides using
the same method used previously for DENV and ZIKV (Figure 4.8). These peptides were
identified and curated in the same manner and using the same criteria as for ZIKV (see
Section 4.2.1.2). From this list we selected 8 peptides for method development; we then
acquired the corresponding SIS peptides and designed and optimized MRM-MS assays
(Table 4.3, Figure 4.8). MRM assay parameters are shown in Table C.1.2. Through our
collaboration with Dr. Heinz Feldmann (Chief, Laboratory of Virology, Rocky Mountain
BSL4 Laboratories, NIH) we are in the process of generating CL-2-safe biological samples
containing EBOV trVLPs (transcription/replication-competent virus-like particles) using Dr.
Feldmann’s tetracistronic minigenome system for validation of our MRM assays (268, 269).
The EBOV GP gene encodes for all viral glycoproteins, with transcriptional editing
leading to three protein products: GP1,2, the homotrimeric 676-residue transmembrane
structural protein involved in fusion, and the shorter secreted forms sGP (324 residues) and
ssGP (298 residues) (270, 271). The N-terminal 295 residues of these proteins are identical;
proteotypic peptides derived from this region will therefore track all three forms of GP.
Homodimeric sGP circulates at high levels in patient serum and is thought to play a variety
of pathological roles, including acting as a decoy antigen. This glycoprotein is synthesized as
pre-sGP, which is subsequently cleaved by host cellular proprotein convertases such as furin
(68), yielding the mature form of sGP and a small peptide product known as the Δ-peptide
(40 residues). The Δ-peptide has been recently identified as a viroporin, capable of
permeabilizing naturally occurring membranes and synthetic lipid bilayers; this underlines
the importance of understanding the efficiency with which it is produced, both in vitro and in
vivo (272).
Given the importance of this protein, we chose to begin validating our MRM assays
using a simple plasmid encoding sGP rather than the full trVLP-encoding tetracistronic
minigenome that we had not had the opportunity to test and validate in our cell culture
system. Our list of proteotypic peptide candidates includes the N-terminus of GP2
(corresponding to the immediate C-terminal side of the furin proteolysis site). By performing
134

N-terminal acetyl (NTAc) labelling before analysis by MRM-MS, it should be possible to
differentially detect and quantify trypsin-cleaved (N-NH2) and furin-cleaved (N-Ac) forms of
GP2 with specialized MRM methods. This would provide unparalleled insight into the
proteolytic efficiency of GP1,2 cleavage; the ability to specifically track these cleaved
structural proteins would also provide researchers with an important tool for studying its
biological role.
We were able to successfully design MRMs for 2 of the 4 peptides tested.
Unfortunately, peptide EA2 showed a poor fragmentation pattern consisting largely of a
single product ion, unsuitable for MRM (Table 4.3). Furthermore, using our human
embryonic kidney (HEK)-293 cell culture system overexpressing sGP, we were able to detect
and quantify peptides EA3 and EA4 in cell culture supernatant (Figure 4.9). Peak area ratios
suggest that about 3.5 fmol/µL of EA3 and 2.7 fmol/µL of EA4 were present in the sample;
however, in the absence of a calibration curve, this is only a qualitative estimate. This
preliminary work demonstrates the feasibility and usefulness of our approach for detecting
EBOV-derived proteins in biological samples, providing a sound basis for further research
using the trVLP-producing tetracistronic minigenome system.
4.2.3

Translation of MS-based viral protein detection to other MS platforms
Despite its advantages, MRM-MS is not ideally suited to clinical applications due to

the high cost of LC-MS equipment, operation, and maintenance as well as relatively low
sample throughput. A complementary methodology that could be more practical in such a
setting is SISCAPA-MALDI. Assays could be rapidly developed targeting the proteotypic
‘signature’ viral peptides we have already identified and optimized. SISCAPA-MALDI uses
peptide-specific antibodies to enrich biological samples for our proteotypic and SIS peptides
before mass analysis on a MALDI-TOF instrument (36). This approach directly addresses the
pitfalls associated with the MRM-MS approach, as MALDI-TOF instruments are much
cheaper, smaller, and simpler; moreover, they are amenable to high sample throughput
(thousands per day) (36, 37).
As a laboratory diagnostic, these techniques directly tackle the limitations of the
current methodological paradigm. They are highly specific in that there is no possibility of
cross-detecting heterologous virus serotypes or other related viruses, and highly sensitive
given that a sub-femtomole-scale amount of virus-derived peptide suffice for detection and
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quantification (34, 35, 38). This methodology could therefore represent a primary tool for
identifying and characterizing the spread of virus outbreaks. The high-throughput capacity of
SISCAPA-MALDI is particularly well suited to rapidly screening large numbers of samples
(36, 37). Combined with the ability to analyze blood samples collected as soon as symptoms
manifest without needing to wait for detectable IgM/IgG, this one-shot diagnostic approach
would be rapid enough to provide clinicians with robust information to evaluate a febrile
patient’s likelihood of developing severe DENV symptoms and to manage their clinical
course accordingly, in addition to retrospective diagnosis. Developing this assay to target
NS1 in particular has an additional advantage in that NS1 levels in patient serum are very
high throughout the febrile and critical phases of infection, allowing a single assay to cover
patients in both phases (Figure 1.1) (28, 29).
4.2.4

Comparative maturation of DENV-1–4
We believe that NTAc-MRM represents a specifically advantageous molecular tool

from a basic research perspective, allowing direct and specific quantification of proteolysis
events that could play a key role in the virus lifecycle. For example, the flavivirus genome is
translated as a single polyprotein that is subsequently cleaved into its constituent protein
subunits by a combination of viral and cellular proteases. The ordering and kinetics of these
cleavage events remains obscure, as does their relationship with, for example, physiological
outcomes such as severe dengue, ADE, or microcephaly in the case of ZIKV.
Analysis of human serum samples would provide unprecedented insight into the
biological significance of flaviviral prM maturation, allowing corroborative studies to
examine, for example, the hypothetical correlation between ADE and poorly cleaved DENVassociated prM in the context of an infected individual. NTAc-MRM could also be applied in
determining potential mechanisms of action of novel direct-acting antiviral molecules,
providing insight as to the specific proteolysis event that was being blocked in an infected
cell-based setting.
It is important to note that while our results provide an understanding of DENV prM
maturation in the context of our Huh-7.5.1 and LoVo cell-based systems, this may not reflect
the true nature of DENV maturation in an in vivo context. To this end, future work looking at
other cell types that support DENV infection, including immune cells, could be useful. Of
course, the most useful information could be gleaned from analyzing biological samples
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(blood or saliva) derived from human patients, providing a snapshot of DENV maturation in
the context of different individuals, different clinical presentations (e.g. dengue fever vs.
severe dengue), different DENV serotypes and strains, and different sequences of infection.
The low LOD/LOQ values for our assays obtained in the context of ‘mock serum’ samples
suggest that high-abundance viral proteins, such as NS1, as well as low-abundance proteins,
such as virus-associated glycoproteins E and prM, would likely be detectable and
quantifiable in human serum samples. However, our sample inactivation and preparation
protocol would likely need to be refined to allow efficient NTAc labelling and trypsinization.
Further development in this direction would also clearly require a reliable source of DENVinfected human sera (for optimization and validation) that we were unable to secure over the
course of our studies. Notably, since the US Food and Drug Administration (FDA) has very
recently created a sample panel for diagnostic development consisting of plasma samples
from anonymous individuals infected with ZIKV, WNV, or DENV, the practicality of
obtaining human serum samples has increased, improving the feasibility of such studies
(273).
The level of detail in the interpretation of our results in vitro could also be improved by
the use of alternate cell lines and different experimental conditions, for example, different
MOI or different time courses. It is worth noting that the prM maturation rate values obtained
for Huh-7.5.1 cells in Chapter 2 at an MOI of 0.1 are different from those found in Chapter 3
at an MOI of 1.0; whether this is simply a consequence of the underlying ongoing adenoviral
infection in the latter or whether this is truly an MOI-dependent effect is unknown.
Moreover, while Huh-7.5.1 cells do represent a physiologically relevant model of DENV
infection in that liver tropism for DENV is well-established (134, 212, 274–278), cell-based
systems representing primary sites of infection, for example mononuclear phagocytic cells
such as monocytes, macrophages, or dendritic cells (98), would be interesting to investigate.
Part of the rationale for this also stems from the expression levels of different furin-like
proteases; while furin is ubiquitously expressed, Huh-7.5.1 cells express very high levels of
it, even compared to other human hepatoma cell lines like Huh-7 (65, 158, 198).
4.2.5

The putative role of furin and other PCs in the DENV-1–4 lifecycle
One key experiment that we would like to perform is the assessment of viral titre from

DENV-1–4-infected LoVo cells. While preliminary results suggest that there is a significant
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decrease in extracellular viral infectivity in these furin-deficient cells, further work is needed
to experimentally confirm this. Such an observation would nonetheless be consistent with the
reduction in overall viral protein abundance observed in LoVo cells, concomitant with the
reduction in relative prM maturation among DENV-2–4.
A limitation of the biological interpretation of our results is that our general
understanding of cell biology is mainly limited to uninfected cells, particularly on key
questions such as intracellular and compartment-specific pH regulation, furin-like protease
abundance and the subcellular distribution of enzymatic activity, and the organization of the
constitutive secretory pathway and its resident proteins. The question of whether these
aspects remain unchanged during viral infection has, for the most part, gone unaddressed;
and indeed, given the dramatic intracellular rearrangements during viral infection others have
observed, the assumption that the infected and uninfected states would be identical seems
unlikely to be entirely correct (106, 107, 216). Unfortunately, given the lack of understanding
in this area, our model for the putative role of furin and furin-like proteases in the DENV
lifecycle is forced to rely on exactly this assumption.
To remedy this, studies of the cell biology of infected cells will be important. Through
expression of a fluorescently tagged form of furin by an adenoviral vector, its subcellular
localization could be elucidated by immunofluorescence microscopy. Localization of furin
and furin-like enzymatic activity could perhaps be assayed through the application of in-cell
selectivity profiling, using membrane-anchored fluorescent substrates that could be targeted
to different subcellular compartments through tags, similar to studies we have previously
done to elucidate the activity of the WNV NS2B/3 and HCV NS3/4A proteases (279, 280).
Alterations to the pH gradient could be observed through the use of intracellular pH dyes or
pH-sensitive fluorescent protein chimeras (281).
To specifically disentangle the role of furin, PC5/6B, and PC7 in the DENV lifecycle,
knockdown by methods such as RNAi or CRISPR could be applied. This would give the
opportunity to study the specific contribution of each of these proteases, both towards DENV
maturation as measurable by NTAc-MRM as well as the DENV lifecycle in general, as
indicated by intracellular and extracellular vRNA levels (measured by qRT-PCR) as well as
extracellular virus titres (measured by plaque assay).
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4.2.6

The effect of Spn4A-S on the DENV-1–4 lifecycle
The pan-serotypic effect of Spn4A-S on the DENV lifecycle brings up the question of

whether this serpin could be an effective broad-spectrum antiviral molecule if applied to
other viruses. For example, the closely related flavivirus ZIKV bears some significant
similarities with DENV, particularly since induction of cell cycle arrest by a small molecule
CDK inhibitor is sufficient to block the ZIKV lifecycle (225). If Spn4A-S antiviral activity is
triggered through the induction of cell cycle arrest, it seems likely that the ZIKV lifecycle
would be inhibited in a manner similar to DENV; indeed, preliminary results show that
Spn4A-S does indeed exhibit strong antiviral activity against ZIKV, in terms of vRNA
synthesis (as measured by immunofluorescence of dsRNA) as well as infectivity (as
measured by plaque assay).
It will also be important to determine the specific stage of the flaviviral lifecycle that is
inhibited by Spn4A-S. Experiments in which exogenous recombinant Spn4A-S is added to
Huh-7.5.1 cell culture may be the simplest way to tackle this question, since extracellularly
added α1-PDX is known to interact with furin, form an EI complex with it, and deplete it by
targeting it for lysosomal degradation (90). Adding Spn4A-S to culture media before or after
DENV will help to elucidate whether attachment/entry or post-attachment/entry steps of the
lifecycle are inhibited, allowing testing of the hypothetical antiviral mechanism wherein furin
inhibition depletes Gas6 and prevents Axl-mediated DENV entry. Alternatively, addition of
exogenous Gas6 to cells infected with adenovirus encoding Spn4A-S followed by DENV
infection could also help to clarify the biological relevance of this hypothetical antiviral
mechanism.
To test whether cell cycle arrest, induced by downregulation of cdc2 and cyclin B1
concomitant with upregulated CDKN1C, is an antiviral mechanism for DENV, the small
molecule CDK inhibitor PHA-690509 could be tested against DENV-1–4 in Huh-7.5.1 cells,
mirroring an experiment in which this compound was found to be antiviral against ZIKV
(225). Testing whether Spn4A-S is capable of inducing the same effect on expression of
these three genes in Huh-7.5.1 cells would also be useful to ensure that the effect is not
specific to glioma cells (211).
Finally, the dysregulation of IL-8 and COX-2 in Huh-7.5.1 cells, in the context of
infection with adenovirus-encoded Spn4A-S and DENV-1–4, will be important to measure in
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order to test this hypothetical antiviral mechanism. ELISA kits for IL-8 are readily available
and represent a straightforward experimental approach to begin tackling this question.
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4.3

Conclusions
In summary, here we describe the development and validation of MRM-MS and

NTAc-MRM assays for the direct detection and absolute quantification of viral proteins and
their proteolytic cleavage. We applied these techniques to the quantification of host-mediated
proteolytic maturation of DENV-associated prM. Our findings call into question specific
aspects of the currently accepted model of DENV maturation and egress in human cells,
including the furin independence of DENV-1 maturation and the likely involvement of furinlike proteases such as PC7 and/or PC5/6B.
We determined that the His residue conserved in the P6 position of the prM cleavage
site of DENV-1–3 has a role as a pH sensor, promoting a stronger affinity for furin at low
pH. Coupled with the low catalytic efficiency of furin for prM-based substrates, we raise the
hypothesis that furin acts not solely to cleave DENV-associated prM but also as an
intracellular receptor that can selectively bind and release prM in a pH-dependent manner
and may be involved in trafficking nascent virions through the late secretory pathway.
To investigate the putative role of furin in the DENV lifecycle, we used two
complementary approaches: DENV infection of furin-deficient LoVo cells as well as serpinbased inhibition of furin and furin-like proteases through infection with adenovirus
constructs encoding ER-retained and secreted variants of Spn4A. We determined that
maturation of DENV-2–4, but not DENV-1, was inhibited in LoVo cells, concomitant with a
decrease in extracellular viral protein, suggesting that proteolytic maturation of prM is not
the only aspect of the DENV lifecycle affected by the absence of furin. We also found the
expression of Spn4A-R inhibited DENV-1–4 prM maturation, with a concomitant increase in
extracellular protein that we hypothesize arises from KDELR-mediated signalling and ER
stress increasing the bulk flow through the secretory pathway. Finally, we found that Spn4AS, a stoichiometric inhibitor of furin and furin-like proteases that is constitutively secreted,
produced a robust inhibition of the DENV lifecycle, including intracellular vRNA synthesis,
which cannot be explained solely in terms of prM maturation. We therefore hypothesize that
host cellular targets of furin-like proteases play an important part in the viral lifecycle;
further work is required to dissect the players and their roles in the DENV lifecycle.
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4.4

Figures and tables

Table 4.1 Summary of the effects of Ad-Spn4A variants on DENV-1–4.
Qualitative summary of data presented in Chapter 3. The number of arrows corresponds to
the statistical significance of the change: ‘↓↓↓↓’, p<0.0001; ‘↓↓↓’, p<0.001; ‘↓↓’, p<0.01; ‘↓’,
p<0.05. Arrows in parentheses reflect a change wherein statistical analysis is impossible (one
or more values below LOQ); the number of arrows therefore represents a qualitative estimate
of the strength of the change. ‘0’, no statistically significant change. ND, no data.

Comparison

Virus

Viral

Viral

Extracellular Maturation

Extracellular

RNA

infectivity

M+prM

efficiency

NS1

Ad-Spn4A-R

DENV-1

ND

0

↑

↓↓

↓↓↓

vs

DENV-2

ND

0

(↑)

(0)

ND

Ad-Spn4A-

DENV-3

ND

0

↑↑↑

↓↓

(↓)

T328D-R

DENV-4

ND

0

0

0

↓↓↓↓

Ad-Spn4A-S

DENV-1

↓↓↓

(↓↓↓↓)
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0

(↓↓)
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DENV-2
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(↓)
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(↓↓↓↓)

0

(↓↓)

T328D-S

DENV-4

↓

(↓↓↓↓)

(↓↓)

0

(↓↓)
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Table 4.2 Proteotypic peptide candidates for ZIKV MRM-MS and NTAc-MRM.
Peptides were identified in an in silico trypsin digest of ZIKV sequence AHZ13508 (French
Polynesia/2013). Peptides shown were confirmed conserved among 6 other sequences,
including AFD30972 (strain FSS13025 Cambodia/2010), AEN75265 (strain IbH30656
Nigeria/1968), AMH87239 (Brazil/2015), AHL43500 (Brazil/2014), AMA12084
(Brazil/2015), and ALU33341 (Brazil/2015). Peptides highlighted in bold were used for
initial MRM-MS/NTAc-MRM development and optimization.

ZIKV protein
C
prM

E

NS1

ID
ZC2
ZC3
ZD3
ZAcD3
ZD4
ZD5
ZE1
ZE2
ZE4
ZE5
ZE7
ZE8
ZA1
ZA2
ZA5

Sequence
LPAGLLLGHGPIR
FTAIKPSLGLINR
AVTLPSHSTR
Ac-AVTLPSHSTR
SQTWLESR
VENWIFR
CPTQGEAYLDK
SIQPENLEYR
AEATLGGFGSLGLDCEPR
GVSYSLCTAAFTFTK
LITANPVITESTENSK
GIHQIFGAAFK
LPVPVNELPHGWK
TNNSFVVDGDTLK
GPWHSEELEIR

Position
33–45
56–68
216–225
216–225
231–238
247–253
364–374
419–428
466–483
592–606
648–663
734–744
898–910
923–935
1060–1070
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Figure 4.1 Classical model of DENV-1–3 maturation and egress.
DENV-1–3 particles are formed in the ER lumen and traffic to the Golgi through binding to
KDELR. As the local pH decreases during progression through the secretory pathway, a
change from the ‘spiky’ homotrimeric conformation to the ‘smooth’ herringbone-like
homodimeric conformation of the prM–E heterocomplex occurs, exposing the consensus
furin cleavage site on prM. In the TGN, furin then binds and cleaves at this site, locking in
the smooth conformation; however, this proteolysis event is relatively inefficient. Upon
reaching the extracellular milieu and returning to neutral pH, prM that was not cleaved
reverts to its spiky conformation and segregates from mature M, which remains smooth,
exposing the fusion peptide on E.
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Figure 4.2 Revised model of DENV-1–3 maturation and egress.
DENV-1–3 particles are formed in the ER lumen and traffic to the Golgi through binding to
KDELR. As the local pH decreases during progression through the secretory pathway, a
change from the ‘spiky’ homotrimeric conformation to the ‘smooth’ herringbone-like
homodimeric conformation of the prM–E heterocomplex occurs, exposing the consensus
furin cleavage site on prM. In the TGN, furin-like proteases then bind and cleave at this site,
locking in the smooth conformation. Notably, furin is not exclusively responsible for
mediating this proteolytic cleavage; PC5/6B and PC7 could play significant roles as well.
Upon reaching the extracellular milieu and returning to neutral pH, prM that was not cleaved
reverts to its spiky conformation and segregates from mature M, which remains smooth,
exposing the fusion peptide on E.
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Figure 4.3 Model of DENV-1–3 maturation and egress in the presence of Spn4A-R.
DENV-1–3 particles are formed in the ER lumen and traffic to the Golgi through binding to
KDELR. Highly expressed Spn4A-R molecules, encoded by an adenoviral vector, are present
in the ER/ERGIC and are hypothesized to inhibit furin-like proteases in these early secretory
pathway compartments by outcompeting their respective prodomains. The ER stress induced
by the high levels of protein leads to KDELR-mediated signalling, promoting bulk flow
through the secretory pathway and increasing the movement of nascent virus particles. Since
furin-like proteases are inhibited by Spn4A-R, prM remains mostly immature and prM–E
complexes revert to their spiky conformation upon egress; thus, high numbers of mostly
immature DENV-1–3 virions are produced.
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Figure 4.4 Model of DENV-1–3 maturation and egress in the presence of Spn4A-S.
DENV-1–3 particles are formed in the ER lumen and traffic to the Golgi through binding to
KDELR. Highly expressed Spn4A-S molecules, encoded by an adenoviral vector, are present
throughout the secretory pathway and stoichiometrically inhibit furin-like proteases. This
results in prM remaining mostly immature and prM–E complexes reverting to their spiky
conformation upon egress. Importantly, indirect effects of inhibition of furin-like proteases
have profound effects on the DENV lifecycle beyond maturation and egress with a variety of
hypothetical mechanisms that are beyond the scope of this model, with the net effect that the
DENV lifecycle is very strongly inhibited in the presence of Spn4A-S.
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Figure 4.5 ZIKV infectivity is highly compromised in furin-deficient LoVo cells.
Huh-7.5.1 and furin-deficient LoVo cells were infected with ZIKV (Puerto Rico/2015;
ATCC VR1843 at MOI 1 and 0.1 for 24 h before harvesting supernatant and performing a
plaque assay in Vero E6 cells, using a protocol similar to our established DENV protocol
(218). The results of two independent experiments are shown. Error bars represent SEM.
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Figure 4.6 Optimized MRM assay demonstrating simultaneous detection of prM, E, and
NS1 SIS peptides in a single sample.
A cocktail of our SIS peptides for ZIKV prM (ZD3), E (ZE7), and NS1 (ZA1) was analyzed
by MRM-MS, with 500 fmol of each peptide present on-column. The identity of each peptide
is confirmed by the co-elution of at least 4 transitions, for which EIC are shown.
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Figure 4.7 Extracted ion chromatograms demonstrating detection of ZIKV NS1, E, and
prM in infected A549 cells by MRM-MS.
Cultures of A549 cells were infected with ZIKV (MOI 0.1) for 24 h before cells were
harvested, lysed, and trypsinized. A cocktail of 50 fmol/µL of each of the 3 heavy (SIS)
peptides was spiked into the sample. The sample was then injected and analyzed by MRMMS. Resulting EIC for (A) ZIKV E and NS1 peptides as well as (B) the ZIKV prM peptide
are shown. Only the strongest transition is depicted. H:L peak area ratios suggest that 0.55 ±
0.01 fmol of E, 1.25 ± 0.02 fmol of NS1, and 0.74 ± 0.07 fmol of prM were present oncolumn, although in the absence of a calibration curve this is only a qualitative measurement.
One representative of three replicate injections is shown.
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Figure 4.8 Summary of EBOV-directed MRM assay development.
Beginning by [1] performing a tryptic digestion of the full sequences of ZEBOV GP, VP24,
and VP40 in silico, we then [2] filtered the list on a number of criteria to yield 114
proteotypic peptides that would likely perform well in an MRM assay. We then [3] created a
shortlist of 25 candidates conserved through the recent Sierra Leone/2014 strains and [4]
created and optimized MRM methods to detect a subset of them: four GP peptides, two VP24
peptides, and two VP40 peptides. [5] Next, we transfected HEK-293 cells with plasmid
encoding sGP, collected supernatant, and digested with trypsin to generate tryptic peptides.
We then spiked in known amounts of the four SIS (labelled) peptides targeting GP, and
analyzed these samples in our MRM-MS assay. Extracting extracted ion chromatograms
(EIC), integrating peaks, and comparing peak area ratios for heavy and light peptides forms
the basis for quantification. In this way, we were able to successfully validate two of the four
GP peptides.
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Figure 4.9 Extracted ion chromatograms illustrating the successful detection of ZEBOV
sGP in biological samples.
We transfected HEK293 cells with plasmid encoding sGP, collected supernatant, and
digested with trypsin to generate tryptic peptides. We then spiked in known amounts of the
four SIS (labelled) peptides targeting GP, and analyzed these samples in our MRM-MS
assay. By extracting MS/MS spectra from total ion count (TIC) chromatographic peaks, we
obtained extracted ion chromatograms (EIC). Integration of EIC peaks and comparing peak
area ratios for heavy (blue) and light (red) peptides forms the basis for quantification. EIC for
the strongest transitions only are shown for peptides (A) EA3 and (B) EA4; peak identities
are confirmed by the co-elution of 3 additional transitions (not shown) for each peptide. Peak
area ratios suggest that about 3.5 fmol/µL of EA3 and 2.7 fmol/µL of EA4 are present in the
sample; however in the absence of a calibration curve, this is only a qualitative estimate.

154

Table 4.3 Summary of EBOV proteotypic peptides and MRM-MS results to date.
Only peptides whose SIS forms have been synthesized so far are shown. “MRM optimized”:
MRM-MS assays have been designed and optimized using the SIS form of the peptide. “Cell
culture validated”: Successful detection of the unlabelled peptide in biological samples (sGP
isolated from HEK293 cells transfected with an sGP-expressing plasmid). *: This peptide can
be used for NTAc-MRM differential quantification of Δ-peptide proteolytic processing.

EBOV protein

GP/sGP

VP24

VP40

ID

Sequence

MRM

Cell culture

optimized

validated

EA1*

EAIVNAQPK



EA2

DFFSSHPLR



EA3

LASTVIYR





EA4

EGAFFLYDR





EB1

FSLLHESTLK

EB2

YNLISPK

EC1

LGPGIPDHPLR

EC2

GNSADLTSPEK
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Appendices
Appendix A Supplementary material for Chapter 2
A.1

MRM assay parameters

Table A.1.1 Parameters for pan-serotypic MRM and NTAc-MRM assays
MRM acquisition method for DENV-1–4 combined, including NTAc peptides. Dwell time:
20 ms. Duty cycle: 5217 ms. Cell accelerator voltage: 7 V.
Compound
name
1A12_heavy
1A12_heavy
1A12_heavy
1A12_light
1A12_light
1A12_light
1A13o_heavy
1A13o_heavy
1A13o_light
1A13o_light
1A13r_heavy
1A13r_heavy
1A13r_light
1A13r_light
1AcD2_heavy
1AcD2_heavy
1AcD2_heavy
1AcD2_heavy
1AcD2_heavy
1AcD2_light
1AcD2_light
1AcD2_light
1AcD2_light
1AcD2_light
1D2_heavy
1D2_heavy
1D2_heavy
1D2_light
1D2_light
1D2_light
1E1_heavy
1E1_heavy

Precursor
ion m/z
401.4
401.4
401.4
397.4
397.4
397.4
379.4
379.4
375.4
375.4
371.4
371.4
367.4
367.4
786.5
786.5
786.5
786.5
786.5
781.5
781.5
781.5
781.5
781.5
510.9
510.9
510.9
507.6
507.6
507.6
555.5
555.5

Product
ion m/z
730.2
643.2
496.2
722.2
635.2
488.2
644.2
497.2
636.2
489.2
628.2
497.2
620.2
489.2
1272.4
1088.4
854.5
544.4
413.4
1262.4
1078.4
844.5
539.4
413.4
755.3
672.4
636.8
745.3
667.4
631.8
879.4
780.4

Fragmentor
(V)
100
100
100
100
100
100
80
80
80
80
80
80
80
80
60
60
60
60
60
60
60
60
60
60
180
180
180
180
180
180
220
220

Collision
energy (V)
9
7
10
9
7
9
9
5
9
5
9
5
9
5
25
23
27
21
21
25
23
27
21
21
20
8
8
20
8
8
14
15
183

Compound
name
1E1_heavy
1E1_light
1E1_light
1E1_light
1E2_heavy
1E2_heavy
1E2_heavy
1E2_light
1E2_light
1E2_light
2A10_heavy
2A10_heavy
2A10_heavy
2A10_light
2A10_light
2A10_light
2A12a_heavy
2A12a_heavy
2A12a_heavy
2A12a_light
2A12a_light
2A12a_light
2A13o_heavy
2A13o_heavy
2A13o_heavy
2A13o_light
2A13o_light
2A13o_light
2A13r_heavy
2A13r_heavy
2A13r_heavy
2A13r_light
2A13r_light
2A13r_light
2AcD2o_heavy
2AcD2o_heavy
2AcD2o_heavy
2AcD2o_heavy
2AcD2o_light
2AcD2o_light

Precursor
ion m/z
555.5
550.5
550.5
550.5
597.1
597.1
597.1
593.1
593.1
593.1
607
607
607
605.4
605.4
605.4
575
575
575
571
571
571
508.5
508.5
508.5
504.5
504.5
504.5
500.5
500.5
500.5
496.5
496.5
496.5
817.7
817.7
817.7
817.7
812.7
812.7

Product
ion m/z
565.2
869.4
770.4
555.2
966.4
794.4
680.4
958.4
786.4
672.4
692.8
675
660.6
690.8
673
658.6
820.4
595.2
441
812.4
587.2
437
801.2
688.4
541.2
793.2
680.2
533.2
785.2
672.2
541.2
777.2
664.2
533.2
1122.4
725.4
561.6
413
1112.4
720.4

Fragmentor
(V)
220
220
220
220
240
240
240
240
240
240
200
200
200
200
200
200
220
220
220
220
220
220
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160
160

Collision
energy (V)
15
14
15
15
15
15
17
15
15
17
11
13
15
11
13
15
19
23
27
19
23
27
13
15
15
13
15
15
13
15
15
13
15
15
25
31
27
29
25
31
184

Compound
name
2AcD2o_light
2AcD2o_light
2AcD2r_heavy
2AcD2r_heavy
2AcD2r_heavy
2AcD2r_heavy
2AcD2r_heavy
2AcD2r_light
2AcD2r_light
2AcD2r_light
2AcD2r_light
2AcD2r_light
2D2o_heavy
2D2o_heavy
2D2o_heavy
2D2o_light
2D2o_light
2D2o_light
2D2r_heavy
2D2r_heavy
2D2r_heavy
2D2r_light
2D2r_light
2D2r_light
2E13_heavy
2E13_heavy
2E13_light
2E13_light
2E2_heavy
2E2_heavy
2E2_heavy
2E2_light
2E2_light
2E2_light
3A13o_heavy
3A13o_heavy
3A13o_heavy
3A13o_light
3A13o_light
3A13o_light

Precursor
ion m/z
812.7
812.7
809.7
809.7
809.7
809.7
809.7
804.7
804.7
804.7
804.7
804.7
531.6
531.6
531.6
528.3
528.3
528.3
526.3
526.3
526.3
523
523
523
493.2
493.2
489.9
489.9
618
618
618
614
614
614
591.7
591.7
591.7
587.7
587.7
587.7

Product
ion m/z
556.6
403
1106.4
872.2
773.2
553.8
413
1096.4
862.2
763.2
548.8
403
703.6
611.6
562.2
698.6
606.6
557.2
695.6
660
554.2
690.6
655
549.2
668.2
402.8
658.2
397.8
1008.4
808.2
694.2
1000.4
800.2
686.2
867.2
641
433.8
859.2
633
429.8

Fragmentor
(V)
160
160
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
220
220
220
220
220
220
60
60
60
60
60
60

Collision
energy (V)
27
29
27
33
31
23
29
27
33
31
23
29
9
9
15
9
9
15
9
9
15
9
9
15
19
19
19
19
17
17
17
17
17
17
19
19
19
19
19
19
185

Compound
name
3A13r_heavy
3A13r_heavy
3A13r_heavy
3A13r_light
3A13r_light
3A13r_light
3A14_heavy
3A14_heavy
3A14_heavy
3A14_light
3A14_light
3A14_light
3AcD2o_heavy
3AcD2o_heavy
3AcD2o_heavy
3AcD2o_heavy
3AcD2o_light
3AcD2o_light
3AcD2o_light
3AcD2o_light
3AcD2r_heavy
3AcD2r_heavy
3AcD2r_heavy
3AcD2r_heavy
3AcD2r_light
3AcD2r_light
3AcD2r_light
3AcD2r_light
3D2a_heavy
3D2a_heavy
3D2a_heavy
3D2a_light
3D2a_light
3D2a_light
3D2b_heavy
3D2b_heavy
3D2b_heavy
3D2b_light
3D2b_light
3D2b_light

Precursor
ion m/z
583.7
583.7
583.7
579.7
579.7
579.7
384.4
384.4
384.4
380.4
380.4
380.4
796.6
796.6
796.6
796.6
791.6
791.6
791.6
791.6
788.7
788.7
788.7
788.7
783.7
783.7
783.7
783.7
512.3
512.3
512.3
509
509
509
517.6
517.6
517.6
514.3
514.3
514.3

Product
ion m/z
951
851.2
625.2
943
843.2
617.2
696.2
609.2
496.2
688.2
601.2
488.2
1108.4
775.4
554.6
413
1098.4
765.4
549.6
403
1092.4
858.4
547
413.2
1082.4
848.4
542
403.2
858.2
674.4
547
848.2
669.4
542
682.6
647
590.4
677.6
642
585.4

Fragmentor
(V)
60
60
60
60
60
60
80
80
80
80
80
80
180
180
180
180
180
180
180
180
60
60
60
60
60
60
60
60
80
80
80
80
80
80
200
200
200
200
200
200

Collision
energy (V)
19
19
23
19
19
23
9
7
7
9
7
7
26
27
26
27
26
27
26
27
27
29
25
25
27
29
25
25
21
8
13
21
8
13
8
8
9
8
8
9
186

Compound
name
3E1_heavy
3E1_heavy
3E1_heavy
3E1_light
3E1_light
3E1_light
3E12_heavy
3E12_heavy
3E12_heavy
3E12_light
3E12_light
3E12_light
4A14_heavy
4A14_heavy
4A14_heavy
4A14_light
4A14_light
4A14_light
4A15_heavy
4A15_heavy
4A15_heavy
4A15_light
4A15_light
4A15_light
4AcD2o_heavy
4AcD2o_heavy
4AcD2o_heavy
4AcD2o_heavy
4AcD2o_light
4AcD2o_light
4AcD2o_light
4AcD2o_light
4AcD2r_heavy
4AcD2r_heavy
4AcD2r_heavy
4AcD2r_heavy
4AcD2r_light
4AcD2r_light
4AcD2r_light
4AcD2r_light

Precursor
ion m/z
557.5
557.5
557.5
552.5
552.5
552.5
594
594
594
590
590
590
523.5
523.5
523.5
519.5
519.5
519.5
407.4
407.4
407.4
403.4
403.4
403.4
812.6
812.6
812.6
812.6
807.6
807.6
807.6
807.6
804.6
804.6
804.6
804.6
799.6
799.6
799.6
799.6

Product
ion m/z
883.4
812.4
711.4
873.4
802.4
701.4
829.2
537
396.8
821.2
533
388.8
790.2
431.2
395.6
782.2
427.2
391.6
700.2
553.2
398.2
692.2
545.2
394.2
1110.4
555.6
514
413
1100.4
550.6
504
403
1094.4
860.2
547.8
413.2
1084.4
850.2
542.8
403.2

Fragmentor
(V)
240
240
240
240
240
240
60
60
60
60
60
60
100
100
100
100
100
100
120
120
120
120
120
120
180
180
180
180
180
180
180
180
60
60
60
60
60
60
60
60

Collision
energy (V)
15
17
16
15
17
16
21
19
27
21
19
27
11
8
9
11
8
9
7
7
5
7
7
5
27
27
24
29
27
27
24
29
27
31
27
23
27
31
27
23
187

Compound
name
4D2o_heavy
4D2o_heavy
4D2o_heavy
4D2o_light
4D2o_light
4D2o_light
4D2r_heavy
4D2r_heavy
4D2r_heavy
4D2r_light
4D2r_light
4D2r_light
4E12a_heavy
4E12a_heavy
4E12a_heavy
4E12a_light
4E12a_light
4E12a_light
4E14o_heavy
4E14o_heavy
4E14o_heavy
4E14o_light
4E14o_light
4E14o_light
4E14r_heavy
4E14r_heavy
4E14r_heavy
4E14r_light
4E14r_light
4E14r_light

Precursor
ion m/z
528.2
528.2
528.2
524.9
524.9
524.9
522.9
522.9
522.9
519.6
519.6
519.6
690
690
690
685
685
685
463.4
463.4
463.4
458.4
458.4
458.4
455
455
455
450
450
450

Product
ion m/z
698.6
663.2
555.8
693.6
658.2
550.8
690.6
598.04
548
685.6
593.04
543
877.4
458
344.8
867.4
448
334.8
536
449
347.8
526
439
337.8
778.4
664.6
536.2
768.4
654.6
526.2

Fragmentor
(V)
60
60
60
60
60
60
100
100
100
100
100
100
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60

Collision
energy (V)
9
9
15
9
9
15
9
9
15
9
9
15
21
19
19
21
19
19
19
19
19
19
19
19
19
19
19
19
19
19
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Table A.1.2 Parameters for DENV-1 MRM and NTAc-MRM assays.
MRM acquisition method for DENV-1 only, including NTAc peptides. Dwell time: 20 ms.
Duty cycle: 987 ms. Cell accelerator voltage: 7 V.
Compound
name
1AcD2_heavy
1AcD2_heavy
1AcD2_heavy
1AcD2_heavy
1AcD2_heavy
1AcD2_light
1AcD2_light
1AcD2_light
1AcD2_light
1AcD2_light
1E2_heavy
1E2_heavy
1E2_heavy
1E2_light
1E2_light
1E2_light
1E1_heavy
1E1_heavy
1E1_heavy
1E1_light
1E1_light
1E1_light
1D2_heavy
1D2_heavy
1D2_heavy
1D2_light
1D2_light
1D2_light
1A12_heavy
1A12_heavy
1A12_heavy
1A12_light
1A12_light
1A12_light
1A13o_heavy
1A13o_heavy

Precursor
ion m/z
786.5
786.5
786.5
786.5
786.5
781.5
781.5
781.5
781.5
781.5
597.1
597.1
597.1
593.1
593.1
593.1
555.5
555.5
555.5
550.5
550.5
550.5
510.9
510.9
510.9
507.6
507.6
507.6
401.4
401.4
401.4
397.4
397.4
397.4
379.4
379.4

Product
ion m/z
1272.4
1088.4
854.5
544.4
413.4
1262.4
1078.4
844.5
539.4
413.4
966.4
794.4
680.4
958.4
786.4
672.4
879.4
780.4
565.2
869.4
770.4
555.2
755.3
672.4
636.8
745.3
667.4
631.8
730.2
643.2
496.2
722.2
635.2
488.2
644.2
497.2

Fragmentor
(V)
60
60
60
60
60
60
60
60
60
60
240
240
240
240
240
240
220
220
220
220
220
220
180
180
180
180
180
180
100
100
100
100
100
100
80
80

Collision
energy (V)
25
23
27
21
21
25
23
27
21
21
15
15
17
15
15
17
14
15
15
14
15
15
20
8
8
20
8
8
9
7
10
9
7
9
9
5
189

Compound
name
1A13o_light
1A13o_light
1A13r_heavy
1A13r_heavy
1A13r_light
1A13r_light

Precursor
ion m/z
375.4
375.4
371.4
371.4
367.4
367.4

Product
ion m/z
636.2
489.2
628.2
497.2
620.2
489.2

Fragmentor
(V)
80
80
80
80
80
80

Collision
energy (V)
9
5
9
5
9
5
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Table A.1.3 Parameters for DENV-2 MRM and NTAc-MRM assays.
MRM acquisition method for DENV-2 only, including NTAc peptides. Dwell time: 20 ms.
Duty cycle: 1504 ms. Cell accelerator voltage: 7 V.
Compound
name
2AcD2o_heavy
2AcD2o_heavy
2AcD2o_heavy
2AcD2o_heavy
2AcD2o_light
2AcD2o_light
2AcD2o_light
2AcD2o_light
2AcD2r_heavy
2AcD2r_heavy
2AcD2r_heavy
2AcD2r_heavy
2AcD2r_heavy
2AcD2r_light
2AcD2r_light
2AcD2r_light
2AcD2r_light
2AcD2r_light
2E2_heavy
2E2_heavy
2E2_heavy
2E2_light
2E2_light
2E2_light
2A10_heavy
2A10_heavy
2A10_heavy
2A10_light
2A10_light
2A10_light
2A12a_heavy
2A12a_heavy
2A12a_heavy
2A12a_light
2A12a_light
2A12a_light

Precursor
ion m/z
817.7
817.7
817.7
817.7
812.7
812.7
812.7
812.7
809.7
809.7
809.7
809.7
809.7
804.7
804.7
804.7
804.7
804.7
618
618
618
614
614
614
607
607
607
605.4
605.4
605.4
575
575
575
571
571
571

Product
ion m/z
1122.4
725.4
561.6
413
1112.4
720.4
556.6
403
1106.4
872.2
773.2
553.8
413
1096.4
862.2
763.2
548.8
403
1008.4
808.2
694.2
1000.4
800.2
686.2
692.8
675
660.6
690.8
673
658.6
820.4
595.2
441
812.4
587.2
437

Fragmentor
(V)
160
160
160
160
160
160
160
160
60
60
60
60
60
60
60
60
60
60
220
220
220
220
220
220
200
200
200
200
200
200
220
220
220
220
220
220

Collision
energy (V)
25
31
27
29
25
31
27
29
27
33
31
23
29
27
33
31
23
29
17
17
17
17
17
17
11
13
15
11
13
15
19
23
27
19
23
27
191

Compound
name
2D2o_heavy
2D2o_heavy
2D2o_heavy
2D2o_light
2D2o_light
2D2o_light
2D2r_heavy
2D2r_heavy
2D2r_heavy
2D2r_light
2D2r_light
2D2r_light
2A13o_heavy
2A13o_heavy
2A13o_heavy
2A13o_light
2A13o_light
2A13o_light
2A13r_heavy
2A13r_heavy
2A13r_heavy
2A13r_light
2A13r_light
2A13r_light
2E13_heavy
2E13_heavy
2E13_light
2E13_light

Precursor
ion m/z
531.6
531.6
531.6
528.3
528.3
528.3
526.3
526.3
526.3
523
523
523
508.5
508.5
508.5
504.5
504.5
504.5
500.5
500.5
500.5
496.5
496.5
496.5
493.2
493.2
489.9
489.9

Product
ion m/z
703.6
611.6
562.2
698.6
606.6
557.2
695.6
660
554.2
690.6
655
549.2
801.2
688.4
541.2
793.2
680.2
533.2
785.2
672.2
541.2
777.2
664.2
533.2
668.2
402.8
658.2
397.8

Fragmentor
(V)
60
60
60
60
60
60
60
60
60
60
60
60
160
160
160
160
160
160
160
160
160
160
160
160
60
60
60
60

Collision
energy (V)
9
9
15
9
9
15
9
9
15
9
9
15
13
15
15
13
15
15
13
15
15
13
15
15
19
19
19
19
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Table A.1.4 Parameters for DENV-3 MRM and NTAc-MRM assays.
MRM acquisition method for DENV-3 only, including NTAc peptides. Dwell time: 20 ms.
Duty cycle: 1363 ms. Cell accelerator voltage: 7 V.
Compound
name
3AcD2o_heavy
3AcD2o_heavy
3AcD2o_heavy
3AcD2o_heavy
3AcD2o_light
3AcD2o_light
3AcD2o_light
3AcD2o_light
3AcD2r_heavy
3AcD2r_heavy
3AcD2r_heavy
3AcD2r_heavy
3AcD2r_light
3AcD2r_light
3AcD2r_light
3AcD2r_light
3E12_heavy
3E12_heavy
3E12_heavy
3A13o_heavy
3A13o_heavy
3A13o_heavy
3E12_light
3E12_light
3E12_light
3A13o_light
3A13o_light
3A13o_light
3A13r_heavy
3A13r_heavy
3A13r_heavy
3A13r_light
3A13r_light
3A13r_light
3E1_heavy
3E1_heavy

Precursor
ion m/z
796.6
796.6
796.6
796.6
791.6
791.6
791.6
791.6
788.7
788.7
788.7
788.7
783.7
783.7
783.7
783.7
594
594
594
591.7
591.7
591.7
590
590
590
587.7
587.7
587.7
583.7
583.7
583.7
579.7
579.7
579.7
557.5
557.5

Product
ion m/z
1108.4
775.4
554.6
413
1098.4
765.4
549.6
403
1092.4
858.4
547
413.2
1082.4
848.4
542
403.2
829.2
537
396.8
867.2
641
433.8
821.2
533
388.8
859.2
633
429.8
951
851.2
625.2
943
843.2
617.2
883.4
812.4

Fragmentor
(V)
180
180
180
180
180
180
180
180
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
240
240

Collision
energy (V)
26
27
26
27
26
27
26
27
27
29
25
25
27
29
25
25
21
19
27
19
19
19
21
19
27
19
19
19
19
19
23
19
19
23
15
17
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Compound
name
3E1_heavy
3E1_light
3E1_light
3E1_light
3D2b_heavy
3D2b_heavy
3D2b_heavy
3D2b_light
3D2b_light
3D2b_light
3D2a_heavy
3D2a_heavy
3D2a_heavy
3D2a_light
3D2a_light
3D2a_light
3A14_heavy
3A14_heavy
3A14_heavy
3A14_light
3A14_light
3A14_light

Precursor
ion m/z
557.5
552.5
552.5
552.5
517.6
517.6
517.6
514.3
514.3
514.3
512.3
512.3
512.3
509
509
509
384.4
384.4
384.4
380.4
380.4
380.4

Product
ion m/z
711.4
873.4
802.4
701.4
682.6
647
590.4
677.6
642
585.4
858.2
674.4
547
848.2
669.4
542
696.2
609.2
496.2
688.2
601.2
488.2

Fragmentor
(V)
240
240
240
240
200
200
200
200
200
200
80
80
80
80
80
80
80
80
80
80
80
80

Collision
energy (V)
16
15
17
16
8
8
9
8
8
9
21
8
13
21
8
13
9
7
7
9
7
7
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Table A.1.5 Parameters for DENV-4 MRM and NTAc-MRM assays.
MRM acquisition method for DENV-4 only, including NTAc peptides. Dwell time: 20 ms.
Duty cycle: 1363 ms. Cell accelerator voltage: 7 V.
Compound
name
4AcD2o_heavy
4AcD2o_heavy
4AcD2o_heavy
4AcD2o_heavy
4AcD2o_light
4AcD2o_light
4AcD2o_light
4AcD2o_light
4AcD2r_heavy
4AcD2r_heavy
4AcD2r_heavy
4AcD2r_heavy
4AcD2r_light
4AcD2r_light
4AcD2r_light
4AcD2r_light
4E12a_heavy
4E12a_heavy
4E12a_heavy
4E12a_light
4E12a_light
4E12a_light
4D2o_heavy
4D2o_heavy
4D2o_heavy
4D2o_light
4D2o_light
4D2o_light
4A14_heavy
4A14_heavy
4A14_heavy
4D2r_heavy
4D2r_heavy
4D2r_heavy
4D2r_light
4D2r_light

Precursor
ion m/z
812.6
812.6
812.6
812.6
807.6
807.6
807.6
807.6
804.6
804.6
804.6
804.6
799.6
799.6
799.6
799.6
690
690
690
685
685
685
528.2
528.2
528.2
524.9
524.9
524.9
523.5
523.5
523.5
522.9
522.9
522.9
519.6
519.6

Product
ion m/z
1110.4
555.6
514
413
1100.4
550.6
504
403
1094.4
860.2
547.8
413.2
1084.4
850.2
542.8
403.2
877.4
458
344.8
867.4
448
334.8
698.6
663.2
555.8
693.6
658.2
550.8
790.2
431.2
395.6
690.6
598.04
548
685.6
593.04

Fragmentor
(V)
180
180
180
180
180
180
180
180
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
60
100
100
100
100
100
100
100
100

Collision
energy (V)
27
27
24
29
27
27
24
29
27
31
27
23
27
31
27
23
21
19
19
21
19
19
9
9
15
9
9
15
11
8
9
9
9
15
9
9
195

Compound
name
4D2r_light
4A14_light
4A14_light
4A14_light
4E14o_heavy
4E14o_heavy
4E14o_heavy
4E14o_light
4E14o_light
4E14o_light
4E14r_heavy
4E14r_heavy
4E14r_heavy
4E14r_light
4E14r_light
4E14r_light
4A15_heavy
4A15_heavy
4A15_heavy
4A15_light
4A15_light
4A15_light

Precursor
ion m/z
519.6
519.5
519.5
519.5
463.4
463.4
463.4
458.4
458.4
458.4
455
455
455
450
450
450
407.4
407.4
407.4
403.4
403.4
403.4

Product
ion m/z
543
782.2
427.2
391.6
536
449
347.8
526
439
337.8
778.4
664.6
536.2
768.4
654.6
526.2
700.2
553.2
398.2
692.2
545.2
394.2

Fragmentor
(V)
100
100
100
100
60
60
60
60
60
60
60
60
60
60
60
60
120
120
120
120
120
120

Collision
energy (V)
15
11
8
9
19
19
19
19
19
19
19
19
19
19
19
19
7
7
5
7
7
5
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A.2

MRM validation and response analyses

A

B

Figure A.2.1 Validation and response analysis of peptide 1D2.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of fourteen independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.2 Validation and response analysis of peptide 1AcD2.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of three independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.3 Validation and response analysis of peptide 1E1.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of fourteen independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.4 Validation and response analysis of peptide 1E2.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of fourteen independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.5 Validation and response analysis of peptide 1A12.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of six independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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A

B

Figure A.2.6 Validation and response analysis of peptide 1A13r.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of six independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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A

B

Figure A.2.7 Validation and response analysis of peptide 2D2r.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of ten independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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A

B

Figure A.2.8 Validation and response analysis of peptide 2D2o.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of ten independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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A

B

Figure A.2.9 Validation and response analysis of peptide 2AcD2r.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of three independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.10 Validation and response analysis of peptide 2AcD2o.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of three independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.11 Validation and response analysis of peptide 2E2.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of ten independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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A

B

Figure A.2.12 Validation and response analysis of peptide 2A10.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of four independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.13 Validation and response analysis of peptide 3D2r.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of ten independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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A

B

Figure A.2.14 Validation and response analysis of peptide 3D2o.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of ten independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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A

B

Figure A.2.15 Validation and response analysis of peptide 3AcD2r.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of three independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.16 Validation and response analysis of peptide 3AcD2o.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of three independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.17 Validation and response analysis of peptide 3E1.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of ten independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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B

Figure A.2.18 Validation and response analysis of peptide 3A14.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of six independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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A

B

Figure A.2.19 Validation and response analysis of peptide 4D2r.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of six independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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B

Figure A.2.20 Validation and response analysis of peptide 4D2o.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of six independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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B

Figure A.2.21 Validation and response analysis of peptide 4AcD2r.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of three independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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A

B

Figure A.2.22 Validation and response analysis of peptide 4AcD2o.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of three independent experiments is shown. Dashed red lines represent the
linear response range (within 20% of target concentration response).
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B

Figure A.2.23 Validation and response analysis of peptide 4A14.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of six independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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B

Figure A.2.24 Validation and response analysis of peptide 4A15.
(A) Dose response curve. (B) Response factor plot. Points are the average of 2–3 replicate
injections; error bars represent standard deviation among replicate injections; one
representative of six independent experiments is shown. Dashed red lines represent the linear
response range (within 20% of target concentration response).
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A.3

Kinetic assay method development

Figure A.3.1 Furin stocks derived from HEK-293A-C4 cell culture supernatant cleave
the pERTKR-AMC furin substrate.
Representative kinetic traces demonstrating that HEK-293-C4 cell-derived furin cleaves the
pERTKR-AMC substrate (green), shown by an increase in fluorescence over time (λex = 370
nm, λem = 460 nm). Results are representative of three technical replicates.
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Figure A.3.2 DENV- and WNV-based peptide substrates are efficiently cleaved by
furin.
(A) Representative kinetic trace demonstrating that the fluorescence of IQFS-1 (orange/blue)
and WNV-IQFS (red/green) increases over time in the presence of furin (red/orange), but
nots in its absence (green/blue). Triplicate wells from a single assay are represented (λex =
320 nm, λem = 420 nm). (B) Processing of IQFS for 110 min followed by RP-HPLC analysis
with a fluorescence-based readout verifies the accumulation of the cleaved N-terminal
product bearing the unquenched fluorophore (arrows). Representative fluorescence
chromatograms (λex = 320 nm, λem = 420 nm) showing single wells derived from the samples
in panel A.
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Figure A.3.3 Titration of furin stock with the decanoyl-Arg-Val-Lys-Argchloromethylketone (CMK) inhibitor allows estimation of active enzyme concentration.
The assay was performed with 100 µM WNV IQFS, since that substrate was predicted to
have the most favourable kinetic parameters owing to the lack of negatively charged
residues. Briefly, fitting a line to a plot of

[𝐼]0
𝑣
1− 𝑖

𝑣0

vs.

𝑣0
𝑣𝑖

(where [𝐼]0 is the initial concentration of

inhibitor, 𝑣0 is the uninhibited initial velocity, and 𝑣𝑖 is the inhibited initial velocity at
[𝐼] = [𝐼]0 ) and calculating the intercept on the ordinate gives an approximation of the active
enzyme concentration [𝐸]0 (170). From two independent experiments performed in triplicate,
[𝐸]0 was calculated to be 173 ± 5 nM.
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Figure A.3.4 Calibration curve to estimate the inner filter effect (IFE) for Abz/Tyr(3NO2)-based IQFS at concentrations up to 100 µM.
Up to 100 µM of WNV IQFS in furin assay buffer (pH 7.0) was added per well; 100 nmol of
anthranilic acid (free Abz) was then added and fluorescence measured. The difference in
fluorescence intensity of 100 nmol Abz in the absence of IFE (𝑓𝑐𝑜𝑟𝑟 ) and the observed
fluorescence intensity (𝑓𝑜𝑏𝑠 ) was measured, and a linear regression performed to generalize
the relationship between fluorescence response factor (𝑓𝑜𝑏𝑠 /𝑓𝑐𝑜𝑟𝑟 ) and [𝑆], which was found
to be 𝑓𝑐𝑜𝑟𝑟 = 𝑓𝑜𝑏𝑠 × (0.000791[𝑆] + 1).
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Appendix B Supplementary material for Chapter 3
B.1

Supporting information for experimental methods

Table B.1.1 Titres of virus preparations used in this study.
DENV titres were determined by plaque assay in Vero cells. Adenovirus titres were
determined by a commercially available kit (Adeno-X Rapid Titer kit, Clonetech).

Virus

Titre (pfu/mL)

DENV-1

7.9×106

DENV-2

3.5×107

DENV-3

2.5×106

DENV-4

1.5×107

Ad-Spn4A-R

4.0×1010

Ad-Spn4A-S

1.0×1010

Ad-Spn4A-T328D-R

2.9×108

Ad-Spn4A-T328D-S

2.0×1010

Ad-empty

3.0×1010
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Table B.1.2 Primer sequences used for qPCR in this study.

Virus

Primer

Sequence

DENV-1

Forward

5′ CAA AAG GAA GTC GTG CAA TA 3′

Reverse

5′ CTG AGT GAA TTC TCT CTA CTG AAC C 3′

Forward

5′ CAG GTT ATG GCA CTG TCA CGA T 3′

Reverse

5′ CCA TCT GCA GCA ACA CCA TCT C 3′

Forward

5′ GGA CTG GAC ACA CGC ACT CA 3′

Reverse

5′ CAT GTC TCT ACC TTC TCG ACT TGT CT 3′

Forward

5′ TTG TCC TAA TGA TGC TGG TCG 3′

Reverse

5′ TCC ACC TGA GAC TCC TTC 3′

DENV-2

DENV-3

DENV-4
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B.2

Transcriptomic profiling of human cells expressing adenovirus-encoded Spn4A

variants

Figure B.2.1 Top 10 significant cellular and molecular functions for genes differentially
regulated by Spn4A-S expression identified by Ingenuity Pathway Analysis.
Ingenuity Pathway Analysis software was used to associate cellular and molecular functions
to differentially regulated genes in response to Spn4A-S. Significance was calculated from
Fisher’s exact test. Source: (211).
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Figure B.2.2 Points of the cell cycle where genes are differentially regulated in response
to Spn4A-S expression.
The cell cycle consists of G1 (Gap 1), S (synthesis), G2 (Gap 2), and M (mitosis). The
amount of DNA (coloured lines) and size of cell are illustrated in each stage. Differentially
regulated genes that act on transitions or at stages of the cell cycle are labelled. Source:
(211).
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Appendix C Supplementary material for Chapter 4
C.1

MRM assay parameters

Table C.1.1 Parameters for ZIKV MRM and NTAc-MRM assays.
MRM acquisition method for ZIKV, including NTAc peptides. Dwell time: 20 ms. Cell
accelerator voltage: 7 V.
Compound
name
ZE7_heavy

Precursor Product Ion
ion m/z
ion m/z identity
863
1326.4 y12

Ion
charge
1+

Fragmentor Collision
(V)
energy (V)
80
25

ZE7_heavy

863

1212.6

y11

1+

80

27

ZE7_heavy

863

1016.5

y9

1+

80

29

ZE7_heavy

863

903.4

y8

1+

80

29

ZE7_heavy

863

513.3

b5

1+

80

23

ZE7_light

859

1318.4

y12

1+

80

25

ZE7_light

859

1204.6

y11

1+

80

27

ZE7_light

859

1008.5

y9

1+

80

29

ZE7_light

859

895.4

y8

1+

80

29

ZE7_light

859

513.3

b5

1+

80

23

ZAcD3_heavy 560.8

908.5

y8

1+

60

20

ZAcD3_heavy 560.8

807.4

y7

1+

60

18

ZAcD3_heavy 560.8

694.3

y6

1+

60

18

ZAcD3_heavy 560.8

347.7

y6

2+

60

18

ZAcD3_heavy 560.8

314.2

b3

1+

60

18

ZAcD3_light

555.8

898.5

y8

1+

60

20

ZAcD3_light

555.8

797.4

y7

1+

60

18

ZAcD3_light

555.8

684.3

y6

1+

60

18

ZAcD3_light

555.8

342.7

y6

2+

60

18

ZAcD3_light

555.8

314.2

b3

1+

60

18

ZA1_heavy

498.6

988.5

y8

1+

80

15

ZA1_heavy

498.6

642.4

y11

2+

80

9

ZA1_heavy

498.6

632.3

y5

1+

80

15
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Compound
name
ZA1_heavy

Precursor Product Ion
ion m/z
ion m/z identity
y10
498.6
592.8

Ion
charge
2+

Fragmentor Collision
(V)
energy (V)
80
11

ZA1_heavy

498.6

460.9

y12

3+

80

9

ZA1_light

495.9

980.5

y8

1+

80

15

ZA1_light

495.9

638.4

y11

2+

80

9

ZA1_light

495.9

624.3

y5

1+

80

15

ZA1_light

495.9

588.8

y10

2+

80

11

ZA1_light

495.9

458.2

y12

3+

80

9

ZD3_heavy

360.2

694.3

y6

1+

80

7

ZD3_heavy

360.2

597.3

y5

1+

80

13

ZD3_heavy

360.2

510.3

y4

1+

80

13

ZD3_heavy

360.2

373.2

y3

1+

80

12

ZD3_light

356.9

684.3

y6

1+

80

7

ZD3_light

356.9

587.3

y5

1+

80

13

ZD3_light

356.9

500.3

y4

1+

80

13

ZD3_light

356.9

363.2

y3

1+

80

12
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Table C.1.2 Parameters for EBOV MRM assays.
MRM acquisition method for EBOV, including NTAc peptides. Dwell time: 20 ms. Cell
accelerator voltage: 7 V.
Compound
name
EA3_heavy

Precursor Product Ion
ion m/z
ion m/z identity
b7
467
748.2

Ion
charge
1+

Fragmentor Collision
(V)
energy (V)
220
15

EA3_heavy

467

348

y2

1+

220

19

EA3_heavy

467

461

y3

1+

220

15

EA3_heavy

467

819.2

y7

1+

220

15

EA3_light

462

748.2

b7

1+

220

15

EA3_light

462

338

y2

1+

220

19

EA3_light

462

451

y3

1+

220

15

EA3_light

462

809.2

y7

1+

220

15

EA4_heavy

564.3

724.2

y5

1+

220

15

EA4_heavy

564.3

576.3

y4

1+

220

15

EA4_heavy

564.3

463

y3

1+

220

15

EA4_heavy

564.3

871.2

y6

1+

220

15

EA4_light

559.3

714.2

y5

1+

220

15

EA4_light

559.3

566.3

y4

1+

220

15

EA4_light

559.3

453

y3

1+

220

15

EA4_light

559.3

861.2

y6

1+

220

15
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