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Virus infection triggers an innate immune response characterized by host cell
production of interferon (IFN). Intermediates of viral replication, including dsRNA,
initiate a signaling cascade that is amplified within the cell and alerts neighboring cells of
viral invaders. Recognition of dsRNA intermediates occurs through retinoic acid
inducible gene-I (RIG-I). RIG-I elicits an antiviral state by binding to the IFN-f
Promoter Stimulator-1 (IPS-1) adaptor protein, activating the latent downstream

transcription factors IRF-3 and NF-xB. These transcription factors bind to the promoter
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region of effector genes including IFN-f, producing an antiviral amplification loop within
and around the infected cell. This response is critical for immunity to infection.

Hepatitis C virus (HCV) is a serious global health problem with 170 million
people chronically infected. HCV persistence is linked to viral regulation of innate host
defenses by the nonstructural 3/4A protein complex (NS3/4A) cleavage of IPS-1. NS3
structural composition includes an amino-terminal serine protease and a carboxy-terminal
RNA helicase. A structure-function analysis of NS3/4A truncation and deletion
mutations was conducted. Mutants lacking the helicase domain retained the ability to
control RIG-I signaling, but this regulation was abrogated by truncation of the protease
domain. Furthermore, treatment of HCV-infected cells with a NS3/4A protease inhibitor
prevented IPS-1 proteolysis, restored RIG-I signaling, and decreased viral protein levels.
These results indicate that the NS3/4A protease domain alone can target IPS-1 on the
mitochondrial membrane.

Current dogma holds that NS3/4A is located on the endoplasmic reticulum, thus
the mechanism of NS3/4A targeting IPS-1, a mitochondrial membrane protein, remains
unexplained. We have shown that NS3/4A distributes on mitochondria independently of
the previously identified NS4A membrane localization motif, in a manner dependent on
the first twenty amino acids of the NS3 protease domain.

The functional domains of IPS-1 that direct the immune response have not been
elucidated. We conducted a structure-function study of IPS-1 that revealed distinct
processes of IRF-3 and NF-kB activation. Mutational analyses further identified areas of

IPS-1 critical for mitochondrial localization, dimerization, and uncoupling IRF-3 and NF-
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kB signaling. These findings improve our understanding of IPS-1 function in innate

immunity to virus infection.
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CHAPTER ONE
Introduction

HEPATITIS C VIRUS

Discovery of HCV

Prior to the early 1990s, blood transfusions and use of clotting factors derived
from blood products carried a considerable risk of developing an acute or chronic
hepatitis, which can lead to cirrhosis, hepatocellular carcinoma, and death. With the
advent of specific screening tests for hepatitis A virus (HAV) and hepatitis B virus
(HBV) in the 1970s, it rapidly became apparent that there was an unidentified virus
responsible for the majority of cases of hepatitis spread by blood products (designated
non-A, non-B hepatitis) ***. All that was known was that the etiological agent might be a
small, enveloped virus that could be transmitted to chimpanzees *°. However,
immunological studies consistently failed to identify novel viral antibodies or antigens in
the serum of infected individuals. Then in 1989 a seminal paper appeared in Science
where researchers at Chiron Corporation used a cDNA screen to identify a novel 10kb
positive-sense RNA virus from the serum of a chronically infected non-A, non-B
hepatitis patient *’, which they called hepatitis C virus (HCV). This was the first time
that a virus was identified entirely by molecular cloning technology without propagating
virus using tissue culture or small animal models, representing a scientific landmark. By
1992, second generation screening tests had virtually eliminated HCV from the nation’s

blood supply '*.



Clinical aspects of HCV infection
Epidemiology

HCV is a life-threatening disease with an estimated 3% of the world’s population
currently infected '®®. In the United States, it causes 15% of acute viral hepatitis, 60-70%
of chronic hepatitis, and the majority of cases of cirrhosis, end-stage liver disease, and
hepatocellular carcinoma, making liver disease the tenth leading cause of death for adults
22,115.

HCYV is the most common persistent blood-borne pathogen in the United States
22, The main risk factor for acquisition of HCV infection is intravenous drug use (IVDU),
but hemophiliacs treated with clotting factor concentrates prior to 1987 and recipients of
blood transfusions or organs prior to 1992 have high prevalence of HCV '**'°,
Transmission of HCV during sexual intercourse has also been reported, but is not as
common as with other viruses, such as human immunodeficiency virus (HIV) . Isolated

studies have suggested HCV may be spread by percutaneous exposures such as body

piercing and tattooing, but in fact the risk is considered negligible '®.

Clinical presentation and progression of disease

HCV infection follows a slowly progressing course. Acute infection is
asymptomatic in most cases, or if present, symptoms are mild, nonspecific, and
intermittent. Most often the initial infection goes unrecognized '"°. Without treatment
the majority of patients develop a persisting infection, and at least 20% of chronic
hepatitis C patients develop cirrhosis, putting them at risk for the development of

hepatocellular carcinoma, one of the sequelae of this disease (Figure 1-1). HCV-related



liver failure is the most common indication for liver transplantation in the United States
22,115.

Identification of infected individuals is difficult because HCV is usually
clinically silent for decades after infection '°. At least 3.9 million Americans have been
exposed to HCV, but because many high-risk populations such as prisoners, intravenous
drug users, and the homeless are generally excluded from surveys, these estimates are

. L 22,106
likely conservative ~ .

In the rare instance that acute infection is recognized,
symptoms appear a few weeks after exposure and may include jaundice, fatigue,
anorexia, dark urine, or abdominal pain. HCV RNA can be detected in human serum

1. 1,12
within 1-3 weeks of exposure "'?’.

Elevated serum alanine aminotransferase (ALT)
levels are the most characteristic feature of acute infection, indicating liver damage has

22,115
already occurred = .



Hepatitis C: Progression of Disease

Acute HCV Infection
(28,000fyr in US)

85% 15%
Chronic viral hepatitis Resolution
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Figure 1-1: Hepatitis C virus: progression of disease. HCV infection
most often causes a chronic viral hepatitis, which over the course of decades
can lead to cirrhosisﬁ hepatocellular carcinoma, end-stage liver failure, and
death. Adapted from ="

Liver pathology in chronic HCV-infected patients shows an inflammatory
infiltrate in the portal tracts and hepatic lobules. With progression of the disease,
inflammation and hepatocyte necrosis lead to fibrosis and later, cirrhosis. Complications
secondary to liver failure, such as jaundice, variceal hemorrhage, ascites, and
encephalopathy mark the transition to decompensated cirrhosis, which is associated with
increased mortality and necessitates liver transplantation. However, reinfection with

HCV after liver transplantation is common '%.

The incidence of hepatocellular
carcinoma in chronically infected patients with cirrhosis is 1-4% per year, with 5-year

. 1,22
survival rates less than 5% .



Economic burden of HCV

In 1995 there were at least 26,700 hospitalizations for liver disease caused by
HCV, costing an estimated $514 million. Extrapolating from these inpatient costs, the
total cost of all morbidity associated with HCV was $1.5 billion in 1995. Conservative
estimates for the next decade (2010-2019) have suggested that cirrhosis will increase by
61%, decompensated liver disease by 279%, hepatocellular carcinoma by 68%, and the
requirement for liver transplantation will skyrocket at least 500% '. HCV-associated
liver disease is projected to cause 165,900 deaths, plus an additional 27,200 deaths from
hepatocellular carcinoma '®’. Therefore HCV represents a substantial current and future

public health burden.

Molecular Biology of HCV
HCV is a small, single-stranded (ss) positive-sense RNA hepatotropic virus.

Belonging to the Flaviviridae family of enveloped viruses, this virus measures around 40-

7

60nm in diameter '¥. HCV possesses a 9.6 kb genome which is translated as a single

polyprotein and post-translationally processed by viral and cellular proteases into at least

128

10 structural and nonstructural (NS) proteins (Figure 1-2A) *°. It is divided into 6 major

genotypes (1 through 6) based on sequence homology, with numerous subtypes. HCV

genotypes 1, 2, and 3 are distributed throughout the world, whereas genotypes 4 and 5 are

1,127

confined mainly to Africa, and genotype 6 to Asia > ~". Genotype 1 is the most prevalent

genotype in the United States, accounting for 70% of all infections, and is also the most

1,103,106

refractory to treatment Due to the high error rate of the viral polymerase and

selective pressure by the host immune response, viral quasispecies, a mixture of closely



1 52,103,153

related but distinct genomes, occur within an infected individua . Quasispecies

evolution has hampered the development of an HCV vaccine '*.

HCYV genome structure and function

Translation of the HCV genome depends on an internal ribosomal entry site
(IRES) within the 5’ untranslated region (UTR) that directs cap-independent translation
of the HCV open reading frame. The HCV IRES contains four highly structured, dsSRNA
domains. It directly binds the 40S ribosomal subunits, bypassing the need for pre-

initiation factors %241

. The amino-terminal one-third of the HCV polyprotein encodes
the structural proteins, including the highly basic core protein, the envelope glycoproteins
El and E2, and the small integral membrane protein p7 (Figure 1-2A). The core protein
is the major constituent of the viral nucleocapsid '°. E1 and E2 form heterodimers that

152

are involved in attachment and entry of the virus into cells . The p7 protein has been

shown to function as an ion channel and is necessary for HCV replication in cell culture
87613 The remaining two-thirds of the genome consists of the nonstructural (NS)
proteins NS2, NS3, NS4A, NS4B, NS5A, and NS5B, which are responsible for viral
replication events within the cells. The C/El, E1/E2, E2/p7, and p7/NS2 junctions are
cleaved by the cellular signal peptidase, while the host signal-peptide peptidase cleaves
between core and the El signal peptide (Figure 1-2A). The NS2 cysteine protease
cleaves between NS2 and NS3, while the NS3/4A serine protease proteolytically

10,31,96,152

processes the downstream sites . Additionally, HCV encodes a small protein F

(frameshift), also known as ARFP (alternative reading frame protein), that is produced



during ribosomal shifting to an alternate reading frame during translation of the core

protein %7,
A Structural proteins Nonstructural proteins
A A

r N TN

processing RNA-dependent
capsid _envelope proteases/elicase  cofactor(s) IFN antagonist RNA polymerase

s- e
A A AA
IRES i i ii T 11 1 1 UTR

Subgenomic replicon

%‘ Neo 4A NS4B ¥

HCV EMCV HOV
IRES IRES UTR

Figure 1-2: Schematic of the HCV genome and subgenomic replicon. A. The
HCV genome is comprised of a 5’ IRES; 3" untranslated region (UTR); the
structural genes core, E1, E2, and p7; and the nonstructural proteins NS2-NS5.
The black dotted arrow indicates the signal-peptide peptidase cleavage site; grey
dotted arrows designate signal peptidase cleavage locations; the orange arrow
shows the NS2 protease cleavage junction; and green arrows denote sites of
NS3/4A proteolysis. B. HCV subgenomic replicon structure includes a
selectable neomycin cassette under the control of the HCV IRES. The EMCV
IRES allows constitutive expression of the HCV nonstructural proteins, which
are flanked bv the HCV 3’ UTR.

NS2 contains a cysteine protease in the carboxy terminus required for cleavage of
the polyprotein between NS2/3. Also required for this activity is the amino-terminal
serine protease domain of NS3, but not the NS3 serine protease catalytic activity. Since
proteolytic activity of NS2 is enhanced by addition of Zn*", a NS3 protease cofactor, it is
believed that the NS3 protease domain may be required for correct folding of the NS2

96,152

protease Interestingly, NS2 is not necessary for HCV RNA replication in the



subgenomic replicon system, but is required for viral replication in the HCV cell culture
model 7.

NS3 is a bifunctional protein with an amino-terminal protease and a carboxy-
terminal helicase/NTPase domain. The NS3 serine protease is responsible for cleavage

of virtually all the nonstructural proteins; however, differences exist in how NS3

31,96

processes each of these sites . Cleavage is believed to occur in the order of NS3-4A

first, followed by NS5A-B, then NS4A-B, and lastly NS4B-5A "*2. Proteolysis at the
NS3-NS4A junction occurs exclusively in cis (within the same molecule), while at other
sites of cleavage it can be processed in frans °. NS4A is a small, 54 amino acid peptide
that is an essential cofactor for NS3-dependent polyprotein processing at most

downstream sites. NS4A is not required for cleavage of the NS5A-B junction, but

11,31,152

significantly enhances its cleavage efficiency High resolution crystal structure

analysis of the protease domain shows that NS3 has a chymotrypsin-like fold and a

tetrahedrally-coordinated zinc-binding site. The protease domain consists of dual B-

barrels, with the catalytic triad located at the interface between the two 31:%0%105:152173,

The central portion of NS4A folds into a B-strand that intercalates into the amino-
terminal B-barrel through interactions with the amino-terminus of NS3 **#"'" NS4A is
also thought to tether NS3 to intracellular membranes via its hydrophobic amino-

terminus (Figure 1-3) '°. The NS3 helicase is a member of the DExD/H-box family and

87,144

is believed to be involved in RNA unwinding during replication Interestingly, it

2

has higher processivity on DNA than RNA substrates '**. Movement of NS3 along the

RNA strand is dependent on NTPase activity and magnesium binding, and occurs in an

35,47

inchworm-like fashion Due to the viral dependence on NS3/4A protease and



helicase activities, inhibitors of both these enzymatic activities are active areas of
pharmaceutical interest >,

NS4B is a hydrophobic integral membrane protein (Figure 1-3) and component
of the replication complex with unknown function *°. It contains a nucleotide binding
motif that binds and hydrolyses GTP, and mutations that abrogate GTPase activity

decrease HCV replication '’

NS4B has been proposed to play a role in the membrane
alterations that serve as a scaffold for the HCV replication complex '

NSS5A is a multiply-phosphorylated protein that contains a region thought to be
involved in interferon (IFN) sensitivity **'*2. It also has been shown to interact with and
inhibit the dsRNA-dependent protein kinase (PKR), an antiviral mediator which serves to
inhibit translation initiation >'. NSS5A is tethered to membranes via its amino-terminal
region (Figure 1-3) ''*'*",

NS5B is a RNA-dependent RNA polymerase (RdRp) and is essential for
synthesis of both the negative-stranded RNA intermediate as well progeny positive-sense
RNA genomes. It is a tail-anchored integral membrane protein. Membrane association
occurs post-translationally, and it functions in the membrane-bound replication complex
393112152 NS5B may function as a homo-oligomer. Like other RdRps, NS5B is error-
prone with a misincorporation rate of 10° per nucleotide per generation. This promotes
rapid evolution of HCV and leads to the production of divergent variants known as viral
quasispecies within an infected individual. These likely provide a selective advantage by

increasing replication fitness and enabling viral escape from immune detection **'*'’.

This enzyme is also a current target for anti-HCV therapeutics ****.
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Figure 1-3: Membrane association of HCV proteins. All the HCV structural
and nonstructural proteins are believed to be associated with intracellular
membranes either directly or indirectly (as in the case of NS3). This has
important implications for the viral replication complex, which is thought to be
composed of altered endoplasmic reticulum (ER) membranes. Adapted from *°.

The HCV replication complex
Similar to other positive-sense ssSRNA viruses, HCV genome replication takes
place on altered rough endoplasmic reticulum (ER) membrane structures (called the

37,56

membranous web) by a replication complex °"”°. These structures were similar to those

observed in the liver of HCV-infected chimpanzees ''*'*’

. Compartmentalization of the
viral replicase offers the virus an increased local concentration of viral proteins, viral
RNA tethering during unwinding, and protection of the viral RNA from dsRNA-mediated
host defense pathways '**. Expression of NS4B alone is able to promote the formation of
the membranous web, although other viral and cellular proteins are found associated with
the replication complex. Manufacturing of these altered membranes appears to be
dependent on the lipid content, favoring saturated and monounsaturated fatty acids,

suggesting membrane fluidity is important for replicase function **'%’.
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The HCV replicon system and cell-culture infectious HCV 2a clone

Until recently the absence of an infectious cell culture system or small animal
model of infection hampered investigation into the HCV lifecycle and development of
antiviral compounds. The first breakthrough came with the development of a replicon
capable of stable viral RNA replication in a human hepatoma cell line (Huh7 cells or
derivatives) °’. These subgenomic replicons consisted of a bicistronic RNA encoding the
nonstructural proteins from HCV genotype 1b linked to a selectable Neomycin cassette in
place of the structural genes (Figure 1-2B). The neomycin cassette was put under the
control of the HCV IRES, while the nonstructural genes were expressed using the
heterologous encephalomyocarditis virus (EMCV) IRES. These replicons harbored cell-
culture adaptive mutations which allowed higher RNA replication, but attenuated viral

96111127132 [{owasor
. b

production and infectivity in experimentally infected chimpanzees
full-length genomic replicons lacking the adaptive mutations replicated poorly in cell
culture *°. Despite the lack of infectious virus production, the replicon system provided a
cell-based system to study HCV RNA replication and evaluate potential antiviral
compounds.

The discovery of an HCV cell culture infectious clone in 2005, however, has
allowed studies into the HCV lifecycle and viral infectivity. The HCV genotype 2a JHF-
1 strain was isolated from a Japanese patient with fulminant hepatitis. For unknown
reasons, full-length JFH-1 RNA produces infectious HCV particles in cell culture, and
subgenomic replicons derived from the JFH-1 strain do not require adaptive mutations for

2

cell culture propagation '>. Since then a variety of groups have synthesized chimeric

viruses with partial genotype 1 genomes and viruses that reach higher titer in cell culture
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9127180 wwhile cell culture systems do not completely replicate conditions in vivo, they

are invaluable tools for studying HCV and investigating novel antiviral agents.

Animal models of HCV infections

There has been only limited success in developing a small animal model of HCV
infection despite numerous attempts. Even though HCV does not infect mice, a chimeric
mouse model of infection was developed, in which SCID mice overexpressing the
urokinase plasminogen activator (uPA) transgene (causing hepatocellular atrophy from
birth) are transplanted with human hepatocytes that repopulate the mouse liver '®. These
human hepatocytes are capable of replicating HCV and produce infectious progeny virus.
This model system should provide an attractive approach to studying HCV infection of
hepatocytes.

Currently the chimpanzee (Pan troglodyte) is the only primate animal model for
HCYV infection *. Primates other than the chimpanzee do not appear to be susceptible to
HCV. Due to the high cost and limited availability of chimpanzees, most studies have
used two to four animals, limiting statistical significance of conclusions and leaving
results open to interpretation as biological variation among animals *°. Despite these
problems, studies in chimpanzees have been invaluable in determining that the active
sites of the protease, helicase, and polymerase are critical to HCV infectivity (Kolykhalov
AA, et al Rice CM J. Virol 2000 74), as is the p7 protein (Sakai A Claire M, Faulk K et al
PNAS 2003), and the 3° UTR (Kolykhalov AA, et al Rice CM J. Virol 2000 74; Yanagi

M St. Clair M Emerson SU et al PNAS 1999).



13

Chimpanzees represent an effective way to study acute infection with HCV,
which is otherwise difficult to detect and study in humans as mentioned previously.
Acute infection of chimpanzees is similar to acute infection in humans; however,
chimpanzees have a lower rate of development of chronic infection (33% compared to
85% in humans; Figure 1-1) "°. Chimpanzees who cleared infection had a high induction
of IFN-stimulated genes (ISGs) '**. Interestingly, chronically-infected chimps analyzed
by microarray also showed a significant increase in a large number of ISGs, although not
statistically significant increase in levels of IFN-o, IFN-PB, or IFN-y '°. Parenchymal cells
represent ~80% of the cells in the liver, thus the increase in ISGs could result from
expression in uninfected neighboring cells or due to expression of IFN from plasmacytoid
dendritic cells (pDCs), the major Type I IFN producers in the body. Despite the obvious
benefits of the chimpanzee model, their scarcity and high cost necessitate development of

better HCV infection models.

Current and future therapy

Current treatment for HCV infection is once weekly injections of pegylated IFN-
o in combination with daily oral dosing of ribavirin, a nucleoside analog, for 48 weeks.
Combination therapy has a sustained response rate of 54-56% depending on genotype
73910 While genotypes 2 and 3 are highly susceptible to IFN-o and ribavirin
combination therapy (response rate of about 76%), genotype | sustained response rate
was significantly lower, around 42% depending on the study '®. A sustained response is
defined as undetectable serum HCV RNA 6 months after discontinuation of therapy, with

99% of patients meeting this requirement remaining virus-free indefinitely "',
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Adherence to the regimen also had a significant effect on response rate '®°. This therapy
is expensive and side effects are considerable, and include fatigue, nausea, muscle aches,

106115 Therefore

depression, fever, neutropenia, and anemia, limiting patient compliance
better therapeutic options are necessary.

An ideal antiviral candidate would be against a target protein that was a vital part
of the viral lifecycle, yet distinct enough from cellular proteins that its inhibition would
not effect cellular functioning. The life cycle of HCV, as with other RNA viruses,
involves 1) binding to a cell surface receptor and internalization; 2) uncoating of the virus
and release of viral RNA; 3) IRES-mediated translation and processing of the
polyprotein; 4) RNA replication; 5) packaging and assembly of nascent virions; and 6)
virion maturation and release from the cell. Each of these steps could potentially be
targeted by antiviral therapy, but the viral NS3/4A protease and the NS5B RdRp enzymes
are the most popular current targets of therapy 0T

BILN 2061 (Boehringer Ingelheim) is a peptidomimetic active site inhibitor of
the HCV NS3/4A protease, and was the first HCV protease inhibitor to enter clinical
trials. When administered twice daily for two days, it induced a rapid decline in the viral
load in a dose-dependent manner, with a drop of two orders of magnitude in the higher
doses. However, side effects were observed in laboratory animals that included cardiac
toxicity, and clinical development of this drug was halted "' VX-950
(Vertex/Mitsubishi), another peptidomimetic inhibitor of NS3/4A, also showed promising
results in a two week clinical trial, with two- to four-log drops in HCV titers '*. Similar

compounds have been advanced by other companies and are in various stages of

development .
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While these drugs show promise as antiviral treatments, the emergence of drug-
resistant viruses under the selective pressure of these antiviral compounds is a constant
worry. The rapid mutation rate (about one nucleotide per genome) endows the virus the
ability to quickly change to new environmental conditions and escape antiviral pressure.
Studies in our lab have shown that IFN-resistant HCV replicon strains were produced by

long-term cell culture treatment with IFN-o ',

Similarly, single point mutations were
found to confer resistance of HCV replicons to certain NS3/4A protease inhibitors *2,

suggesting that these drugs should be used in combination with other treatment options.

INNATE INTERFERON ANTIVIRAL RESPONSE

Pathogen recognition receptors (PRRs)

Virus infection triggers an innate immune response characterized by the
production of interferon (IFN) by the host cell. IFN is a secreted, immunomodulatory
cytokine that serves as an antiviral warning system. Type I IFNs, including IFN-a and

155 How this

IFN-B, are produced by most cells in the body in response to infection
process is initiated and carried out is incompletely understood. Recent developments
have shown that intermediates of viral replication, including dsRNA, act as pathogen-
associated molecular patterns (PAMPs) to initiate a signaling cascade that is amplified
within the cell and serves to alert neighboring cells and tissue of virus invaders.

Recognition of dsRNA intermediates can occur through any of several pathogen

recognition receptors (PRRs), including toll-like receptor 3 (TLR3) 2, protein kinase R
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(PKR) >, retinoic acid inducible gene I (RIG-I) ', and melanoma differentiation-

associated gene 5 (MDAS5) '™

RIG-1

RIG-I and MDAS are homologous cytoplasmic proteins containing two tandem
amino-terminal caspase activation and recruitment domains (CARDs) and a carboxy-
terminal DExD/H box RNA helicase (Figure 1-4). They initiate the IFN regulatory
factor-3 (IRF-3) and nuclear factor-kB (NF-«B) antiviral effector pathways by binding
dsRNA intermediates that accumulate during viral replication via their helicase domain,
and activate a downstream component through the CARDs (Figure 1-5) "*'”. The
helicase contains ATPase activity, and mutations in the Walker ATP-binding site
abrogates activation by RIG-I and MDAS5 '°. CARDs are signaling motifs that interface
with other CARD-containing molecules to direct their actions. RIG-I1 and MDAS CARD
signaling occurs through interaction with an adapter protein, interferon-f3 promoter
stimulator-1 (IPS-1), which recruits a macromolecular complex to coordinate innate

immune signaling in response to dsRNA stimulation "+,
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Figure 1-4: Structure of the CARD-containing molecules IPS-1, RIG-
I, and MDAS. The amino acid (a.a.) number and position of each CARD
and helicase domain is indicated. Abbreviations: T2, TRAF2 binding
motif; T6, TRAF6 binding motif; TM, mitochondrial outer membrane
transmembrane domain; PRR, proline-rich region. The star indicates the
site of IPS-1 cleavage by HCV (cysteine 508). Adapted from ™.

Discerning self from non-self is one of the main objectives of the immune system

surveillance mechanism. Recent studies suggest that RIG-I may discriminate self from

73,126
% and

non-self RNA substrates in part through recognition of free 5’ triphosphates
specific RNA secondary structures '*°.
When overexpressed in cells, RIG-I does not constitutively signal to IRF-3 or

#4175 These observations

NF-kB, but instead amplifies viral activation of these pathways
implicate an internal mechanism for repression of RIG-I signaling in the absence of viral
stimulus. Expression of an amino-terminal form of RIG-I containing the CARDs results
in constitutive activation of the IFN-f promoter and a high-level production of IFN;
expression of RIG-I lacking the CARDs confers a dominant negative phenotype for

175

virus-mediated signaling (Figure 1-4) . Dissecting this region further revealed that the

carboxy-terminal 190 amino acids (a.a.) of RIG-I serves as a repressor domain and



18

ablated virus-mediated signaling '*°.

The repressor domain was found to interact with
both the amino-terminal CARDs as well as the helicase domain. Furthermore, deletion of
the repressor domain rendered RIG-I constitutively active, suggesting that it holds RIG-I
in a closed conformation in the absence of a dsSRNA ligand. However, when expressed in
trans, it was unable to inhibit IFN-B promoter activation by the CARDs, but blocked
virus-induced signaling by wt RIG-I. This indicates that RIG-I activation is positively
controlled through tandem CARDs but is negatively modulated by internal repressor

domain interactions '*°.

Taken together, these data suggest a model for RIG-I activation
wherein RIG-I exists as a monomer in resting cells, but self-associates upon virus
infection or high levels of expression. This multimerization is necessary but insufficient
for RIG-I activation, and a further viral RNA binding event by the helicase domain
releases the repressor domain inhibition of the CARDs and results in an active RIG-I

complex that can signal downstream '*°.

RIG-I is normally expressed at low levels in
cells, but is increased in response to IFN, thus it acts to upregulate its own expression to

better respond to a continuing virus threat >,

HCV RNA triggers RIG-1

HCV RNA has been shown to activate IRF-3 and IFN production early in
infection through the PAMP receptor, RIG-I **'*. The HCV genome contains regions
of dsRNA secondary structure in its 5’ and 3’ UTRs that are required for HCV RNA
replication and protein translation °’. When transfected into cells, HCV replicon RNA as
well as the HCV 5’ or 3° UTR can transiently activate the IFN-f3 promoter and turn on

transcription of ISG56 and ISG15 mRNA '*. The RIG-I helicase recognizes and binds
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the highly-structured 3° and 5 UTRs of the HCV genomic RNA but not a linear,
nonstructured domain of the HCV genome *>'*. A human hepatoma cell line previously
determined to be highly permissive for HCV RNA replication (the Huh 7.5 cell line) was
discovered to contain a mutation in RIG-I that ablates activation and downstream
signaling to IRF-3 by virus and HCV RNA . Therefore, RIG-I is essential for

triggering innate defenses against HCV infection.

MDAS

Like RIG-I, MDAS is also an ISG. But in contrast to RIG-I, MDAS5 does not
contain a functional repressor domain and thus constitutively activates the IFN-B
promoter when overexpressed ">'*>. While MDAS5 lacks an internal repressor domain, a
recent study found that MDAS is negatively regulated by the cellular protein
dihydroxyacetone kinase, thus inhibiting constitutive activation of the antiviral pathways
by endogenous MDAS **.  Of clinical interest, researchers found a nonsynonymous
single-nucleotide polymorphism in the MDAS locus that associated with Type I diabetes,
though how MDAS5 may contribute to the development of this disease is unknown "',

While their similarity would suggest redundant functions, RIG-I and MDAS5
seem to recognize disparate and distinct dSRNA motifs and viruses. They both bind to
the synthetic dsRNA, poly inosine:cytosine (pIC). However, MDAS preferentially binds
pIC, whereas RIG-I is more responsive to in vitro transcribed RNA 7™ MDAS5 has
also been shown to be important for the host response to the picornavirus
encephalomyocarditis virus (EMCV); RIG-I, on the other hand, is essential for triggering

interferon production in response to paramyxoviruses including Sendai virus, influenza
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virus, and flaviviruses such as Japanese encephalitis virus and HCV **7%1%%  RIG-I
binds to HCV RNA encoding dsRNA motifs whereas MDAS mediates only weak binding
of the HCV 3’ UTR and not at all to the 5> UTR "**'*°. Studies in Rig-I-deficient mouse
embryo fibroblasts (MEFs) indicated that Mda5 was incapable of signaling to the IFN-f3
promoter when transfected with HCV RNA, indicating that RIG-I is an essential PRR for

HCV '

Interferon Regulatory Factors

IFN regulatory factors (IRFs) are transcription factors vital in mediating the IFN
response. IRF-3, IRF-7, and NF-kB are transcription factors vital in the production of
type I IFNs, which, through a JAK-STAT signaling cascade, mediate induction of gene
products important in establishing an antiviral state. This pathway is key in regulating
host defense, and several groups have shown that specific viruses interfere with signaling
through this pathway, including paramyxovirus V protein >, HAV *, and HCV *.

There are thirteen IFN-o. subtypes in humans, but only one IFN-B gene . Type I
IFN production is regulated at the transcriptional level; hence the mechanisms used to
induce gene transcription has been avidly pursued. The IFN-B gene promoter contains at
least four positive regulatory domains (PRDs): PRDI though IV (Figure 1-5) ™. The
promoter of the IFN-a gene, however, contains PRDI-and PRDII-like elements (PRD-
LEs). PRDI, PRDIII, and PRD-LEs are binding sites for IRF family members, whereas
PRDII is bound by NF-xB, and PRDIV binds to activating transcription factor-2 (ATF-2)

and c-Jun heterodimers (also called in combination AP-1) ™. Together these proteins
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form the IFN- enhanceosome Interestingly, the IFN-B promoter is only weakly

activated by TNF-a, an inducer of NF-kB and AP-1 7°, suggesting that production of
IFN-f is dependent on the involvement of IRFs.
All members of the IRF family of transcription factors have an amino-terminal

70130155 - Their cellular

DNA-binding domain (DBD) containing five tryptophan repeats
localization and activation are regulated by their expression, inducible phosphorylation,
nuclear localization sequences (NLS) and nuclear export signals (NES), and association
with other proteins '*°. The first IRF family member to be discovered, IRF-1, is found at
low or undetectable levels in cells, but can be induced in response to a variety of stimuli
including IFN and dsRNA stimulation °. IRF-1 is constitutively localized to the

130,155

nucleus, and has a short half life of around 30 minutes . Overexpression of IRF-1

constitutively activates IFN-§ production through binding at the PRDI locus, but gene-
targeting studies revealed that while IFN transcription in response to dsRNA was
impaired in IRF-1 -/- mice, it was normal in cells infected with NDV, suggesting another

factor was important in virus-induced IFN production "',

IRF-3

IRF-3 is a 44 kDa protein that is constitutively expressed at high levels and found

130,142,176

mainly in the cytoplasm of uninfected cells . In addition to the amino-terminal

DBD, IRF-3 has a carboxy-terminal IRF associate domain (IAD) that mediates protein-

142155 1t also contains a transactivation

protein interactions including dimerization
domain and two autoinhibitory domains that interact with each other to mask the DBD

and IAD ™'**'55 Latent IRF-3 is basally phosphorylated and shuttles in and out of the
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nucleus due to NLS (a.a. 72-83) and NES (a.a. 139-149) sequences, but export

. 130,176
predominates .

In its inactive state, however, it cannot bind DNA. Upon virus
infection, IRF-3 becomes hyperphosphorylated (serine 385/386 and serine 396/398
appear to be important in this) by the IkB kinase homologs TANK-binding kinase 1
(TBK1; also known as NF-kB-activating kinase (NAK)) or IkB kinase ¢ (IKKe; also
known as IKKi) **"**'76 Virus-induced phosphorylation unmasks the IAD and DNA-
binding domains allowing IRF-3 to homodimerize and translocate to the nucleus where it
then is able to interact with the nuclear histone acetyltransferases CREB binding protein
(CBP) and p300 "**>>'7° " This association requires the phosphorylated carboxy-terminus
of IRF-3 and is essential for transcriptional activation of IRF-3 target genes "*°. The
association of IRF-3 with CBP/p300 retains it within the nucleus **'**'7%. The IRF-3
holocomplex binds direct repeats on the IFN-B promoter at PRD I or PRDIII and
palindromic IFN-stimulated response elements (ISREs) of several genes including ISG56
and ISG15 (Figure 1-5) °"37142176 = Activated IRF-3 is rapidly ubiquitinated and targeted
for degradation; however, one of its target genes, ISG15, can inhibit this action. ISGI1S5 is
a small ubiquitin-like protein that can be conjugated with IRF-3, subverting its
proteosome-mediated degradation and thus prolonging IRF-3-dependent transcriptional

activity '*'. Targeted gene disruption of IRF-3 revealed that these mice are more

susceptible to virus infection, and type I IFN levels were dramatically decreased '**'*’.
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Figure 1-5 (previous page): Intracellular recognition and response to virus
infection. Virus infection of a cell produces replication products, such as dsSRNA
intermediates, that are recognized and bound by the intracellular PRRs, RIG-I or
MDAS. This drives a conformation change in RIG-I/MDAS5 that promotes
interaction with IPS-1, a downstream adapter protein anchored on the
mitochondria outer membrane, and results in recruitment of signaling
components that activate the transcription factors IRF-3 and NF-kB. Nuclear
translocation of IRF-3 and NF-kB induces IFN-f3 expression and secretion from
the infected cell. IFN-f binds to the type I IFN receptor, triggering a downstream
Jak-Stat signaling pathway that leads to expression of interferon stimulated genes
(ISGs), potent antiviral effector molecules. HCV disrupts RIG-I-dependent
signaling though cleavage of IPS-1 by the viral NS3/4A protease. Abbreviations:
P, phosphorylation; Ubq, ubiquitin modification, CBP, CREB-binding protein.

IRF-7

IRF-7 is a 67 kDa protein structurally similar to IRF-3, and functions to induce

142,155

the second wave of IFN production after viral infection IRF-7 is constitutively

expressed in B cells and dendritic cells, but can be induced by IFN in all cell types

67142153 Therefore in most cells, IRF-7 is regulated at two levels: transcription and

activation. Additionally, a number of IRF-7 splice variants are produced, though the

142

functions that differentiate each of these are unknown In the face of a continuing

viral threat, IRF-7, induced by IRF-3-dependent IFN-3 production, is phosphorylated by

TBK1 or IKKe on carboxy-terminal serine residues, which results in its homo- or

heterodimerization with IRF-3 and translocation to the nucleus (Figure 1-6) DI [

then binds to PRD-LEs in the IFN-a promoter and to PRDI and PRDIII on the IFN-f3

promoter. IRF-7 has a short half life of 30 min to 1 hour due to its susceptibility to

67,70

ubiquitination and degradation °~"". This allows the host cell to quickly shut down the

pathway once virus is cleared. Genetic-deletion of IRF-7 revealed that IRF-7 was vital
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for both early and late phases of type I IFN secretion during virus infection, indicating the

importance of the IFN amplification loop (Figure 1-6) "',

IRF-9 (also known as p48) is a subunit of the transcription factor interferon
stimulated gene factor 3 (ISGF3) (Figure 1-5) %, ISGF3 is activated in response to
type 1 IFN binding the type I IFN receptor (IFNAR), which stimulates the receptor-
associated Janus kinases, Jakl and Tyk2. These kinases catalyze the tyrosine
phosphorylation of signal transducer and activator of transcription 1 (STAT1) and
STAT2 "°. IRF-9 and STAT2 are associated basally in the cell, and upon activation,
STAT! and STAT2/IRF-9 form the stable ISGF3 complex '*°. ISGF3 then translocates
into the nucleus where it binds the ISRE of interferon stimulated genes (ISGs) "*'*.
ISGs are immunomodulatory effector molecules of the cell, and direct antiviral programs

that limit HCV infection *°*!%!%* [RF-9-deficient mice are defective in an IFN-induced

antiviral response and thus are more susceptible to viral killing "*°.
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NF-«xB

NF-kB induces a variety of proinflammatory genes and cooperates with IRF-3 to
induce IFN-B expression ®. NF-kB refers to a highly-regulated superfamily of proteins
that possess an N-terminal Rel homology domain (RHD), a highly conserved DNA-

54,69 . .
7. Of relevance to innate immune

binding/dimerization/nuclear localization domain
signaling are the subunits p65 (RelA) and p50. p65 contains a C-terminal transactivation
domain, which enables it to induce target gene expression *. p50 originally starts as a
longer protein, p105, that contains multiple carboxy-terminal copies of autoinhibitory
ankyrin repeats >*. Through limited proteolysis, p105 becomes p50, the active DNA-
binding form; however, since it does not contain a transactivation domain, p50 cannot
activate transcription without p65 ©.  NF-kB heterodimers bind 9-10 base pair DNA
sites. Both p50 and RelA can form heterodimers and homodimers in vivo >*.

NF-«B is held quiescent in the cytoplasm by sequestration with IkBa. IxBa
interacts with NF-kB via multiple contacts, covering the NLS and interfering with its
DNA-binding capability. IkBo is an NF-kB-dependent gene, and its expression is
induced by NF-kB activation, lending inherent negative feedback to the pathway **.

Virus infection activates p50/p65 heterodimers through the canonical NF-kB
pathway (Figure 1-5). Detection of dsSRNA by RIG-I leads to the induction of the IxkB
kinase (IKK) complex, which consists of the catalytic kinase subunits IKKa and IKKf3
and two molecules of the scaffolding, regulatory protein called NF-«xB essential

modulator (NEMO; also known as IKKy) *** NEMO is regulated by oligomerization

and K63-ubiquitin binding activity ©*. IKK mediates phosphorylation of IxBo. at serines
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32 and 36, which induces its K48 ubiquitination and degradation, enabling NF-«B to
enter the nucleus and bind to target genes. NF-kB activation is most often transient and
cyclic in the presence of a continuous inducer due to repeated degradation and re-

synthesis of IkBo **.

IPS-1

While it was speculated that the downstream adaptor molecule linking RIG-I and
MDA-5 to IRF-3 and NF-kB was a CARD-containing protein '*, the identity of this
molecule remained elusive. In 2005 four independent groups, using genome database
bioinformatics searches or cDNA screens, identified a 62 kDa protein as the downstream
adapter and dubbed it (in order of publication acceptance dates) interferon-§ promoter

143

stimulator 1 (IPS-1) *, mitochondrial antiviral signaling protein (MAVS) '*, virus-

induced signaling factor (VISA) ', or CARD adaptor inducing IFN-B (Cardif) '*

(reviewed in 7*). This protein had previously been established as a regulator of NF-xB

80,170

1% and is expressed in multiple tissues IPS-1contains an amino-terminal CARD

with homology to the RIG-I and MDAS5 CARDs and a proline-rich region (PRR)
80,109,143,170 . . .

. It also possesses a carboxy-terminal transmembrane domain (TM) targeting
IPS-1 to the outer mitochondrial membrane '** (Figure 1-4). IPS-1 overexpression
constitutively activated IRF-3 and NF-«B and resulted in reduced vesicular stomatitis
virus (VSV) titers, suggesting that IPS-1 conferred antiviral activity through induction of

type I IFN **'** Co-immunoprecipitation studies showed that IPS-1 associated with

amino-terminal, constitutively active RIG-I, and, to a lesser extent, amino-terminal
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MDAS5 *. This suggested a model in which dsRNA binds to RIG-I or MDAS5, resulting
in a conformational change that allows the CARD of IPS-1 to interact with one or more
CARDs of RIG-I or MDAS5. Activated IPS-1 can then bind downstream effector
molecules, inducing antiviral response programs (Figure 1-5) *.

Studies using mice deficient in functional IPS-1 revealed that IPS-1 was the sole
adaptor for both RIG-I and MDAS signaling to IRF-3 and NF-kB, but it was not required
for TLR signaling or the DNA-dependent activation of IRF-3 and NF-kB "'
Importantly, this pathway is not important in plasmacytoid dendritic cells (pDCs), which
signal IFN production via TLRs. Infection of IPS-1 knockout mice with VSV was 100%
lethal, whereas most wt mice survived, suggesting the importance of the RIG-I pathway

in protecting from lethal virus infection 86,151

. However, a dose-dependent effect of VSV
infection was observed, in which lower doses resulted in similar levels of type I IFN
secretion in infected wt and IPS-1-null mice despite higher viral loads and increased
mortality in the IPS-1-deficient mice. This continued IFN secretion was presumably due
to pDCs, and indicates that secretion of IFN by pDCs is not sufficient to protect mice
from virus-induced death '*'. However, type I IFN secretion was completely ablated in
IPS-1 -/- MEFs in response to a variety of viruses *°. This suggests that either IPS-1 is
essential for virus-mediated type I IFN secretion by every relevant signaling pathway in
non-hematopoetic cells, or that the RIG-I pathway is the only pathway that recognizes
RNA virus infection and hence that dsSRNA is the only viral PAMP recognized by these
cells to initiate IFN signaling **'*'.

Whether or not IPS-1 directly interacts with the IKK complex to activate NF-xB

or TBK1/IKKe to phosphorylate IRF-3 is currently controversial. Several groups have
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reported direct interactions while others have found no interaction occurring between
these proteins. For example, Kawai et al. observed no evidence of direct associate of
IPS-1 with TBK1 or IKKe *°, while Xu et al. determined IPS-1 interacted with TBK1 '7°,
and others found it bound to IKKe but not TBK1 *'%.

IKKe but not TBK1 was found to colocalize with IPS-1 in response to VSV
infection **, a surprising finding since genetic deletion of IKKe previously was shown to
have minimal effect on IFN production in response to virus infection, suggesting it
functions in an accessory role to TBK1 . Additionally, TBK1 is ubiquitously expressed
in most cells, whereas constitutive IKKe expression only occurs in a subset of
hematopoietic cells, but can be induced in an NF-kB-dependent fashion in other cells by
virus infection . This suggests that IKKe binding to IPS-1 may only be important in
hematopoeitic cells or the later stages of infection. Indeed, a recent article found that
IKKe activated a particular subset of ISGs, believed to be in part due to IKKe
phosphorylation of STAT1 '/, suggesting there may be differential activation
mechanisms of the two kinases promoting their differing functions.

There have been a number of downstream proteins proposed to indirectly
mediate the interaction between IPS-1 and the kinases responsible for activating IRF-3
and NF-xB S0109B33B3618.170.17 1t is probable that different molecules are recruited
depending on cell type and/or stimulus, and since many studies were performed in cancer
cell lines, some interactions may be an artifact of disease. A major focus of future

publications will be to identify the downstream interacting partners of IPS-1.
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EFFECT OF HCV ON THE INTERFERON ANTIVIRAL RESPONSE

HCYV infection in human patients

Current HCV combination therapy, interferon-a and ribavirin, has a response rate
of around 50% *, suggesting that HCV may encode mechanisms to hamper or evade the
action of IFN. Several groups have looked at the effect of HCV infection in chronically
infected patients and their response to IFN therapy. Surprisingly, many have found
increased ISG expression in patients were therapy is ineffective. Examination of nine
chronically-infected livers compared to healthy controls showed that a significant number
of ISGs were expressed during HCV infection ®. 1In another report, liver biopsy
specimens taken from HCV-infected patients before combination therapy showed that
patients who subsequently did not respond to therapy had high baseline expression of
ISGs, whereas responders and relapsers more closely resembled healthy controls *°.
These studies suggest that non-responders have an upregulated and largely ineffective
IFN response. HCV pseudotype particles have been shown to bind dendritic cells, one of
the major type I IFN-producing cell types, causing their activation '>. Infiltration of
immune effector cells, such as dendritic cells, could explain increased ISGs found in
infected patients. Additionally, it suggests that the virus is able to inhibit downstream
signaling pathways in infected hepatocytes, rendering both endogenous and exogneous

IFN useless .
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Disruption of RIG-I signaling by HCV NS3/4A
Type I IFN genes are expressed at low levels during chronic HCV infection, with

ISG expression varying widely among patients ''*'*®

, suggesting that HCV may regulate
the innate immune response to infection. RIG-I has been shown to control intracellular
permissiveness to HCV RNA replication '*°. Studies in HCV replicon cells revealed that
HCV imparted a blockade on IRF-3 and NF-kB activation **. Further work showed that
HCV NS3/4A, the essential viral protease and RNA helicase, antagonized RIG-I and

44,45,174

MDA-5 signaling during infection , thereby preventing induction of antiviral
response programs. Protease activity of NS3/4A was necessary for inhibition of this
pathway, while the helicase activity was dispensable **. However, NS3/4A did not cleave
RIG-I or MDAS, suggesting that the proteolytic target was one or more effector
molecules downstream of RIG-I and MDA-5 **'7*  Indeed, it was discovered that
NS3/4A cleaves IPS-1, the adapter molecular downstream of RIG-I, at a.a. cysteine 508
both in vitro and in livers from chronically-infected patients. Proteolysis of IPS-1
removes the TM domain from the effector portions of the molecule, disrupting its normal
localization on mitochondrial membranes. Additionally, this action by NS3/4A ablates
signaling to both IRF-3 and NF-kB, effectively shutting down the host intracellular

antiviral response and enabling HCV replication to continue °"*%'®.

Interestingly,
hepatocyte-specific ablation of NF-kB activation by genetic disruption of NEMO in mice

induced a disease resembling steatohepatitis in humans, and ultimately led to

hepatocellular carcinoma '®>. Since HCV NS3/4A ablates NF-xB activation, this could
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represent one mechanism by which the virus contributes to induction of hepatocellular
carcinoma in humans.

Despite our advances, there is no clear picture of the number of infected
hepatocytes during in vivo HCV infection or the characteristics of these HCV-infected
cells. Confocal microscopy analysis of chronically infected HCV patient livers showed
focal areas of infection, with IPS-1 absent from cells staining positive for HCV NS3/4A.
Surrounding areas contained normal IPS-1 localization **. This suggests that cells with
active infection are able to block innate immune signaling.

Combined, these observations suggest a model for HCV interaction with the
innate immune system. While HCV RNA recognition by RIG-I can initially control
cellular permissiveness to HCV replication, HCV persists by evading the immune
response through regulation of downstream effector molecules. The HCV NS3/4A
protein complex blocks activation of the downstream transcriptions factors IRF-3 and
NF-«kB, thereby preventing production of IFN- and other ISGs, and terminating the IFN
amplification loop mediated by IRF-7 that is critical in the innate antiviral response ****.

Treatment with NS3/4A peptidomimetic protease active site inhibitors restores
the host response to HCV RNA replication **. Current therapy for HCV infection,
interferon-a and ribavirin combination therapy, is only effective in half of patients **.
The ability of HCV to establish persistent infection may be due to its propensity to block
innate antiviral signaling pathways *>. Therefore NS3/4A protease inhibitors offer great
potential as novel therapeutic agents against HCV through their immunomodulatory

activity (Figure 1-7).



34

Current Therapy
Ribavirin treatment IFN-a treatment
HCV Replication : __________ _| Host Antiviral Response

N7

HCYV protease inhibitors
HCV polymerase inhibitors

Future Therapy Options (in clinical trials)

Figure 1-7: Effects of pharmacological treatment on HCV replication and the
innate immune response. Current combination therapy of IFN-a and ribavirin
target both HCV replication and the host antiviral response. However, profound
side effects of IFN treatment often result in patient non-compliance. Therefore
new therapies are necessary. HCV polymerase inhibitors only target HCV
replication. HCV protease inhibitors, on the other hand, target HCV replication,
through decreased proteolysis of the viral polypeptide, and restore the host
antiviral response, offering a great therapeutic advantage.



CHAPTER TWO
Materials and Methods®

PLASMIDS AND TRANSFECTION

pFLAG NS4A, pFLAG NS5A, and pFLAG NS5A/B were previously described
#4316 hEFBos-RIG-1, pEFBos-N-RIG, and pEFBos-C-RIG expression plasmids '” as
well as pEFBos-MDAS5, pEFBos-N-MDAS5, and pEFBos-C-MDA5 '™ are amino-
terminally FLAG-tagged. @ pEFBos, pEFBos-IPS-1, pMyc-IPS-1 were described

previously **'7

. pPCMV-IRF-3 5D, encoding the phospho-mimetic, constitutively active
IRF-3, and pIRF-3-AN a dominant-negative truncation mutant of IRF-3 lacking the DBD,
were a generous gift by Dr. John Hiscott. IkBa-M (Clontech) is a dominant-negative
IxBo construct that inhibits activation of NF-kB. The luciferase reporter constructs
pIFN-B-luc and PRDII-luc were kindly provided by Dr. Zhijan Chen; p561-luc was a
generous gift of Dr. Ganes Sen. pCMV-Renilla was purchased from Promega. Mouse
luciferase reporter constructs, pS5A2-luc (repeated PRDII sites), pSSC1B-luc (repeated
PRDI sites), and p125-luc (IFN-B promoter) were obtained from T. Fujita '”’. pEFTak
vector (encoding a N-terminal FLAG tag) and pCDNA3.1 Myc-His vector were
described .  GenElute Endotoxin-free Plasmid Midiprep kit (Sigma) was used to
prepare plasmid DNA for transfections. Transfections in mammalian cells were
performed using Fugene 6 transfection reagent (Roche Molecular Biochemicals) or

Lipofectamine 2000 (Invitrogen) according to manufacturer’s protocol, using a 3:1 ratio

¥ Portions of this chapter are copyrighted to ASBMB Journals [J. Biol. Chem. 2007 Apr; 282(14):
10792-803] and used with permission
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of transfection reagent (ul) to DNA (pg). Transfections in murine cell lines were
performed using Liptofectamine LTX, with Plus reagent (Invitrogen) as per

manufacturer’s specifications.

NS3/4A PROTEASE INHIBITORS

SCH6 (kindly provided by Schering-Plough)* and ITMN-C (a gift from Dr. S.
Seiwert at Intermune, Brisbane, CA) protease inhibitor treatments were conducted by
replacing culture medium with medium containing 20uM SCH6 or the indicated amount

of ITMN-C.

CELLS

Huh7 human hepatoma cells ''*, Huh7.5, and HEK 293 cells were propagated in
Dulbecco’s Modified Eagle Medium (DMEM, Cellgro) supplemented with 10% fetal
bovine serum (FBS, Hyclone), 1X nonessential amino acids, 2 mM L-glutamine,
antibiotic-antimycotic solution, 1 mM sodium pyruvate, and 25mM HEPES (Cellgro).
Huh7.5 cells, a subline of Huh7 cells kindly provided by C. Rice, contain a defect in
RIG-I and do not signal through the RIG-I pathway '**. UNS3/4A and UNS3 cells (a gift
from D. Moradpour) are osteosarcoma cells conditionally expressing HCV 1a NS3/4A or

113,166

HCV 1a NS3, respectively, described previously and were maintained in complete

media described above supplemented with 400ug/ml G418, 100pug/ml puromycin, and
Ipg/ml tetracycline. HP and K2040 cells are Huh7 cells harboring cell culture-adapted

150,164

subgenomic HCV 1b replicons and were cultured in the presence of 200pg/ml

G418. All cells were grown at 37°C under 5% CO; in air-jacketed incubators.
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VIRUSES

For Sendai Virus infection (Cantell strain, Charles River Laboratories), 1x10° or
2x10* cells/well were seeded into 12-well or 48-well dishes respectively, and where
indicated transfected with expression constructs. Twenty-four hours after seeding or
transfection, cells were washed twice in PBS and mock-infected or infected with 100
hemagglutinin units (HAU) of Sendai virus per mL of serum-free media (SFM) for one
hour. Three volumes of complete culture media were then added to wells and cells
incubated another 17 or 19 hours as described . HCV 2a stock was produced as
described previously **. For HCV infection, approximately 4x10* cells seeded in a 12-
well plate were infected at a MOI of 1 with HCV 2a in culture media for 3 hours, washed
in PBS, and culture media added. Cells were then incubated until collection at the

indicated time points.

CONFOCAL MICROSCOPY

In four-chamber slides, 2x10* cells/chamber were plated. Sixteen to 24 hours
later, 200ng of the indicated expression plasmids were transfected into each well (unless
indicated otherwise in figure legend), and cells collected 12 or 24 hours later. Where
indicated, mitotracker Red (Invitrogen) was used to visualize location of mitochondria by
adding 250nM diluted in DMEM to live cells for 30 minutes at 37°C. Cells were fixed in
4% paraformaldehyde and blocked in PBS containing 10% FBS and 1% Triton X-100.
Antibodies against the FLAG epitope (Sigma), MAVS (a gift from Z. Chen), IRF-3

(kindly provided by M. David), Cardif (Axxora), HCV NS3 NCL (Novacastra
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laboratories), and RIG-I C-terminus (a gift from T. Fujita) were used in combination with
Alexa 488- or Alexa 594-conjugated secondary antibodies (Invitrogen). Slides were
mounted with Prolong Gold (Invitrogen), and examined using a Zeiss Pascal Laser
Scanning confocal microscope and Zeiss LSM software. The images shown are < 7

micron optical slices.

IMMUNOBLOTTING

For immunoblotting, 1x10° cells/well were plated into 12-well culture dish as
needed. The following day, cells were transfected with plasmid DNA, and if indicated,
24 hours later infected with SenV for 20 hours. Cells were then harvested into modified
radioimmunoprecipitation assay (RIPA) buffer (10mM Tris pH 7.5, 150mM NacCl, 0.02%
NaN3, 1% sodium deoxycholate, 1% Triton-X) for examining cytosolic proteins or RIPA
buffer (modified RIPA buffer plus 0.1% SDS) for investigating membrane-bound
proteins, supplemented with protease inhibitor cocktail (Sigma), phosphatase inhibitor
cocktail II (Calbiochem), and 1uM okadaic acid (Calbiochem), and frozen at -80°C.
Lysates were spun at 4°C for 15 minutes at >18,000xg to pellet membrane fractions and
unlysed cells and organelles, and protein concentrations were measured by Bradford
assay. Equivalent amounts of protein (usually around 20 -35ug/well) were resolved be
SDS-polyacrylamide gel electrophoresis (PAGE) on 10% or 12% polyacrylamide gels.
Immediately following electrophoresis, gels were transferred to NitroPure nitrocellulose
membranes (Micron Separations, Inc.) using Towbin’s transfer buffer at 110V for 1 hour

at 4°C. Membranes were blocked in PBS containing 0.1% Tween-20 (TPBS) and 5%
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nonfat dehydrated milk (Carnation). Blots were probed with antibodies against HCV
NS3 A6 (kindly provided by J. Ye), ISG56 (a gift from G. Sen), ISG15 (kindly provided
by A. Haas), Sendai virus (a gift from 1. Julkunen), actin (Santa Cruz Biotechnology),
NS3 goat pAb (US Biologicals), Phospho-IkBa (Cell Signaling), IxBa (Santa Cruz
Biotechnology), GAPDH (Santa Cruz Biotechnology), HCV (a gift from W. Lee), ISG48
(Santa Cruz Biotechnology), Myc epitope (Bethyl Laboratories), phospho-serine 386
IRF-3 (T. Fujita), phosphor-serine 396 IRF-3 (J. Hiscott), or those described above.
Primary antibodies were prepared in TPBS supplemented with 10% FBS and 0.02%
NaN;, except FLAG-HRP conjugated antibody (Sigma) used in immunoprecipitation
experiments described below, which did not receive NaN; and was not probed with
secondary antibody. Between primary and secondary antibodies, and after secondary
antibody, membranes were washed 3 x 5 min. in TPBS.  Secondary antibodies were
diluted 1:5000 (anti-goat antibody) or 1:10,000 (all other secondary antibodies) in
blocking solution (described above). Anti-human and anti-goat HRP-conjugated
secondary antibodies were obtained from Jackson Laboratories; anti-rabbit and anti-
mouse HRP conjugated secondary antibodies were obtained from Perkin Elmer. Protein

bands were visualized using ECL+ Western Blotting reagent (Amersham Biosciences).

IMMUNOPRECIPITATION ANALYSIS

For coimmunoprecipitations, 2x10° Huh7 cells or 4x10° HEK293 cells were
seeded into 6-well culture dishes and transfected with plasmid DNA using Fugene 6 as
described. At 24 hours post-transfection, cells were harvested for analysis. Cells were

washed in PBS and collected by scraping (Huh7) or pipetting (HEK293 cells). Cells
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were briefly spun at 2400xg for 5 min., then resuspended in 100ul Seize II
Immunoprecipitation (IP) buffer (25mM TrisCl pH 7.5, 150 mM NaCl) with 1% Triton
X-100 (Lysis Buffer) and 0.1% SDS, and supplemented with protease and phosphotase
inhibitors as described for immunoblotting. Cells were disrupted by vigorous pipetting
with a gel loading tip (~10 times), followed by incubation on ice for 10 minutes. Cell
lysates were diluted in 300ul lysis buffer with protease and phosphatase inhibitors, and
centrifuged at > 20,000xg for 15 minutes to pellet unlysed cells and membranes.
Supernatants were collected and incubated with 20ul washed FLAG M2 agarose beads
(Sigma) with rocking for 6-20 hours at 4°C. Supernatant fractions were collected, beads
washed 3 x lysis buffer, and boiled in SDS sample buffer. Immunoblot analysis was

conducted on IP and supernatant fractions.

PROMOTER LUCIFERASE REPORTER ASSAYS

Huh7 cells (2x10* cells/well) or HEK293 cells (4x10* cells/well) were seeded in
triplicate into 48-well dishes and co-transfected with 25ng of pIFN-B-luc or pPRDII-luc
and 5ng pCMV-Renilla per well along with the indicated amounts of expression
constructs. Cells were then cultured alone or subjected to virus infection and harvested
20 hours later for luciferase assay using Promega Dual Luciferase Assay Kit as per
manufacturer’s protocols. MEFs (1x10* cells/well) were plated in triplicate into 48-well

dishes and co-transfected with 100ng p55A2-luc (a mouse NF-kB specific reporter),

pS5CI1-luc (a mouse IRF specific reporter), or pl25-luc (a mouse IFN-B specific



41

reporter), and 20ng pCMV-Renilla along with 280ng of the indicated expression

constructs. For all cell types, results were calculated relative to Renilla luciferase values.

ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)

EMSA analysis of NF-kB DNA binding activity was conducted on UNS3/4A and
UNS3 nuclear extracts as described *°. Cells were grown in 10 cm dishes in the presence
(-NS3/4A) or absence (+NS3/4A, +NS3) of 1 mg/ml tetracycline, and protease inhibitor
(20 uM SCHS6 or 10 uM ITMN-C) or DMSO (mock treatment) was added to the media
for 24 hours. Cells were then mock-infected or infected with 100 HAU/ml of Sendai
virus and infection was allowed to proceed 18 hours. As a positive control for NF-«xB
activation, some wells were washed twice in PBS and treated for 30 minutes with 20
ng/mL TNF-a in SFM. Cells were harvested by scraping into ice-cold PBS and pelleted
at 1850 x g for 10 min at 4 C. The supernatant was removed, 100pul lysis buffer (50mM
Tris-HCI pH 8.0, 60mM KCI, ImM EDTA, 2mM DTT and 0.15% NP40) added to each
sample, and cells were incubated on ice 15 min to facilitate swelling. Lysates were
centrifuged at 3300 x g for 15 min to separate cytosol and nuclei. Nuclei were lysed in 1
volume nuclear extract buffer (20mM Tris-Cl pH 8.0, 400mM NaCl, 1.5mM MgCl,,
200uM EDTA and 25% glycerol) and incubated on ice for 2 min. NaCl was added to
nuclear extracts to reach a final concentration of 400mM in order to strip proteins from
DNA, and incubated on ice for 10 min. Samples were vortexed for 15 sec and
centrifuged at maximum speed for 30-45 minutes to collect nuclear extract. NF-kB

consensus and mutant oligonucleotides (Santa Cruz Biotechnology) were annealed by
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heating at 95°C for 10 minutes and slowly cooling to room temperature (RT). Probe
labeling was performed by incubating 5 pmol dsDNA template, **Py-ATP, and T4 Kinase
(GibcoBRL) for 30 min at 37 C. The probe was purified on a spin column to remove
unincorporated nucleotide (BioRad). Binding reactions were carried out with 5 ug
nuclear extract and 50,000 cpm radiolabeled probe in EMSA binding buffer (60mM
HEPES pH 7.9, 50mM NaCl, ImM EDTA, 0.5mM DTT, 0.3 mg/ml BSA, 52ug/ml
salmon sperm DNA and 10% glycerol) for 30 min at 30°C. Antibody supershifts were
performed using antibodies against NF-xB p50 or p65 subunits (Santa Cruz
Biotechnology); non-radiolabeled, cold competitor was used as a negative control. For
antibody supershift and cold competitor control, nuclear extracts were incubated with
antibody or unlabeled dsDNA in EMSA buffer for 15 minutes at RT, followed by
addition of 50,000 cpm radiolabeled probe and a further incubation of 30 min at 30°C.
Samples were separated on a 6% TBE gel (pre-run 3hr at 200V) for 90 min at 275V at
4°C. Gels were fixed (50% methanol, 10% acetic acid) for 30 minutes and dried at 80°C

for 90 min on a vacuum dryer. Autoradiography was performed on the blots.



CHAPTER THREE
Functional and Therapeutic Analysis of HCV NS3/4A Protease Control of Antiviral
Immune Defense®

INTRODUCTION

HCV establishes persistent infections in the majority of exposed individuals.
There are nearly 200 million people worldwide with chronic HCV infection, and it is a
major cause of hepatitis and liver disease. Moreover, HCV is associated with the
development of liver cancer and is currently the leading indication for liver transplants
1 HCV is a member of the Flaviviridae family of enveloped, single-stranded, positive-
sense RNA viruses. The 9.6 kb genome of HCV encodes a single polyprotein that is
post-translationally processed into at least 10 structural and nonstructural (NS) proteins
by a combination of host and viral proteases '**. In addition to their primary role in HCV
genome replication and virion maturation, various HCV proteins have been shown to
antagonize host immune defenses. HCV control of the host response and IFN o/
antiviral defenses may provide a cellular foundation for viral persistence **.

The innate antiviral response to RNA virus infection is triggered when
intermediates of wviral replication, including viral RNA or protein products, are
recognized by specific cellular pathogen recognition receptors **. RIG-I and MDAS are
cytosolic pathogen recognition receptors that bind to viral RNA and dsRNA, albeit with
variable efficiency '"'”. Both are DExD/H-box RNA helicases and encode tandem

4

amino-terminal CARDs '"*. RIG-I is an essential pathogen recognition receptor for

¥ The majority of Chapter 3 is copyrighted to ASBMB Journals [J. Biol. Chem. 2007 Apr;
282(14): 10792-803] and used with permission
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various negative-strand viruses and Flaviviridae ’*, including HCV "*>'*. RNA binding
by RIG-I and MDAS promotes a conformation change that potentiates signaling by the
CARDs "*° to a CARD-containing adaptor protein IPS-1 (reviewed in ™), located on
the mitochondrial membrane. IPS-1 confers downstream signaling to the latent

kB 30109143170 TRE_3 activation

cytoplasmic transcription factors IRF-3 and NF-
commences with its virus-induced phosphorylation, dimerization, and nuclear
translocation whereupon it binds to the promoter region of IRF-3-dependent genes,
including IFN-P, IFN-stimulated gene (ISG) 15, and ISG56 ***"'76.  Parallel NF-xB
activation induces a variety of proinflammatory genes and cooperates with IRF-3 to
induce IFN-B expression . In HCV-infected hepatocytes, IFN-p plays an important role
in triggering the expression of IFN-stimulated genes (ISGs) and initiating an IFN-
amplification loop that enhances ISG expression and drives the production of IFN-a

52

subtypes ISGs have antiviral and immunomodulatory activity that limit HCV

infection 45,52,125,164

, and their expression marks the effector stage of the innate antiviral
response .

HCYV evades the innate antiviral response in part through the actions of the viral
NS3/4A protease/helicase complex, which ablates RIG-I and MDA-5 signaling **'**'7*
through proteolytic cleavage and inactivation of IPS-1 *"*%!%  NS3/4A cleaves IPS-1 at
C508, thereby releasing it from the mitochondrial membrane and preventing its
downstream activation of immune effectors **. However, the NS3/4A structural motifs

and features that direct IPS-1 cleavage and loss of RIG-I and MDAS5 signaling have not

been defined.
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NS3/4A is a complex, bifunctional molecule (Figure 3-1) that is essential for NS

8,132

protein processing and viral RNA replication The amino-terminal region of NS3

contains a serine protease that non-covalently binds its cofactor, NS4A. NS3/4A is a
member of the chymotrypsin serine protease family, but its shallow binding pocket and
structural requirement for a zinc atom distinguish it from other members of the family.®

It is responsible for cleavage events between NS3, NS4A, NS4B, NS5A, and NS5B and

8,132

is necessary for viral RNA replication.””*. NS4A is a small peptide cofactor necessary

for efficient processing of the HCV polyprotein by NS3 and is thought to be involved in

31,166

tethering the complex to intracellular membranes The carboxy-terminus of NS3

possesses a DExD/H box helicase with nucleoside triphosphatase (NTPase) activity
believed to participate in RNA unwinding during viral RNA replication ¥. Its helicase
activity was found to be positively modulated by the protease domain and NS4A
48.59.85,178

Indeed, a single point mutation within the helicase domain reduced protease

activity of NS3/4A *. Additionally, an RNA ligand added to full-length NS3 inhibited

NS3 protease activity, further suggesting interdomain interactions *-*''®,

Moreover,
structural studies of full-length NS3 indicate that the C-terminus of the helicase domain
may interact with the protease active site '”, indicating a structural and functional
interconnectivity of the two domains. Of note, the cellular effector molecules protein
kinase A and C bind to the arginine-rich region within the NS3 helicase domain in vivo
718 NS3/4A interaction with its cellular targets could therefore occur through a variety
of processes mediated by its helicase or protease domains.

Several peptidomimetic NS3/4A protease active site inhibitors are in preclinical

4

development as HCV antiviral drugs '>*. Future use of these compounds could represent
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an alternative or supplement to the current treatment regimen for HCV infection, IFN-a
and ribavirin combination therapy, which is only effective in about 50% of patients *°.
NS3/4A protease inhibitors may also exhibit immunomodulatory properties by removing
the protease-dependent blockade to the innate antiviral response during HCV replication
#45 although the impact of IPS-1 in this process is not known. The current study was

undertaken to define the domain structure and function of NS3/4A that regulates the host

cell innate antiviral response.

EXPERIMENTAL PROCEDURES

Expression Cloning and Site-directed Mutagenesis

pFLAG NS3/4A and pFLAG NS3 were generated as described **. Constructs
(Figure 3-1) containing NS3 helicase domain truncations at amino acid (a.a.) 1206
(protease domain alone, Prot), 1238, 1486, and 1501, as well as a protease domain
deletion (NS3 a.a. 1207-1658, Hel) were made as follows. NS3 mutants were cloned by
PCR (with primers containing a 5’HindlIIl site and a 3’Xbal site) using BD Advantage-
HF 2 PCR kit (BD Biosciences) into pCR2.1 vector (TA cloning kit, Invitrogen). These
constructs were then subcloned into the HindIIl and Xbal sites of pFLAG-CMV-2 vector
(Sigma). A protease active site mutant (NS3/4A S1165A) and deletion of the arginine-
rich region (a.a. 1487-1501; NS3/4A A1487-1501) were constructed using QuickChange
XL site-directed mutagenesis kit (Stratagene) as per manufacturer’s protocol. Since

NS4A forms part of the protease active site and is indispensable for full protease activity
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protease domain NTPase/helicase domain
wt NS3/4A ——
NS3/4A S1165A RS O
NS3 1026-1238 (1238) —
NS3 1207-1658 (Hel)
NS3/4A A1487-1501 (AArg) —— ~

NS3 1026-1206 (Prot) —
Single-chain NS3 (SC NS3) ww__j—
Single-chain Protease (SC Prot) s jse—
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SC NS3 1026-1238 (SC 1238) s s
SC NS3 1026-1486 (SC 1486) mwy__j—
SC NS3 1026-1501 (SC 1501) mwn__——

NS4A

Figure 3-1: Diagram of wt NS3/4A and NS3/4A mutants. NS3 is comprised of two
domains (upper): a serine protease domain (depicted in blue) and a NTPase/DExD/H
box helicase domain (shown in lime). The three horizontal white lines in the protease
domain indicate the positions of the catalytic triad. Conserved motifs in the DExD/H
box helicase domain are shown in dark green. Numbers above the drawing represent
the amino acid (a.a.) number of the HCV polyprotein. NS3/4A mutants (lower) were
constructed as described in the text. The red star indicates the serine 1165 (of the
catalytic triad) mutation to alanine, which ablates protease activity. NS4A (drawn in
lavender) is a 54 a.a. cofactor for the NS3 serine protease domain. Single-chain
constructs contain the 12 a.a. (a.a. 21-32) of NS4A essential for intercalation into the
NS3 protease active site, connected to various NS3 truncation mutants via a flexible
linker, enabling direct interaction of the NS4A residues with the NS3 protease
without an intramolecular cleavage event. The curved semicircular line represents the
flexible linker region. V-shaped lines in NS3/4A A1487-1501 represent the area
deleted in this construct.



48

1 a scheme was devised allowing expression of NS4A with the NS3 mutants. To

circumvent this problem we created a primer containing an amino-terminal Kpnl site, 12
a.a.s of NS4A (a.a. 21-32; which intercalate into the NS3 protease active site), and a
flexible linker (GSGS) region, and subcloned this into the HindlIII sites of the pFLAG
NS3 1026-1206, creating a fully-functional, single-chain (SC) NS3/4A protease domain
(SC Protease). This strategy was similar to that described by Taremi et al. °°. The
flexible linker was also subcloned into pFLAG NS3 (SC NS3), pFLAG NS3 1026-1238
(SC NS3 1026-1238), pFLAG NS3 1026-1486 (SC NS3 1026-1486), and pFLAG NS3
1026-1501 (SC NS3 1026-1501) to generate the SC constructs indicated in parentheses.
NS3/4A, NS3/4A S1165A, the SC Protease, and the SC Protease S1165A were subcloned
into pEF1/Myc-His B (Invitrogen) to allow high efficiency expression of each. NS3/4A
and NS3/4A S1165A were cut with Hindlll, blunt-ended with Kleenow fragment,
digested with Xbal and subcloned into the EcoRV and Xbal site of pEF1/Myc-HisB. The
SC Protease constructs were subcloned into the Sacl and Xbal sites of pEF1/Myc-HisB.

Primer sequences for all constructs are shown in Table 3-1.

Statistical Analysis
Differences among treatments were examined using unpaired f-tests, and were
considered statistically significant when P < 0.02 and were marked with an asterisk.

Statistical differences in which P < 0.001 were marked with two asterisks.
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Table 3-1: Primer sequences for NS3 cloning

A. NS3 truncation mutant primers

Mutant Primer name Primer sequence
NS3 1026- | Replicon NS3 HindlIII [s] | AAG CTT GCG CCT ATT ACG GCC TAC
1206 HCV 1b Pr3 ter a TCTAGACTACCGCATAGTGGTTTCCATAGACTC
GACG
NS3 1026- | Replicon NS3 HindIII [s] | AAG CTT GCG CCT ATT ACG GCC TAC
1238 HCV 1b NS3 Ml a TCTAGACTAGCTCTTGCCGCTACCAGTAGGG
NS3 1026- | Replicon NS3 HindIII [s] | AAG CTT GCG CCT ATT ACG GCC TAC
1320 HCV 1b NS3 MII a TCTAGACTAGTGGCACTCATCACATATTATGAT
GTC
NS3 1026- | Replicon NS3 HindlIII [s] | AAG CTT GCG CCT ATT ACG GCC TAC
1351 HCV 1b NS3 MIII a TCTAGACTACGTAGCGGTGGCGAGCACGACGA
G
NS3 1026- | Replicon NS3 HindIII [s] | AAG CTT GCG CCT ATT ACG GCC TAC
1486 HCV 1b NS3 aal486 a TCTAGACTACGAGCGTGACACCGCGTCTTGTG
NS3 1026- | Replicon NS3 HindllI [s] | aag ctt gcg cct att acg gec tac
1501 HCV 1b NS3 aal501a TCTAGACTACCTGTAAATGCCCATCCTGCCCCT
ACC
NS3 1207- | HCV 1b HeS AAGCTTTCCCCGGTCTTCACGGACAACTCG
1658 Replicon NS3 [stop] | tct aga cta cgt gac gac ctc cag gtc age
Xbal [as]
B. NS3/4A site-directed mutants and deletions
Mutant Primer name Primer sequence
HCV NS3 Arg rich del s GAC GCG GTG TCA CGC TCG CAG TTT GTG
NS3/4A ACT CCA GGA GAA CGG
A1487- | HCV NS3 Argrichdelas | CCG TTC TCC TGG AGT CAC AAA CTG CGA
1501 GCG TGA CAC CGC GTC
S1165A sense CCTACTTGAAGGGCTCTGCGGGCGGTCCACTG
CTCTG
NS3/4A | S1165A antisense CAGAGCAGTGGACCGCCCGCAGAGCCCTTCA
S1165A AGTAGG
NS4A linker oligo S Phospho AG CTT GGT ACC GGC AGC GTG GTC
ATT GTG GGC AGG ATC ATC TTG TCC GGT
AGT GGT AGT A
Single- NS4A linker oligo AS Phospho AG CTT ACT ACC ACT ACC GGA CAA
chain GAT GAT CCT GCC CAC AAT GAC CAC GCT

mutants

GCC GGT ACC A
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RESULTS

Characterization of NS3/4A constructs

In order to determine the minimal region of NS3/4A that could modulate the host
response, a series of FLAG epitope-tagged NS3 truncation and deletion mutants were
constructed (Figure 3-1). To assess individual domains of NS3 and NS4A in host
response regulation, we produced constructs encoding NS4A alone **, the NS3 protease
domain (Protease), helicase domain (Helicase), or full-length NS3 lacking the arginine-
rich region (AArg), as well as full-length NS3/4A harboring a protease activate site
mutation (S1165A) as a negative control. These were placed under the control of the
CMV-Immediate-Early promoter. Previous studies have identified a twelve amino acid
region of NS4A (a.a. 21-32) that intercalates into the NS3 protease active site and is
indispensable for full protease activity *'. Expressing NS4A from a separate plasmid was
not sufficient to result in efficient protease activity or inhibition of antiviral signaling
(Figure 3-2). Additionally, at the time commercially available bicistronic vectors used a
viral IRES as a second promoter element. This was undesirable due to the possibility of
the IRES activating the innate immune signaling pathways under study. In order to
express full NS3/4A protease activity from a single plasmid, we attached these 12 a.a. of
NS4A to each NS3 mutant via a flexible linker, creating a fully-functional, single-chain
(SC) NS3/4A protease encoding full-length NS3 (SC NS3), progressive deletions of the
NS3 helicase domain (SC 1501, SC 1486, SC 1238), the protease domain alone (SC

Protease), or the protease domain with an active site mutation (SC Protease S1165A).
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Figure 3-2: Effect of NS3 expressed with NS4A in cis or in trans on induction
of ISG56 promoter and cleavage of NSS5AB. A. Huh7 cells were co-transfected
with 200 ng each of vector, NS3, or NS4A or 100 ng NS3/4A as shown along with
20 ng pCMV-Renilla and 35 ng ISG56-luc (an IRF-3-dependent promoter
construct). Nineteen hours later, cells were infected with 100 HAU/mL SenV for
25 hours and lysates subjected to luciferase assay. B. Huh7 cells were transfected
with 700 ng of the indicated plasmids and collected 24 hours later.
Immunoblotting was performed using antibodies against HCV and actin as a
loading control. HCV protein bands are marked.

Use of similar SC constructs as a tool for examining the NS3/4A protease
structure and function has been well established in crystallization studies ' and studies
identifying small molecule protease inhibitors '®. Moreover, Taremi et al. found that
such SC Protease constructs displayed protease activity comparable to wildtype (wt)
NS3/4A '*°.  As shown in Figure 3-3 when co-expressed in Huh7 cells, a NS5AB
polyprotein substrate was efficiently cleaved by wt NS3/4A, SC Protease, SC NS3, AArg,
SC 1238, SC 1486, and SC 1501 constructs (middle panel, lanes 4, 7, 9, 17, 19-21,
respectively). The NS5AB polyprotein was not cleaved by NS4A, NS3/4A S1165A,
Helicase, SC Protease S1165A, SC NS3 S1165A, or Protease (lanes 3, 5, 6, 8, 10, 18,

respectively), and when lacking NS4A was only partially cleaved (NS3 or 1238, lanes 2
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and 11). When expressed from the elongation factor-1 promoter expression plasmid
(pEF), pEF wt NS3/4A, and pEF SC Protease mediated NS5AB cleavage, but neither
protease active site mutant did (compare lanes 12-16). These results validate the
expression and cleavage activity of the NS3 constructs, and show that efficient NS3/4A
proteolytic activity requires the protease domain and its NS4A cofactor but does not

require the NS3 helicase domain.
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Figure 3-4: Fold activation of the IFNB-luc reporter in response to Sendai
Virus (SenV) infection as compared to mock infection. Huh7 cells were co-
transfected with the indicated NS3/4A mutant, CMV-Renilla, and IFNp-luc
(containing an IRF-3 dependent promoter element) plasmids for 24 hours. Cells
were then mock treated (blue bars) or infected with SenV (red bars), and infection
allowed to proceed for 18 hours. Luciferase assay was performed, and results
normalized to Renilla values and mock-infection. Bars show the mean relative
luciferase units and standard deviation. Differences between SenV-infected
treatments were subjected to unpaired #-test. Single asterisks indicate P<0.02;
double asterisks indicate P< 0.001.

The helicase domain is dispensable for inhibition of innate defense signaling.

To determine the NS3 structural requirements for inhibition of host antiviral
signaling, we evaluated each construct for its ability to regulate IFN-B promoter
induction in response to Sendai virus (SenV) infection. It should be noted that SenV and
HCYV trigger the host response through similar mechanisms that are blocked by NS3/4A
#4319 Wt NS3/4A significantly suppressed SenV induction of IFN-B promoter activity
comparable to a dominant-negative IRF-3 control construct (Figure 3-4, IRF3-AN).
However, constructs lacking NS4A and/or the intact protease domain of NS3 failed to

block signaling to the IFN-f3 promoter. Of note, the SC NS3 construct, similar to that
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used in crystallization studies '”

, mediated a weaker albeit significant suppression of
virus signaling to the IFN- promoter. Further studies revealed that the SC NS3 protein
did not localize to membrane-bound compartments (Figure 3-5), suggesting its decreased
ability to block viral activation of the IFN-B promoter could be due to aberrant
localization. Of note, the SC Protease and SC Protease S1165A localize to membranes
despite lack of the putative NS4A membrane targeting motif, while the NS3/4A S1165A

mutants did not, suggesting a conformation change brought about by NS4A cleavage

from NS3 may be responsible for membrane targeting rather than NS4A itself.

wt NS3/4A |SCProt  |SC Prot SA | NS3/4A SA

Figure 3-5: Localization of selected NS3/4A constructs. Huh7 cells were
transfected with 200 ng of the indicated plasmids and collected 24 hours later for
analysis by confocal microscopy. Red indicates NS3/4A mutant staining and blue is
nuclear staining. Membrane localization of constructs is shown by the punctate
staining patter similar to wt NS3/4A. Diffuse staining indicates abnormal
localization. Images were taken with a Zeiss Laser scanning confocal microscope and
represent <7 um sections.

We also assessed SenV-induced ISG expression in cells transfected with
constructs encoding wt NS3/4A, NS3/4A S1165A, the SC Protease, or the SC Protease
S1165A. As shown in Figure 3-6, using the highly-expressed pEF1 constructs, wt

NS3/4A and the SC Protease suppressed ISG production, but ISGs were induced in cells
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expressing the protease-deficient NS3/4A S1165A mutant. Interestingly, we see that
with this higher expression level, the SC Protease active site mutant (SC Prot S1165A,
lanes 9-10) blocked virus-mediated induction of ISGs, suggesting it is still able to target
and block an essential effector function of IPS-1. Together these results indicate that the
NS3 protease domain with its minimal NS4A cofactor is necessary for suppressing the

host cell signaling of the IFN pathway.
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Figure 3-6: Effect of NS3/4A mutants on virus-induced ISG expression.
Huh7 cells were transfected with 500ng of the indicated plasmid under control of
the pEF promoter. Twenty-four hours later, cells were infected with SenV (+) or
mock-infected (-) for 18 hours and samples collected for immunoblot analysis.
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The functional NS3/4A protease domain inhibits signaling by RIG-I and MDAS.
NS3/4A suppresses RIG-I signaling of the host response **. We verified that our
wt NS3/4A construct could suppress RIG-I-enhanced virus signaling as well as
constitutive signaling by ectopic N-RIG (encoding the CARDs alone) (Figure 3-7A4).
We then assessed regulation of RIG-I signaling to the IFN- promoter by a subset of our
NS3 constructs. As shown in Fig. 3-7B, the SC Protease and AArg constructs suppressed
N-RIG signaling of the IFN-f promoter to an extent similar to wt NS3/4A. Expression of
NS3 alone, NS4A, NS3/4A S1165A, SC Protease S1165A, or the NS3 helicase domain
had no significant effect on promoter activation. Moreover, when expressed in Huh7
cells, wt NS3/4A and the SC Protease suppressed the expression of the IRF-3 target
genes, ISG56 and ISG15, but NS3/4A S1165A and the NS3 Protease domain failed to

suppress IRF-3 target gene expression (Fig. 3-8).
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Figure 3-7: Effect of the NS3/4A protease on RIG-I signaling. A. Effect of
NS3/4A on RIG-I, N-RIG, and C-RIG induction of the IFN- promoter. Huh7
cells were co-transfected with 20ng of the indicated plasmid, 10 ng CMV-Renilla,
35 ng IFNB-luc, and 80 ng wt NS3/4A or pFLAG vector plasmid. Twenty-four
hours later, cells were mock (blue bars) or Sendai virus (SenV; red bars) infected,
harvested 20 hours later, and luciferase assay conducted. Luciferase results were
normalized to Renilla values. Bars show the mean relative luciferase units and
standard deviation. B. Effect of NS3/4A mutant constructs on N-RIG-mediated
stimulation of the IFN-B promoter. Huh7.5 cells were transfected with CMV-
Renilla, IFNB-luc, the pFLAG NS3/4A constructs shown, and vector (blue bars) or
N-RIG (red bars), collected, and analyzed as in 4. Standard deviation is indicated
by error bars. Unpaired #-test was used to determine statistical significance of
results. Asterisks indicate P<0.001. Results are representative of at least three
independent experiments.
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Figure 3-8: Immunoblot analysis of ISG production in response to N-RIG
stimulation. Huh7 cells were co-transfected with 400 ng of NS3/4A mutants and
100 ng of vector (-) or N-RIG (+) and production of ISGs examined. Arrows mark
the positions of NS3 proteins. Results represent three independent trials.

We also examined NS3 construct regulation of MDAS signaling. In order to
determine the effect of MDAS regulation in the absence of RIG-I, we utilized Huh7.5
cells lacking RIG-I function '*. As shown in Figure 3-94, Huh7.5 cells failed to
activate the IFN-B promoter in response to SenV infection, but ectopic MDAS
complemented this defect. Moreover, we verified that our wt NS3/4A construct could
suppress wt MDAS or N-MDAS5 (encoding the CARD domains) signaling to the IFN-f3
promoter in Huh7.5 cells. Here we can also observe the effect of the repressor domain on
differences between RIG-I and MDAS signaling. Whereas RIG-I did not constitutively
activate the IFN-P promoter, MDAS did (compare Figures 3-74 and 3-94). These data
were the first clues that MDAS5 lacked a repressor domain '*°.

To determine the minimal domain of NS3/4A necessary to block MDAS

signaling, we evaluated the ability of pEF constructs encoding wt NS3/4A (positive
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control), NS3/4A S1165A (negative control), the SC Protease, the SC Protease S1165A,
and the Protease domain to regulate signaling to the IFN- promoter by N-MDAS5
(Figure 3-9B). The SC Protease and high level expression of the SC Protease S1165A
inhibited promoter activation to the same extent as wt NS3/4A and the IRF3-AN control,
but neither the NS3 protease domain nor NS3/4A S1165A blocked promoter signaling.
Additionally, wt pEF NS3/4A, pEF SC Protease, and pEF SC Protease S1165A
suppressed ISG15 expression in response to ectopic N-MDAS (Figure 3-10). Taken
together, these results demonstrate that the SC Protease is sufficient to block signaling by
both RIG-I (Figures 3-7, 3-8) and MDAS (Figures 3-9, 3-10) in a process that requires
the NS3 protease domain and its NS4A cofactor. The NS3 helicase domain, however, is

dispensable for host response regulation.
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Figure 3-9: NS3/4A protease regulation of MDAS signaling. A. Effect of NS3/4A
on MDAS, N-MDAS, and C-MDAS induction of the IFN-f promoter. Huh7.5 cells,
lacking a functional RIG-I, were co-transfected with 20ng of the indicated MDAS
variant, 10ng CMV-Renilla, 35ng IFNf-luc, and 80ng wt NS3/4A or vector plasmid.
The following day cells were mock (blue bars) or SenV (red bars) infected, harvested
20 hours later, and luciferase assay conducted. Luciferase results were normalized to
Renilla values. Bars show the mean relative luciferase units and standard deviation.
B. Effect of NS3/4A mutants on N-MDAS5 stimulation of the IFN-B promoter.
Seventy-five ng of each pEF-NS3/4A construct were co-transfected into Huh7.5 cells
with 25ng vector (blue bars) or N-MDAS (red bars), CMV-Renilla, and IFNf-
luciferase plasmids. Cells were harvested 20 hours later and luciferase assay
performed. Error bars indicate standard deviation. All data shown represent three
experiments performed on different days.
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Figure 3-10: NS3/4A protease control of MDAS-induced ISG production.
Immunoblot analysis of N-MDAS-induced IRF-3-dependent gene production.
Huh7.5 cells were co-transfected with 400 ng of the indicated pEF-NS3/4A mutants
and 100ng of vector (-) or N-MDAS (+), collected 24 hours later, and immunoblot
analysis was performed. Data representative of two independent experiments.

The SC Protease blocks activation of IRF-3 and exhibits a subcellular localization
pattern similar to wt NS3/4A.

In order to verify that the SC Protease was sufficient for inhibition of IRF-3
activation, we examined IRF-3 and SC Protease distribution in transfected Huh7 cells.
SenV infection of cells caused the redistribution of IRF-3 from the cytoplasm to the
nucleus *, consistent with its virus-induced activation, but this response was blocked in
control cells expressing wt NS3/4A (Figure 3-11). Expression of the SC Protease also
blocked IRF-3 activation, maintaining it in a cytoplasmic context during SenV infection.
Notably, despite the lack of the putative amino-terminal membrane anchoring motif of

NS4A "% the SC Protease localized to a subcellular compartment similar to wt NS3/4A.
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Thus, the NS3 protease domain and a minimal NS4A cofactor are sufficient to confer

proper localization and inhibition of IRF-3 activation.

SenV infected

Mock infected
Yector Vector wiNS3/4A SC Prot

Figure 3-11: Effect of the NS3/4A protease domain on the subcellular
distribution of IRF-3. Huh7 cells were transfected with 200 ng of the indicated
NS3/4A construct for 24 hours followed by mock or SenV infection for 18 hours.
Cells were then fixed, permeabilized, and stained with NS3 (NS3/4A) or FLAG (SC
Prot; red), nuclei (blue), and IRF-3 (green). Images were taken using a Zeiss Laser
scanning confocal microscope and analyzed using Zeiss LSM image software.
Results are representative of three independent experiments.

Regulation of NF-xB by NS3/4A.

RIG-I and MDAS5 signal the parallel activation of IRF-3 and NF-kB '™ and we
sought to examine the effect of NS3/4A protease activity on regulation of NF-xB
function. We performed EMSA to measure NF-kB binding to a target probe in nuclear
extracts of cells treated with tumor necrosis factor-o (TNF-a; positive control) or
infected with SenV. TNF-a or SenV infection triggered NF-kB binding (Figure 3-124,

lanes 1 and 5, respectively). Expression of NS3/4A (lane 11) but not NS3 alone (lane
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17) blocked SenV-induced NF-«B binding. The NS3/4A blockade of NF-«B binding
was relieved when cells were treated with SCH6 or ITMN-C peptidomimetic active site
inhibitors of the NS3/4A protease (lanes 13 and 15, respectively). These results were
verified by luciferase reporter assay, in which wt NS3/4A suppressed SenV induction of
an NF-kB-dependent PRDII-luciferase promoter and its enhancement by ectopic RIG-I or
MDAS (Figure 3-12B).

To determine the domain of NS3/4A necessary for this effect, HEK 293 cells
were transiently transfected with the indicated NS3/4A construct followed by SenV
infection (Figure 3-134), or were cotransfected with a plasmid encoding constitutively
active N-RIG to trigger PRDII promoter signaling (Figure 3-13B). The SC Protease
inhibited activation of the PRDII promoter element in response to both SenV infection
and ectopic N-RIG. Similar results were observed when the PRDII promoter element
was stimulated by ectopic N-MDAS (Figure 3-21). We also examined the influence of
NS3/4A upon virus-induced phosphorylation of the NF-kB inhibitor, [kBa. As shown in
Figure 3-14, SenV infection of HEK 293 cells induced the phosphorylation of IxBa
within 20 hours of infection, but expression of either wt NS3/4A or the SC Protease but
not NS3/4A S1165A prevented virus-induced IxBa phosphorylation (compare lanes 2, 4,
8, and 6, respectively). These results link HCV control of NF-kB function with NS3/4A

protease domain regulation of RIG-I and MDAS.
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Figure 3-12: NS3/4A regulation of NF-xB signaling. A. Effect of NS3/4A and
protease inhibitor therapy on SenV-induced activation of NF-xB. UNS3/4A and
UNSS3 cells were cultured to suppress (-NS3/4A) or induce NS3/4A (+ wt NS3/4A)
or NS3 (+NS3) expression, alone or in the presence of 20 uM SCH6 or 10 uM
ITMN-C, HCV NS3/4A peptidomimetic protease active site inhibitors. Twenty-four
hours later, cells were either mock (M) or SenV (SV) infected for 18 hours, and
nuclear fractions collected and analyzed by electrophoretic mobility shift assay
(EMSA). As a positive control, cells were treated with 20 ng/mL TNF-a for 30
minutes. Antibody supershifts using antibodies to the p50 and p65 subunit of NF-
kB, incubation with cold competitor (lane 18), or mutated binding site control DNA
probe (A NF-xB site; lane 19) confirm the specificity of binding. B. Effect of
NS3/4A on activation of an NF-kB-dependent promoter element. HEK 293 cells
were transfected with 25ng of a PRDII-luciferase reporter construct, 10ng CMV-
Renilla, 80ng vector or NS3/4A wt, and 20ng of the constructs shown. The next day,
cells were mock (blue bars) or SenV infected (red bars) for 20 hours, then collected
and analyzed by luciferase assay. Bars show the mean relative luciferase units and
standard deviation. Experiments were replicated twice.
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Figure 3-13: Effect of the SC Protease on SenV- and N-RIG-mediated activation
of an NF-kB-dependent promoter. HEK 293 cells were transfected with vector or
the indicated pFLAG NS3/4A construct, PRDII-luciferase reporter, and CMV-Renilla
for 24 hours followed by mock (blue bars) or SenV (red bars) infection for 20 hours
(A), or co-transfection with vector (blue bars) or N-RIG (red bars) for 16 hours (B).
Results were analyzed by luciferase assay. Bars denote mean relative luciferase units
and standard deviation. Data shown represent three separate experiments.
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Figure 3-14: Effect of NS3/4A constructs on phosphorylation of IkBa, the
inhibitor of NF-kB. HEK293 cells were transfected with 500ng of the indicated
constructs for 24 hours, then infected with Sendai virus for 20 hours. Cell lysates
were collected and analyzed by immunoblotting. Arrows indicate the positions of the
various NS3 proteins. Results were repeated twice.
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The protease domain of NS3/4A is sufficient to target and cleave IPS-1.

RIG-I and MDAS signal IRF-3 and NF-«xB activation through the IPS-1 adaptor
protein **, which is targeted and cleaved by NS3/4A to inactivate signaling **'”. To
determine if the functional NS3/4A protease domain was sufficient to physically target
and cleave IPS-1, we examined complex formation between IPS-1 and the SC Protease or
a protease-defective derivative (Figure 3-154, wt and SA, respectively) in transfected
Huh7 cells. Immunoprecipitation studies revealed that the functional SC Protease and the
SC Protease S1165A mutant each bound to IPS-1 (Figure 3-154 lanes 2 and 3). When
compared to the SC Protease, we observed an apparent reduction in the amount of SC
Protease S1165A mutant bound to IPS-1 in these experiments. While this could be due to
protein expression or stability differences between the SC Protease constructs, it could
also be explained by potential changes in the active site conformation caused by the
serine to alanine switch, possibly resulting in decreased affinity for cleavage substrates.
Importantly, the interaction between IPS-1 and the SC Protease was not disrupted by
ITMN-C protease inhibitor treatment, and the SC Protease maintained an interaction with

the cleaved form of IPS-1 (Figure 3-154, lanes 3 and 4).
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Figure 3-15: Targeting and cleavage of IPS-1 by the SC Protease. A. Co-
immunoprecipitation analysis of the SC Protease and IPS-1. Huh7 cells were
cotransfected with Myc-IPS1 and vector, FLAG-tagged SC Protease S1165A (SA),
or wt SC Protease (wt) in the presence (+) or absence (-) of 1 uM ITMN-C protease
inhibitor for 24 hours. Cell lysates were collected and immunoprecipitated using
FLAG-conjugated beads followed by immunoblot analysis of supernatant and pellet
fractions. The cleaved form of IPS-1 is visible as a faster migrating species (lane 3).
Reduced exposure of the NS3 panel demonstrates that a lower amount of the SC
Protease S1165A mutant was expressed in the corresponding cells as compared to
the SC Protease wt construct. B. Cleavage of overexpressed IPS-1 and inhibition of
downstream signaling by the SC Protease. Huh7 cells were cotransfected with
125ng vector or Myc-IPS1 and 375ng of the pEF NS3/4A constructs indicated for 24
hours, cell lysates collected, and subjected to immunoblotting. The positions of full-
length and cleaved forms of IPS-1, or S1165A and wild type forms of NS3, are
indicated by black arrows. Blue arrows mark a secondary cleavage product.

Ectopic IPS-1 is a potent trigger of the host response *’, and we found that it
upregulated endogenous ISG15 expression in Huh7 cells (Figure 3-15B). This reaction
was blocked by pEF SC Protease, pEF SC Protease S1165A, and wt NS3/4A,
concomitant with IPS-1 cleavage. Thus, the SC Protease is sufficient to target and cleave
IPS-1. Of note, the SC Protease also appeared to cleave IPS-1 at a secondary site, which
does not occur with the wt NS3/4A (Figure 3-15B, compare lane 5 versus 3,

respectively).
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Figure 3-16: The SC Protease cleaves IPS-1 at cysteines 283 and 508. Huh7 cells
were transfected with FLAG-tagged IPS-1 constructs shown and untagged SC
Protease. Proteins were immunoprecipitated with FLAG bead, immunoblotted, and
probed for FLAG. Arrow indicates second cleavage product that disappears with
mutation of cysteine 283 to alanine.

In order to determine the secondary SC Protease cleavage location in IPS-1, we
examined other possible sites of cleavage within IPS-1. One of those was located at
cysteine 283, and when mutated to an alanine, IPS-1 is no longer cleaved at this
accessory site by the SC Protease (Figure 3-16, compare lanes 2 and 4). This cleavage
site, similar to the site at [PS-1 a.a. 508, differed from the consensus by one a.a. (Figure

3-17).
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Figure 3-17: NS3/4A consensus and IPS-1 cleavage sites. Shown are the a.a.
sequences for NS3/4A cleavage sites within the HCV polyprotein and the consensus
NS3/4A cleavage sequence. Note that the conserved P1 position contains cysteines
(Cys) at all cleavage sites save the NS3-4A junction, which is the only site cleaved in
cis, thus the Cys residue in the P1 position is required for all trans-cleavage events.
Negatively charged residues (D, E) are conserved at the P6 position, while serine or
alanine occurs at the P1’ site as shown. NS3/4A cleaves IPS-1 after Cys 508, and SC
Protease additionally cleaves IPS-1 between Cys 283 and Ser 284. Note that both
IPS-132c1eavage sequences differ from the conserved sequence at one a.a. Modified
from “~.

We also found that the SC Protease suppressed IFN-f promoter induction by
ectopic IPS-1 to the same extent as wt NS3/4A (Figure 3-184). Further, the SC Protease
blocked NF-kB-dependent induction of the PRDII promoter element by ectopic IPS-1,
but neither NS3 nor the protease or helicase domains affected promoter induction (Figure
3-18B). Thus, the targeted cleavage of IPS-1 by the NS3/4A protease domain inhibits

downstream signaling to IRF-3 and NF-kB.
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Figure 3-18: Inhibition of IPS-1 signaling by the SC Protease. Huh7 (A) or HEK
293 (B) cells were transfected with IFN-B-luc or PRDII-luc, respectively, plus CMV-
Renilla, 80ng (A) or 95ng (B) of the NS3/4A mutants shown and 20ng (A) or 5ng (B)
of vector (empty bars) or IPS-1 (black bars). Panel A includes cells transfected with
dominant-negative IRF-3 (IRF3-AN) as a control. Cells were collected 20 hours later
and luciferase reporter assay performed. Error bars indicate standard deviation.

However, the SC Protease SA was able to inhibit antiviral signaling promoted by
SenV (Figure 3-6), N-MDAS5 (Figures 3-9, 3-10), and IPS-1 (Figures 3-15B; 3-19), and
furthermore this occurred without cleavage of IPS-1 (Figures 3-15B, 3-19). This might
be due to high expression levels achieved with expression from the EF1 promoter. To
further examine the blockade engendered by the pEF SC Protease S1165A construct, the
pEF NS3/4A mutants, which express to much higher levels than the pFLAG NS3/4A
constructs, were used to repeat previous experiments where the pFLAG SC Protease
S1165A did not inhibit signaling (Figures 3-4, 3-13B). Figure 3-204 shows pEF SC
Protease S1165A effectively blocking SenV-induced activation of the IFN-B promoter,
and Figure 3-20B demonstrates that the pEF SC Protease S1165A construct was able to

inhibit activation of a NF-kB-dependent promoter by N-RIG. This verifies that
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differences in SC Protease S1165A expression levels accounts for differences in its

ability to inhibit host innate immune signaling.
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Figure 3-19: The SC Protease active site mutant effectively blocks ISG
production by ectopic IPS-1. Huh7 cells were co-transfected with 375ng of the
indicated pEF NS3/4A construct and 125ng vector (-) or IPS-1 (+) for 25 hours,
collected, and subjected to immunoblotting. IPS-1 cleavage can be seen as a slight
decrease in size (lanes 4 and §). Results were repeated twice.
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Figure 3-20: The SC Protease S1165A blocks SenV and N-RIG downstream
signaling. A. Huh7 cells were transfected with 10ng CMV-Renilla, 30ng of IFNf-
luc, and 100ng of the indicated pEF NS3/4A mutant. The following day, cells were
mock treated (blue bars) or infected with 100 HAU/mL SenV (red bars) and
collected for luciferase assay 20 hours later. B. HEK293 cells were transfected
with Sng CMV-Renilla, 30ng PRDII-luc, 25ng vector (blue bars) or N-RIG (red
bars), and 75ng of pEF NS3/4A constructs as shown. Cells were collected for
luciferase assay 20 hours later. Error bars represent standard deviation.

During the course of our investigations, we noticed differences in the degree of
inhibition by the various NS3/4A mutants. Wt NS3/4A potently ablated the pathways
regardless of stimulus, whereas the SC Protease mediated weaker, but significant,
inhibition when confronted with a strong stimulus (see Figure 3-214). Furthermore, the
SC Protease S1165A mutant was also able to abrogate antiviral signaling, but high
expression levels were required. Figure 3-21 shows one example. Both panels depict
activation of an NF-kB-dependent promoter by N-MDAS in the presence or absence of
various NS3/4A constructs. pFLAG mutants are used in panel 4, whereas pEF mutants
are used in panel B. Despite more N-MDAS transfected and therefore higher levels of
stimulus in panel B, we see that all three of the constructs mentioned above blocked
signaling in panel B; however, in panel A only wt NS3/4A ablated the pathway to the

same degree as if there was no stimulus [compare wt NS3/4A vector transfection (blue
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bar) versus N-MDAS transfected (red bar)]. This suggests that either NS3/4A is

expressed to a higher degree than the other mutants, or that NS3/4A is more effective at

inhibiting innate immune signaling than the synthetic SC Protease variants.
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Figure 3-21: Effect of NS3/4A mutants on activation of an NF-xB promoter
element in response to N-MDAS stimulation. A. HEK293 cells were transfected
with 10ng CMV-Renilla, 35ng PRDII-luc, 80ng of the indicated pFLAG NS3/4A
mutant plasmids, and 20ng vector (blue bars) or N-MDAS (red bars. Cells were
collected the following day for luciferase assay. B. Experiment was performed as in
A, except using 75ng pEF-NS3/4A constructs and 25ng vector (blue bars) or N-
MDAS (red bars).
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Figure 3-22: Colocalization of endogenous RIG-I and NS3/4A in SenV-infected
HCYV replicon cells. HP cells harboring a subgenomic HCV replicon were infected
with SenV for 18 hours and stained for NS3 (red), endogenous RIG-I (green), and
nuclei (DAPI, blue). Images were taken on a Ziess laser scanning confocal
microscope using Ziess Pascal LSM software. The image shown is a >7 micron
optical slice.

NS3/4A protease inhibitor treatment prevents cleavage and restores localization of
IPS-1

NS3/4A distribution matched with RIG-I upon SenV infection in HP replicon
cells (Figure 3-22), indicating that NS3/4A targets a virus-activated complex **. To
determine the influence of the NS3/4A protease and protease inhibitor treatment on IPS-1
localization and function, we examined the subcellular distribution of IPS-1 in the
presence of NS3/4A alone and in the context of HCV RNA replication when cells were
treated with ITMN-C. As shown in Figure 3-23, IPS-1 showed a characteristic thread-
like appearance in the cell cytoplasm, consistent with its mitochondrial membrane
localization *®. 1In the presence of NS3/4A, this localization was disrupted, and IPS-1

exhibited the diffuse cytoplasmic staining pattern previously described *'®. However,
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when the cells were exposed to the ITMN-C protease inhibitor for 24 hours, IPS-1 was

restored to its proper localization in the presence of NS3/4A (Figure 3-23).

() WtNS3/4A () WtNSIH4A

@ ) ) )

NS3
Nuclei

IPS-1

Merged

Figure 3-23: IPS-1 localization is disrupted by NS3/4A. UNS3/4A cells cultured
to induce (+NS3/4A) or repress (-NS3/4A) NS3/4A expression were transfected with
200ng IPS-1 with (+) or without (-) 10uM ITMN-C protease inhibitor for 24 hours.
Cells were then fixed and stained for IPS-1 (green), NS3 production (red), and nuclei
(blue), and images from <0.7 pm sections were collected using a Zeiss laser scanning
confocal microscope.

We further examined this regulation in the context of HCV RNA replication in
two cell lines harboring genetically distinct HCV replicons that are differentially resistant
(HP replicon) and sensitive (K2040 replicon) to the antiviral actions of IFN therapy
130164 "I the presence of NS3/4A, IPS-1 membrane localization was disrupted, whereas

K2040 cells with no visible NS3/4A staining typically retained a normal pattern of IPS-1

localization (Figure 3-24, right panel, mock treated). When the cells were treated with
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ITMN-C, IPS-1 returned to a native distribution within a 24 hour time course even in the
presence of NS3/4A (Figure 3-24, +ITMN-C). Moreover, during ITMN-C treatment the
colocalization of NS3/4A with IPS-1 became apparent, suggesting they are initially
present in the same subcellular milieu and that NS3/4A cleavage of IPS-1 disperses it

from this environment (Figures 3-23, 3-24).

I-IP cells mo

IlTMN'C IITMN' +1TMN'C +I'IW

NS3
Nuclel

Figure 3-24: Effect of protease inhibitor treatment on subgenomic HCV replicon
dispersion of IPS-1. Replicon cells resistant (HP) or sensitive (K2040) to IFN-a
treatment were cultured in the presence or absence of 1uM ITMN-C protease
inhibitor for 12 or 24 hours and processed for confocal microscopy as in Figure 3-18.
Areas of IPS-1 and NS3/4A colocalization are shown by yellow staining. NS3 was
undetectable in approximately 25% of K2040 cells, and these cells exhibited a normal
IPS-1 mitochondrial distribution pattern. These data are representative of two
independent experiments. Images represent <0.7 pum sections and were collected
using a Zeiss Laser Scanning confocal microscope.

IPS-
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ITMN-C restores the endogenous host response triggered by HCV RNA replication
and HCYV infection.

To study the effect of protease inhibitor treatment on IPS-1 and the host response
to HCV, we examined ITMN-C treatment of Huh7 cells harboring a HCV 2a replicon or
infected with the JFH1 strain of HCV 2a. Treatment of HCV 2a replicon cells resulted in
alteration of endogenous IPS-1 from a predominantly cleaved form to its native, full-
length form concomitant with induction of ISG56 expression over a 48 hour time course
(Figure 3-254, B). To verify these results in the context of an actual HCV infection,
Huh7 cells were infected with JFHI '®* at an MOI of 1 for 48 hours followed by 24, 36,
or 48 hours ITMN-C treatment (Figure 3-25C). After 48 hours of HCV infection,
endogenous IPS-1 levels were reduced with a large portion of the remaining protein
present as the cleaved form, consistent with previously published data **. Within 24
hours of ITMN-C treatment and throughout the time course, we observed a recovery of
full-length IPS-1 levels with corresponding induction of ISG56 expression and reduction

in viral protein abundance (Figure 3-25C).
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Figure 3-25: Characterization of NS3/4A protease inhibitor treatment on the host
response to HCV. Huh7 cells harboring a HCV genotype 2a JFH replicon (A and B)
or infected with HCV 2a (MOI=1.0) for 48 hours (C) were treated with 20 uM ITMN-
C protease inhibitor for an additional 0, 12, 24, 36, or 48 hours as indicated. Cell
lysates were collected and analyzed by immunoblot assay using HCV patient serum
(HCV) or antibodies against IPS-1, ISG56, or actin as shown. The positions of NS3,
NS5A, full-length IPS-1 (FL), and cleaved IPS-1 (C) are marked by arrows. Data
courtesy of David Owen.

DISCUSSION

Our results show that the NS3 protease domain and minimal NS4A cofactor are
sufficient to inhibit antiviral signaling through RIG-I and MDAS, and block activation of
the downstream transcription factors IRF-3 and NF-kB. This is accomplished by
protease domain targeting and cleavage of IPS-1. These data indicate that the NS3
helicase domain does not play a role in host response regulation and inactivation of IPS-

1. Moreover, infection studies demonstrated for the first time that NS3/4A protease
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inhibitor therapy of HCV infection can effectively remove the NS3/4A blockade to the
host response, restoring RIG-I signaling to IPS-1 and activation of ISG expression in
infected cells.

The protease domain of NS3 has been shown to mediate internal interactions
with the carboxyl terminal helicase domain, in which the latter has been suggested to

#1817 - We found that the helicase domain was dispensable

potentiate protease activity
for NS3/4A control of the host response and signaling by RIG-I and MDAS. That the
helicase domain is not involved in host response control is further supported by the
observations that the SC Protease, lacking the complete helicase domain of NS3,
mediated binding and cleavage of IPS-1 similar to wt NS3/4A. Taken together, these
results imply that the NS3 helicase domain does not play a role in directing NS3/4A
interactions with IPS-1. Importantly, our results show that neither full-length NS3 nor
the NS3 protease domain alone could block signaling by RIG-I or MDAS when
expressed in the absence of NS4A; however, NS4A does not regulate the host response.
In contrast, each NS3 construct efficiently suppressed signaling when expressed as a SC
construct with a.a. 21-32 of NS4A, encoding the NS4A central core region integral to
NS3 protease activity *'. Previous work has associated NS4A a.a. 2-19 with localizing
NS3 to intracellular membranes '®. Despite lacking this domain of NS4A, our SC
constructs effectively cleaved NS5AB and blocked host response signaling. Moreover,
when expressed in Huh7 cells, the SC Protease construct demonstrated a subcellular
distribution pattern equivalent to wt NS3/4A that similarly supported IPS-1 targeting.

We conclude that while NS4A is required for full proteolytic action of NS3, localization

and IPS-1 targeting by NS3/4A are controlled by residues located within the NS3
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protease domain and/or the NS4A central core. The amino-terminal 21 a.a. of NS3
consist of several highly hydrophobic residues, and crystal structure analysis showed that
this region extends away from the rest of the protease °°, suggesting it may be involved in
membrane tethering.  Additionally, a recent study demonstrated a mitochondrial
membrane localization of NS4A in the context of HCV RNA replication ''°, implicating
NS4A in directing NS3 to the mitochondria and site of interaction with IPS-1. These
possibilities are presently being examined.

Intriguingly, the SC Protease active site mutant was able to target IPS-1 and
block antiviral signaling without a cleavage event. This suggests that it may interact with
a site on IPS-1 essential for downstream signaling, perhaps disrupting binding of an
effector molecule or destabilizing a structural motif within IPS-1. Furthermore, we found
that the SC Protease mediated cleavage of IPS-1 at two sites: cysteine 508 and a novel
cysteine 283 site. Interaction with either of these two cleavage sites could potentiate the
SC Protease S1165A signal blockade. It is important to note that wt NS3/4A does not
cleave at cysteine 283 %, probably due to steric hindrance from the helicase domain. This
brings into question the many studies that use a similar SC Protease construct for
evaluating effectiveness of NS3/4A protease inhibitors, since the SC Protease clearly
does not completely mimic wt NS3/4A actions.

It is interesting to speculate on the evolutionary advantage of encoding the
essential viral protease and helicase in the same protein, while one of the (-strands
necessary for full proteolytic activity of the viral protease is contained within an entirely
different protein. During our studies we uncovered evidence that the artificial SC

Protease construct, containing the minimal amino acids essential for complete proteolytic
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activity, did not inhibit the host innate immune response pathways as well as wt NS3/4A.
This is probably not due to a direct effect of the helicase domain, as the SC NS3
construct, containing the full-length NS3 protein, did not block as well as the SC
Protease. More, we suspect one or more of three possibilities. Perhaps subtle changes in
the conformation of the protease domain occur in the presence of the helicase and/or wt
NS4A molecule, enabling it to more effectively target IPS-1. Crystallization studies on
the full-length NS3 complexed with truncated NS4A have shown extensive interactions
between the helicase and protease domains around the protease active site 13 and co-
immunoprecipitation of NS4A with NS3 is impaired without the amino-terminal residues
of NS4A. Alternatively, studies examining the stability of the SC Protease versus wt
NS3/4A have suggested that the truncated proteins are significantly less stable than the
wt protein complex **. Finally, another group found that the NS3 helicase domain bound
directly to TBK1 and inhibited activation of IRF-3 '*!. Therefore wt NS3/4A may act in
other ways downstream of IPS-1 to block antiviral immunity.

We also found that the SC Protease could bind IPS-1 and that this interaction was
maintained in the presence of the peptidomimetic protease active site inhibitor ITMN-C,
which abrogated IPS-1 proteolysis. Under these conditions ITMN-C is expected to
occupy the protease active site and catalytic residues ''’. Thus, the SC Protease may bind
IPS-1 independently of substrate occupancy in the protease active site. This suggests a
model in which NS3/4A may first interact with [PS-1 through protease domain residues
outside the catalytic pocket, thereby positioning it for subsequent proteolysis. NS3/4A
exhibits a shallow substrate binding cleft that might accommodate other protein

81,100,173

substrates Indeed, the TRIF adaptor protein has been identified as an in vitro
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substrate of NS3/4A proteolysis *°. In this case residues within the 3/10 helix of NS3
located adjacent to the protease active site bind to a region of TRIF near the cleavage site
*1 This shared relationship between protein interaction and cleavage could indicate that
NS3/4A may target and interact with TRIF and IPS-1 through similar processes. The
mechanics of the NS3/4A-IPS-1 interaction are currently under investigation.

Our study demonstrates that NS3/4A proteolysis of IPS-1 blocks signaling by
both RIG-I and MDAS, and ablates virus activation of downstream IRF-3 and NF-«B,
thus confirming that IPS-1 serves as the essential adaptor for RIG-1 and MDAS signaling.
In the case of NF-kB, we found that the NS3/4A or SC Protease blockade of NF-xB
activation was concomitant with suppression of IkB-a phosphorylation, and that NF-xB
activation could be fully restored when cells were treated with a NS3/4A protease
inhibitor. Thus, the RIG-I/MDAS axis may signal NF-xB activation through a canonical
process of kinase phosphorylation of IkB and unmasking of NF-kB DNA-binding

activity '*. Similar to the control of IRF-3 signaling ****®

, these processes of NF-kB
signaling are disrupted by IPS-1 proteolysis. As a signaling adaptor protein, IPS-1 may
serve to recruit factors of IRF-3 and/or NF-kB activation. This idea is supported by
studies that have demonstrated IPS-1 interactions with various signaling components,
including the IKKe protein kinase *>, TRAF3 '**, and FADD * into a complex with IPS-
1. In the context of HCV infection, an IPS-1 signaling complex would possibly be

disrupted through the targeted proteolysis of IPS-1 by NS3/4A to ablate a wide range of

immune signaling action.
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NS3/4A protease inhibitors are being developed for use as future HCV

154 .
and our studies define a novel role for these compounds as

therapeutics
immunomodulatory agents. NS3/4A cleavage of IPS-1 during HCV RNA replication and
infection results in IPS-1 release from the mitochondrial membrane and diffuse
redistribution throughout the cytoplasm with associated loss of host immune signaling .
We found that ITMN-C treatment of cells harboring distinct HCV 1b replicons mediated
a potent inhibition of NS3/4A, restoring the native distribution of endogenous IPS-1 as
early as 12 hours after treatment, regardless of the differential sensitivities of each HCV

130164 Moreover, protease inhibitor treatment of Huh7 cells

replicon to IFN-a therapy
harboring an HCV 2a replicon or infected with the HCV 2a JFHI1 clone caused the
accumulation of IPS-1 from a NS3/4A-cleaved form to a full-length form and related
induction of ISG56 expression. These results indicate that 1) ITMN-C treatment and
inhibition of NS3/4A protease function permits a rapid restoration of IPS-1 function, host
response signaling, and immune action directly within HCV-infected cells; 2)
endogenous HCV RNA is a potent trigger of RIG-I signaling in infected cells **; and 3)
RIG-I-responsive genes, including ISG56 '**, may directly suppress HCV replication.

We conclude that NS3/4A protease inhibitors possess immunomodulatory activity

through prevention of IPS-1 proteolysis and restoration of RIG-I signaling.



CHAPTER FOUR
Localization and Membrane Targeting by NS3/4A

INTRODUCTION

NS4A

NS4A is a 54 a.a. protein that can be subdivided into three sections by
hydophobicity and secondary structure predictions (Figure 4-1). The first twenty and
last twenty residues are predicted to form a-helices, while residues 21-34 form a -strand
that intercalates into the NS3 protease to activate full proteolytic processing (Figure 4-2).
The amino-terminal 34 residues of NS4A are highly hydrophobic (Figure 4-1, bolded
letters), while the remainder of the molecule is hydrophilic **. Residues 2-19 are
hypothesized to form a membrane anchor that serves to hold the NS3/4A holocomplex
within ER membranes, and were found to direct membrane targeting of a heterologous

6

protein '°. NS4A is essential for cleavage at the NS3-4A junction, and NS3 complex

formation with NS4A significantly increased the stability of NS3 in cell cultures 2.

NS3 Serine Protease

The NS3 serine protease domain comprises residues 1-180, with the catalytic
triad residues at His 57, Asp 81, and Ser 139 **2. Structurally, the serine protease
contains two [B-barrels with the protease active site sandwiched in between. The amino-
terminal B-barrel, when complexed with the NS4A cofactor, consists of eight B-strands,
while the carboxy-terminal B-barrel contains six (Figure 4-2). In the absence of NS4A

the NS3 amino-terminus extends away from the rest of the molecule; however, NS4A

85
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intercalation changes the conformation of this region, forming the B-strand A, and the a-

helix o 8.

STWVLVYGGYLAALAAYCLT TGSVVIVGRIILSGKPAIIPDREVLYREFDEMEEC

NS3
NS4A Membrane anchor I interaction

12 19 21 32 54 a.a.
Single-Chain g1 yible
(SC Prot) 1 180 a.a.

Figure 4-1: Schematic of NS4A and the SC Protease. NS4A contains a putative
amino-terminal membrane anchor followed by the 3-strand which intercalates into the
NS3 protease. The SC Protease contains the NS4A [-strand attached to the NS3
protease domain via a flexible linker. NS4A amino acid (a.a.) sequence is shown,
with bolded letters representing hydrophobic residues. Numbers below the bars
denote amino acid position.

Carboxy-terminal truncations of the protease domain ablated proteolytic activity;
however, deletion of the amino-terminal 29 a.a. of NS3 resulted in greatly diminished,
basal serine protease activity. Truncations beyond this point completely abrogated
proteolytic processing (Figure 4-3) *>. Deletion of the first 14 residues, encompassing
the A, B-strand (Figure 4-2), yielded normal processing and activation by NS4A but

slight impairment of complex formation ',

NS3 constructs lacking residues 15-22,
corresponding to a-helix ay, lose the ability to be activated by NS4A and are less stable.

The region from a.a. 22-29 was not found to be involved in either complex formation

with NS4A or basal NS3 protease activity *.
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Figure 4-2: Diagram of structural domains of the NS3/4A protease. The NS3
protease is comprised of two P-barrels separated by the serine protease catalytic
residues. NS4A a.a. 21-32 forms one B-strand of the amino-terminal B-barrel as
shown. Light blue bars represent B-sheets while green bars show a-helices. Amino
acid numbers of the NS3 or NS4A protein are indicated. Modified from 2.

1 14 15 22 23 28 29 a.a.
APITAYSQQOTRGLL GCIITSLT GRDRNQ VEGEVQVVSTAT

Figure 4-3: Protein sequence of the NS3 amino-terminus. The first 29 a.a. of NS3
are not required for minimal basal activity of the NS3 serine protease. Instead, a.a. 1-
14 are believed to be involved in stable complex formation with NS4A, a.a. 15-22 are
involved in NS4A-dependent activation, and residues 23-28 have no known role in
NS3 activity or complex formation with NS4A. Bolded a.a. represent hydrophobic
residues. Adapted from >,

87



88

The SC Protease contains the NS3 serine protease domain linked to the residues
of NS4A (a.a, 21-32) that intercalate into the protease domain **; it lacks the putative

NS4A membrane anchoring region (Figure 4-1) '®°

, which would predict a diffuse
cytoplasmic localization. Despite this fact, localization studies demonstrated that the SC
Protease gathered on intracellular membranes, suggesting that residues within the NS3
protease domain or the NS4A intercalation region are responsible for targeting NS3 to
membranes. These findings challenge the dogma that NS4A is responsible for NS3

membrane localization.

NS3/4A has been thought to associate with ER membranes almost exclusively

113,166 37,56,112

, where it interacts with the HCV replication complex Our studies have
found significant colocalization of NS3/4A with mitochondrial membranes, where it
targets and cleaves IPS-1, an adapter molecule intricately involved in innate immune

signaling. The current study was aimed at determining the region(s) responsible for

targeting NS3/4A to mitochondrial membranes.

EXPERIMENTAL PROCEDURES

Expression cloning and site-directed mutagenesis
Cloning from PCR products
NS4A was amplified using the primers indicated Table 4-1 by PCR and cloned

into the Kpnl and Agel sites of pPEGFP-N1 and pdsRED-N1.



Table 4-1: Primers used for PCR

&9

Construct name

Primer name

Primer sequence

NS4A
EGFP/dsRED

NS4A Kpnl start s

ACTGAC GGTACC ATG
AGCACCTGGGTGCTG

NS4A Agel (no stop) as

ACTGAC ACCGGT
GCACTCTTCCATCTCATC

Primer subcloning

NS3 amino-terminal residues and NS4A regions were inserted into the pEGFP-

N1 and pdsRED-N1 vectors in the Kpnl and Agel sites as follows. Equimolar amounts

of sense and antisense primers with phosphorylated 5° ends (Table 4-2) were

resuspended to 200uM in annealing buffer (10mM Tris pH 8.0, 50mM NaCl, 1mM

EDTA), heated to 95°C, and allowed to gradually cool to RT (to maintain dsDNA

structure). The pEGFP-N1 and pdsRED-N1 vectors were digested with Kpnl and Agel,

followed by calf intestinal alkaline phosphatase (CIP; New England Biolabs) treatment as

per manufacturer’s protocol. Annealed primers were ligated into the CIP-treated vectors

to create the desired carboxy-terminal fluorescently-tagged constructs. The same strategy

was utilized to insert NS4A a.a. 21-32 with either an amino-terminal or carboxy-terminal

FLAG-tag into the Xbal and Not I sites of the pEF1-Myc/HisB vector.
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Table 4-2: Primers for direct subcloning

Construct

Primer name

Primer sequence

Kpnl start NS3 1-20
Agel S

*P C ATG GCGCCTATTACGGCCTACTCCCAACAGACG
CGAGGCCTACTTGGCTGCATCATCACTAGC A

AS

NS3 1-20 *p
EGFP/dsRED | Kpnl start NS3 1-20 | CCGGTATGCTAGTGATGATGCAGCCAAGTAGGCCTCG
Agel AS CGTCTGTTGGGAGTAGGCCGTAATAGGCGC CAT
GGTAC
Kpnl start NS3 11-20 | *P CATGCGAGGCCTACTTGGCTGCATCATCACTAGC
NS31120 | AgelS A
EGFP/dsRED | Kpnl start NS3 11-20 | *P CCGGT AT GCTAGTGATGATGCAGCCAAGTAGGCC
Agel AS TCG CAT GGTAC
Kpnl start NS3 1-10 | *P CATGGCGCCTATTACGGCCTACTCCCAACAGACG
NS31-10 | AgelS A
EGFP/dsRED | Kpnl start NS3 1-10 | *P CCGGT A1 CGTCTGTTGGGAGTAGGCCGTAATAGG
Agel AS CGC CAT GGTAC
Kpnl Start NS4A 1- | *P C ATG AGCACCTGGGTGCTGGTAGGCGGAGTCCTA
20 Agel S GCAGCTCTGGCCGCGTATTGCCTGACAACA AT A
NS4A 1-20 *P CCGGT AT
EGFP/dsRED | Kpnl Start NS4A 1- | TGTTGTCAGGCAATACGCGGCCAGAGCTGC
20 Agel AS TAGGACTCCGCCTACCAGCACCCAGGTGCT CAT
GGTAC
Kpnl Start NS4A 21- | *P C ATG GGCAGCGTGGTCATTGTGGGCAGGATCATCT
NS4A 2132 | 32 Agel S TGTCC AT A
EGFP/dsRED | Kpnl Start NS4A 21- | *P CCGGT AT GGACAAGATGATCCTGCCCACAATG
32 Agel AS ACCACGCTGCC CAT GGTAC
Kpnl Start NS4A 33- | P CATC
54 Agel § GGAAAGCCGGCCATCATTCCCGACAGGGAAGTC
CTTTACCGGGAGTTCGATGAGATGGAAGAGTGC AT A
NS4A 33-54 P
EOPPILRED P CCGGT AT
Kpnl Start NS4A 33- | GCACTCTTCCATCTCATCGAACTCCCGGTA
54 Agel AS AAGGACTTCCCTGTCGGGAATGATGGCCGGCTTTCC
CAT GGTAC
NSAA Seme [Notl | P GUC CGC ATG GACTACAAAGACGATGACGAC
Flag HindIlI NS4A AAGCTT } R \ \
GGCAGCGTGGTCATTGTGGGCAGGATCATCTTGTCCTA
pEF-FLAG | Xbal] or
NS4A21-32 ' UG4A AS  [Xbal | *P CT AGA CTA GGACAAGATGATCCTGCCCACAATGAC
NS4A  HindlIl Flag | CACGCTGCCAAGCTTGTCGTCATCGTCTTTGTAGTCCAT
Notl] GC
NS4A C term Flag | *P GGCCGC ATG GGCAGCGTGGTCATTGTGGGCAGGAT
pg;}‘ji‘g* él' sense CATCTTGTCCGACTACAAAGACGATGACGACAAGTAGT
term] [C- I'NS4A C term Flag | *P CTACTTGTCGTCATCGTCTTTGTAGTC GGACAAGAT

GATCCTGCCCACAATGACCACGCTGCC CAT GC

*P denotes 5’ phosphorylation
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Site-directed mutagenesis

Amino-terminal NS3 truncation mutations (A1-10, A11-20, A1-20) were constructed in
the pEF-NS3/4A, pEF-NS3/4A S1165A, pEF-SC Protease, and pEF-SC Protease
S1165A using QuickChange XL site-directed mutagenesis kit (Stratagene) as per
manufacturer’s protocol. Primer sequences for site-directed mutants are available in

Table 4-3.

Transmission Electron Microscopy (TEM)

Huh7 cells were grown in 15 cm plates to confluency. Cells were briefly (<5
min) exposed to fixative (2.5% gluteraldehyde in 0.1M cacodylate), mixed in a 1:1 ratio
with complete media, gently scraped from the plates, pelleted at low speed (<900xg), and
immersed in fixative alone for several hours at 4°C. Cell pellets were embedded, stained
with osmium tetraoxide, sectioned, and added to formvar-coated grids by Tom
Januszewski. Grids were viewed using the TEM2 Technai transmission electron
microscope at the Molecular and Cellular Imaging Facility of the University of Texas

Southwestern Medical Center.
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Table 4-3: Site-directed mutagenesis primers

Construct

Primer name

Primer sequence

pEF1-NS3/4A R117A
R118A

NS3/4A R117A R118A
s

CGATGTCATTCCGGTGGCGGCGCGGGGCGAC
AGCAGGG

NS3/4A R117A R118A
as

CCCTGCTGTCGCCCCGCGCCGCCACCGGAAT
GACATCG

pEF1-NS3/4A Q80L

NS3/4A DSOL s

GTACACCAATGTGGACCTGGACCTCGTCGGC
TGGC

GCCAGCCGACGAGGTCCAGGTCCACATTGGT

NS3/4A D8OL as GTAC

NS3/4A R109K s ?FIC%"TTACTTGGTCACGAAGCATGCCGATGTCA
PEFI-NS3/4A RI09K GAATGACATCGGCATGCTTCGTGACCAAGTA

NS3/4A R109K as AAGG

NS3/4A L106A s géggTCGGACCTTTACGCGGTCACGAGGCAT
PEFI-NS3/4A L106A CGGCATGCCTCGTGACCGCGTAAAGGTCCGA

NS3/4A L106A as GCTG

NS3/4A D168A s SETGCGAAGGCGGTGGCCTTTGTACCCGTCG
pEF1-NS3/4A D168A

NS3/4A D163A as CTCGACGGGTACAAAGGCCACCGCCTTCGCA

AC

pPEF SC Protease Al-
10

Protease delta 1-10 s

TCCGGTAGTGGTAGTAAGCTT
CGAGGCCTACTTGGCTGCATC

Protease delta 1-10 as

GATGCAGCCAAGTAGGCCTCG
AAGCTTACTACCACTACCGGAC

pEF SC Protease Al-
20

Protease delta 1-20 s

G TCCGGTAGTGGTAGTAAGCTT
CTCACAGGCCGGGACAGGAAC

Protease delta 1-20 as

GGTTCCTGTCCCGGCCTGTGAG
AAGCTTACTACCACTACCGGAC

pEF NS3/4A A1-10

WT delta 1-10 s

GAATTCTGCAGATAGCTTATG
CGAGGCCTACTTGGCTGCATC

WT delta 1-10 as

GATGCAGCCAAGTAGGCCTCG
CATAAGCTATCTGCAGAATTC

pEF NS3/4A A1-20

WT delta 1-20 s

GAATTCTGCAGATAGCTTATG
CTCACAGGCCGGGACAGG AAC

WT delta 1-20 as

GTTCCTGTCCCGGCCTGTGAG
CATAAGCTATCTGCAGAATTC

pEF1-NS3/4A & SC
Prot
A11-20

Delta 11-20 S

CCTATTACGGCCTACTCCCAACAGACG
CTCACAGGCCGGGACAGGAACCAGGTC

Delta 11-20 AS

GACCTGGTTCCTGTCCCGGCCTGTGAG
CGTCTGTTGGGAGTAGGCCGTAATAGG
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RESULTS

NS4A is necessary for NS3-dependent inhibition of IRF-3 activation and for
targeting NS3 to the mitochondrial membrane

Since the SC Protease, which lacks two-thirds of the NS4A sequence, was
sufficient to inhibit activation of the innate antiviral response, we wanted to determine if
NS4A was truly necessary for full-length NS3 to inhibit activation of these pathways.
Therefore, UNS3/4A and UNS3 cells were grown under conditions to express NS3/4A
and NS3, respectively, or suppress their expression, and infected with SenV for 18 hours.
Figure 4-4 shows that in the absence of NS4A expression, NS3 is unable to block virus-
mediated nuclear translocation of IRF-3 (right panel set), while the NS3/4A holocomplex
effectively blocks this response. These data suggest that NS4A-mediated activation of

the NS3 protease is required to block immune recognition of viruses.
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The SC Protease construct localized to intracellular membranes (Figures 3-5, 3-
11), a surprising discovery since this construct does not contain the amino-terminal

166

membrane targeting region of NS4A (Figure 4-1) ™. Additionally, when treated with

protease inhibitor, NS3/4A colocalized with IPS-1 (Figures 3-22, 3-23), a mitochondrial

membrane protein '+

, an unexpected result since NS3/4A was previously shown to be
expressed exclusively on ER membranes '®. Therefore in order to determine if NS3/4A
was targeted to mitochondrial membranes along with IPS-1, and if NS4A was indeed
necessary for membrane targeting, human osteosarcoma cells expressing NS3 or NS3/4A
were transfected with IPS-1 to activate the innate antiviral pathways, and stained for
mitochondrial localization (Figure 4-5).  NS3/4A, but not NS3, colocalized with
mitochondria, and further co-distributed with IPS-1 when treated with the protease
inhibitor ITMN-C. This indicates that NS3/4A exactly colocalizes to mitochondrial
membranes and that full-length NS3 requires NS4A in order to be targeted to

mitochondria. However, these results did not explain how the SC Protease localized to

membranous structures in the cell.
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UNS3/4A cells UNS3 cells

NS3/4A NS3

Figure 4-5: Colocalization of NS3/4A, mitochondria, and IPS-1 in cells treated
with protease inhibitor. UNS3/4A and UNS3 cells were cultured to express
NS3/4A or NS3, respectively. The next day cells were transfected with IPS-1 for
25 hours, then treated with concentration Mitotracker Red for 30 min at 37°C.
Cells were processed for Zeiss laser scanning confocal microscopy and stained for
NS3 or NS3/4A (green) and IPS-1 (blue). Images shown are <0.7um optical slices.
Results were replicated in three independent trials.

|IPS-1

The SC Protease colocalizes with IPS-1

To further examine SC Protease localization, Huh7 cells were transfected with
the SC Protease or the SC Protease active site mutant and observed by confocal
microscopy. The SC Protease cleaved IPS-1, dispersing it throughout the cytoplasm
(Figure 4-6), but the SC Protease S1165A colocalized with IPS-1, indicating that it was
targeted to mitochondrial membranes similar to wt NS3/4A, even without the NS4A

membrane targeting motif.
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Endogenous BB
IPS-1

Figure 4-6: Effect of NS3/4A and the SC Protease on IPS-1 localization. Huh7
cells were transfected with 200ng of the indicated NS3/4A constructs, collected the
following day, and analyzed by confocal microscopy for NS3 (red), endogenous
IPS-1 (green), and nuclear (blue) staining. Images were taken with a Zeiss laser
scanning microscope and represent less than 0.7um sections. The experiment was
replicated multiple times.
In order to verify that this result was not an artifact of the active site mutation,
cells were transfected as before, and then additionally treated with ITMN-C, a
peptidomimetic NS3/4A protease inhibitor. Protease inhibitor treatment prevented SC
Protease cleavage of IPS-1, revealing their underlying colocalization. Taken together,
these data suggest that residues within the NS3 protease domain or the central B-strand of
NS4A are responsible for mitochondrial targeting of the SC Protease. Since crystal
structure analysis of a similar SC Protease has shown that NS4A residues 21-32 are

completely buried within the NS3 protease domain '*, it is unlikely that these residues

are responsible for mitochondrial targeting.
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The amino-terminus of NS3 encodes a potential transmembrane motif

In order to determine if the NS3 protease domain contains a putative
transmembrane domain, we analyzed the first 180 residues on the DAS transmembrane
prediction server (Figure 4-8) *°. This program predicted a potential transmembrane
motif between residues 13-21 of the NS3 protease domain. These residues are highly
hydrophobic (Figure 4-3, bolded letters) and, upon crystallization with a synthetic NS4A
peptide, form a surface exposed a-helix that sits atop the NS4A B-strand "'
Moreover, the structural equivalent of this region does not exist in any other member of
the chymotrypsin family of serine proteases, suggesting a function removed from
proteolytic activity. Additionally, the o, helix hydrophobic residues all faced outward,
away from the protease core, creating a hydrophobic patch on the surface of the molecule
that was speculated to have an accessory membrane attachment role, aiding NS4A in
localizing to the ER '">. However, the region immediately following the o, helix
conforms to the consensus mitochondrial targeting motif of transmembrane domain
(TM)-x¢.1Bx0¢B, where x is any amino acid and B refers to basic amino acids (usually
arginine or lysine). As shown in Figure 4-3, residues 23-28, which have no previously
identified function, contain two arginine residues (underlined) that fit the profile.
Moreover, this pattern appears to be conserved among HCV genotypes 1-5, with a lysine
replacing the second arginine in most sequences >'. Therefore, these residues may be
critical in mitochondrial targeting and membrane tethering of the SC Protease and wt

NS3/4A.
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Figure 4-8: Hydrophobicity plot of the NS3 protease domain (a.a. 1-180).
Hydrophobicity analysis if the NS3 serine protease (residues 1-180) was carried out
using  the DAS transmembrane domain  prediction server  at

http://www.sbc.su.se/~miklos/DAS/tmdas.cgi according to the method outlined by
Cserzo et al . This predicted a potential transmembrane segment between a.a. 13-21
with high likelihood, and two others of lower probability between a.a. 43-52 and 150-

157.

To examine the function of these residues, we created amino-terminal mutants of
wt NS3/4A and the SC Protease lacking residues 1-10, 11-20, or 1-20 of NS3 and
assessed their ability to ablate activation of an IRF-3-dependent promoter following
SenV infection (Figure 4-9). Deletion of the first 10 amino acids had little if any effect
on the ability of NS3/4A or the SC Protease to block activation of antiviral pathways.
Truncation of the next ten amino acids (A11-20 or A1-20) of NS3 greatly reduced the
ability of wt NS3/4A to inhibit IFN- promoter induction, consistent with the previously

described role of these residues in complex formation and activation by NS4A. This
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suggested that the cis proteolytic activity of NS3/4A lacking amino acids 11-20 was
compromised. Deletion of the amino-terminal twenty residues of the SC Protease had
no appreciable effect on its ability to inhibit activation of an IFN-B-dependent promoter,
suggesting these residues are not involved in frans protease activity of the SC Protease.
Interestingly, amino-terminal truncation of the SC Protease SA ablated its ability to block
IFN-B promoter activation by virus. Note that in Figure 4-9, the SC Protease SA did not
have any effect on activation of the IFN- promoter, as is typical with low-level

expression of this construct (see Figure 3-21 for further evidence of this observation).

a5 Huh7 cells

RLU (IFNB-luc)

Fold change versus mock

o

- <
¢ :
@ n
- Z

NS3/4A SA
NS3/4A A1-10
NS3/4A A11-20
NS3/4A A1-20
Sc prot A1-10
SC prot A11-20
SC prot A1-20
SC prot SA
Sc prot SAA1-10
SC prot SA A11-20
SC prot SAA1-20

Figure 4-9: Effect of amino-terminal NS3 truncations on virus-mediated
activation of the IFN-B promoter. Huh7 cells were transfected with IFNB-luc
reporter, CMV-Renilla, and the indicated NS3/4A mutants for 24 hours, followed by
mock treatment (blue bars) or infection with 100 HAU/mL SenV (red bars) for 20
hours. Cells were then collected and processed for luciferase reporter assay and
analyzed relative to Renilla values and mock-infection. Results representative of
three independent trials and are courtesy of Stacy Horner.
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Confocal analysis of truncation mutant localization and cleavage of IPS-1
confirmed the above results (Figure 4-10). Amino-terminal NS3 truncation mutants
exhibited impaired localization capability, indicating the importance of this region in
membrane targeting. Deletion of the first 10 amino acids from NS3/4A had no effect on
the ability of NS3/4A or the SC Protease to cleave IPS-1 and only minimal effect on
mitochondrial localization. However, selective deletion of amino acids 11-20 ablated
mitochondrial targeting of all mutants, while only slightly impairing the ability of the SC
Protease to cleave IPS-1 and block signaling. NS3/4A A11-20 and A1-20 failed to
remove IPS-1 from mitochondrial membranes, consistent with its inability to block viral
activation of IRF-3, likely due to incorrect conformation of the protein or incomplete
interaction with NS4A. These results are summarized in Table 4-4.

By comparing the SC Protease S1165A mutants, it becomes apparent that
complete mitochondrial localization of the SC Protease SA is required for it to have any
effect on signaling downstream of IPS-1, but this is not the case for the SC Protease. The
differences between the SC Protease and wt NS3/4A suggests that impaired NS3/4AAl-
20 regulation of the innate immune response may be affecting its cis cleavage
competence, and thence ability to cleave NS4A from NS3, a process essential for NS4A
intercalation-dependent activation of protease activity. Since the SC Protease A1-20
cleaves IPS-1, it may indicate: 1) that NS4A, when permanently attached to the amino-
terminus of NS3, is still able to properly fold and intercalate into the NS3 protease

domain; or 2) that cleavage of IPS-1 is, at least to some degree, NS4A-independent.
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Blocks Mitochondrial IPS-1
signaling localization cleavage
Construct (luciferase) (confocal) (confocal)
NS3/4A (WT) + + +
WT A1-10 + -/+ +
WT A11-20 - - -
WT A1-20 - - -
SC Protease + + +
SC Protease A1-10 + -/+ +
SC Protease A11-20 + - -/+
SC Protease A1-20 + - -+
SC Protease S1165A -/+ + -
SC Protease S1165A A1-10 - -/+ -
SC Protease S1165A A11-20 - - -
SC Protease S1165A A1-20 - - -

Table 4-4: Summary of NS3/4A and SC Protease deletion construct activity.

Potential ER to mitochondria transport mechanism

Mitochondria-associated ER membranes (MAMs) consist of specialized regions
of contact between the mitochondria and ER that direct the transient formation of
membrane bridges to facilitate lipid and protein movement between the ER and

139,161

mitochondria To explain HCV core protein localization on mitochondrial and ER

membranes, Schwer et al. proposed a model in which the core protein utilized these

MAM bridges to transfer to the mitochondria '*.

In order to determine if MAMSs could
form in human hepatocytes such that this sort of transport could occur, we performed

TEM on human hepatoma cells (Figure 4-11). In Huh7 cells, the mitochondria lay in

close apposition to rER, demonstrating that MAM formation could occur in hepatocytes.
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2

Figure 4-11: Electron micrograph of Huh7 cells. Huh7 human hepatoma cells
were fixed, processed for TEM, and viewed using the TEM2 Technai electron
microscope. Images were taken using a Gatan CCD camera. Depicted is typical
mitochondria wrapped by rough ER. Smaller, highly-prevalent dots in the
cytoplasm are polyribosomes. Bar is 1pum.

DISCUSSION

Our data show that HCV NS4A is necessary but not sufficient to target wt NS3 to
mitochondrial membranes and inhibit activation of the innate immune response through
cleavage of the adapter protein IPS-1. Previously, the amino-terminus of NS4A was

proposed to serve as a transmembrane a-helix.'**'”

However, NS4A alone does not

localize to mitochondrial membranes. Moreover, its sequence does not contain any
. . . . .. . . . 79

surrounding basic residues required for localizing proteins to mitochondrial membranes,

suggesting it most likely is not directly responsible for mitochondrial outer membrane

targeting. Additionally, the SC Protease, containing only the minimal NS4A activator,
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localized to mitochondrial membranes in the absence of the NS4A membrane anchoring
region, suggesting other residues within the NS3 protease domain may contribute to
mitochondrial accumulation and thereby affect regulation of host antiviral signaling
pathways. Our data combined with NS3 crystalization studies®'”’ suggests that NS4A
imparts a conformation change the amino-terminus of the NS3 protease that allows
formation of the mitochondrial membrane targeting helix.

Hydrophobicity analysis revealed a potential transmembrane domain hidden
within the amino-terminus of the NS3 protease, and moreover, these residues contained a
conserved mitochondrial signal sequence. Mutational analysis of this region (Figures 4-
9 and 4-10) revealed that amino acids 11-20 of the NS3 protease were critical in
determining mitochondrial membrane localization (as seen with the SC Protease mutants)
and cis cleavage competence (as shown by the lack of correct localization of wt NS3/4A
A11-20), while only minimally effecting proteolytic processing of IPS-1 in trans.
Interestingly, the SC Protease A1-20 was still able to ablate innate immune signaling
despite its diffuse, unrestricted localization. This likely represents cleavage by a small
number of the SC Protease A1-20 molecules interacting with IPS-1 randomly, without
mitochondrial targeting. Since cleavage at NS4A-independent sites, such as NS5AB, are
not affected by deletion of the first 20 residues of NS3*?, it would be of interest to
perform a protease assay on NS5AB as well as an NS4A-depedent cleavage site such as
NS4AB to determine if it is possible to uncouple polyprotein processing from IPS-1
cleavage.

Two specific amino acid residues, Arg 24 and Arg 26, of the putative NS3/4A

mitochondrial signal sequence at residues 23-28, are similar to conserved basic amino
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acid residues critical in this motif. Future experiments could examine site-directed
mutation of NS3 Arg 24 and Arg 26 to determine if these residues are responsible for
specific targeting of NS3/4A to mitochondrial membranes. Alternatively, the putative
signal sequence could be attached to a heterologous protein such as eGFP and
localization of this protein determined.

The putative membrane-association domain is encoded within residues 13-21 and
contains an a-helix found to have hydrophobic residues clustered on the side facing the

surface, an unusual location for hydrophobic amino acids '™

. The surface hydrophobicity
suggests a potential peripheral membrane association, rather than a transmembrane helix.
To determine if the SC Protease localizes to mitochondrial membranes as a peripheral
membrane protein, isolated mitochondrial fractions taken from cells expressing the SC
Protease could be digested with proteinase K, which would remove outer membrane-
associated proteins. Alkaline extraction experiments on mitochondrial fractions could
then determine if it is an integral membrane protein or peripherally attached. While the
combination of a putative membrane domain coupled with nearby mitochondrial signal
sequence points to this region directly targeting NS3 to mitochondrial membranes, it is
also possible that NS3 is interacting with another cellular factor that targets it to the
mitochondria.

The majority of mitochondrial proteins are synthesized from nascent mRNA by
ribosomes in the cytosol or attached to the mitochondrial surface '*. This is likely the
mechanism behind IPS-1 arrival at the mitochondrial outer membrane. However, the

HCV replication complex is thought to sequester RNA within modified ER vesicles *,

bringing into question how a significant number of nascent transcripts could escape the
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replication complex and still evade the host immune response. Additionally, the
translation of the HCV genome as a single polyprotein further complicates the matter of
specifically targeting NS3/4A to mitochondria. Bridging of the mitochondrial and ER
membranes by the MAM complex could explain how NS3/4A translocates to
mitochondrial membranes.

Based on these results, we modified the predicted domain structure of NS3
provided in Chapter Three to reflect this potential membrane targeting region (Figure 4-

12).

1026 1206 1658 1712

HCVY NNJ

Cabalytia bri
ve an:ﬁu; 1107 (1487—1501)

w protease domain NTPasehelicase domain

Figure 4-12: Structure of HCV NS3/4A including the putative membrane
targeting region. The NS3/4A diagram introduced earlier was updated to include the
putative membrane targeting domain (yellow).



CHAPTER FIVE
Structure/Function Analysis of Interferon-f Promoter Stimulator-1, a Key
Modulator of Innate Antiviral Immunity

INTRODUCTION

Viral dsRNA intermediates are recognized by RIG-I, promoting a conformation
change that potentiates signaling by the RIG-I CARDs '**'*° to the CARD-containing
adaptor protein IPS-1 ™. These CARD-CARD interactions facilitate recruitment of
effector proteins that activate the latent cytoplasmic transcription factors IRF-3 and NF-
B 80:109.143.170.

Structurally, the amino terminus of IPS-1 harbors a CARD (Figure 1), a proline-
rich region of unknown significance, and multiple TR AF-interaction motifs (TIMs). The
CARD alone is insufficient for induction of IFN-f in response to Sendai virus infection
43170 The carboxy-terminal transmembrane (TM) motif (Figure 5-1, upper panel)
anchors IPS-1 in the outer mitochondrial membrane. Deletion of the TM abrogated the
ability of ectopic IPS-1 expression to induce the IFN-B promoter and prevented its
localization to mitochondria ',

Mutational analysis of IPS-1 has yielded conflicting data. One group indicated
that the amino-terminal CARD was essential in signaling IRF3 and NF-xB '*, while
another reported that the carboxy-terminal one third of IPS-1 was able to activate both
NF-«B and the ISRE '"°. A mutant lacking the CARD was found to exhibit a dominant-
negative phenotype ', suggesting oligomerization of IPS-1. Many other members of

this pathway act as multimers, including RIG-I '*°, IRF-3 **, NEMO ¥, and the TRAFs *’,

109
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suggesting a common activation motif. However, another group reported that IRF-3 and
NF-«B signaling by IPS-1 did not involve the oligomerization of IPS-1 '®.

IPS-1 is a mitochondrial membrane protein and an essential adaptor of RIG-I
signaling. A detailed structural analysis of IPS-1 has not been performed to elucidate the
regions necessary for this activation of the host innate immune response. We conducted
biochemical and molecular analysis of IPS-1 in a structure-function study that revealed
distinct processes of IRF-3 and NF-xB activation. Mutational analyses further identified
amino acids of IPS-1 critical for mitochondrial localization, dimerization, and specific

signaling domains that uncoupled IRF-3 and NF-kB signaling.

EXPERIMENTAL PROCEDURES
Plasmids
pEFTak-IPS-1, pMyc-IPS-1, and pEFTak C283A were previously described **.
pEFBos IPS-1 444-540, pEFBos IPS-1 1-443, and pEFBos IPS-1 C508Y were kind gifts

from Takashi Fujita.

Expression Cloning and Site-directed Mutagenesis

Truncation mutations in IPS-1 (Figure 5-1) were made by designing primers
containing the desired IPS-1 start/end site attached to the restriction sites Notl and BstEII
sites for subcloning into pEFTak or the Agel and Pmel sites for ligation into pcDNA
Myc-His (Table 5-1). Vectors were digested with their respective enzymes, CIP treated

(New England Biolabs) as per manufacturer’s protocol. The pEFTak truncations were



111

cloned using the TA cloning kit (Invitrogen) according to the manufacturer’s instructions,
and then subcloned into the Notl and BstEII sites of pEFTak, yielding IPS-1 truncation
mutants with amino-terminal FLAG tags. ExTaq polymerase (Takara) was used as per
manufacturer’s protocol to amplify IPS-1 residues 1-152, which then were directly
digested with Agel and Pmel. Both the digested insert PCR product and vector were then
gel extracted using Qiagen’s Qiaquick Gel Extraction Kit, eluted into 50 pl dH,O, and
ligated into the Agel and Pmel sites of pcDNA Myc-His, creating an amino-terminally
myc-tagged IPS-1 1-152. Sequences were verified using Applied Biosystems Inc. (ABI)
Big Dye Terminator 3.1 chemistry and ABI capillary instruments at the DNA Sequencing
Core Facility in the UT Southwestern McDermott Center for Human Growth and

Development.

Table 5-1: Primers for Expression Cloning of IPS-1

Construct Primer name Primer sequence
DNA M Agel 1S CTCTA ACCGGT CCGTTTGCTGAAGACAAG
Tpst 1192 | 152 ston Prmel CTATCG GTTTAAAC TA
p Tmet as GGACTCTGGCGCCTGGGTCTCC
pEFTak IPS-1 | NotI-ISPI [s] GCGGCCGCTCCGTTTGCTGAAGACAAGA
1-153 IPS 153stop BstEll [as] | GGTCACCCTATGGGGACTCTGGCG
pEFTak IPS-1 | NotI-ISP1 [s] GCGGCCGCTCCGTTTGCTGAAGACAAGA
1-261 IPS1(261)-BstEll [as] | GGTCACCCTACAAGCCAGGGGATGAGGA
pEFTak IPS-1 | Notl IPS 154 [s] GCGGCCGCTGGAGAGAATTCAGA
154-540 ISP1-Bstell [as] GGTGACCTAGTGCAGACGCCGCCGGTAC
pEFTak IPS-1 | NotI-IPS1(384) [s] GCGGCCGCTAGAAATGAGGAGACCCCA
384-540 ISP1-Bstell [as] GGTGACCTAGTGCAGACGCCGCCGGTAC
pEFTak IPS-1 | NotI-IPS1(468) [s] GCGGCCGCTATCCACGTGGCTGAG
468-540 ISP1-Bstell [as] GGTGACCTAGTGCAGACGCCGCCGGTAC

Site mutants and deletion constructs (Figure 5-1) were constructed using

QuickChange XL site-directed mutagenesis kit (Stratagene) according to manufacturer’s
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instructions. Primers used are available in Table 5-2. The UT Southwestern Medical
Center DNA sequencing core facility verified the DNA sequence of the resulting

expression construct.

Cells
MEFs were cultured in complete DMEM supplemented with conditioned media
from previous passages. IPS-1 wt and -/- MEFs were a kind gift of Dr. Shizuo Akira.

MAVS wt and null MEFs were generously provided by Dr. Zhijian “James” Chen.

Statistical Analysis

Differences among multiple treatments were tested using one-way analysis of
variance (ANOVA), and were considered statistically significant when P < 0.05 and
marked with an asterisk. In cases where significant differences were detected,
comparisons between treatment groups and vector control were examined using
Dunnett’s multiple comparisons post-test; determinations of linear trend among means of
different concentrations of the same treatment group were examined using the post-test

for linear trends.
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Construct name

Primer name

Primer sequence

EFTak/ pcDNA
yc IPS- 1 A461-
512

IPS-1 delta 461-512s

GGCCCAGAGGAGAATGAGTAT
CCTGGGGCTCTGTGGCTCCAG

IPS-1 delta 461-512as

CTGGAGCCACAGAGC CCCAGG
ATACTCATTCTCCTCTGGGCC

I(\)/IEFTak/ pcDNA
yc IPS-1 A144-
383

IPS-1 delta CT s

GAAGGAGCCAAGTTACCCCATGCCT
AGAAATGAGGAGACCCCAGCAGCTC

IPS-1 delta CT as

GAGCTGCTGGGGTCTCCTCATTTCT
AGGCATGGGGTAACTTGGCTCCTTC

pEFTak/ pcDNA
Myec IPS- 1 A383-
500

IPS-1 delta 383-500 s

CAGTCCCCACTGACGGGAGCAGC
TTCCAGGAGAGGGAGGTGCCATG

IPS-1 delta 383-500 as

CATGGCACCTCCCTCTCCTGGAA
GCTGCTCCCGTCAGTGGGGACTG

pcDNA M3y5c IPS-1

CACACTCCTGGTGGTGCTGTAC

Delta C myc S TAGGTTTAAACCCGCTGATCAG
CTGATCAGCGGGTTTAAACCTA
Delta C myc AS GTACAGCACCACCAGGAGTGTG

pEFTak IPS-1 1-
535

Delta C FLAG S

GTCACACTCCTGGTGGTGCTGTAC
TAGGTCACCCATTCGAACAAAAAC

GTTTTTGTTCGAATGGGTGACCTA

Delta C FLAG AS GTACAGCACCACCAGGAGTGTGAC
Delta TM S CCATGCCACAGGCCCTCA
REFTaky peDNA CGGCGGCGTCTGCACTAG
T YT b R
ACARD | Delta 10-77 AS P ACOTCTTGTCTICAGCAAACGG
T (TGN B

Delta 444-467 AS

GGGGTTCTCAGCCACGTGGAT
GGCACTGATGGCAAGATCCTC

CCTGTCCAGGAGACCCAGGC

PEFTak/peDNA | IPS1del(130-383)-fwd | GAGAAATGAGGAGACCCCAGC
ye - T TCTCCTCATTTICT
T T SO A TG
ye IPS- -
467 IPS1del(150-467)-rev | SOFTCTCAGLCACTGTGGALCG
ST ALford CACTCTCAGGGAACCGGGACA
REFTak peDNA -T5AI-fw TCCTCTGGCATCTCTTCAATACCC
ye IPS-1 T541 GGGTATTGAAGAGATGCCAGAG

IPS1-T54I-rev

GATGTCCCGGTTCCCTGAGAGTG

pEFTak/pcDNA
Myc IPS-1 A103-
467

IPS1del(103-467)-fwd

CAGCCTCGGACCTCGGACCGTA
TCCACGTGGCTGAGAACC

IPS1del(103-467)-rev

GGTTCTCAGCCACGTGGATAC
GGTCCGAGGTCCGAGGCTG

pEFTak IPS-1 1-
508

IPS 509stop sense

GGAGAGGGAGGTGCCATGC
TAGAGGCCCTCACCTGGG

IPS 509stop anti

CCCAGGTGAGGGCCTCTAG
CATGGCACCTCCCTCTCC
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RESULTS

Creation of IPS-1 mutation constructs

IPS-1 is a mitochondrial membrane protein with an amino-terminal CARD,
proline-rich region, and two TIMS; the carboxy-terminus houses a transmembrane
domain and a third TIM (Figure 5-1, upper panel). In order to determine the important
structural regions of IPS-1, various truncation, deletion, and site-directed mutations were
created (Figure 5-1). Amino-terminal and carboxy-terminal truncations were made; the
CARD and/or TM were deleted; and the residues between the CARD and TM were

progressively removed until only the CARD and TM remained.
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TRAF3 (TIM) (138-159)
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Figure 5-1: Diagram of IPS-1 constructs. Upper: Schematic of IPS-1. IPS-1
contains amino-terminal CARD (shown in red), proline rich region (blue), and TRAF
interacting motifs (green, lavender, and turquoise). It contains a carboxy terminal
transmembrane (TM; yellow) domain that anchors it in the outer mitochondrial
membrane and a TRAF6 binding motif (lavender). Lower: A variety of deletion and
truncation mutants were constructed in order to determine the structural regions
required for IPS-1 downstream signaling. Dotted v-shaped lines represent the area
deleted from the construct.
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Deletion of the IPS-1 CARD domain confers a dominant-negative phenotype
Previous reports suggested that removal of the CARD rendered IPS-1 slightly
inhibitory toward RIG-I-dependent antiviral activation '*’, therefore we screened
constructs for dose-dependent blockade of virus signaling by reporter luciferase assay.
The ability of mutants to block SenV-induced activation of the IFN-f§ promoter was
examined in Huh7 cells, which have a defective NF-kB response (unpublished
observations), making the IFN- promoter induction primarily IRF-3-dependent (Figure
5-2); activation of the PRDII promoter, an NF-kB dependent promoter, was tested in
HEK 293 cells (Figure 5-3). At the highest dose the ACARD construct as well as all the
truncation mutants lacking the CARD but retaining the TM exhibited a dominant-
negative phenotype, significantly inhibiting IRF-3 signaling to the IFN-B promoter
(Figure 5-2). Of note, the T541 mutation, homologous to the RIG-I T551 mutation in
Huh7.5 cells that ablates RIG-I mediated signaling, acted in a dominant-negative manner
toward IRF-3 activation, suggesting that this residue is important in CARD signaling to
IRF-3. The ACARD dominant-negative phenotype was relieved upon double deletion of

the CARD and TM, indicating that the TM played a role in inhibition by ACARD,

whether through membrane localization or involvement in signaling events.
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Similarly, PRDII promoter activation by virus was significantly inhibited in a
dose-dependent manner by ectopic expression of the ACARD mutation (p<0.001; Figure
5-3). Comparing amino-terminal truncations, IPS-1 444-540 basally activated the PRDII
promoter while 468-540 did not, suggesting that the region between amino acids 444 and
468 is important for NF-kB signaling. Interestingly, increasing concentrations of 468-
540 exhibited a significant linear trend (p=0.0058) of inhibiting virus signaling, while the
444-540 mutant did not, further suggesting important differences between residues 444-
468. The presence of dominant-negative IPS-1 mutants implies that IPS-1 might
multimerize and that this may occur concomitantly with its innate immune signaling

actions.
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IPS-1 oligomerization occurs through two multimerization motifs

To determine if IPS-1 oligomerizes, coimmunoprecipitation studies were carried
out (Figure 5-4). FLAG-tagged wt IPS-1 associated with myc-tagged wt IPS-1 (lane 3),
indicating that IPS-1 homo-oligomerizes.  Further characterization of potential
oligomerization sites using truncation and deletion mutants of [PS-1 revealed an amino-
terminal oligomerization motif as well as a separate carboxy-terminal multimerization
motif. As shown in Figure 5-4 (right panel), the carboxy-terminal construct 444-540 co-
immunoprecipitated wt IPS-1 (lane 6), but deletion of the TM ablated this interaction
(lane 8), intimating that the TM is involved in oligomerization. Several proteins have
been shown to dimerize or oligomerize through their transmembrane domains, including
the eurythropoietin receptor **, the epidermal growth factor receptor family **'"’, and the
mitochondrial protein BNIP3 **'**. However, deletion of the TM in context of the
otherwise full-length molecule was insufficient to block oligomerization with wt IPS-1
(left panel, lane 25), denoting a second oligomerization motif. Consistent with this idea,
the amino-terminal mutant 1-153 interacted with wt IPS-1 (left panel, lane 10), implying
that residues located within the CARD or proline-rich region were also involved in IPS-1
multimerization. However, the ACARD mutant still pulled-down wt IPS-1 (right panel,
lane 18), which could be interpreted to mean that either the CARD did not contain the
second oligomerization motif, or the carboxy-terminal multimerization site compensated
for deletion of the amino-terminal site. Since the ACARD exhibited a dominant-negative
phenotype to IRF-3 signaling that was relieved upon double deletion of the TM (Figure

5-2), we tested the ACARDATM for oligomerization and found that this construct no
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longer associated with wt IPS-1 (lane 24). This indicates that IPS-1 contains two

homotypic interaction sites: one within the CARD, and the other involving the TM.
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Figure 5-4: Coimmunoprecipitation analysis of IPS-1. In order to determine if IPS-
1 oligomerizes, Huh7 cells were co-transfected with 300 ng FLAG-tagged IPS-1
constructs and 50ng of a myc-tagged wt IPS-1 for 24 hours. FLAG IPS-1 constructs
were immunoprecipitated using FLAG beads, immunoblotted, and probed with
antibodies against Myc and FLAG. Similar results were obtained using HEK293
cells.

Using myc-tagged deletion mutants, we verified the amino-terminal
oligomerization domain (Figure 5-5). Predictably, ACARD interacted with ACARD

(lane 7) consistent with a second multimerization motif, while ACARD failed to
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coimmunoprecipitate with a carboxy-terminal deletion mutation lacking the TM (FLAG

1-153, lane 8 or Myc 1-152, lane 11). This further validates our results from Figure 5-4.
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Figure 5-5: Deletion of the CARD ablates amino-terminal oligomerization of
IPS-1. To verify that the CARD is responsible for multimerization within the amino-
terminus of IPS-1, Huh7 cells were transfected with 400ng of the Flag-tagged IPS-1
constructs shown along with 75ng of the Myc-tagged IPS-1 mutants indicated above
the solid line. The following day, cells were harvested by scraping and subjected to
immunoprecipitation with FLAG beads and western blotting was performed on pellet
and supernatant fractions. Blots were probed against FLAG and Myc as indicated.

NS3/4A inhibits carboxy-terminal multimerization of IPS-1
NS3/4A cleaves IPS-1 off the mitochondrial membrane at Cys 508, immediately

upstream of the TM **!'% In order to determine the effect of NS3/4A on IPS-1
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oligomerization, Huh7 cells were cotransfected with various FLAG IPS-1 constructs and
Myc IPS-1 with or without an NS3/4A expression plasmid (Figure 5-6). Association of
wt IPS-1, 444-540, and 103-540 with Myc IPS-1 was disrupted in the presence of
NS3/4A (compare lanes 3 and 4, 5 and 6, 9 and 10, respectively), but interactions
involving the amino-terminus of the molecule were unaffected by NS3/4A (lanes 7 and
8). This is consistent with NS3/4A cleavage of IPS-1 near the TM, and further suggests

that carboxy-terminal oligomerization is dependent on membrane anchoring.
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13333 §33 33

Myc-IPS-1: = + ++ + ++ ++ + =+ + + ++ ++ ++
NSB/4A: - - -+ -+ -4+ -+ == = + -+ -+ - +

IP: FLAG - .- maw - n gy e -
IB: Myc — -
IB: FLAG :

Lane: 1 2 3 45 6 7 8 910 1112 13 141516171819 20

Figure 5-6: NS3/4A inhibits IPS-1 dimerization. Huh7 cells were transfected with
250ng of FLAG-tagged IPS-1 mutants, 50ng Myc-IPS-1, and 700ng vector or
untagged pEF NS3/4A for 24 hours. Cells were collected for immunoprecipitation
with FLAG beads, and immunoblotted.
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Uncoupling IRF-3 and NF-kB signaling

To determine the structural regions important for IRF-3 and NF-xB signaling, we
screened the IPS-1 mutants by luciferase reporter assay for constitutive signaling to IFN-
B promoter (Figure 5-7) or PRDII promoter (Figure 5-8) elements. As shown
previously, ectopic addition of IPS-1 constitutively activates IRF-3 and NF-xB.
Therefore, deletion of key signaling motifs would be predicted to no longer signal these
transcription factors. Note the differences in IFN-f and PRDII promoter activation
between the amino-terminal and carboxy-terminal truncation mutants. At the higher
concentration, amino-terminal IPS-1 constructs constitutively activated an IRF-3
dependent promoter, but not an NF-kB promoter element (compare constructs 1-153 and
1-261 in Figures 5-7 and 5-8A). Conversely, the carboxy terminal truncation mutant
444-540 activated an NF-kB-dependent promoter at the higher concentration, but had no
effect on promoter induction mediated by IRF-3. Interestingly, we once again observed
that further amino-terminal truncation of IPS-1 was insufficient to signal NF-xB (Figure
5-8B, 468-540), implicating residues 444-468 in activation of NF-kB. Deletion of the
TM also ablated induction of the PRDII promoter (Figure 5-8B, compare 444-540 and
444-540ATM), suggesting either membrane localization or dimerization is necessary to

induce NF-kB signaling.
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Figure 5-7: Effect of constitutively active IPS-1 constructs on IRF-3 activation.
In order to determine the structural requirements for IRF-3 activation, Huh7 cells
were transfected for 24 hours with 10ng (blue bars) or 100ng (red bars) of the
indicated IPS-1 construct, 25ng IFNB-luc, and 5Sng CMV-Renilla, and activity of the
IFN-B promoter luciferase construct was measured relative to Renilla values.
It was previously reported that I[PS-1 mutants containing only the CARD and the
TM domains (A101-512) retained signaling to the IFN- promoter in HEK293 cells,
albeit not to wt levels '**; however another group found that deletion of residues 150-502
ablated IFN-B promoter activation in HEK293 cells **. To investigate this discrepancy,
IPS-1 constructs with sequential deletions of the residues between the CARD and TM
were examined for activation of IRF-3 and NF-kB. All deletions in this region retained
signaling to the IFN- and PRDII promoter elements to varying degrees (Figures 5-7, 5-
84). NF-kB activation by these constructs increased in a dose-dependent manner,

including a construct lacking almost all residues except the CARD and TM (Figure 5-84,

A103-512). However, A103-512 consistently showed decreased activation of the IFN-f3
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promoter in all trials, and no increase in signaling with higher concentration plasmid
transfected (Figure 5-7). These data support a model in which endogenous IPS-1
multimerizes with these deletion constructs, changing the conformation of the
endogenous molecule such that it is able to bind downstream effector molecules. Thus
the endogenous molecule provides the signaling effector regions, absent in these IPS-1
deletions, that are necessary for activation of the transcription factors IRF-3 and NF-«kB.
The A103-512 construct results may indicate that IRF-3 activation is dependent on one or
more cellular factors that bind in between the CARD and TM, and once endogenous IPS-
1 is saturated with A103-512 molecules in the homo-multimer, no further signaling

increase to IRF-3 is possible.

HEK283 cells

444540

444 540ATM
A144-383
A444-457
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A150-467
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TMA103-467

Figure 5-8: Effect of constitutively active IPS-1 constructs on NF-kB activation.
A. HEK293 cells were transfected with 10ng (blue columns) or 100ng (red columns)
of each IPS-1 mutant as shown, 25ng PRDII-luc, and 5ng CMV-Renilla, and
collected 24 hours later for luciferase reporter assay. B. HEK293 cells were
transfected for 24 hours with 100ng of IPS-1 constructs, 25ng PRDII-luc, and 5ng
CMV-Renilla, and harvested for luciferase asay. Values were normalized to Renilla
luciferase.



127

100
90
80
70
60
50
40
30
20
10

% Huh7 cells infected with VSV-GFP

IPS-1 ACARD IPS-1 + ACARD

Figure 5-9: Effect of the dominant-negative IPS-1 construct, ACARD, on VSV-
GFP infectivity. Huh7 human hepatoma cells were transfected with 100ng of the
indicated constructs for 24 hours followed by infection with VSV-GFP (MOI=1) for
24 hours. Cells were stained for nuclei and four representative photos taken of each
treatment. The number of infected cells (as indicated by GFP) were counted and
compared to total number of cells. Bars indicated standard deviation. Data
representative of two independent experiments..

Vesicular stomatitis virus (VSV) infectivity is exquisitely sensitive to the effects
of interferon. When Huh7 cells are transfected by the constitutively active wt IPS-1, this
turns on downstream signaling pathways leading to production of IFN (Figure 5-9). If
cells are then infected with a GFP-tagged VSV, cells with actively reproducing virus can
be visualized by fluorescence microscopy and quantitated. In Figure 5-9, IPS-1
overexpression inhibits replication of VSV. However, the ACARD construct does not
lead to the production of interferon, and therefore virus freely replicates. When we mix

the constitutively active IPS-1 with ACARD, the dominant-negative nature of this
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construct is revealed and VSV replication is restored. These data show that ACARD

rescues the viral replication blockade imposed by ectopic IPS-1 expression.

Identification of the IPS-1 mitochondrial signal sequence

To verify that IPS-1 mutants were targeted to the mitochondrial membrane to
effect their action, selected IPS-1 constructs were observed by confocal microscopy
(Figure 5-10). Wild-type (wt) IPS-1 colocalizes with mitochondria (yellow staining in
the merged images). Constructs lacking the TM predictably show a diffuse localization,
consistent with a lack of membrane tethering. All the IPS-1 mutants containing the TM
were found on the mitochondria (Figure 5-10, wt IPS-1, ACARD, 468-540, A103-512,
444-540), with the exception of 1-535, a five amino acid truncation construct. Deletion
of these terminal five residues of IPS-1 impairs mitochondrial targeting such that it no
longer colocalizes solely to mitochondrial membranes and can be found associated with
other intracellular membranes. Thus these residues are essential for mitochondrial
membrane anchoring.

Bcl-2 and Bcl-xp are members of the Bcl-2 family of apoptosis regulating
proteins and both contain a carboxy-terminal transmembrane domain. Bcl-2, however, is
distributed on several intracellular membranes including the nuclear envelope, ER, and
mitochondrial outer membrane (MOM) while Bcel-xp is targeted specifically to the

mitochondrial outer membrane .

Kaufman et al. compared the sequences for
transmembrane domains and the surrounding sequence of several MOM proteins as well

as other membrane proteins containing a tail-anchored hydrophobic a-helix in order to

determine the sequence requirements for targeting proteins to the MOM. They found that
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MOM tethering required at least two basic amino acids carboxy-terminal to the TM, and
at least two nearby amino-terminal basic residues. Greater numbers of basic residues
provided increased targeting stabilization. This gave a consensus sequence of:

Bxy.9Bx¢., -TM- x(.1BX(.cB,

Cq. . . . . 9
where B indicates a basic amino acids and x denotes any residue ”°.
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Based on these observations, we would predict the mitochondrial targeting
sequence of IPS-1 starting at a.a. 504: REVPCHRPS — TM — RRRLH (Figure 5-11).
Consistent with this, deletion of the terminal five residues from IPS-1 (1-535) inhibited
mitochondrial targeting (Figure 5-10). However, deletion mutants lacking the region
immediately preceding the TM (A103-512) did not appear to differ from wt IPS-1 in
mitochondrial colocalization, suggesting that the basic residues preceding the IPS-1 TM
play little if any role in mitochondrial targeting. Similar mitochondrial membrane
targeting was seen with A461-512 (unpublished observations). Therefore the carboxy-
terminal five amino acids are more important for targeting IPS-1 to mitochondrial

membranes than other residues within the molecule.

DGGPRPOADRKFQEREVPCHRPSPGALWLQVAVTGVLVVTLLVVLYRRRLH

™
490 512 535 540 a.a.

Figure 5-11: Amino acid sequence of IPS-1 carboxy-terminal 50 residues. Drawn
is a domain representation of the IPS-1 carboxy terminus, with the TM in yellow. The
basic amino acids are bolded. Cys 508, the site of cleavage by HCV NS3/4A is
underlined. Numbers indicate amino acid position.

DISCUSSION

IPS-1 is an essential adaptor molecule involved in RIG-I-mediated antiviral
signaling . In order to determine the functional domain requirements for IPS-1
signaling, an extensive mutational analysis of IPS-1 was undertaken. Constructs lacking

the CARD were found to exhibit a dominant-negative phenotype, suggesting that the
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CARD is involved in downstream signaling events. Furthermore, the identification of
dominant-negative mutants suggested oligomerization of IPS-1 occurred and was
important for signaling. To investigate this, a series of coimmunoprecipitation
experiments revealed that IPS-1 multimerization originated in two regions: the CARD
and the TM. Additionally, our results uncouple IRF-3 and NF-kB regulation,
demonstrating that the amino-terminus of IPS-1 is important for IRF-3 signaling while
residues 444-467 are involved in NF-kB activation. Finally, amino acids 535-540 were
vital for correct subcellular distribution of IPS-1. Our findings suggest that IPS-1
dimerization may be important for virus signaling.

These data lead us to propose a model for multimerization-dependent activation
of IPS-1 (Figure 5-12). Endogenous IPS-1 is abundantly expressed on the mitochondrial
surface. Upon virus infection, dSRNA intermediates are recognized by RIG-I, enabling
its dimerization and subsequent CARD-mediated signaling to IPS-1. RIG-I dimer
binding promotes and stabilizes oligomerization of IPS-1 (shown here as a dimer),
changing its conformation such that it can bind and signal downstream effector molecules
to activate IRF-3 and NF-xB. Unfortunately, native gel dimerization assays have been
unsuccessful at determining if the higher order IPS-1 structure is a dimer or multimer. To
preserve protein conformation, the use of denaturing detergents is precluded in these sorts
of studies, making extraction of the membrane-bound IPS-1 more difficult. Additionally,
upon virus infection, IPS-1 moves to a detergent-insoluble fraction '®* further
complicating these experiments.

Our results also demonstrated that deletion of the CARD engendered a dominant-

negative phenotype while the ATM mutant did not (unpublished observations),
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suggesting that the order of oligomerization occurs first at the TM, and secondly at the
CARD. It is possible that [PS-1 TM association occurs basally (not pictured), with the
amino-terminal CARD oligomerization event alone mediating the conformational
change. Trypsin digestion protection experiments using recombinant IPS-1 protein in
insect membranes may aid in evaluation of IPS-1 basal oligomerization status.

Ectopic expression of IPS-1 activates innate immune pathways independently of
RIG-I. Wt IPS-1 or deletion construct transfection saturates the mitochondrial membrane
(Figure 5-13) such that random interactions between adjacent molecules occur more
frequently, increasing the probability of oligomerization. This enables a conformation
change within the endogenous IPS-1 partner, leading to recruitment of effector
molecules. Therefore, the ectopically expressed IPS-1 construct need not possess
signaling domains so long as it has the CARD and TM to mediate dimerization with
endogenous wt [PS-1.

A potential criticism of this work stems from the fact that CARDs are molecular
motifs that mediate interactions with other CARDs. Therefore it is possible that the
association of the IPS-1 CARD with itself is a non-specific CARD-CARD artifact.
However, preliminary coimmunoprecipitation results using the CARDs from NOD2 and
other CARD-containing molecules indicate the IPS-1 CARD-CARD interaction is

specific. These data will need to be repeated and are therefore not presented here.
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Dimerization (and recently trimerization) of proteins through carboxy-terminal
TM a-helical interactions is well established: SARS coronavirus spike protein trimerizes
in its TM °; the epidermal growth factor receptor family self-associates through their TM
36107 BNIP3 is a mitochondrial outer membrane protein involved in hypoxia-induced
apoptosis that dimerizes through its TM **'**. These a-helical interactions usually occur
through specific motifs. A heptad motif of leucine residues with the consensus sequence
LLxxLLxLLxxLLxLL, where L is a leucine and x represents any amino acid, was
located in several proteins that dimerize through their TMs °®'. Another common motif
found in TM helices was a [small amino acid]xxx[small amino acid] motif such as
GxxxG and AxxxG, since four residues comprise about one helical turn in a regular o-
helix conformation **'*!. The IPS-1 TM has a VxxxV motif at residues 528-532 which
could mediate dimerization; similarly, it contains a large number of leucines which might
contribute to a leucine heptad (Figure 5-11). Further investigations into these residues
could determine the mechanism of TM dimerization.

To better examine domain requirements for signaling, the effect of constitutively
active IPS-1 deletion mutants on induction of IRF-3 and NF-xB could be compared
between wt and IPS-1-deficient MEFs. Mutants that lost constitutive activity in IPS-1-
null MEFs must signal in wt MEFs via dimerization with endogenous, full-length IPS-1.
This would implicate the deleted region as important for effective downstream signaling,
and further indicate that dimerization is essential in viral activation of the interferon
immune response. These studies are currently underway.

Our data revealed that the area between amino acids 444 and 468 of IPS-1 is

important for NF-kB activation. Encompassed within this region, residues 455-460
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encode a TRAF6 binding motif (Figure 5-1). TRAF6 is an upstream regulator of NF-xB
activation and acts to ubiquitinate NEMO *°. Importantly, deletion of the TM from 444-
540 blocked signaling to NF-kB, suggesting either that localization to the MOM or
dimerization at the carboxy terminus is required. We propose that TRAF6 binds IPS-1
via residues 455-460 and acts in trans, targeting NEMO bound to the opposite IPS-1
molecule, resulting in the activation of the IKK complex and subsequent induction of the

antiviral immune response.



CHAPTER SIX
Discussion and Future Directions

DISCUSSION

Structural analysis of NS3/4A regulation of the host response

The studies in Chapter Three describe efforts aimed at determining the minimal
structural requirement for NS3/4A control of the innate antiviral response. A variety of
NS3 carboxy-truncation mutants were constructed, culminating in the deletion of the
entire helicase domain. These truncated NS3 segments were attached to the region of
NS4A necessary for complete proteolytic activation of NS3 via a flexible linker, creating
single-chain constructs that did not require a cis cleavage event for activity. The NS3/4A
protease domain alone was found to be the minimal effector region necessary for
cleavage of IPS-1.

Surprisingly, while protease activity was required to inhibit the RIG-I pathway in
the context of wt NS3/4A, this was not the case for the single-chain protease. Active site
serine mutation to alanine mutation in the SC Protease prevented cleavage of NS5AB, the
natural substrate of NS3/4A, as well as IPS-1; however the SC Protease S1165A still
inhibited antiviral signaling when expressed at high levels. This was unexpected, but
seemed to indicate that the SC Protease SA binding to IPS-1 may prevent dimerization of
IPS-1 or block binding of an essential downstream factor. This would not be
unprecedented. IKKe has been reported to bind IPS-1, causing IKKe activation and the
subsequent phosphorylation of IRF-3 *. LGP2, a RNA helicase in the same family as

RIG-I and MDAS, was found to bind directly to IPS-1 at the IKKe binding site,
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preventing IKKe interaction with IPS-1, thus inhibiting IRF-3 activation **. The SC
Protease S1165A mutations could be acting in a similar manner. Alternatively, the SC
Protease S1165A could be preventing oligomerization of the IPS-1 TM. The NS3/4A
cleavage site on IPS-1, Cys 508, is located near the TM. It is possible that SC Protease
S1165A binding to this region may disrupt interactions between adjacent IPS-1 TMs,
preventing the conformation change that is necessary for downstream signaling,.

Also of note was the discovery that the SC Protease cleaves IPS-1 at a second
site, Cys 283. Mutation of the Cys 283 residue to alanine had no effect on signaling **,
but prevented the SC Protease cleavage event. Increased promiscuity of the SC Protease
is not entirely unpredictable: deletion of the helicase domain removes a significant steric
hindrance to the protease active site, potentially allowing access to more substrates.

Interestingly, the SC Protease localized to intracellular membranes. In
constructing this molecule, we discarded the NS4A membrane targeting region. The
amino-terminus of NS4A was found to localize the NS3/4A holocomplex to ER

membranes %

, and this region was lacking in the SC Protease. This suggested that
another membrane anchoring motif may exist within the NS3 protease domain, perhaps
one specific for mitochondrial membranes. Alternatively, the NS3 protease domain may
interact with another protein which shuttles it to a membrane compartment. This was
explored further in Chapter Four.

Finally, use of pharmacological inhibitors of NS3/4A protease activity inhibited
NS3/4A cleavage of [PS-1. This showed that NS3/4A normally colocalized with IPS-1.

Furthermore, protease inhibitor treatment in HCV-infected cells decreased HCV protein

production and restored the interferon antiviral response. These data indicate the power
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of protease inhibitor therapy. Protease inhibitors not only block viral replication, but also
inhibit the ability of the virus to regulate host defenses. These drugs hold great promise

for the future.

Mitochondrial localization and targeting by NS3/4A

The goal of Chapter Four was to follow up on observations from Chapter Three
suggesting that the NS3 protease domain might be responsible for mitochondrial, and
hence IPS-1, targeting. In order to determine if NS4A was required for NS3 membrane
localization and IPS-1 targeting, we used cell lines conditionally expressing NS3 or
NS3/4A. NS3-depedent blockade of IRF-3 activation and mitochondrial membrane
targeting were indeed dependent on NS4A expression. However, targeting of the SC
Protease to IPS-1 and the MOM did not require the NS4A membrane anchoring domain,
suggesting that the role of NS4A involved conformational change of NS3. That NS4A
causes specific and distinct rearrangement of the NS3 protease domain is well

819 " Therefore we focused our efforts on the NS3

documented by crystallization studies
protease domain.

Hydrophobicity analysis showed that the amino-terminal 20 residues of NS3
contained a putative membrane targeting motif. Previous deletion mapping had identified
that for the most part the only residues that could be deleted from the protease domain
and retain at least minimal protease activity resided in this region. The first 22 amino
acids were determined to be responsible for complex formation with NS4A and

subsequent NS4A-dependent protease activation. Cleavage at NS4A-independent sites,

such as NS5AB, were not effected by these mutations *>. We therefore deleted the first
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10 or 20 amino acids in the context of the wt NS3/4A as well as the SC Protease and
found that deletion of the first 10 residues had no effect on inhibition of antiviral
signaling, but resulted in abnormal localization. A NS3/4A mutant lacking the amino-
terminal 20 residues, however, lost the ability to cleave IPS-1 and failed to block IRF-3
activation in response to virus infection. Interestingly, this same deletion within the SC
Protease had no effect on its inhibition of virus-mediated signaling to the IFN-f
promoter, and still cleaved IPS-1 despite its diffuse cellular localization. The covalent
attachment of the NS4A [(-strand to the amino-terminal region of the SC Protease might
allow direct B-strand intercalation into the protease domain, NS3/4A, on the other hand,
contains NS4A attached to the carboxy-terminus, on the far side of the helicase domain.
Lacking this pre-positioning near the active site, NS4A from wt NS3/4A may be unable
to form a stable complex with the protease domain without additional help from residues
that function to hold it close to the active site. Therefore, amino acids 1-20 may serve to
arrange NS4A in the proper location for intercalation to occur.

The amino-terminus of NS3 contains an a-helix with hydrophobic residues
surface exposed followed by two arginine residues. The arginine residues may represent
part of a conserved mitochondrial targeting sequence while the surface exposed residues
may allow peripheral attachment of the protease domain to membranes. It remains to be
determined if these residues can target a heterologous protein to mitochondrial

membranes.
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Structural analysis of IPS-1 signaling

Chapter Five was aimed at determining regions of IPS-1 that were important in
signaling activation of IRF-3 and NF-kB. Once again, we relied on extensive
mutagenesis in these studies. These constructs were initially screened for activation of
these pathways constitutively or in response to virus. Interestingly, deletion of the IPS-1
CARD caused inhibition of virus-mediated signaling to both IRF-3 and NF-kB, which
suggested that IPS-1 acted as an oligomer. To study this further, we looked at interaction
of ectopic IPS-1 with itself and found that it did indeed self-associate, and furthermore
that this occurred through two domains: the CARD and TM. Deletion of one was
insufficient to ablate self-association, while deletion of both domains prevented
oligomerization of IPS-1. Moreover, CARD-dependent interaction with wt IPS-1 was
unaffected by NS3/4A, however, oligomerization of the TM region was inhibited by
NS3/4A.

Additionally, we were able to uncouple IRF-3 from NF-xB signaling. The
amino-terminus of IPS-1 was important for activation of IRF-3, while the carboxy-
terminus acted as a dominant-negative for IRF-3 signaling. On the other hand, the
carboxy-terminal residues 444-467 were vital in NF-xB signaling, with the TM playing a
role either through membrane localization or dimerization. These residues contained a
conserved TRAF6 binding motif, suggesting interaction of TRAF6 may be important in
IPS-1 signaling to NF-xB. This will be discussed in more depth later.

These data led us to propose a model for oligomerization-dependent activation of

IPS-1. RIG-I recognition of dsRNA mediates a conformational change leading to its
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dimerization and CARD-dependent signaling to IPS-1 *°. Binding of RIG-I dimers
brings IPS-1 molecules in close proximity to each other, promoting oligomerization of
the IPS-1 CARD and TM. This causes a conformation change, revealing binding sites for
downstream adapters. This model explains the observation that a construct lacking all
residues between the CARD and TM still constitutively signaled to IRF-3 and NF-«xB.
As long as this deletion construct is able to multimerize with endogenous, wt IPS-1, this
multimerization changes the conformation of the endogenous IPS-1 allowing it to signal,
even in the absence of signaling by the mutant partner.

Amino-terminal IPS-1 truncation mutants lacking the CARD were dominant-
negative for IRF-3 activation following virus infection. This is likely due to IPS-1
mutant oligomerization with the TM of endogenous wt IPS-1 in the absence the second
CARD-mediated multimerization event, preventing the conformation change necessary to
open binding sites for downstream effector proteins. Therefore, not only are these
constructs unable to signal constitutively, they prevent the wt partner from doing so.
These results raised in an intriguing possibility. Since NS3/4A cleaves the amino-
terminus of [PS-1 away from the TM, it is possible that the carboxy-terminal fragments
of IPS-1 are retained on the mitochondrial membrane. Immunoblot analysis of HCV-
infected cells shows that IPS-1 cleavage by NS3/4A is incomplete, with some wt IPS-1
molecules remaining. The carboxy-terminal cleavage fragments would still be able to
associate with uncleaved IPS-1 via the TM, further inhibiting activation of IRF-3 and
subsequent production of IFN. Therefore NS3/4A may effect inhibition of antiviral
signaling through two mechanisms: direct cleavage of IPS-1 and inhibition of IPS-1

activation by cleavage fragments.



144

Finally, we identified the carboxy-terminal five amino acids as critical residues
for IPS-1 targeting to the mitochondrial membrane. Specific deletion of these residues
impaired IPS-1 localization to the mitochondria, instead distributing it nonspecifically on
intracellular membranes. This targeting occurred through two conserved basic residues, a

motif consistent with other mitochondrial outer membrane proteins.

CURRENT AND FUTURE DIRECTIONS

Involvement of TRAFs in IPS-1 signaling

TRAFs have been found to interact with a variety of cell surface receptors and
are critical in the inflammatory response as well as cell survival signaling. Three TRAF
interacting motifs (TIMs) were found to be encoded within IPS-1 '"°, the first and third
being highly conserved across species (see Appendix A). The first TIM corresponded to
a consensus TRAF 2, 3, and 5 binding motif found in cellular receptors such as CD40;
the last two TIMs matched the distinct consensus binding motif for TRAF6 .

Xu et al. found endogenous TRAF6 immunoprecipitated with endogenous IPS-1,
and that this interaction occurred through the second and third TIMs '". TRAF6 is an
upstream regulator of the NF-kB activation, acting as an ubiquitin ligase for NEMO *°.
Mutation of the third TIM significantly decreased NF-kB activation, but had very little
effect on ISRE promoter activity '"°. These results suggested that TRAF6 binding to the

third TIM of IPS-1 is a critical step in NF-kB activation.
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However, Seth et al. did not find any association between TRAF6 and IPS-1, and
moreover, production of IFN- in the supernatants of SenV-infected TRAF6-deficient
MEFs was normal '¥. Conversely, Xu et al. found a significant decrease in NF-kB
promoter activation with ectopic IPS-1 stimulation in TRAF6-null MEFs compared to wt
MEFs, but, consistent with Seth et al., ISRE promoter element activation was normal 170,
While these two reports seem to contradict each other on the role of TRAF6 in IPS-1
signaling, the disparities can be explained by previous studies showing that nuclear NF-
kB in the absence of activated IRFs was insufficient to induce the IFN-B promoter "°,
suggesting that IRF signaling predominates in IFN-B induction. Therefore Seth et al. did
not see differences in IFN-f production because IRF-3 activation was normal.
Experiments in our hands found that TRAF6 did indeed interact with IPS-1 (unpublished
observations), and moreover that an area encompassing the third TIM regulated NF-xB
activation. The conserved nature of the third IPS-1 TIM among diverse species further
suggests its importance (Appendix A). Studies examining the effects of this region in
TRAF6-deficient MEFs are currently planned. Taken together these data suggest that
TRAF6 plays a vital role in NF-kB responses in the RIG-I pathway but not activation of
IRF-3, and this occurs through an interaction with the third TIM of IPS-1.

We found that an IPS-1 construct comprising the first 153 residues of IPS-1 was
able to constitutively activate IRF-3 but not NF-kB, suggesting a motif within this region
may be important in signaling to IRF-3. The first and second TIMs are encoded within
this segment, but only the first TIM is highly conserved among species (Appendix A).

Xu et al. showed that TRAF2 bound IPS-1 through the first TIM, while TRAFS5 failed to
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interact with IPS-1 '"°. TRAF?2 is involved in INK and NF-kB activation in response to
TNF receptor stimulation ''°, but no function has been described for it in activation of
IRF-3. However, as stated earlier, the first TIM contained a consensus TRAF 2, 3, and 5
binding motif *. While Xu et al. ruled out the association of TRAFS5, they neglected to
look for TRAF3 association, probably because it was largely uncharacterized at that time.
One year later, TRAF3 was identified as an essential factor in the activation of IRF-3 but
not NF-kB, and was vital in the induction of type I IFN in both TLR and RIG-I-
dependent signaling pathways '°. It was found to bind directly to IPS-1, TBK1, and
IKKe 2% suggesting it might serve as a bridge between IPS-1 and the IRF-3 kinases.
TRAF3 interacted with in the first TIM of IPS-1, and was required for [FN-a production
in response to dsSRNA or Sendai virus infection '**, suggesting it also plays a role in the
IFN amplification loop and activation of IRF-7. Preliminary results show that NS3/4A
does not seem to affect TRAF3 binding to IPS-1 (unpublished observations), consistent
with NS3/4A interacting with IPS-1 near its C-terminus. Interestingly, TRAF3 had
limited effect on IFN-B production: its activity was mainly confined to IFN-a '*.

Therefore, TRAF3 binding the first TIM may explain activation of the IFN-f promoter in

the amino-terminal IPS-1 constructs, but other effectors may be involved.

Downstream effector molecules and their involvement in IPS-1 signaling
The identity of other downstream IPS-1 binding partners responsible for
initiating IRF-3 and NF-kB activation has remained elusive, but current research has shed

light in this arena. Initially a dispute arose over whether the essential IRF-3 kinases
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TBK1 or IKKe directly bind IPS-1, with several groups on each side of the argument
8093.109.133.170 " Thig debate has yet to be resolved.
NEMO was previously determined to be a critical scaffolding component of NF-

> but also recently was found to be an essential

kB activation in response to virus
component in RIG-I signaling to IRF-3 and IRF-7. Using NEMO-deficient MEFs,
activation of the ISRE and IFN-a production in response to SenV or ectopic IPS-1
absolutely required NEMO '”, suggesting NEMO may be involved in recruitment of
effector molecules to [PS-1.

Another report showed that NAK-associate protein 1 (NAP1) was also found to
directly bind RIG-I, MDAS5, and weakly to IPS-1; colocalize with IPS-1; and be
important for RIG-I-dependent IRF-3 activation '*°. TRAF family member-associate NF-
kB activator (TANK) has also been shown to bind to IPS-1, TRAF3, TBK1, IKKe and
potentiate signaling by IPS-1 ®. However, these latter two studies were weakened by
their lack of genetic deletion data, thus their relative importance has yet to be determined.

Many other proteins have been identified in association with IPS-1, not always
consistently. Kawai et al. detected IPS-1 binding Fas-associated death domain (FADD)
and receptor-interacting protein 1 (RIP1) by co-immunoprecipitation *, while Seth et al.
did not '¥. Furthermore, Seth et al. found normal virus-mediated IFN-B production in
RIP1-null MEFs '¥. Xu et al. reported that IPS-1 interfaced with IRF-3 and TAK1 '7°,
and Meylan et al. immunoprecipitated IKKa and IKKB with IPS-1 '°. It is probable that

many of these associations discovered by coimmunoprecipitation are in fact not direct

interactions but instead denote the presence of a multicomponent signaling complex of
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which IPS-1 is a member. Gene ablation studies will be important in determining the

importance of many of these interactions.

LGP2

Another RNA helicase with homology to both MDAS and RIG-I is LGP2.
Lacking the CARD signaling component, LGP2 negatively regulates virus-mediated
activation of RIG-I '™ but not MDA5 *°. LGP2 contains a repressor domain that is
essential for inhibition of viral activation of the IFN-B promoter '*°, suggesting a model
of LGP2 repression of innate signaling via repressor domain interactions with RIG-I.
LGP2 also inhibits virus-induced activation of IRF-3 and has been shown to bind pIC as
well as the 5° and 3° UTR of the HCV RNA genome, suggesting an additional

mechanism of direct competition for RNA ligands "*>'™

. Another study indicated that
LGP2 interacts with IPS-1, displacing IKKe, and thus may act directly to prevent IPS-1
activation ™.

Research using the recently-described LGP2-deficient MEFs has shown that
LGP2-deficient mice: 1) produce more IFN-B in response to pIC stimulus than wt; 2)
showed enhanced type I IFN mRNA levels with exogenous RIG-I or MDAS stimulation,
but not IPS-1 overexpression, suggesting LGP2 acts as a negative regulator of RIG-I and
MDAS; 3) were resistant to VSV infection, suggesting a negative regulatory role with
RIG-I; and 4) were sensitive to EMCV infection, suggesting a positive regulatory role in
MDAS5 signaling '. These differences between MDAS and RIG-I signaling are likely

due to repressor domain interactions between RIG-1 and LGP2 that do not occur between

LGP2 and MDAS.
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As an ISG itself, LGP2 expression is controlled by RIG-I activation of IFN
production '*°. LGP2 may therefore represent an autoregulatory mechanism to stop RIG-
I signaling and arrest the IFN amplification loop. However, the exact mechanism of

LGP2 action during virus infection remains to be defined.

ISG1S interaction with IPS-1

During these studies, we noted endogenous ISG15 in the pellet fractions of some
immunoprecipitations. ISG15 is a small, ubiquitin-like molecule that forms covalent
attachments on various cellular proteins. It is a direct target of IRF-3 '/ in addition to
being an ISG, and was recently shown to covalently modify IRF-3 and prevent its
activation-dependent degradation, prolonging IRF-3 signaling '”". A real-time RT-PCR
study of percutaneous liver biopsy specimens from HCV-infected patients (taken before
combination therapy) compared gene expression levels between fifteen non-responders,
sixteen responders, and twenty healthy specimens. They found 18 genes differentially
expressed between responders and non-responders, including ISG15 *. These data may
have uncovered the importance of ISG15 in response to combination therapy during HCV
infection. We found that endogenous ISG15 specifically associated with ectopic IPS-1,
and this interaction was ablated by NS3/4A. Furthermore, the absence of conjugation
products in the pellet fraction implies that this may have been a direct, non-covalent
interaction (unpublished observations). While the purpose of this interaction is unknown,
these data are intriguing.

The studies presented in this dissertation reveal structural mechanisms of HCV

NS3/4A targeting of IPS-1 and inhibition of antiviral signaling. Furthermore, we
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determined regions of IPS-1 essential for downstream signaling. This will facilitate
identification of effector molecules important in innate immune signaling. Knowledge of
the structural regions required for activation and inhibition of IFN production could lead
to more effective therapies to treat HCV infection or shut down an overactive immune

response during inflammation.



APPENDIX A

Alignment of IPS-1 sequences across species®

Section 1
M1 10 20 30 40 51

IPS-1 (1) MPFAEDKT YKYICRNFSNFCNVDVMEILPYLPCLTARDQDRLRABCTLSGN

IPS-1 chimpanzee (1) MPFAEDKTYKYICRNFSNFCNVDVMEILPYLPCLTARDQDRLRABCTLSGN
IPS-1 rhesus macaque (1) MPFAEDKTYKYICRNFSNFCNVDVMEILPYLPCLTARDQDRLRAMCTLSGN
IPS-1 cow (1) MEFAEDKTYEYIRYNHSNFCN HVL.ILP'LSCLTINDQDRLRAH DRWGN

IPS-1pig (1) MTFAEDKTYQYIRNHHRNFCKEHVLEILPYLSCLTASDODRLRASEERWGN

IPS-1dog (1) MEFAEDKTYEYIRHHFSNFGREHVLEILPYLSCLTTSDQDRLRASMOLWGN

IPS-1 mouse (1) MEFAEDKT YKYIRDNHSKFCCVDVLEILPYLSCLTASDQDRLRAS¥RQIGN
IPS-1rat (1) MTFAE.KTYKYIRYN SKFCCMDVLEILPYLSCLTTSDQDRLRASHMKQLGN

Consensus (1) MTFAEDKTYKYIR NHSNFCNVDVIEILPYLSCLTASDODRLRASY LGN

Section 2
(52) 52 60 70 80 90 102

IPS-1 (52) RDTLWHLFNTLORRPGWVEYFIAALRGCELVDLADEVASVYQSYQP-RTSD

IPS-1 chimpanzee (52) RDTLWHLFNTLOQRRPGWVEYFIAALRGCELVDLADEVASVYQSYQP-RTSD
IPS-1 rhesus macaque (52) RDTLWHLEFSTLQRRPGWVESFIAALRDCELADLADEVACVYQSYQP-RTSD
IPS-1 cow (52) Q TLWNLFDILRRRNGWVISFIlALRACEHTVLADEVAHVYQSNLP—RlPN

IPS-1 pig (52) © TLWDLFDILRRRSGWVQSFIGALR CELSDLADEVIRVYQNSLL—RNSN

IPS-1dog (52) QGTLWELFEN LRRRTGWVESFIIALR CELASLADEVARVYQSNLS-GVISN

IPS-1 mouse (52) RDTLWGLFNNLQRREGWVEVFIRALOECELPGLADQVTRVYQSYLPPGISL
IPS-1rat (52) QGTLWELFNTLORRPGWVEVFIRALR CELPGLAIQVTRVYQSYLPPGASL
Consensus (52) RGTLW LENTLORRPGWVESFIRALRICEL DLADEVARVYQSYLP RTS
Section 3
(103) 103 110 120 130 140 153

IPS-1 (102) REPDPLEPPSLPAERPGPPTPAAAHSIPYNSCREKEPSYPMPVQOETQAPES

IPS-1 chimpanzee (102) RPPDPLEPPSLPAERPGPPTPAAAHSIPYNSCREKEPSYPMPVQETQVPES
IPS-1 rhesus macaque (102) RPPDPLEPPSLPAEGPGPPTPAATHSIPYNGYREKEPSYPMPVQ TQAP.S
IPS-1 cow (102) HPPAPLEPPS PAE.PRP TPAVAPSIPDNG TEYEPSYPIPVQDTQPPES

IPS-1 pig (102) SPPAPLEPPSTPAEAPGP RPAVAPSIP.NG REDEPSYPMPVQDTQSPE.

1PS-1 dog (102) HPPAPAEPQL.PAE PGPPAPAVAPSTPTNG REEEPSIP.PVQDTQLPES

IPS-1 mouse (103) RSL.PLQLPDFPAZ—\ SGP AE‘AP HNIPDHGLRET-PSCPKPVQDTQPPES

IPS-1 rat (103) HSLDPLQSPREPTTYSEP AFAA HlIPDSGFQIK—PGYPKPVQDTQPPKS

Consensus (103) RPPDPLEPPSLPAEVPGPSTPAAAHSIPYNGYREKEPSYPMPVQDTQ PES

Section 4
(154) 154 160 170 180 190 204

IPS-1 (153) PGENSEQALQTLSPRAlPRNPDGGPLESSSD AALSPLTSSGHQEQDTELG

IPS-1 chimpanzee (153) PGEISEQALQTLSPRA PRNPDGGPLESSSDLAALSPLTSSGHQEQDTELG
1PS-1 rhesus macaque (153) PGES|SEQAPQTLNPRVIPRSPDGGPLEPSSDLAALSPLTSSGHOEQDTELG
LER-LGGPLEPLSDTVALSTLTSSVHQEQDTELG
LER- PGGPLEPSS-DVALSPLTSGEHOKQDTELG
RRP--AGPREPSSDMAAVNPLTASGHQEQDIGLG
IPS-1 mouse (153) BVENSEQLLQENSGAVARMS - -GGSEIRPSPNQQALSPOPSREHQEQEPELG

IPS-1 rat (153) BVENSEEPPQANFGAI PRMS--GDSLISSPNPPALSPOPSREHPEQEPELGC
Consensus (154) PGESSEQAPQT  GAI R GGPLEPSSDLAALSPLTSSGHQEQDTELG

IPS-1 pig (153) PGEIS KTAPQPPNS

IPS-1 cow (153) LGENSEKAPQPSHS
1PS-1 dog (153) LEESSKKVBQMPHS

3 Sequences were obtained from NCBI Entrez protein database and were aligned using Vector
NTI AlignX (Invitrogen). Colored lines below the consensus sequence correspond to the various
structural regions of human IPS-1 (top). Red indicates the CARD; blue denotes the proline-rich
region; turquoise represents the first TIM (TRAF2 motif); purple indicates the second or third
TIM (TRAF6 motifs); and yellow corresponds to the TM.
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Section 5

(205) 205 10 255
IPS-1 (204) ATS VSFQPL
IPS-1 chimpanzee (204) ATS VSFQPL
IPS-1 rhesus macaque (204) VS F@PL
IPS-1 cow (203) N VSFQPL
IPS-1 pig (202) 82 VSFQPL
IPS-1 dog (202) GAHIA VSFKPLERS/IBR
IPS-1 mouse (202) GAHAANVASVPI VSFQPLPREALRTNL v
IPS-1 rat (202) GPSTANVDSVPI VSFQPLPRIABRTNLS
Consensus (205) STHTAG SSLTSSRGPVSPTVSFQPLARSTPRASRLPGPTVSALSTGTS
Section 6

306

(256) 256

IPS-1 (255)

IPS-1 chimpanzee (255)
IPS-1 rhesus macaque (255)
IPS-1 cow (254)

IPS-1 pig (253)

IPS-1 dog (253)

IPS-1 mouse (253)

IPS-1 rat (253)

Consensus (256) SSSS

--PGLASAGA
--PGLASAGA

SSPGLASAGA

0 n n
@ ) 6 @

5
Q
=
[5)
<
%]
-
[

ATCFSTTLTNEV
ATCVSTKEGVPTN
A A AGGAGDQAEA ICSSGAEAPANS

Section 7
(307p3%%7 3% 3 340 357 320 330 357
IPS-1 (304) PVN SKLP LPINS
IPS-1 chimpanzee (304) PV LPENS
IPS-1 rhesus macaque (306) PV N LPANS
IPS-1 cow (285) AA LPINSV
IPS-1 pig (279) T2 LP NSI
IPS-1 dog (284) TT LPINS

IPS-1 mouse (285) - T SSKLPLS ST LPSNSV
IPS-1rat (287) TT IK.———VP SSKLPISHKST LPENSV
Consensus (307) STVPSKVP N A VSTVPSKLPTSSKPPGAVPS V TNLAPSKLPINST

Section 8
(358) 358
IPS-1 (355) VEES - — - - ------— --NEET PT
IPS-1 chimpanzee (355) VElS---------- --NEET PT
IPS-1 rhesus macaque (356) VPAS---------- --TEETSAAPT
IPS-1 cow (332) G \ GIPDHRIPAST NRLV PV
IPS-1 pig (330) RPGA VPIGLLPDHRKPTST NRPE PA

IPS-1 dog (332) RAGT VPAGLVPDHKMSAST NVP SGETAT PV
IPS-1 mouse (332) YAGTVPSRVPAS------------ ET.E P-
1PS-1 rat (335) YT GBIV TAR----------—- ETLEAP-

Consensus (358) RAGMVPSKVPTS VLSKVSASTVPTDRSSR KETPAAP
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Section 9
(409) 409 420 430 440 459
IPS-1 (394) PAG- SKPGVLASQVDSP-FSGCFEDLA
IPS-1 chimpanzee (394) PV SKPGMLASQVDSP-FSGCFEDLA
IPS-1 rhesus macaque (395) PA SKPGHL s AD Q FS DLA
IPS-1 cow (383) SKPGRL D FSVESADLA
IPS-1 pig (381) SKPGRL D FS SSEDLA
IPS-1 dog (382) PTDI SKPGRLAS D ADLA
IPS-1 mouse (369) ATKVT SKPGIL'S DEP FS VDLA
IPS-1rat (372) ATVVT SKPGVL DNEBFS MDLA
Consensus (409) PTG ATGGSS WPDSSSE GSG ELSKPGVLVSQVDS PFSGCSEDLAI
Section 10
(460)460 470 480 490 500 510 480 510

IPS-1 (442) SAS PCHGPEENEYKS

IPS-1 chimpanzee (442) SAS PCHGPEENEYKS
IPS-1 rhesus macaque (443) SAS PCRGPEENEYKS
IPS-1 cow (433) SHSN PDNAPEENEYVS I IHE-
IPS-1 pig (432) SYSNPL S PDNTPEENEYVSVD IRI
IPS-1 dog (432) SYSR LGAGPDNAPEENEYQSVDSI I
IPS-1 mouse (418) SPSSSLVSEPNHGPEENEYSS - -~ DEsPsAD P L Q———
PEENEYSS--- PEPLATO---

GIH EGNP DPDGG

GIH A EGNP P DPDGG

GIH EGNP P DPQGG
5 PSTS

LTAS———

--DPSTPP P
VOQDPSAD EHNP

i X
E

G
IPS-1 rat (422) SPS LISEPN DKsPsHiD
Consensus (460) S STSLGMGP HGPEENEY SE TFRIQV ENPSI LLG SPGP ATP
Section 11

(511) 511

IPS-1 (493) PRPQADRKF

IPS-1 chimpanzee (493) PRPQTDRKF

IPS-1 rhesus macaque (494) PRPHIDQKF
IPS-1 cow (479) - ----- EEDEL

IPS-1 pig (478) --EFQAEEELEEGLEEY

IPS-1 dog (480) - -~~~

IPS-1 mouse (462) ------

IPS-1 rat (466) —-----
Cmmmmusﬁln Q QERELPC RSSPWA WLGVAVAGVLVVTLLVLLYRRRL Q
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