Copyright
by
Shuangluo Xia

2009



The Dissertation Committee for Shuangluo Xia Certifies that this is

the approved version of the following dissertation:

High Throughput Screening of Inhibitors for Influenza Protein NS1

Committee:

Jon D. Robertus, Supervisor

Kenneth A. Johnson

Robert M. Krug

Richard J. Meyer

Y. Whitney Yin



High Throughput Screening of Inhibitors for Influenza Protein NS1

Shuangluo Xia, B.E. ; M.S.

Dissertation

Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

The University of Texas at Austin

August 2009



Dedication

To my wonderful parents

1A%



Acknowledgements

I would like to thank my advisor, Dr. Jon Robertus for his guidance, support and
encouragement throughout my studies. I would also like to express my gratitude to members of
my supervisory committee, Dr. Kenneth Johnson, Dr. Robert Krug, Dr. Richard Meyer and Dr.
Whitney Yin; also to members of NS1 research committee, Dr. Andrew Ellington, Dr. Eric
Anslyn and Dr. Gaetano Montelione.

I greatly appreciate the help and succinct advice of Dr. Kathryn Kavanagh and Dr. Arthur
Monzingo. Many thanks to my lab members past and present: Yan Bai, Matthew Lluis,
Kenneth Chang, Beth Eisenhut, Warren Hoe, Huda Suliman, and Gregory Sawyer. I would also
like to thank Dr. Eun J Cho for working with me in the high throughput screening assay. A
special “thank you” to Natalie Potts for her patience and effort in managing financial and
administrative matters.

Finally, I am thankful for the support of my family, especially my parents. They have

been a stable, loving influence in my life. I am grateful for their love and encouragement.



High Throughput Screening of Inhibitors for Influenza Protein NS1

Publication No.

Shuangluo Xia, Ph.D.

The University of Texas at Austin, 2009

Supervisor: Jon D. Robertus

Influenza virus A and B are common pathogens that cause respiratory disease in humans.
Recently, a highly virulent HSN1 subtype avian influenza virus caused disease outbreaks in
poultry around the world. Drug resistant type A viruses rapidly emerged, and the recent HSN1
viruses were reported to be resistant to all current antiviral drugs. There is an urgent need for
the development of new antiviral drugs target against both influenza A and B viruses. This
dissertation describes work to identify small molecule inhibitors of influenza protein NS1 by a
high throughput fluorescence polarization assay.

The N-terminal GST fusion of NSI1A (residue 1-215) and NS1B (residue 1-145) were
chosen to be the NS1A and NSI1B targets respectively for HT screening. In developing the

assay, the concentrations of fluorophore and protein, and chemical additives were optimized. A
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total of 17,969 single chemicals from four compound libraries were screened using the
optimized assay. Six true hits with dose-response activity were identified. Four of them show
an ICsp less than 1 pM. In addition, one compound, EGCG, has proven to reduce influenza
virus replication in a cell based assay, presumably by interacting with the RNA binding domain
of NS1.

High throughput, computer based, virtual screenings were also performed using four
docking programs. In terms of enrichment rate, ICM was the best program for virtual screening
inhibitors against NS1-RBD. The compound ZINC0096886 was identified as an inhibitor
showing an ICsy around 19 pM against NS1A, and 13.8 pM against NS1B.

In addition, the crystallographic structures of the NS1A effector domain (wild type,
WI187A, and W187Y mutants) of influenza A/Udorn/72 virus are presented. A hypothetical
model of the intact NS1 dimer is also presented. Unlike the wild type dimer, the W187Y
mutant behaved as a monomer in solution, but still was able to binding its target protein,
CPSF30, with wild type binding affinity. This mutant may be a better target for the
development of new antiviral drugs, as the CPSF30 binding pocket is more accessible to
potential inhibitors. The structural information of those proteins would be very helpful for

virtual screening and rational lead optimization.
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Chapter 1: Introduction

1.1 Influenza virus

Influenza viruses are the causative agents for an infectious and debilitating disease
commonly referred to as the flu. The virus has a complex replicative cycle and undergoes rapid
evolutionary divergence (Krug 2003). In its most aggressive form, the virus was responsible for
one of the most devastating pandemics in human history: the notorious Spanish flu caused 20 to
40 million deaths worldwide in the early twentieth century (Palese 2004). The outbreaks of
deadly avian influenza H5N1/1997 and H5N1/2004 in Asia and Europe are reminders of the
potential for the emergence of a new pandemic (Webby and Webster 2003; Li, Guan et al.
2004; Jan 2007; Khanna, Kumar et al. 2008). The current swine influenza HIN1 outbreak in
North America prompted the World Health Organization (WHO) to set the pandemic alert to
phase 5, one level below an official pandemic.

1.1.1 Categories of influenza virus

There are three types of influenza viruses: type A, B and C, which are classified based on
the immunological relatedness of nucleocapsid (NP) and matrix (M) proteins (Schulman 1971).
Both influenza A and B viruses contain eight RNA genomic segments, whereas influenza C
virus contains only seven (Cheung and Poon 2007). All the virus types can naturally infect
human beings, although influenza C virus seldom causes disease symptoms. In contrast,
influenza A and B viruses are virulent pathogens which will lead to the common flu symptoms
in humans; influenza A virus has been responsible for all the known influenza pandemics
(Schulman 1971; Cheung and Poon 2007).

Influenza A virus can be further subdivided into different subtypes based on the antigenic
variation of the surface hemagglutinin (HA) and neuraminidase (NA) glycoproteins. So far,
sixteen subtypes of HA (H1-H16) and nine subtypes of NA (N1-N9) have been identified
(Laver, Colman et al. 1984; Fouchier, Munster et al. 2005). Each of these subtypes can be
isolated from wild aquatic birds, some may also be found in pigs, seals, horses and whales
(Claas, Osterhaus et al. 1998; Fouchier, Schneeberger et al. 2004). The ability of these avian
viruses to jump host species barriers makes influenza an almost uneradicable disease (Weber

and Stilianakis 2007).



1.1.2 Structure and genome of influenza virus

The genomes of both influenza A and B viruses are composed of eight segments of single
stranded RNA (Lamb, 2001). The proteins encoded by the corresponding genome segments of
both viruses also share similar functions. In Influenza A virus, the three largest segments
encode three viral polymerase subunits, PB1, PB2 and PA respectively (Enami and Enami
1996; Elleman and Barclay 2004; Burleigh, Calder et al. 2005). An alternate reading frame in
PB1 encodes a non-structural apoptotic protein PB1-F2. The three medium sized segments
encode three structural proteins, hemagglutinin (HA), nucleocapsid protein (NP) and
neuraminidase (NA) respectively (Schulman 1971). The last two, smallest, segments, M and
NS, encode two proteins each. The M segment encodes the matrix protein (M1) and the ion
channel protein (M2), while the NS segment encodes the non-structural (NS) proteins NS1A
and NS2A, see figure 1.1.

It is known that PB2, PB1, and PA form a polymerase complex for viral transcription and
replication (Huang, Palese et al. 1990; Perales and Ortin 1997; Honda, Mizumoto et al. 2002).
PB2 polymerase contains a nuclear localization signal, which helps to transport the polymerase
into the nucleus of infected cells (Mukaigawa and Nayak 1991; Perales, de la Luna et al. 1996).
It also has a cap-binding protein functioning that aids in generating the cap structures necessary
for viral mRNA transcription (Ulmanen, Broni et al. 1981; Blaas, Patzelt et al. 1982; Braam,
Ulmanen et al. 1983; Ulmanen, Broni et al. 1983). PB2 was found to associate with the PB1
subunit through amino terminus by mutageness and immunoprecipitation assays (Digard, Blok
et al. 1989; Li, Rao et al. 2001; Fechter, Mingay et al. 2003).

PBI1 polymerase is encoded by RNA segment 2. It plays an important role in the RNA
polymerase complex as the subunit responsible for elongation of the primed nascent viral
mRNA (Poole, Elton et al. 2004). PB1 is critical in the assembly of three polymerase protein
subunits, and localizes in the nucleus of infected cells (Biswas and Nayak 1994; Gonzalez,
Zurcher et al. 1996; Kobayashi, Toyoda et al. 1996; Honda, Mizumoto et al. 2002).

PA subunit is the smallest polymerase, and is encoded by RNA segment 3. The carboxyl
terminus of PA is found to be critical for viral transcription by mutagenesis assay (Sanz-
Ezquerro, de la Luna et al. 1995; Sanz-Ezquerro, Zurcher et al. 1996; Fodor and Smith 2004).
Sequence comparison suggests that it has helicase activity, although the exact functions of PA

still remain unknown (de la Luna, Martinez et al. 1989).
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Hemagglutinin (HA), encoded by segment 4, is an integral membrane protein responsible
for binding the flu virions to sialic acid containing receptors on host cell surfaces (Staudt and
Gerhard 1983). HA is initially synthesized as a precursor polypeptide, and then undergoes a
series of post-translational modifications (Skehel, Bayley et al. 1982; Horimoto, Nakayama et
al. 1994; Webby, Perez et al. 2004). First, the amino-terminal 14 residues are removed,
followed by palmitic acidification at the cysteine residue near the carboxyl-terminus.
Afterward, the protein is cleaved into two disulphide-linked subunits (HA; and HA,) by
trypsin-like proteases of the host cell (Connor, Kawaoka et al. 1994; Vines, Wells et al. 1998).
HA, the major flu antigen, is subject to a high rate of mutation due to the viral RNA
polymerase error-prone activity. Among all sixteen subtypes of HA (H1-H16) identified so far,
the amino acid sequences of HA variants differ by at least 30% from each other (Staudt and
Gerhard 1983; Connor, Kawaoka et al. 1994; Vines, Wells et al. 1998).

Nucleoprotein (NP) is encoded by segment 5, and is actively synthesized in the infected
cells. The binding of NP to single-stranded RNA is not sequence specific (Kistner, Muller et al.
1989). It is estimated that one NP molecules binds 15-20 nucleotides (Winter and Fields 1981;
Kobayashi, Toyoda et al. 1994; Albo, Valencia et al. 1995). Together with viral polymerase,
NP and vRNA form a so called viral ribonucleoprotein (VRNP) complex, which is a supercoiled
ribbon structure with the polymerase complex at the end of viral genome (Beaton and Krug
1986; Shapiro and Krug 1988; Biswas, Boutz et al. 1998). It is also believed that the
phosphorylated NP plays an important role in “switching” of RNA polymerase activity from
mRNA synthesis to complementary (cCRNA) and viral RNA synthesis (Shapiro and Krug 1988;
Kistner, Muller et al. 1989). NP is also found to be involved in the viral RNA nuclear transport
(Martin and Helenius 1991; O'Neill, Jaskunas et al. 1995; Whittaker, Bui et al. 1996; Neumann,
Castrucci et al. 1997). The detailed mechanisms of switching and transportation are still waiting
to be revealed. Like HA, NP is also a major target of host immune response (Shapiro and Krug
1988).

Encoded by segment 6, Neuraminidase (NA) is also an integral membrane glycoprotein.
The structure of NA shows that the monomer protein is composed of four domains: a
mushroom-shaped globular head, a thin stalk, a transmembrane domain and a cytoplasmic
domain (Varghese and Colman 1991). NA is not required for virus replication, as demonstrated

by a NA-deficient virus (Li, Schulman et al. 1993; Hausmann, Kretzschmar et al. 1997). The
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actual role of NA is to remove terminal sialic acids from the glycoproteins on the virion
surface, thereby helping to release the progeny virions from the infected cell (Palese, Tobita et
al. 1974; Palese and Compans 1976; Liu, Eichelberger et al. 1995).

Segment 7 of influenza A virus encodes two proteins: the matrix protein (M1) and the ion
channel protein (M2) (Shih, Nemeroff et al. 1995). M1 is a collinear transcript of segment 7,
whereas M2 is encoded by a spliced mRNA variant of segment 7 (Ye, Liu et al. 1999).
Collinear transcripts arise with common initiation but different termini. Being the most
abundant influenza virion protein, M1 forms a shell underneath the viral lipid membrane to
interact with the virus-specific ribonucleoprotein (VRNP) and cytoplasmic domains of various
integral membrane proteins (Wakefield and Brownlee 1989; Ye, Baylor et al. 1989; Elster,
Fourest et al. 1994). It is reported that M1 binds to viral RNA in a sequence nonspecific
manner. Once M1 binds to VRNP, it accelerates the nuclear export of vRNP, and at the same
time inhibits the import of vVRNP (Ye, Robinson et al. 1995; Bui, Whittaker et al. 1996; Huang,
Liu et al. 2001; Sakaguchi, Hirayama et al. 2003). In 2004, Elleman and Barclay demonstrate
that the M1 matrix protein alone controls the filamentous phenotype of influenza A virus
(Elleman and Barclay 2004). Unlike M1, M2 is an integral membrane protein (Lamb, Zebedee
et al. 1985). The native protein exists in a homotetramer conformation, and acts as an ion
channel that modulates the pH of the Golgi during HA synthesis (Pinto, Holsinger et al. 1992;
Wang, Lamb et al. 1994). Thus it helps to stabilize the native conformation of newly
synthesized HA during viral assembly. M2 also plays an important role in the acidification of
the interior of the virion particle during virus uncoating (Henkel and Weisz 1998; Park,
Castrucci et al. 1998).

Like segment 7, segment 8 also encodes two proteins: nonstructural proteins NS1 and
NS2. NS1 message is a collinear transcription of segment 8, whereas NS2 is encoded by a
spliced mRNA of segment 8 (Alonso-Caplen and Krug 1991; Nemeroff, Utans et al. 1992).
NSI1 is not incorporated into virions, and is the only nonstructural protein in influenza virus
(Greenspan, Palese et al. 1988; Nemeroff, Qian et al. 1995). NS1 has been shown to have
multiple functions, including binding dsRNA and interfering with host translation and mRNA
processing (Hale, Randall et al. 2008). After expression it localizes in the host cell nucleus.

The details will be discussed in a separate chapter in the following section.



The name of NS2 is somewhat misleading as NS2 is found to incorporate into viral
particles in low amounts (Richardson and Akkina 1991; Yasuda, Nakada et al. 1993). Unlike
NS1, NS2 primarily localizes in the cytoplasm (Richardson and Akkina 1991; Yasuda, Nakada
et al. 1993). The role of NS2 is to promote replication of VRNA and to mediate the export of
newly synthesized vVRNP from the nucleus to the cytoplasm, although the detailed mechanism
still remains unknown (O'Neill, Talon et al. 1998; Neumann, Hughes et al. 2000).

In summary, influenza A virus is a small enveloped pleomorphic particle with a diameter
of 80-120nm. The viral particles contain a lipid bilayer envelope derived from the host cell
membrane. HA, NA, and M2 are embedded in that lipid envelope, and project like spikes.
Under the lipid envelope, there is an electron dense layer composed of M1 protein. Inside the
virion, the genome of influenza virus is composed of eight unique segments of single stranded
RNA. The RNA is encapsidated by multiple NP molecules to form RNP complexes. The viral
RNA polymerase complex is composed of PB2, PB1, and PA. NS2 is also present in the virion
in low amounts.

1.1.3 Transcription and replication of influenza virus

Transcription and replication of the influenza viral genome takes place in the nucleus of
infected cells (Herz, Stavnezer et al. 1981; Jackson, Caton et al. 1982). Like other negative-
stranded RNA viruses, the RNA-dependent RNA polymerase encoded by the three largest flu
genome segments converts the single-stranded virion RNA (VRNA) into viral mRNAs. The
viral mRNAs are exported into the cytoplasm, and translated by host proteins into the proteins
of new virus particles, see figure 1.2.

The viral mRNA requires a type I cap structure (m7GpppNm, where N is any nucleotide)
and a polyadenylated tail (Braam, Ulmanen et al. 1983). The whole transcription process starts
by the recognition of the cap structure of host pre-mRNA by PB2 subunit of viral RNA
polymerase. Once PB2 recognizes and binds the cap structure of host pre-mRNA, it cleaves
about 10 nucleotides downstream from the cap structure. The resulting capped RNA fragments
are used by viral polymerase as transcription primers. Transcription is initiated by incorporating
a G or C onto the 3’ end of the primers which based pair with viral RNA template. The
elongation of the mRNA chain proceeds until reaching a polyadenylation signal, which consists
of 5-7 U residues approximately 17 nucleotides from the 5' end of VRNA. Finally, the viral
polymerase generates a poly (A) tail at the end of mRNA by stuttering and slipping between the
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template and elongating RNA chain (Krug, Broni et al. 1979; Plotch, Bouloy et al. 1979). In
other words, it iteratively copies the U-track at the end of VRNA to nascent mRNA. It is well
demonstrated that the 5’ cap structure, together with poly(A) tail are essential for mRNA
stabilization and nuclear export (Bouloy, Plotch et al. 1980).

A second population of RNA transcripts is complementary RNA (cRNA); these are full-
length copies of the vVRNA that can be used as templates for progeny vVRNA synthesis. Unlike
viral mRNA synthesis, the synthesis of cRNA is initiated on its own promoter without a primer,
and is not terminated with a polyadenylated tail (Hay, Skehel et al. 1982). Instead,
dinucleotides are generated by viral RNA polymerase to serve as primers for the chain
elongation. As observed from in vitro replication system, the RNA synthesis is significantly
increased in the presence of additional dinucleotide primers (Biswas, Boutz et al. 1998). It is
also observed that the amount of VRNA synthesis from cRNA template is 10 times higher than
that of cRNA synthesis from VRNA template (Vreede, Jung et al. 2004). This phenomenon
could be due to the difference in the initiation activity. In addition, the synthesis of cRNA is
dependent on the continued production of functional viral proteins, whereas the synthesis of
mRNA continues in the absence of protein synthesis. Therefore, it was suggested that cRNA is
unstable and tends to be degraded until there are enough copies of newly synthesized
polymerases or NP, which stabilize cRNA by forming RNP structure (Nagata, Takeuchi et al.
1989; Shimizu, Handa et al. 1994; Nagata, Kawaguchi et al. 2008). However, the question
remains unsolved as to what form of polymerase complexes are required for the switch from
the capped RNA primer dependent mRNA synthesis to unprimed cRNA synthesis, and how
this switch is initiated (Nagata, Kawaguchi et al. 2008). The replicated vVRNA and newly
synthesized viral proteins are then assembled into a virion, and further bud from the cell
surface.

1.2 Vaccination and antiviral therapies

Currently, the most effective way to prevent influenza infection is vaccination with killed
or attenuated virus (Nichol 2006; Ada 2007). Almost all flu vaccines on the market are
produced from virus grown in fertile hens' eggs, and then inactivated by either -propiolactone
or formaldehyde (Nichol, Lind et al. 1995). The resulting vaccines consist of whole virus,
detergent-treated split virus product, or purified hemagglutinin (HA) and neuraminidase (NA)

surface antigens. Due to adverse affect on young children, whole-virus vaccines are not widely
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available (Heikkinen, Ruuskanen et al. 1991; Nichol, Lind et al. 1995; Block 2004). In contrast,
split virus products and purified HA/NA surface antigen are well tolerated and safe (Laver
1985). Ideally, the vaccine will be most effective when the strains included in the vaccine are a
good antigenic match with the current circulating strains of influenza. Currently licensed
influenza vaccines are trivalent, inactivated formulations that consist of HA proteins from
HINI, H3N2 and influenza B strains respectively (Laver 1985). Those three strains were
chosen by the WHO Global Influenza Surveillance Network based on their best predicition of
which strains will be predominant in the coming year. The vaccine is designed to block the
function of HA and NA proteins, as both of them are the primary targets of the protective
antibody response. As a result of vaccination, antibodies against HA can neutralize subsequent
viral infection, and antibodies against NA can modify the severity of disease. Unfortunately,
the HA protein mutates from year to year, by the process called “antigenic drift” (Luther,
Bergmann et al. 1984; Yamada, Brown et al. 1984; Lipkind and Shihmanter 1986). By
randomly accumulating amino acid changes, HA is said to “drift” from one shape to another,
thereby making the human immune system less able to recognize the new strain. As a result,
antiviral drugs targeting non-surface proteins are gaining much more attention in the war
against influenza virus (Ferguson, 2005; Germann, 2006).

Currently, there are two classes of antiviral drugs available: the M2 inhibitors
(amantadine and rimantadine), and the neuraminidase inhibitors (zanamivir and oseltamivir).
Amantadine and rimantadine were developed to block the ion channel activity of M2 protein
(Rees, Harkins et al. 1997; Ellis and Zambon 2002). Therefore, viral replication is inhibited by
the blockade of hydrogen ion flow. It has been reported that the inhibition of viral replication
could be achieved at micromolar concentration (Rees, Harkins et al. 1997). However, these
drugs are ineffective against influenza B virus because it doesn’t encode M2 protein (Gubareva,
Kaiser et al. 2000). Both drugs are found to be 70-90% effective in preventing and relieve the
symptoms caused by naturally occurring influenza A, but amantadine has more adverse effects,
including insomnia, headache and vomiting, which are troublesome in elderly people and very
young children (Nicholson 1996; Margo and Shaughnessy 1998). The main drawback to the
use of M2 inhibitors is that drug resistance emerges rapidly during treatment (Suzuki, Saito et
al. 2003). Sadly, those drug-resistant variants are fully pathogenic and transmissible to others.

Both amantadine and rimantadine resistant strains have been characterized by mutations in the
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transmembrane domain of the M2 protein (Suzuki, Saito et al. 2003). The most common one is
a single nucleotide change in codon 31, which results in a single amino acid substitution in the
membrane spanning region (Intharathep, Laohpongspaisan et al. 2008; Monto 2008). Recently,
the highly virulent HSN1 strain was reported to be resistant to both amantadine and rimantadine
(Harrod, Emery et al. 2006).

Other drugs, like Zanamivir and Oseltamivir, have been developed to target the NA
protein, which is expressed in both influenza A and B viruses (Woods, 1993; Ryan, 1994; Kim,
1997; Mendel, 1998). Although NA is not required for replication, it is required for releasing
newly assembled virons from the infected cell surface by cleaving terminal sialic acid residues
from glycoconjugates (Oxford, Mann et al. 2003). As a result, NA inhibitors inhibit the release
of virions from infected cells, cause aggregation of virions at the cell surface and retard further
spreading to other healthy cells. Zanamivir, also called Relenza or GG167, is the first
neuraminidase inhibitor commercially developed (Monto, Webster et al. 1999). The debut of
zanamivir is an important milestones of the rational drug design. Zanamivir was designed
based on the structure of the transition state analogue of NA, DANA (2-deoxy-2,3-dehydro-N-
acetylneuraminic acid). The resulting binding affinity increased 5000 fold compare to that of
sialic acid, the native substrate of NA (von Itzstein, Wu et al. 1993; Zimmerman, Ruben et al.
1997). Because of its poor oral bioavailability, zanamivir has to be administered through
inhalation (Englund 2002).

Oseltamivir, also called Tamiflu or GS4104, was designed based on another potent
transition state analogue of sialic acid hydrolysis. The drug has good oral bioavailability (Li,
Escarpe et al. 1998). In 1999, Oseltamivir was approved as the first orally effective drug for the
treatment of flu infection (Sidwell, Bailey et al. 1999). Mutant strains resistance to zanamivir
and Oseltamivir have been reported, although the frequency is much less than those to
amantadine and rimantadine (Moscona 2004). In 2005, H5N1 virus that is resistant to the
Oseltamivir has been isolated (Puthavathana, 2005). During the 2007-2008 flu season, 11% of
HIN1 virus was found to be Oseltamivir resistant (Lowen and Palese 2007). Two mechanisms
of resistance have been identified: the NA dependent resistance and the NA independent
resistance (Aoki, Boivin et al. 2007; Ferraris and Lina 2008; Lackenby, Thompson et al. 2008).
The NA dependent resistance involves single amino acid substitution in the active site of the

NA, which alters its sensitivity to the drug. The NA independent resistance involves mutations
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in the HA receptor-binding site, thereby reducing the efficiency of virus binding to cellular
receptors. Therefore, virus can free from the infected cells without the need for NA. The
emergence of drug resistant strains emphasizes the need for new antiviral drugs

1.3 Antiviral defense mechanism

When influenza virus invades humans, the innate immune responses of the host provide
immediate defense against infection. Several components are involved in the innate immune
system, including mucus, macrophage, interferon o/ (INFa/B), cytokines (IL-1, IL-6 and TNF
a), natural killer (NK) cells (Hartshorn, Karnad et al. 1990). Representing the first barrier
against infection, the innate immune response also provides the appropriate signals required for
the subsequent adaptive immune response, in which antigen-specific memory cells (T and B
cells) and their products functions as antigen-specific effectors, such as cytotoxic T
lymphocytes and antibodies, to target the virus (Hartshorn, Karnad et al. 1990; Tamura and
Kurata 2004).

The detection of influenza viral RNA in cytoplasm is accomplished by two related
cytosolic RNA helicases, termed retinoic acid-induced gene I (RIG-I, also know as DDX5S)
and melanoma differentiation-associated gene 5 product (MDAS, also known as IFIHI1)
(Andrejeva, Childs et al. 2004; Yoneyama, Kikuchi et al. 2004). Binding to viral dsSRNA by
RIG-I and MDAS initiates the conformational changes which leads to recruiting additional
cellular factors, including the recently identified interferon p promoter stimulator 1(IPS-1),
mitochondrial antiviral signaling (MAVS) protein, and virus-induced signaling adaptor (VISA)
(Kawai, Takahashi et al. 2005; Seth, Sun et al. 2005). As a result, different cellular kinases,
including interferon regulatory factor-3 (IRF3) kinase, TNF-receptor-associated factor family
member-associated nuclear factor-kB activator binding kinase 1(TBK1) and inhibitory xBa
protein kinas (IKK-¢), are activated. Then, the activated IRF3 kinase, together with nuclear
factor-kB (NF-kB) and activating protein 1(AP-1), bind to the promoter of IFNf promoter and
initiate transcription (Garcia-Sastre 2006).

Once IFNo/B has been synthesized, it is secreted and binds to the IFNa/p receptor on
neighboring cells. As a result, two members of the Janus tyrosine kinase family (JAK1 and
Tyk2) are activated. JAK1 and Tyk2 in turn phosphorylate STAT1 (signal transducers and
activators of transcription) and STAT?2 transcription factors (Stark, Kerr et al. 1998; Le Bon,

Schiavoni et al. 2001). The phosphorylated STAT]1 interacts with STAT2 and p48/IRF-9 to
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form the transcription factor IFN-stimulated gene factor 3 (ISGF3). The ISGF3 complex then
binds to specific DNA sequences called IFN-stimulated regulatory elements (ISREs),
promoting the transcription of approximately 100 to 300 genes. Among these genes, those
encoding the dsRNA-activated protein kinase (PKR), the 2°,5’-oligoadenylate synthetases (2’-
5’A synthetases), and the Mx proteins are demonstrated to interfere with viral replication by
different mechanisms, including binding to viral nucleocapsids, translation inhibition, RNA
degradation, RNA editing, and apoptosis induction (Biron 2001; Weber, Kochs et al. 2004).
Overall, the secretion of IFNa/p by virus-infected cells contributes to the induction of an
antiviral state in neighboring uninfected cells.

The serine-threonine protein kinase PKR is one of the most extensively studied
interferon-induced protein kinase (Ludwig and Planz 2008). Although the level of PKR
increases in cell in response to IFN, it remains inactive unless it interacts with viral dsRNA.
The binding of dsRNA to PKR causes a conformational change of the protein, which causes the
C-terminal kinase domain of PKR to release the N-terminal dsSRNA binding domain (Williams
1999). As a result, PKR becomes autophosphorylated and dimerized as an active kinase. The
activated PKR phosphorylates a-subunit of the translation initiation factor elF-2 o (Williams
1999). This leads to the inactivation of elF-2 a, which in turn results in the inhibition of protein
synthesis. Like PRK, the 2°-5°(A) synthetases need to be activated by viral dsSRNA (Silverman
2007). Once activated, 2°-5’(A) synthetases polymerize ATP into 2°-5’ linked oligoadenylates
of different length. The resulting 2°-5> A molecules bind to and activate a latent ribonuclease,
RNase L. Activated RNase L induces the degradation of RNAs, including viral mRNAs and
rRNAs, therefore consequently inhibits viral replication and protein synthesis. Finally, the Mx
proteins were discovered as IFN-induced proteins which inhibit replication of specific groups
of viruses, including influenza virus, rhabdovirus and orthomyxovirus. The Mx proteins bind
GTP and have an intrinsic GTPase activity that is necessary for their intracellular antiviral
actions. Although the detailed mechanism of that action is still unknown, it was proposed that
Mx proteins interfere with virus replication through a dynamin-like force-generating
mechanism by wrapping around viral nucleocapcids (Horisberger 1995; Haller, Staeheli et al.
2007).

Despite the host's sophisticated innate immune system, influenza viruses continue to

successfully infect them and cause disease. The success of influenza viruses is partly due to the
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acquisition of viral genes that antagonize the host immune response. In the case of influenza A
virus, this IFNa/p antagonistic function is encoded by the NS1 gene.

1.4 The influenza virus NS1 protein

1.4.1 NS1 from influenza A virus (NS1A)

The NSI1 protein of influenza A virus (NS1A) is not a structural component of the virion,
but is highly expressed in infected cells (Krug 1993). It has a strain specific length of 230 to
237 residues, and an approximate molecular mass of 26 kDa. The NS1A protein is a
multifunctional protein that participates in both protein-protein and protein-RNA interactions
(Hale, Randall et al. 2008). Two functional domains identified are the N-terminal 73 amino
acids RNA-binding domain (RBD) and C-terminal effector domain (residue 74-230), see figure
1.3. The full length NS1A exists as a homodimer with both the RNA binding domain and
effector domain contributing to multimerization (Chien, Tejero et al. 1997; Liu, Lynch et al.
1997). The RBD binds non-specifically to double-stranded RNA (dsRNA), and indirectly
protects the virus against the antiviral state induced by interferon o/f. This protection is
achieved by blocking the activation of the 2'-5'-oligo(A) synthetase/RNase L pathway, which
inhibits virus replication by degradation of viral RNA (Min and Krug 2006). It was also found
that out-competing 2'-5'-oligo(A) synthetase for interaction with dsRNA is a predominant
function of NS1A RNA-binding domain (Min and Krug 2006). Mutation studies of NSTA RBD
show that Arg38 and Lys41 are two amino acids critical for the dsSRNA binding activity
(Chien, Xu et al. 2004). A recombinant influenza A virus expressing the mutant (R38A)-NS1A
protein is attenuated 1000-fold in replication (Min and Krug 2006). These results suggest that
the NS1A RBD is a valid target for the development of antiviral drug. The RBD also interacts
with the retinoic acid-inducible gene I (RIG-I) binding domain (Samuel 2007; Uematsu and
Akira 2007). The RIG-I protein functions as an intracellular viral sensor, which can be
activated by influenza virus ssSRNA/dsRNA. The binding of RIG-I to RBD of NS1A inhibits
the ability of viral detection by the cell (Hornung, Ellegast et al. 2006; Pichlmair, Schulz et al.
2006).

The C-terminal effector domain of NS1 was found to interact with at least four different
proteins: elongation initiation factor 4Gl (elF4Gl), protein kinase R (PKR), cleavage and
polyadenylation specificity factor (CPSF) and poly(A)-binding protein 1 (PAB II) (Hale,
Randall et al. 2008). The first 113 amino acids, but not the first 81 residues, of the NS1A
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Figure 1.4: Schematic diagram of NSI functions. Starl: Directly limits the antiviral state by
blocking the activation of OAS/RNaseL; Star2: Inhibits the induction of IFN-beta at pre-
transcriptional level; Star3: Post-translational block of the processing and nuclear export of all
cellular mRNAs; Star4: Enhancement of viral mRNA translation. Redrawn and modified from

(Hale, Randall et al. 2008).
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protein are sufficient to bind eIF4GI (Aragon, de la Luna et al. 2000; Burgui, Aragon et al.
2003). It was suggested that NS1 recruits elF4GI specifically to the 5 untranslated region of
viral mRNA, thus preferentially enhances the translation of the viral mRNA (Burgui, Aragon et
al. 2003). The direct binding of PKR to residues 123 to 127 of NSI1A is necessary and
sufficient to block the activation of PKR, and thereby inhibit the antiviral effect of PKR (Li,
Min et al. 2006; Min, Li et al. 2007).

The effector domain also binds to the 30 kDa subunit of CPSF, thus inhibiting the
maturation and exportation to the cytoplasm of the host cellular antiviral mRNAs (Li, Rao et al.
2001; Noah, Twu et al. 2003; Twu, Noah et al. 2006). The second and third zinc fingers (F2F3)
of CPSF were shown to interact with NS1A (Twu, Noah et al. 2006). A recombinant Udorn
virus expressing NS1A with mutations spanning the CPSF binding sites (residues 184 to 188)
induced a high level of interferon f (INF f) mRNA, and was attenuated 1000 fold in replication
(Noah, Twu et al. 2003; Twu, Noah et al. 2006). An enginecered MDCK cell lines which
constitutively expressing epitope-tagged F2F3 in the nucleus effectively blocked the binding of
endogenous CPSF to NS1A, thereby selectively inhibited the influenza virus A replication
(Noah, Twu et al. 2003; Twu, Noah et al. 2006). All these observations suggest that the
CPSF30 binding site can be targeted for development of new antiviral drugs.

The function of PABII in cells is to facilitate the elongation of poly(A) tails during the
generation of mRNAs. The binding of PABII to residues 215 to 230 of NS1A prevents PABII
from properly extending the ploy(A) tail of cellular pre-mRNA, thus retarding pre-mRNA
export from the nucleus (Chen, Li et al. 1999).

Finally, the effector domain is also crucial for the function of the RBD. It was revealed
that dimerization of these two domains is essential for the NS1A protein to interact with RNA
or other cellular proteins (Wang, Basler et al. 2002; Fernandez-Sesma 2007). Taken together,
NSIA is a very potent inhibitor of host cell innate immunity and allows influenza A virus to
efficiently escape host defenses and to further establish infection (see figure 1.4).

Well before the very recent structure of full length NS1A from an H5N1 virus became
available, the structures of the two function domains were solved independently. The NMR and
X-ray structure of the 73-residue N-terminal domain of NS1A shows that the protein is active
as a dimer (Qian, Chien et al. 1995; Chien, Xu et al. 2004). The structural analysis revealed a

unique six-helix structure for the dimer, which differs from that of other known dsRNA-
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binding proteins. The dimeric protein binds dsRNA as part of its function in the viral cycle.
According to the sedimentation equilibrium measurements, the NS1A73 dimer binds to a 16-bp
synthetic dsSRNA with a 1:1 stoichiometry (Chien, Xu et al. 2004). In 2008, the crystal structure
of NS1A73 dimer bound to a self-complementary 21-nucleotide RNA (with 19 base pairs) was
determined (Cheng, Wong et al. 2009). The complex structure reveals that RBD recognizes the
A-form dsRNA in a major groove binding mode. The critical Arg38 was found to penetrate into
the dsRNA helix and to form hydrogen bonds with the phosphate groups of two nucleotides
from two different RNA strands. Furthermore, a hydrogen bond network is formed by Arg38
and its symmetrically related molecules to anchor dsRNA along the binding surface. The
structure of the RBD and dsRNA complex also explains why the RBD of NS1 has the ability to
distinguish between dsRNA and dsDNA. The inter-molecular contacts are directed towards the
phosphate backbone of the A helix, and the 2'-OH groups of the RNA strands.

The X-ray structure of the NS1A effector domain (residues 79-205) from the mouse-
adapted influenza A/PR8/34(PRS8) virus strain was solved in 2006 (Bornholdt and Prasad
2006). Like the N-terminal domain, the effector domain forms a dimer in solution. Each
monomer consists of seven B-stands and three a-helices. The structure is believed to be a novel
fold, which can be described as an a-helix B-crescent fold, as the B-strands form a crescent-like
shape around the a-helix. The NS1A from the PRS8 virus strain does not bind CPSF30 because
it does not have the required consensus human recognition sequence at residue 103 (it has S
instead of F) and residue 106 (I instead of M) (Das, Ma et al. 2008). The CPSF30 binding site
is crucial for virus replication and is a proven target for new antiviral drug development. As a
result, the structure of effector domain that is capable of binding CPSF30 would be extremely
helpful for structure based drug design.

Recently, the x-ray structure of the full length NS1A (R38A,K41A) from an H5N1 strain
(A/Vietnam/1203/2004) was solved by Bornholdt and Prasad (Bornholdt and Prasad 2008).
R38 and K41 of the protein were mutated to alanine. This double mutant completely abrogated
aggregation and allowed the protein to be sufficiently concentrated for crystallization.
Compared to the individually determined structures of RNA binding domain and effector
domain, the overall polypeptide folding of RBD and effector domain from H5N1 showed only
minor structural alterations. The most striking difference is the dimer interaction between the

two domains. The two domains of each NS1A molecule separately interact with their respective
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domains from the neighboring NS1A molecules, related by crystallographic two-fold
symmetry. This results in the formation of a chain of NS1A molecules with alternating dimers
of RBD and dimers of effector domain. The authors proposed a model for full length NS1
interacting with dsRNA in which NS1A cooperatively oligomerizes in the presence of dsSRNA
to from a tubular structure with dsSRNA in the hollow central tunnel. This model explains why
NSIA is able to sequester varying lengths of dsRNA in infected host cells. It was further
substantiated by cryo-electron microscopy images of native full-length NS1 from influenza A
virus HON1 strain (A/PR8/34) with different length of dsSRNA.

1.4.2 NS1 from influenza B virus (NS1B)

The NS1 encoded by influenza B virus (NS1B) shares little sequence homology with
NS1A protein, and has a larger size (281 residues) with molecular mass around 32kDa. Like
NS1A, NS1B also has two functional domains: the N-terminal dSRNA-binding domain (residue
1-93) and C-terminal effector domain (residue 94-281) (Wang and Krug 1996; Yuan and Krug
2001). Although the sequence identity of RBD between the two viruses is only 20%, the x-ray
structures show that they share conserved surface features (Wang, Riedel et al. 1999; Yuan,
Aramini et al. 2002). The dsRNA-binding surface of both NS1A and NS1B proteins have
highly conserved patches of basic and hydrophilic amino acids which are complementary to the
polyphosphate backbone conformation of the A-form dsRNA. The NS1B RBD would also be
expected to protect influenza B virus against the interferon o/p-induced antiviral state by out-
competing 2'-5'-oligo(A) synthetase for interaction with dsRNA. The direct binding of
interferon stimulated gene protein 15 (ISG15) to the residues 1 to 104 of NS1B is necessary
and sufficient to block the antiviral ability of ISG15 (Yuan, Aramini et al. 2002). The ISG15 is
an IFN-inducible protein that enhances the IFN-mediated antiviral response, including RNA
splicing, antiviral ability and cytoskeleton regulation (Ritchie and Zhang 2004). Although the
size is larger, the effector domain of NS1B does not bind either CPSF30 or PABII (Wang and
Krug 1996; Yuan and Krug 2001). There is also no evidence to show direct interactions
between the NS1B effector domain and eIF4GI or PKR. This may explain why NS1B does not
inhibit the posttranscriptional processing of cellular mRNAs. As NS1 is the major IFNo/B
antagonist, the difference in NS1A and NS1B very likely contributes to the different biological

properties of influenza A and B viruses.
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1.5 Project goals

The goal of this project is to identify small molecule ligands of the NS1 protein of
influenza A/B viruses. The ligands are to be targeted to the dsSRNA binding region of the RBD
and the F2F3 binding region of the effector domain. Such ligands will serve as chemical
“platforms” for future rational based drug design. Research in Dr.Krug’s laboratory has
validated both the N-terminal RNA-binding domain and C-terminal effector domains as
efficacious targets for new antiviral drugs.

A fluorescence polarization (FP) assay was developed for the high throughput screening
of small compounds library against the NS1 RBD protein. The focus of my study is to refine
and optimize this FP assay to screen several commercially available small-compound libraries,
including ChemBridge fragment library (4000 compounds), ChemBridge kinase library (13000
compounds), NCI clinical trial compound library (400 compounds), and natural product library
(4000 compounds). The “hit” compounds with K4 <100 uM were further validated and refined
using structure-based analyses. Several confirmed “hit” compounds were soaked or co-
crystallized with appropriate protein receptors in an effort to elucidate their binding modes.
Another goal of this project was to crystallize related NS1 proteins, including different domains
of the NS1 protein as well as the full length NS1. The structural information of those proteins
should be extremely helpful for high throughput virtual screening and rational lead

optimization.
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Chapter 2: Verification and Optimization of the Fluorescence
Polarization (FP) Assay as a High Throughput Screening (HTS)
Method for NS1 Inhibitors

2.1 Introduction

Structural and biochemical data show that the RNA binding domain of NSIA is a valid
target for the development of antiviral drugs (Min and Krug 2006). A fluorescence polarization
(FP) assay has been developed for the high throughput screening of small compounds library
against RBD of NS1 protein. Fluorescence polarization is a spectroscopic method that is based
on the molecular movement of the fluorescent molecules in solution (Nasir and Jolley 1999;
Roehrl, Wang et al. 2004). When excited with polarized light, the fluorescent molecules emit
light in the same polarized plane if the molecule remains stationary. If the fluorescent dye
tumbles significantly during the fluorescent life time, the emitted light is depolarized relative to
the excitation plane; this would be the case if the dye were attached to a small, mobile
molecule. Conversely, if the fluorescent dye is attached to a very large, slowly rotating
molecule during excitation state, the emitted light remains highly polarized. Therefore,
fluorescence polarization provides a direct measurement of the extent of fluorescent dye
binding to macromolecules, including proteins, nucleic acids and other biopolymers.
Experimentally, the degree of polarization is determined by measuring the fluorescence
intensities parallel and perpendicular to the plane of the excitation light. To simplify the
expression mathematically, fluorescence polarization is expressed in terms of anisotropy. As
fluorescence polarization provides direct measurement of the binding of a fluorescent labeled
molecule to a target molecule, it is widely used to determine the binding affinity of molecular
interactions.

Here we determine the equilibrium dissociation constant, Ky, for binding of fluorescein-
labeled dsRNA to different NS1A /NS1B constructs by the FP assay. To facilitate our search
for ligand/inhibitors, we were aiming to find the NS1 construct with highest binding affinity to
dsRNA. The rotation of fluorescent labeled molecules is influenced by temperature, molecular

volume, and most importantly, by the solution viscosity which can be affected by the presence
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of additive chemicals. Therefore, the impact of additive chemicals on the FP assay, including
tRNA, BSA and DMSO, will be tested and optimized.
2.2 Materials and methods
2.2.1 Construction of various NS1 variants

The NSI1A(1-215)-pGEX4T3, NS1B(1-104)-pGEX3X, NSI1B(1-145)-pGEX3X, and
NSI1B(1-218)-pGEX3X plasmids were provided by Dr.Robert Krug. The 215 residue NS1A(1-
215) was PCR amplified with primers GGGAATTCCATATGGATTCCAACACTGTGTCAA
GTTTTCAGGTAG and CCGCTCGAGAGTAAGTGGAGGTCTCCCATTCTCATTACTGCT
TCC. And the product was digested with Ndel and Xhol restriction endonucleases, and cloned
into pET43.1a plasmid DNA (Novagen) cleaved with Ndel and Xhol. The first 73 amino acids
of NS1A was PCR amplified with primers CATGCCATGGATTCCAACACTGTGTCAAGTT
TTCAGGTAG and CCGCTCGAGGCCCTGAAAATACAGGTTTTCAGATTCTTCCTTC.
The TEV protease recognition site was engineered in the 3° primer. Then the PCR product was
digested with Ncol and Xhol restriction endonucleases, and cloned into pET28b plasmid DNA
(Novagen) cleaved with Ncol and Xhol. The integrity of all cloned DNA(s) were confirmed by
DNA sequencing.
2.2.2 Construction of plasmid mutations

The mutations were introduced by site-directed mutagenesis, according to the Stratagene
protocol (Stratagene). Around 50 ng of plasmid and 150 ng of each primer were combined with
reaction buffer (20 mM Tris—HCI (pH 7.5), 8 mM MgCl2, 7.5 mM DTT, 50 pg/ml of bovine
serum albumin (BSA)), 150 uM dNTP mix, 1 units of KOD Hot Start DNA Polymerase
(Novagen), and deionized water to final volume of 50 pl. Primer sequences of NS1A mutant
(R38A) and NS1B mutants (R5S0A, R53A and R50A-R53A) are shown in table 2.1. Reaction
mixture was further treated with 10 units of Dpnl (New England Biolabs) at 37 °C for 2hrs.
Then 1 pl of treated reaction mixture was transformed into E. coli DH5a competent cells. The
presence of the expected mutations was confirmed by DNA sequencing.
2.2.3 Protein purification

This purification procedure is the same for all proteins expressed from genes cloned in
pGEX vector. Escherichia coli strain Rosetta 2 (DE3) (Novagen) containing the plasmid was
grown overnight in broth medium (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5% (w/v)
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NS1A mutant

Primer sequence

R38A-5’ CATTTCTTGATCGGCTTCGCGCGGATCAGAAGTCCCTAAG
R38A-3 CTTAGGGACTTCTGATCCGCGCGAAGCCGATCAAGAAATG
NS1B mutants Primer sequence

R50A-5° CAAGACCGCCTAAACGCACTAAAGAGAAAATTAG

R50A-3’ CTAATTTTCTCTTTAGTGCGTTTAGGCGGTCTTG

R53A-5° CCTAAACAGACTAAAGGCAAAATTAGAGTCAAG

R53A-3’ CTTGACTCTAATTTTGCCTTTAGTCTGTTTAGG

R50A-R53A-5° CAAGACCGCCTAAACGCACTAAAGGCAAAATTAGAGTCAAG
R50A-R53A-3° CTTGACTCTAATTTTGCCTTTAGTGCGTTTAGGCGGTCTTG

Table 2.1 Primer sequences of NS1A and NS1B mutants
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NaCl) containing ampicillin (100 pg/ml) at 37 °C. The cells were then diluted 1:100 in 4 x 0.5 1
medium and grown to a cell density of approximately 4 x 10°® per ml. IPTG was added to final
1 mM and the cells then grown overnight at 25 °C. Protein was purified according to a
procedure developed by Sigma Aldrich. Briefly, cells were collected by centrifugation,
resuspended in 50 ml column buffer (CB: 50 mM HEPES (pH 7.5), 50 mM NaCl) and
disrupted in a French pressure cell. Cellular debris was pelleted by centrifugation at 5,000g for
60 min at 4 °C. The supernatant was applied to a column containing glutathione agarose beads
(3 ml bed volume, equilibrated with CB), and washed with 100 ml of CB, then eluted with 10
ml elution buffer (EB: 10mM reduced glutathione, 50 mM Tris, pH 8.0). Fractions containing
the GST fusion protein were pooled together and dialyzed against FP binding buffer (50 mM
Tris (pH 8.0), 50 mM KCI, 1 mM DTT, 0.02% NaN;). The protein was concentrated by using
an Amicon bioseparator fitted with a 25 mm YM-3 membrane and applying 60—70 Ib/in2 N2
for 7-10 h at 4 °C.

This purification procedure is the same for all proteins expressed from genes cloned into
the pET28b vector. Escherichia coli strain Rosetta 2 (DE3) (Novagen) containing the plasmid
was grown overnight in broth medium (1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5%
(w/v) NaCl) containing ampicillin (100 pg/ml) and chloramphenicol (34 pg/ml) at 37 °C. The
cells were then diluted 1:100 in 2 I medium and grown to a cell density of approximately 4x10°®
per ml. IPTG was added to 1 mM and the cells then grown overnight at 25 °C. Protein was
purified essentially according to a procedure developed by Novagen. Briefly, cells were
collected by centrifugation, resuspended in 25 ml column buffer (CB: 50 mM Hepes, pH 8.0,
300 mM NacCl, 20 mM Imidazole) and disrupted in a French pressure cell. Cellular debris was
pelleted by centrifugation at 5000 xg for 60 min at 4 °C. The supernatant was applied to a
column containing Ni-NTA His binding beads (2 ml bed volume, equilibrated with CB), and
washed with 100 ml of CB, then eluted with 10 ml elution buffer (EB: 50 mM Hepes, pH 8.0,
300 mM NaCl, 250 mM Imidazole). The C-terminal His tag were removed by digestion with
TEV protease (50 Unit) overnight at room temperature. The sample then underwent size-
exclusion chromatography with a 50 mM Tris (pH 8.0), 300 mM KCI, 1 mM DTT, 0.02%
NaNj; buffer. Fractions containing the target protein were pooled together and dialyzed against

FP binding buffer (50 mM Tris (pH 8.0), 50 mM KCI, 1 mM DTT, 0.02% NaNj3). The protein
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was concentrated to 1-2 ml using an Amicon bioseparator fitted with a 45 mm YM-3
membrane and applying 6070 Ib/in> N, at 4 °C.
2.2.4 Fluorescence polarization (FP) assay

All fluorescence measurements were made using an Envision (Perkin Elmer Inc)
spectrofluorometer. The two 16 mer RNA oligonucleotides with sequence CCAUCCUCUA
CAGGCG (sense) and CGCCUGUAGAGGAUGG (antisense) were (5'-fluorescein) labeled.
Approximate 1:1 molar ratios of sense RNA and antisense RNA were mixed in 50 mM Tris
(pH 8.0), 100 mM NaCl buffer. The mixed solutions were heated to 90 °C for 2 min and then
slowly cooled to room temperature to anneal the duplexes. Samples were excited at 490 nm,
and emitted light was collected through an orange glass filter (OG 515, Schott). The binding
affinity for the NS1 and double stranded (ds)RNA complexes were determined by measurement
of the steady-state anisotropy of fluorescence as a function of added protein. The concentration
of dye labeled dsRNA was 5 nM. The binding buffer contains 50 mM Tris (pH 8.0), 50 mM
KCL 1 mM DTT, 0.02% NaNj. The concentration of protein was plotted against anisotropy of
fluorescence and fit to a hyperbola equation to get the dissociation constants. The nonlinear
regression analysis was performed in the program GraFit 5.0 (Erithacus Software).
2.2.5 Unlabelled dsRNA competition assay

The FP assay was performed with 5 nM fluorescein labeled dsRNA, 300 nM GST-
NS1A(1-215) and different concentrations of unlabeled dsSRNA (ranging from 0 nM to 400
nM).
2.2.6 Effect of DMSO, tRNA, BSA coating

The FP assay was performed with 5 nM fluorescein labeled dsRNA, 300 nM GST-
NS1A(1-215), and in the presence/absence of 1% DMSO, 50 ng/ul tRNA, and 2% BSA coating
respectively.
2.2.7 7’ factor calculation for high throughput assay

For a 384 well plate, the first 12 columns are loaded with a 300 uM protein and 5 nM
dsRNA mix, and the last 12 columns are loaded with dsRNA only. FP measurements were
made, and the Z’ factor calculated according to this equation: Z’ = 1-(3*SD¢+3*SD,,)/(Up-Uy).
Here, SD stands for the standard deviation of the free (SDy) and bound (SD,) samples

respectively. U stands for average value of the free (U,) and bound (Uy) samples respectively.
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2.3 Results
2.3.1 FP results for binding to various NS1A constructs

Figure 2.1 shows the results of the FP assay for binding a 5’-fluorescein labeled dsRNA
to various NS1A constructs, including NS1A(1-73), N-terminal GST fusion NS1A(1-215), and
C-terminal His-tagged NS1A(1-215). All FP values were expressed in millipolarization (mP)
units, and plotted against protein concentration (uM). As expected from previous studies, the
R38A mutant of both NS1A(1-73) and GST fusion NS1A(1-215) did not cause any change in
the FP signal of the dye labeled dSRNA. That is, the mutant protein failed to bind dsRNA.

Table 2.2 summarizes the binding affinities of dSRNA to the three NS1A constructs, at
two pH values. The N-terminal GST fusion NS1A(1-215) protein show the tightest binding
with a K4 around 0.16 uM. While the C-terminal His-tagged NS1A(1-215) and the NS1A(1-73)
bind to dsRNA almost 100 fold more weakly than the GST fusion protein. By lowering the pH
from 8.0 to 6.0, the NS1A(1-73) could achieve the same bind affinity toward dsRNA as the
GST fusion protein. The GST fusion protein also leads the best yield of expression from E. coli.
The yield of NST1A(1-73) peptide was not as high and required more purification steps, in
addition to removing the C-terminal his tag. The yield of the C-terminal His-tagged NS1A(1-
215) was very low because most of protein was found in the insoluble fraction, and presumably
denatured. Finally, in establishing our FP assay, we showed that the 5’-fluorescein labeled
dsRNA bound to the GST-NS1A(1-215) could be successfully displaced by unlabelled dsRNA,
as shown in figure 2.2; this showed that in principle at least, the construct could reveal the
binding of ligands that compete with dSRNA. Overall, the GST-NS1A(1-215) construct was the
best candidate for FP assay against NS1A.
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Figure 2.1: FP signal of 5’-fluorescein labeled dsRNA binding to the (a) NS1A(1-73), (b) GST-
NS1A(1-215), (c) NS1A(1-215). The wild type is shown as open circle and the corresponding
R38A mutant as a filled circle.

GST-NS1A(1-215) NS1A(1-215) NS1A(1-73)  NSIA(1-73)
(pH 8.0) (pH 8.0) (pH 8.0) (pH 6.0)

Ka (M) 0.16 13 14 0.2

Yield ++ - + +

Table 2.2: Binding affinity for dsRNA and expression yield in E.coli of various NSI1A

constructs.
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Figure 2.2: Competitive assay between labeled (5nM) and unlabeled dsRNA with GST-
NS1A(1-215) (300nM).
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2.3.2 FP results of various NS1B constructs (including wild type and mutants)

Figure 2.3 showed the results of FP assays for binding a 5’-fluorescein labeled dsRNA to
various N-terminal GST fusion NS1B constructs, including GST-NS1B(1-104), GST-NS1B(1-
145) and GST-NS1B(1-218). All FP values were expressed in millipolarization (mP) units, and
plotted against protein concentration (uUM). As expected, both the R50A mutant of GST-
NSI1B(1-104) and the double mutant RSOA-R53A of GST-NS1B(1-145) failed to cause any
change in FP signal, that is did not bind the oligonucleotide. Table 2.3 summarizes the binding
affinities of dsSRNA to all three NS1B constructs. The N-terminal GST fusion NS1B(1-145)
protein showed the tightest binding with a Ky around 0.05uM. While the GST-NS1B(1-104)
not only bind dsRNA around 30 fold weaker, but also showed much weaker FP signal than the
GST-NS1B(1-145). As shown in figure 2.3 panel a, the maximum change of mP unit is too
small to constitute a significant positive signal. Although GST-NS1B(1-218) showed similar
binding affinity toward dsRNA as that of GST-NS1B(1-145), the yield of that protein was
extremely low. In addition, the impurity of GST-NS1B(1-218) made it hard to accurately
quantify the amount of the protein used in the assay. Overall, the GST-NS1B(1-145) construct
was the best candidate for FP assay against NS1B.

2.3.3 The effect of additives on the FP assay (including DMSO, tRNA and BSA)

All the compounds in our library collections are dissolved in 100% DMSO to a final
concentration of ~10mM. As a consequence, DMSO will be transferred to all inhibitors assays.
The effect of DMSO concentration on fluorescence polarization assay was tested. As shown in
Figure 2.4, up to 1% of DMSO is tolerated by the fluorescence polarization assay. Above 1%, a
significant decrease of polarization was observed, probably due to the denaturation of the
double stranded RNA. This means that compounds from the libraries must be diluted at least
100 fold, producing a maximum assay concentration of ~100 uM. As shown in figure 2.5 panel
a, the titration curves of FP signal vs. protein concentration in the presence and absence of 1%
DMSO can almost overlap with each other.

In a common protein dsRNA binding assay, 50 ng/pul tRNA was used to prevent non-
specific binding of dsRNA to protein (Chien, 2004). Our FP assay showed that there was no
strong impact of tRNA on the assay, see figure 2.5 panel b. There is also a concern that the
protein-dsRNA complex may stick to the surface of the well, which may give a false positive

signal. To address this concern, two percent BSA was used to coat the 384 well plate before
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Figure 2.3: FP signal of 5’-fluorescein labeled dsRNA binding to the (a) GST-NS1B(1-104),
(b) GST-NS1B(1-145), (c) NS1B(1-218). The wild type is shown as open circle and the

corresponding R38A mutant as a filled circle.

GST-NSIB(1-104)  GST-NSIB(1-145)  GST-NSIB(1-218)

Kq (M) 1.4 0.05 0.18
Yield + ++ -

Table 2.3: Binding affinity for dsRNA and expression yield in E.coli of various NS1B

constructs.
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Figure 2.5: FP signal of 5’-fluorescein labeled dsSRNA binding to the GST-NS1A(1-215) in the
presence and absence of (a) 1%DMSO, (b) 50ng/ul tRNA, and (c¢) 2%BSA coating. The open
circles represent the FP signal in the presence of corresponding additives, and the filled circles

represent the FP signal in the absence of corresponding additives.
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adding the binding solution mix; the FP assay results showed that the change of binding
constants with or without BSA coating were negligible, see figure 2.5 panel c.
2.3.4 7 factor for the high throughput FP assay

Before an experimental screening is carried out it is essential to quantify the robustness
of the assay. For this purpose the Z’ factor of this high throughput assay was calculated. The Z'
factor is computed from experimental observations, via the expression Z=1-
(3*SD¢+3*SDy,)/(U,-Uy). Basically, Z’ factor is a measure of the quality of a high-throughput
screening (HTS) assay (Arai 2001). An assay can be considered validated for high throughput
screening after three independent experiments have been shown to result in reproducible and
suitable Z’ factor values. If the Z’ factor is above 0.9, it means the assay is an excellent one. If
it is between 0.7 and 0.9, then it is a good one. If Z’ factor is below 0.5, that means the assay is
not a working one at all. The Z’ factors of our assay from three independent experiments are
0.87, 0.88 and 0.85 respectively. Therefore, the average Z’ factor for our assay is 0.87, which
means our high throughput assay is a good one.
2.4 Discussion

Fluorescence polarization (FP) assays are among the most widely used high throughput
screening methods for drug discovery (Roehrl, Wang et al. 2004; Roehrl, Wang et al. 2004;
Rishi, Potter et al. 2005). It is compatible with the requirements of high throughput assay,
which includes: (1) minimal experiment steps; (2) stable and homogeneous experiment
reagents; (3) highly sensitive and rapid readout; (4) amenable to automation (Roehrl, Wang et
al. 2004; Zhang, Huang et al. 2006). Here we used FP assay to determine the binding affinity of
fluorescein-labeled dsRNA to different NS1A /NS1B constructs. Usually, the concentrations of
the fluorophore and its binding partner are the major factor determining the interference of the
potential inhibitors. A high concentration of fluorescein-labeled dsRNA and NS1 complex
would result in reduced sensitivity for weak inhibitors. To maximize the effective concentration
of potential inhibitors, we were looking for the NS1 construct that allowed us to use a low
protein concentration. In other words, we chose the NS1 construct with the highest binding
affinity to dsRNA.

Our FP assay showed that the N-terminal GST fusion NS1A(1-215) is the best choice
among all the NS1A constructs. There is a serious aggregation problem for C-terminal His-

tagged NS1A(1-215) protein during preparation, which makes it impossible for large scale
33



purification. The RNA binding domain of NS1A, NS1A(1-73), binds to dsRNA almost 100
fold weaker than does the GST-NS1A(1-215) fusion construct. Decreasing the pH of the buffer
from 8.0 to 6.0 could achieve the same binding for the NS1A(1-73) toward dsRNA as that of
the GST fusion protein. However, fluorescein is strongly quenched at pH 6, reducing its utility
as a probe. As shown in Figure 2.6, the intensity of fluorescence dropped by three fold when
pH is 6.0, which means that we would have to use three fold more of reagents at pH6.0 to
achieve the same amount of signal intensity at pH8.0. It’s unclear why the GST-NS1A(1-215)
binds dsRNA much tighter than NS1A(1-73). Since the R38A mutant of GST-NS1A(1-215)
didn’t bind dsRNA at all, the N-terminal GST domain is obviously not directly involved in the
interaction with dsRNA. It is known that GST behaves as a dimer in solution. It’s very likely
that the N-terminal GST protein facilitates the dimer formation of NS1A(1-215). That could
explain why the GST fusion protein has the highest binding affinity toward dsRNA. The GST-
NSI1B(1-145) showed the tightest binding affinity toward dsSRNA with a K4 around 0.05uM.
The other two GST fusion NS1B proteins were excluded mainly because of the poor purity and
low yield.

The FP assay conditions were optimized with different additive chemicals, including
DMSO, tRNA and BSA. DMSO is frequently used as a solvent for commercial chemical
compound library due to its excellent solvating power. To maximize the effective concentration
of potential inhibitors, we were looking for the highest DMSO concentration that our assay
could tolerate. It turned out that up to 1% DMSO can be tolerated in our assay. Other potential
assay complications, like non specific RNA binding, were assessed using tRNA addition and
BSA coating. We established a useful assay with an excellent Z’ factor of 0.87. In summary,
the fluorescence polarization assay was optimized and miniaturized for high throughput

screening.
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Figure 2.6: Comparison of pH-dependent fluorescence of the Oregon Green 488 (W),
carboxyfluorescein (23) and Alexa Fluor 488 (L) fluorophores. Fluorescence intensities were
measured for equal concentrations of the three dyes using excitation/emission at 490/520 nm.

Cited from http://probes.invitrogen.com’/handbook/figures/0495.html
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Chapter 3: High Throughput Screening (HTS) of Compound
Libraries for NS1 Inhibitors

3.1 Introduction

The high throughput fluorescence polarization assay is typically designed as competitive
equilibrium binding assay. It usually detects changes in polarization caused by changes in the
effective mass of the fluorescently labeled molecule. As molecular mass increases, as when
the labeled molecule binds to a target protein, polarization decreases. When a small ligand
competes successfully with the fluorescently labeled molecule, the dye is displaced, tumbles
more quickly, and polarization increases. Here, a high throughput FP assay was developed to
screen small compound libraries against dSRNA binding by the NTD domain of NS1 protein.
Fluorescein-labeled dsRNA is pre-incubated with the N-terminal GST fusion to NS1A (residue
1-215) protein. Then the decrease of fluorescence polarization indicated the displacement of
dsRNA by potential