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Abstract

Human respiratory syncytial virus (HRSV) is a non-segmented negative stranded
RNA virus classified within the Mononegavirales order. HRSV is the leading cause
of lower respiratory tract illness in young children and the immunocompromised,
with over 250,000 annual fatalities worldwide. HRSV-mediated diseases are
especially prevalent in developing countries, where no financially viable treatment
exists. The M2-1 protein of HRSV represents a promising potential anti-viral target
for the treatment of HRSV-mediated diseases. M2-1 is a transcription anti-
terminator with an essential role in viral gene expression. M2-1 binds both viral
RNA and the polymerase co-factor phosphoprotein (P), and these interactions are
essential for its anti-termination activity. Here, the crystal structure of M2-1 in
complex with a P protein peptide was determined and used in addition to the
unbound M2-1 crystal structure as a basis to identify potential anti-viral
compounds. Structure based drug design (SBDD) of M2-1s interaction interface
with RNA/ P produced hit compounds that were analysed through biophysical,
structural and in cellulo methods including the use of a mini-genome and
infectious HRSV assay. SBDD identified hit compounds that significantly inhibited
the growth of HRSV. Subsequently, synthetic chemistry was used to generate
libraries of molecules to establish structure-activity relationships (SAR) as well as
assess their pharmacokinetic properties. Further, a novel facility that allowed
assessment of fragment binders to HRSV M2-1 by X-ray crystallography was
utilised to determine hit binders towards the entire M2-1 protein, including the
previously targeted RNA/ P surface and allowed further rapid SAR. The work
presented here represents an effective strategy to rationally design anti-viral
compounds for the M2-1 protein of HRSV with potential applications for the
related virus, bovine respiratory syncytial virus (BRSV).
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1.1 HRSV Classification & Discovery

Human respiratory syncytial virus (HRSV) was first isolated in 1956 in
chimpanzees (Chanock et al., 1957) and shortly after was isolated in children in
the USA. From its initial discovery 60 years ago, HRSV is now regarded as the
main cause of lower respiratory tract infections (LRTI) in infants. HRSV is
classified within the Mononegavirales order, which was established in 1991
(Pringle, 1991) to accommodate single stranded, negative sense non-
segmented RNA viruses. The Mononegavirales order contains many high-profile
pathogens of humans, animals and plants, including Ebola virus (EBOV)
(Filoviridae family), rabies virus (RV) (Rhabdoviridae family) and Sendai (SENV),
mumps (MuV) and measles viruses (MV) of the Paramyxovirinae family. Recently,
the Pneumovirus genus that includes HRSV and human metapneumovirus
(HMPV) has undergone re-classification; the previous Pneumovirus genus has
now been elevated in status to represent the family Pneumoviridae, and the
Pneumovirus genus that included HRSV (Table 1) was renamed
Orthopneumovirus to avoid confusion between family and genus taxa (Afonso et
al., 2016).
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Species

Virus

Paramyxoviridae  Morbillivirus

Canine distemper
virus

Cetacean
morbillivirus

Feline morbillivirus

Measles virus

Peste-des-petits-

canine distemper
virus (CDV)

cetacean
morbillivirus (CeMV)

feline morbillivirus
(FeMV)

measles virus (MeV)

peste-des-petits-

ruminants virus ruminants virus
(PPRV)
Phocine  distemper phocine distemper
virus virus (PDV)
Rinderpest virus rinderpest virus
(RPV)
Family Genus Species Virus
Respirovirus Bovine parainfluenza bovine parainfluenza

virus 3

Human parainfluenza
virus 1

Human parainfluenza
virus 3

Porcine parainfluenza
virus 1

Sendai virus

virus 3 (BPIV-3)

human
parainfluenza virus 1
(HPIV-1)

human
parainfluenza virus 3
(HPIV-3)

porcine
parainfluenza virus 1
(PPIV-1)

Sendai virus (SENV)
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Family Genus Species Virus
Rubulavirus Human parainfluenza human
virus 2 parainfluenza virus 2
(HPIV-2)
Human parainfluenza human
virus 4 parainfluenza  virus
4a (HPIV-4a)
human
parainfluenza  virus
4b (HPIV-4b)
Mapuera virus mapuera virus
(MapV)
Mumps virus mumps virus (MuV)
pbat mumps virus
(BMuV)
Parainfluenza virus 5 parainfluenza virus 5
(PIV-5)
Simian virus 41 simian virus 41 (SV-
41)
Family Genus Species Virus
Pneumoviridae  Metapneumovirus  Avian avian
metapneumovirus metapneumovirus
(AMPV)
Human human
metapneumovirus metapneumovirus
(HMPV)
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Family Genus Species

Virus

Orthopneumovirus  Bovine respiratory
syncytial virus

Human  respiratory
syncytial virus

Murine  pneumonia
virus

bovine  respiratory
syncytial virus
(BRSV)

human  respiratory
syncytial virus A2
(HRSV-A2)

human  respiratory
syncytial virus B1
(HRSV-B1)

human  respiratory
syncytial  virus  S2
(HRSV-52)

murine  pneumonia
virus (MPV)

Table 1 Tabulation of members of the Mononegavirales order,

Paramyxoviridae and Pneumoviridae families

A full taxonomy of the Mononegavirales order can be found in Afonso et al,

(2016).
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1.2 HRSV epidemiology and symptoms

HRSV is extremely contagious and is found in large quantities in respiratory
secretions. It is transmitted via direct close contact with respiratory droplets and
contact with fomites (Hall & Douglas, 1981). HRSV epidemiology is
characterised by a peak in hospitalisations in winter months and in the UK, the
annual epidemic peak of infections is late December to early January (White et
al., 2005). Virtually all children have been infected with HRSV by the age of 2,
with non-antigen variation re-infection through the host’s lifetime a common
event due to evasion of IgA B cell memory (Glezen et al., 1986; reviewed by
Griffiths et al., 2017) and incomplete or short-lived protective immunity (Sande et
al., 2014). The highest mortality rates are associated with infants under 6
months of age, where infection of the bronchiolar and alveolar epithelium results
in acute lower respiratory tract disease such as bronchiolitis and pneumonia and
is associated with a ‘wheezing’ sound during breathing. Between 66,000-
199,000 children under 5 years of age are estimated to die from HRSV
associated acute lower respiratory infections yearly, with 99 % of mortality
occurring in developing countries (Nair et al., 2010). In developed countries,
HRSV associated mortality is low in infants and mortality is usually associated
with a second underlying condition (Byington et al., 2015). HRSV mortality in the
US accounts for 11,000 -17,000 deaths per year with 10 times this amount
suggested to require hospitalisation or treatment, resulting in large costs to the
healthcare system. These values are likely underestimations as in cases of
pneumonia and LRTI hospitalisation, HRSV is non-discriminate in its symptoms
from other severe respiratory viruses and is usually undetected as the cause of
mortality and hospitalisation (Han et al., 1999). In the general adult population,
HRSV infection re-occurs throughout life with only mild to moderate symptoms
of the ‘common cold’ (rhinorrhoea, fever and cough), however an increase in
disease severity and mortality is seen in the immunocompromised, transplant
recipients and elderly cohorts.

HRSV infection and subsequent hospitalisation in infants has been linked to
chronic wheezing and asthma in adulthood. IL-33 is known to signal
downstream cytokines (IL-4, IL-5 and IL-13) that are implicated in asthma
genesis. In a mouse model, HRSV infection induced high levels of IL-33
expression in neonates but not adult mice, with the levels of IL-33 determining
the severity of asthma in adulthood (Saravia et al., 2015). In addition, bronchial
epithelial cells, the site of HRSV infection that results in LRTI, express high levels
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of IL-33 and poses a credible link between HRSV infection and development of
asthma in adulthood (Schmitz et al., 2005).

1.3 HRSV genome

The HRSV genome (A2 strain) is composed of a single strand of negative sense
RNA approximately 15.2 Kb in length (Collins et al., 1995). The HRSV genome
consists of 10 genes (Collins et al., 1984), each expressing a single mRNA and
together encoding a total of 11 proteins (Table 2). The Pneumoviridae family that
includes HRSV, HMPV and BRSV is the only family of the Mononegavirales
order to encode an M2 gene (Figure 1). The M2 gene expresses an mRBNA with
two open reading frames (ORFs) that encodes two proteins, M2-1 and M2-2.

Paramyxovirinae
Rubulavirus- Mumps Virus (MuV)

- N HVPHMH F HN- L -

Respirovirus- Sendai virus (SeV)

M K F [ HN M L —

= N

P/V/C

Morbillivirus- Measles virus (MeV)

M m F - H L —

= N P/V/C

Pneumoviridae

Othopneumovirus- Human respiratory syncytial virus (HRSV)

{H}N'P'M'SH'G' Foof M2 \ -

NS1NS2 I
Metapneumovirus- Human metapneumovirus (HMPV)

= NAPHMHK F HM2iSHKf G L -

Figure 1 Genome schematic

Schematic of the genomic organisation of members of the Paramyxovirinae
and Pneumoviridae families. All genomes are represented in a 3’ to &’
orientation.
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Protein Protein Description
Acronym
NS1 Non-structural Immune evasion
protein 1
NS2 Non-structural Immune evasion
protein 2
N Nucleoprotein Encapsidates viral RNA, prlevents viral
genome degradation
Polymerase co-factor, interacts with L, N
P Phosphoprotein and M2-1 for roles in both replication and
transcription
M Matrix protein Role in virion assgzmbly and flllamentous
virion particle elongation
SH Small hydrqphoblc Viroporin
protein
G Glycoprotein Attachment protein of virus particle to cell
. , Fusion of viral and cellular membranes and
F Fusion protein . .
syncytia formation in cellulo
Anti-terminator, synthesis of full mRNA
i . , transcripts and polycistronic read-though
M2-1 Matrix-lie protein 1 mMRNAs, allowing RdRp access to distal
genes
M2-2 Matrix-like protein 2 | Regulation of transcription and replication
L Large protein RNA dependent RNA polymerase (RARp)

Table 2 HRSV proteins

HRSV encodes 11 proteins, their full-name, acronym and function is

described.
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1.4 Non-structural HRSV proteins (NS1 and NS2)

NS1 and NS2 are the first 2 genes in the HRSV gene order, and their position
close to the 3’ end of the genome results in their corresponding mMRNAs being
abundantly transcribed in accordance with the transcriptional programme of
HRSV (Fearns & Collins, 1999). Expression of NS proteins are defining
characteristics of all viruses classified within the Orthopneumovirus genus, with
no other members of the Mononegavirales Order expressing NS1 or NS2
homologs. Neither NS1 nor NS2 are essential for virus growth, as gene deleted
variants can be rescued as infectious virus. However, these viruses are severely
growth attenuated in both continuous and primary cell cultures (Buchholz et al.,
1999) and have been trialled as live attenuated vaccine candidates (Whitehead
et al., 1999).

NS1 and NS2 of HRSV are 139 and 124 amino acids in length respectively with
a 69% sequence identity between NS1 of HRSV A strain and BRSV whilst NS2
had an 84% identity between HRSV A strain and BRSV (Pastey & Samal, 1995).
NS1 and 2 of HRSV are multifunctional proteins (Bermingham & Collins. 1999)
with roles in innate immune evasion. The NS proteins are potent antagonists of
the IFN o/ B mediated host cell response and expression of both allows maximal
antagonism via complementary mechanisms (Schlender et al., 2000). Other
Paramyxoviridae family members such as MV antagonise interferon signalling via
their accessory proteins C and V (reviewed in Gotoh et al., 2001). BRSV NS1
and NS2 were found to more potently antagonise the IFN response in bovine
cells (MDBK) than Vero cells (African Green Monkey) (Schlender et al., 2000)
whilst HRSV NS proteins were found to potently inhibit IFN in a human lung
epithelia (A549) and fibroblast (MRC-5) cell lines (Atreya & Kulkarni, 1999) and
suggest a species specificity of this host cell antiviral response.

NS2 is involved in proteosomal degradation of the STAT2 signal transduction
factor and results in the suppression of the IFN (type I) pathway (Ramaswamy et
al., 2006). NS1 is also thought to target STAT2 to the protesome using ubiquitin
ligase enzymes (Elliott et al., 2007). IFN type Ill pathways are also inhibited in
HRSV infection likely due to using the same STAT factors for downstream
signalling (Spann et al., 2004). NS1 and NS2 deletion mutants illustrated that
NS1 was responsible for suppressing CD103+ and CD8+ T cells activation and
proliferation and supressing Th17 cells, both involved in a protective role during
infection and promoted Th2 cell activation that enhance associated disease
(Munir et al., 2011). NS1 has been identified in inefficient migration of human
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dendritic cells to the lymphatic tissue by supressing human dendritic cell
maturation and contributes to the decrease in adaptive response (Le Nouén et
al., 2011). Cytoplasmic receptors that have been involved in binding the NS
proteins to inhibit downstream signalling events and evade immune response
pathways include; RIG-1 binding to NS2 (Ling et al., 2009), IKKe binding to NS1
and TRAF3 interactions with both NS1 and NS2 (Swedan et al., 2009).
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1.5 HRSYV life cycle

The primary target of HRSV are epithelial cells lining the respiratory tract. The
virus enters via the apical surface, and following synthesis of viral components,
the assembled progeny virus also leave the cell via the apical route, to infect
neighbouring cells. All stages and viral components involved in this cycle are
described below and summarised as a schematic in Figure 2.
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Figure 2 Schematic of the HRSV life cycle

(1) HRSV attaches (via G) to the apical cell surface of epithelial cells and
binds (via F) to the nucleolin receptors, conformational change of F from
pre-post fusion results in fusion of viral and cell membranes; (2) the virus is
endocytosed (assumed by macropinocytosis) and the RNP is released into
the cytoplasm; (3) on entering the cell, HRSV first enters a stage of
transcription and translation of the 11 proteins; (4) once sufficient protein
levels are acquired HRSV then begins to replicate its genome (-) via an
anti-genome (+) intermediate; (5) the M protein directs viral assembly at the
apical cell surface with F, G and SH inserted into the cell membrane used
for the virions membrane and encases the VRNP; (6) progeny virions are
released.

10
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1.5.1 Virion

Similar to other Paramyxoviruses, HRSV virions are both enveloped and
pleomorphic (Bachi & Howe, 1973) being visualised in both spherical (100 nm- 1
um) and filamentous (200 nm- 2 pm; width 70- 190 nm) forms by cryo-EM
(Figure 3). The role or relevance of the two infectious forms of HRSV in the virus
life cycle is poorly understood, although virions with filamentous morphology
appear to exhibit reduced infectivity (Lilieroos et al., 2013).

The viral envelope is derived from the host cell plasma membrane and contains
three virus-encoded surface glycoproteins namely the fusion (F) protein, the
attachment glycoprotein (G) and the small hydrophobic (SH) protein that do not
influence the morphology of the virus. The envelope surrounds an inner layer of
matrix (M) protein that also interacts with the cytoplasmic tails of the envelope
glycoproteins. The matrix layer is also thought to interact with the internal
ribonucleoprotein (RNP) component of the virion, which comprises the RNA
genome encapsidated by the nucleocapsid protein (N). The virion also contains
an RNA dependent RNA polymerase (RdRp), comprising the phosphoprotein (P)
and the large (L) protein. This polymerase must be transcriptionally active when
the virus enters a new cell in order to initiate viral gene expression, and so it
likely also includes the M2-1 protein that acts as an essential polymerase co-
factor.

11
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TN o
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Figure 3 HRSV virion morphology

HRSV virion morphology determined by cryo-EM (Liljeroos et al., 2013). A-
filamentous virion; B- intermediate virion morphology displaying both
filamentous and spherical structures; C- spherical virion; D as B; E-
deformed spherical virion in close proximity to other virus particles (scale
bar, 100 nM). White and black arrows indicate RNPs whilst green arrows
indicate a second layer of density under the viral membrane, assumed to
be M2-1; F- schematic representation of virions displayed in images A-E.

12
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1.5.2 Viral entry

The mechanism of HRSV entry is currently unclear (reviewed by Chang & Dutch,
2012). Both clathrin-mediated endocytosis (CME) and macropinocytosis have
been postulated as mechanisms for HRSV entry, with evidence in the literature
for both. In support of CME, a siRNA library targeting CME-associated genes
such as Pab5A and clathrin light chain AP71B17 resulted in decreased infection
(Kolokoltsov et al., 2007) whereas inhibition of clathrin and caveolin- dependent
endocytosis through the use of established small molecule inhibitors blocked the
uptake of HRSV cell surface antigen-antibody complexes (Ortega et al., 2008).
Furthermore, HRSV and the closely related HMPV were found to use endosomal
pathways to enter cells (Kolokoltsov et al., 2007; Palgen et al., 2015) implicating
CME as the entry pathway. More recently macropinocytosis has been proposed
as a mechanism for HRSV entry with the virus being shown to internalise by an
actin-dependent process, with actin found in large quantities within purified
virions (Ulloa et al., 1999; Kallewaard et al., 2005). In further support of a
macropinocytosis mechanism, the virus was endocytosed and entered Rabb
positive fluid-filled macropinosomes before fusing with the macropinosome
membrane after internalisation. This mechanism of viral entry was shown to
occur in polarised human epithelial cells (Krzyzaniak et al., 2013), the primary
site of HRSV infection. Further, the related Nipah and EBOV viruses have been
postulated to enter cells via micropinocytosis, as compounds that inhibited
macropinocytosis also inhibited viral entry (Pernet et al., 2009).

The trans-membrane surface proteins implicated in HRSV entry comprise the
fusion glycoprotein (F), the attachment glycoprotein (G) and the small
hydrophobic (SH) protein, and are discussed below.

1.5.2.1 F Protein

The activity of a fusion protein (F) is a requirement for all enveloped viruses in
order to mediate fusion between the viral envelope with a cellular membrane,
and allow virus entry. Nucleolin is the only determined receptor to bind HRSV F
and is located at the apical cell surface of epithelial cells, the site of HRSV entry
(Tayaari et al., 2011). Nucleolin has also been identified as a host cell receptor of
human parainfluenza virus type 3 (HPIV-3) (Bose et al., 2004) and Group B
Coxsackieviruses (DeVerdigo et al., 1995) and thus could be an entry receptor
for multiple viruses, however nucleolin was not identified as a cell receptor for

13
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SENV raising the possibility of alternative receptors for viral entry (Fujiki et al.,
2014).

After HRSV F binds to its receptor on the target cell, the protein undergoes an
irreversible structural rearrangement from a pre- to post-fusion conformational
state following viral-cell fusion. The pre-fusion state of F (F,) requires
independent cleavage of two furin sites into two disulphide-linked subunits (F,
and F,) to allow the F protein to mediate fusion (Gonzales-Reyes et al., 2001). All
other fusion proteins from the Paramyxoviridae family only require protease
cleavage at one site. For HRSV, the second furin site must be cleaved to release
pep27 and results in an infectious and fusion competent virus (Krzyzaniack et
al.,, 2013). X-ray structure determination of post-fusion F (McLellan et al., 2011;
Swanson et al., 2011) (Figure 4) described a cone shaped trimer with a six-helix
bundle core formed by three heptad repeats (a structural motif that forms the
basis of coiled coils) with three anti-parallel heptad repeats that allow pH
independent (Zhao et al., 2000) fusion by pulling cell and viral membranes to
close proximity. Comparison with related viruses, PIV3 and NDV revealed high
structural similarities of their respective F proteins despite low sequence identity
(McLellan et al., 2011) and suggested a similar mechanism for these viruses to
allow cell fusion and viral entry.

14
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Figure 4 Structure of HRSV pre and post fusion F

F protein structures were determined by X-ray crystallography (pre-fusion-
Rossey et al., 2017; post-fusion- McLellan et al., 2011). A- a llama derived
single domain antibody (VHH) neutralised HRSV by binding to F and
maintaining its pre-fusion conformation, the pre-fusion form of F can be
described as a ’spring-loaded’ trimer; B- post-fusion F is characterised by
a six helical bundle, with three heptad and antiparallel heptad repeats. The
cone shaped trimer head contains antigenic site ll, the binding target of the
only HRSV-specific treatment palivizumab and is further discussed in
section 1.9.

1.5.2.2 G protein

The HRSV attachment protein (G) is involved in attachment of HRSV to ciliated
cells within the nasopharyngeal epithelium (Levine et al., 1987). HRSV G has a
low level of sequence identity with other Paramyxoviridae family attachment
proteins. HRSV G is heavily glycosylated with N- and O-linked oligosaccharides
(Wertz et al., 1985) and removal of these oligosaccharides resulted in a 97%
reduction in infection in vitro (Lambert, 1988) and suggested that G may bind to
carbohydrate binding proteins on host cells.

15
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Studies found G to bind heparin sulphate proteoglycans (HSPG) (Krusat &
Sreckert, 1997) but these findings were at odds with the observation that
HSPGs were not present in human epithelial cells, the primary site of HRSV
infection and suggest that G does not bind HSPG for its attachment function.
Annexin Il has been implicated in binding the G protein, with recombinant
annexin Il decreasing HRSV infection in Hep2 cells (Malhorta et al., 2003).
Recent studies in which virus attachment and infectivity was examined using
differentiated human airway epithelial cells identified the chemokine receptor
CX3CR1 as the receptor recognised by G (Johnson et al., 2015; Jeong et al.,
2015; Chirkova et al., 2015).

Members of the Paramyxoviridae family, such as MV require G as a prerequisite
to signal for fusigenic activity of the F protein (Nauaratnarajah et al., 2011) with
the virus and target membrane, however HRSV G is dispensable for infection in
vitro, revealed by the ability of recombinant HRSV lacking the G gene to infect
cells in culture (Teng et al.,, 2001). Due to HSPGs being expressed in the
aforementioned assay but not in human epithelial cells, the site of HRSV
infection, the validity of this study is questionable. A recent study has shown a
higher dependency on G than previously thought, determined by strain
specificity of F (Meng et al., 2016).

The G protein also exists as an N-terminally truncated form that is secreted by
epithelial cells (Hendricks et al 1987). Soluble forms of the attachment protein
have also been recorded for VSV and showed the soluble, truncated form of G
to be functional and not a by-product of virion degradation (Little & Huang,
1977). The soluble form of G is thought to play a role in immune evasion by
inhibiting TLR3/4 mediated IFN beta induction (Shingai et al., 2008).

1.5.2.3 SH Protein

The role of the small hydrophobic (SH) protein (64 amino acids HRSV A2 strain)
in the virus life cycle is unclear. It is non-essential for virus replication as
infectious virus can be recovered following SH gene deletion, although the
resulting virus shows partial growth attenuation in certain cell types and small
animal models (Bukreyev et al., 1997; Jin et al., 2000; Russell et al., 2015). SH-
deleted HRSV also induces altered innate immune signalling characteristics, in
particular increased apoptosis (Fuentes et al, 2007). SH has been suggested to
be a viroporin (Perez et al., 1997), causing membrane permeability and acting as
an ion channel. Mutation of the basic His residues 22 and 51 of SH (to Ala)
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abolished channel activity at low pH (5.5) suggesting pH dependence for
channel activity. A requirement of His residues has also been reported for the
viroporin of Influenza A, known as M2 (Schnell & Chou, 2008).

The SH protein (with attached FLAG tag) was determined by negative stain EM
to display distinct 5 and 6-fold symmetry consistent with a pentamer or hexamer
(Carter et al., 2010). A model was hypothesised in which SH was a hexamer in
solution with a central void ‘pore’. The SH protein (cleaved from His-MBP tag)
was further assessed by solution NMR (Gan et al.,, 2012) and determined in
multiple detergents to form pentamers and is most likely that natural oligomeric
state of SH due to absence of expression tags during structural analysis. Each
SH protomer was formed of a single transmembrane a helix, flanked by an a
helix at the N-terminal domain (NTD) that forms a ring around the pore lumen
and an extended beta turn at the C-terminal domain (CTD). The HRSV SH
protein function is similar to that of the M2 protein of influenza A (Gonzalez &
Carrasco, 2003), however M2 forms tetramers in solution as determined by
NMR (Schnell & Chou, 2008) showing that these viroporins display different
oligomeric states in different viruses.

1.5.3 Replication & Transcription

The HRSV RdRp is proposed to enter the genome template at promoter
sequences at its 3’ end for both HRSV genome replication and transcription
functions (Fearns & Collins, 1999). For transcription, the HRSV polymerase
comprises L, P and also M2-1 proteins. This transcriptase migrates along the
genome template in the 3’ to 5’ direction and transcribes each gene individually
to synthesise a total of 10 mRNA transcripts that are both 5’ capped and 3’
polyadenylated. In contrast, genome replication requires a different RdRp that
comprises only L and P proteins. This replicase copies the template strand into
a single contiguous complementary RNA molecule called an anti-genome that is
encapsidated in N protein to form a ribonucleocapsid (RNP). The initial RNA
synthesis activity performed by these polymerase-associated proteins is
transcription, with viral mMRNAs being detected in the cytoplasm 4-6 hours post
infection (Collins & Crowe, 2007). Once HRSV proteins are in abundance the
polymerase switches to HRSV genome replication that also requires a supply of
N protein, although the precise events that mediate this switch in activity are
poorly understood. The anti-genome RNP is then used as a template for further
genome RNP synthesis.
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The HRSV genome (Figure 5) contains non-coding regions at the 3’ and 5’
termini termed the leader (le) and trailer (tr) sequence respectively. Each HRSV
gene is flanked by a conserved gene start (GS) and semi-conserved gene end
(GE) sequence, which are separated by a non-conserved intergenic region
(Collins et al., 1986). The cis-acting conserved and semi-conserved GS and GE
sequences play a role in transcription initiation (Kuo et al.,, 1995) and
transcription termination/ polyadenylation respectively (Kuo et al., 1996; Fearns
& Collins, 1999). The GS and GE sequences are separated by an intergenic
region (IGR), and together these three elements make up the gene junction (GJ).
The diverse HRSV GJs were shown to respond differently to M2-1, however in
all cases the addition of MZ2-1 increased the abundance of read-through
transcripts with the F/M2 GJ being most sensitive to the presence of M2-1
(Hardy et al., 1999).

'ﬁlms:nmz“ N Inlllll

Figure 5 HRSV genome

The HRSV genome consists of 10 genes with the GS shown as green, GE
as red and the IGR as grey.

The IGRs vary in length from 1- 52 nucleotides and are not conserved in
sequence or length except for one ‘A’ nucleotide at the last nucleotide position
that immediately precedes the conserved GS (Collins et al., 1986; Kuo et al.,
1995). The IGR of VSV plays a role in termination and initiation of transcription
(Stillman & Whitt, 1997; Barr et al., 1997). However, there seems to be no
defined role for the non-conserved IGRs in HRSV (Kuo et al., 1996).
Transcription of the 10 HRSV genes occurs in a sequential manner from the 3’
to &’ end, with termination of transcription of an upstream gene being required
for initiation of transcription of a downstream gene. Transcripts generated from
the 3’ end of the genome are more abundant that those transcribed from the 5°
end (Dickens et al., 1984), and this phenomenon is due to localised transcription
attenuation that is thought to occur as the polymerase crosses the GJ.
Transcripts from genes located at the 3’ end such as the NS mRNA are
transcribed in large quantities, probably to allow effective inhibition of innate
immune response pathways whilst L at the 5’ end is produced in minimal
amounts due to its catalytic role in RNA polymerisation. However, sufficient
levels of L exist for its polymerase function allowing for transcriptional economy
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(Fearns & Coallins, 1999; Barik, 2004). The rate of polymerase attenuation has
been measured in the closely related VSV to be 21% per gene junction (Barr et
al., 1997), and is thought to be similar in HRSV.

The 9" and 10" genes of HRSV (M2 and L) overlap such that the M2 GE
sequence lies downstream of the L GS (Figure 5). Thus, in order for a
polymerase to transcribe the L mRNA, it must first terminate transcription of the
M2 mRNA at the M2 GE, and then track backwards to reach the L GS, located
68 nucleotides upstream (Collins et al., 1987). Once initiation has occurred at
this GS, the polymerase must then ignore the proximal M2 GE by reading
through this signal, and progressing downstream to the L GE. As for all other
HRSV genes, the M2 GE sequence is an absolute requirement for transcription
initiation of the L mRNA, whereas the sequence between the M2 GE and L GS
is not conserved and does not play a role in modulating transcription efficiency
(Fearns & Collins, 1999, Kuo et al 1996). Once the polymerase has recognised
the M2 GE and released the nascent mRBNA, the polymerase is able to move bi-
directionally to find the next GS sequence in a process known as ‘scanning’.
Such scanning has been suggested to occur at all gene start and ends,
regardless of any overlap, and there is direct evidence for this in the related VSV
(Barr et al., 2008). Other viruses of the Mononegavirales order, such as EBOV,
contain overlapping genes and thus bi-directional scanning for transcription start
sites may be a conserved mechanism for this virus order (Fearns & Collins,
1999).

Unlike the divergent IGR sequences, the gene end sequences are semi-
conserved in HRSV. Mutagenesis of the F and M gene ends has been
performed to determine nucleotide specificity (Sutherland et al., 2001; Harmon
et al., 2001) and addition of M2-1 resulted in an increase in anti-termination
activity showing that M2-1 recognises the gene end sequences for efficient
termination activity. Gene ends were determined to be 13 nucleotides in length
with a conserved 3’-UCAAU-5" motif at nucleotides 1-5, followed by non-
conserved nucleotides 6-8. The importance of nucleotides 6-8 has been
disputed, with different studies focussing on different gene ends reporting
inconsistent outcomes. In one study this region could not withstand a
substitution to C however, for the M gene end nucleotide 6 had to be a U for
efficient transcription termination (Harmon et al., 2001). In contrast, others
reported that a U at position 6 was not required for transcription termination
efficiency in the context of the F gene end (Sutherland et al., 2001). Gene end
nucleotides 9-12/13 comprise of a conserved poly U tract of between 4 and 7
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residues, with the general observation that increased U-tract length correlated
with increased termination ability.

1.5.3.1 N Protein

The N protein encapsidates genomic and anti-genomic viral RNA and allows
RNase resistance and escape from innate immunity (Vreede et al., 2004) in all
negative sense RNA viruses. The N protein has a molecular weight of 45 kDa
and the structure of recombinant decameric RNA N-RNA rings has been solved
by X-ray crystallography to a resolution of 3.3 A (Figure 6). Each N subunit
consists of a core region with NTD and CTD a helical bundles linked via a hinge
region. At the distal ends of the NTD and CTD lies an N and C arm that only
appear folded in the quaternary structure. The N arm residues 1-35 insert into
the adjacent N monomer forming the N chain whilst the C arm lies in a space
determined to be for consecutive turns of the nucleoprotein complex that is not
seen in the resolved ring structure (Tawar et al., 2009). The N protein is also
kept in @ monomeric soluble form by binding to the P protein, with the N CTD
implicated in this interaction (Tran et al., 2007). The ability to maintain a pool of
monomeric N is critical for subsequent genome and anti-genome encapsidation
to form the RNPs. The HRSV N-RNA ring structure revealed 7 ribonucleotides of
bacterial RNA bound to each N monomer (Tawar et al., 2009), whilst VSV and
RV were determined to bind 9 per N monomer (Green et al., 2006; Albertini et
al., 2006). A defined cavity was seen on the NTD and CTD interface (and
assumed for all members of the Monogeavirales order) and bound three stacked
bases. Despite the identification of this conserved cavity, lateral N contacts in
VSV results in an opposite curvature with the RNA inside and the N oriented out.
In HRSV the RNA is on the outside in relation to N and may provide a
mechanism by which the Pneumovirus family do not need to disassemble the
RNP helix to be read by the RdRp (Tawar et al., 2009; Liljeroos et al., 2013).
Earlier modelling work of N multimers bound to RNA determined the RNPs
adopt right-handed helical assemblies (Tawar et al., 2009). However, analysis
with the use of a helical nanoparticle with known handedness showed the HRSV
RNP to be organised as a left-handed helix (Lilijeroos et al., 2013) and follows
the general trend of other Mononegavirales order viruses, such as the MV, MuV
and Marburg viruses (Bharat et al., 2011).
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Figure 6 Comparison of HRSV and VSV N: RNA rings

HRSV decameric N: RNA ring (70 bases- left) and VSV (90 bases- right).
An N monomer is super positioned for HRSV and VSV and shows the N
NTD (yellow) and CTD (red). Arrows indicate the position of 3-stacked
ribonucleotides that face inwards towards the N protein. For HRSV (black
arrows) this results in RNA oriented on the outside of N, whilst VSV (purple
arrows) results in RNA orientated on the inwards face of N. N: RNA ring
structures were determined by X-ray crystallography (HRSV- Tawar et al.,
2009; VSV- Green et al., 2006).

1.5.3.2 L protein

The large (L) protein is a multifunctional protein that is highly conserved within
the Mononegavirales order and its role is as the catalytic component of the
RdRp, required to polymerise ribonucleotides in order to synthesise genomic
and anti-genomic replication products, and mRNA transcripts. In addition, the L
protein performs co-transcriptional addition of an mRNA 5’ cap and a 3’ poly (A)
tail (Liuzzi et al., 2005). No high resolution structure currently exists for the HRSV
L protein, likely due to the proteins complexity, however the L protein of VSV
bound to a fragment of P, residues 35-106, has been solved by cryo-EM to 3.8
A (Figure 7) and is hypothesised to be in the ‘initiation’ state, ready to bind the 3’
end of the RNA template (Liang et al., 2015). Sequence alignment showed an
overall similar alignment of VSV L protein domains with HRSV L and suggest
that the VSV L protein structure could be used to further understand the
structure and function of HRSV L. The VSV L structure displays 5 distinct
domains of the protein; 1) RdRp, 2) mRNA capping domain, 3)
methyltransferase domain, 4) connector domain between the mRNA capping
and methyltransferase domain and 5) a CTD.
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As with all RNA polymerases, the VSV RdRp domain core consists of a right
hand ‘fingers-palm-thumb’ structure, conserved with the RdRp domain of
influenza B virus (Reich et al., 2014) and the rotavirus VP1 (Lu et al., 2008). The
capping domain contains a priming loop that extended into the active site of the
RdRp to allow efficient guanylation. The connector and CTD domains play an
organisation role with the connector spacing the three catalytic domains whilst
binding the P fragment. The CTD consists of a a helical bundle with a projecting
beta hairpin. The beta hairpin extends to the RdRp and terminates at the
junction and makes contacts with the mRNA capping, methyltransferase and
connector domains to form the structure (Liang et al., 2015).
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Figure 7 Structure of VSV L protein

A- schematic representation of the five domains of the VSV L protein
coloured from N to C terminus: polymerase domain (RdRp)- blue, capping
domain- green, connector domain- yellow, methyltransferase domain-
orange and CTD- red. The labels “CR” indicate conserved regions
amongst viruses in the Mononegavirales order, including HRSV; B- the
cryo-EM structure of VSV- L determined to 3.8 A with domains coloured as
in A (Liang et al., 2015).
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1.5.3.3 Phosphoprotein (P)

The HRSV phosphoprotein (P) is a structural component of the virion and plays
critical roles in viral RNA replication and mRNA transcription through interactions
with L, N and M2-1 proteins (Asenjo & Villanueva, 2000) (Figure 8). As its name
implies, P is phosphorylated at multiple residues (Ser residues 116, 117, 119,
232 and 237) by cellular casein kinase (CK) Il although this modification does not
influence its ability to interact with L, N and M2-1 binding partners (Mason et al.,
2003; Castagne et al., 2004). P phosphorylation has been implicated in
regulating the transcription and replication activities of the polymerase although
the mechanism by which this occurs is unknown (Barik et al., 1995).

Mononegavirales P proteins vary in length from 241 amino acid residues in
HRSV (Lambden, 1985) to 709 residues for Nipah virus (Harcourt et al., 2000)
with little sequence identity. However, despite low sequence identity all P
proteins have 3 distinct domains: an N-terminal domain (NTD) that interacts with
monomeric N, C-terminal domain (CTD) that interacts with the N-RNA complex,
and a central coiled coil (CC) that represents the oligomerisation domain (OD)
responsible for tetramerisation of P that is critical for its function (Figure 8). High-
resolution structural information is available for the CC domain of several
Mononegavirales members including MV (Communie et al.,, 2013), SENV
(Tarbouriech et al., 2000), MV (Cox et al., 2013) and HMPV (Leyrat et al., 2013)
that revealed a predominantly a helical structure, characteristic of a CC domain.
P protomers were found to run in parallel with the exception of the MV that
contains two pairs of juxtaposed protomers (Cox et al., 2014). The high
sequence identity (72%) of HRSV and HMPV P proteins suggests HRSV will also
adopt a similar CC structure, with protomers running in parallel.

Many Paramyxoviridae family viruses contain intrinsically disordered proteins for
replication functions that may fold on interaction with its binding partner. This
dynamic nature is proposed for the P protein of HRSV with the majority of the
protein hypothesised to be unstructured, and only able to fold with ordered
secondary structures on interaction with N, L and M2-1 (Communie et al.,
2014). The interaction of P with M2-1 and its role in anti-termination is described
further in section 1.6.2.3 whilst interactions of L and N with P are described
below.
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Figure 8 Binding regions of the HRSV P protein

Five functional regions have been mapped to the P protein (residues 1-
241) of HRSV. (1) An N-terminal domain (NTD) region (residues 1- 29) that
binds monomeric N protein; (2) a region (residues 100-120) that interacts
with the M2-1 protein; (38) a coiled coil domain (CC) that forms native
tetrameric P (residue 121-161); (4) a CTD region involved in binding the L
protein (residues 203- 241) and (5) a CTD region involved in interactions
with RNPs. The NTD and CTD of P are hypothesised to be largely
disordered in solution and likely become structured on interaction with its
binding partners
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1.5.3.3.1 P: L interaction

The P protein interacts with L to allow RdRp-directed transcription and
replication. The literature is conflicting in terms of identity of the L binding site
and both the CTD and CC domain of P have been implicated in interactions with
L (Khattar et al., 2001; Asenjo et al 2008; Sourimant et al., 2015). Initial
experiments to determine the P residues critical for L interaction used a mini
genome system alongside coimmunoprecipitation studies using [*°S] methionine
labelled L protein and P specific serum. Khattar et al, (2001) determined the
deletion of the CC domain (residues 121-160) prevented interaction with L.
Whilst a second group (Asenjo et al., 2008) determined only a reduced binding
(50%) when the residues 120-150 of the CC were deleted and found a much
larger reduction in L: P coimmunoprecipitation when the CTD residues 203-241
were deleted. Most recently Sourimant et al, (2015) used a GST pull down
approach to determine critical residues for the L: P interaction. A construct
lacking CC domain residues (A122-160) improved binding efficiency to L and
was used for all further work by the group. The improved binding seen here in
contrast to the necessity of this region by Khattar et al, (2001) could be due to
the GST tag having a compensatory action and allowing P oligomerisation in the
absence of the CC domain. The results of Asenjo et al, (2008) are in agreement
with those of Sourimant et al, (2015) in that P: L binding can occur in absence of
the CC domain. However, the P OD is required to allow full function in viral
synthesis. For the closely related SENV the CC of P binds to L to allow function
(Tarbouriech et al., 2000), however the HRSV P CC is much shorter in length
than that of other viruses and thus L may bind to a distal region of P as reported
in the literature.

Deletion of CTD P residues 216-241 (Sourimant et al., 2015) and residues 203-
241 (Asenjo et al., 2008) both resulted in loss of the P: L interaction. Site
directed mutagenesis via alanine scanning identified three hydrophobic residues
(Leu 216, Leu 233 and Leu 227) that reduced RNA polymerase activity to
packground levels, whilst Ala mutation of Lys 222, Asn 230 and D 231 resulted
in over a 50% reduction in polymerase activity. Ala mutation of Asn 224 did not
alter RNA polymerase activity but mutation to Pro at this location resulted in near
background levels of activity. These data suggest the requirement of the CTD
hydrophobic Leu residues for polymerase activity whilst ablation of activity on
mutation of Asn 224 to Pro suggests a requirement of a helix at the CTD for
interaction with its binding partner and subsequent function, potentially by
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recognition of a MoRe (molecular recognition) site that folds upon binding to L
(Sourimant et al., 2015).

1.5.3.3.2 P: N interaction

The P protein acts as an N protein chaperone, maintaining the solubility of newly
synthesized N, to prevent self-oligomerisation and binding to cellular RNA. In
addition, P binds and releases the RNP complex and allows local uncoating of
the RNP for polymerase access for transcription and genome replication
(Ruigrok et al., 2011). The RNP binding region domain of P lies within the P at
residues 233- 241. In particular the terminal 4 residues of this sequence are
critical for interactions with N-RNA as mutation of Leu 238 or Phe 241 resulted
in complete abrogation of binding (Tran et al., 2007). Interestingly, the Pgsp
shows little sequence similarity between the closely related HRSV and HMPV P
proteins. A second RNP interaction site has been hypothesised directly after the
CC domain, residues P45 (Khattar et al., 2001). Removal of this site and the
terminal Pgsp together or separately resulted in complete abrogation of RNP
binding in the closely related BRSV P. An earlier study suggested an interaction
of N of the RNP complex with the CC domain of HRSV P, ;.4 hOwever as the
CC domain is essential for P tetramerisation, it is likely that truncation of this
region resulted in destabilisation of the P protein that subsequently resulted in
insufficient RNP binding (Mallipeddi et al., 1996). The P protein bound L in the
absence and presence of N in a coimmunoprecipitation assay (Khattar et al.,
2001) and while the most recent data illustrates an overlapping binding site of N
and L at P,g;.59 (Sourimant et al.,, 2015) and suggest competition for binding
between L and N, most likely both proteins can bind simultaneously to different
protomers of the tetrameric P protein.

Monomeric RNA-free N required for further encapsidation of replication products
(anti-genome and genome) binds to the Py, as monomeric N bound weakly to
the Pp, and was inhibited by N binding to the Py, residues 1-29 (Mallipeddi et
al., 1996; Galloux et al., 2015). The multimeric ring form of N, comprising 10 or
11 N monomers, does not bind to the Py (Khattar et al., 2001; Galloux et al.,
2015). Despite low sequence similarities, all Paramyxoviridae P proteins have
been found to contain a short conserved motif (MoRe site) at the Py, of 11-26
amino acids in length, termed soyuz 1 and which is reported to prevent N self-
binding (Karlin and Belshaw, 2012; Galloux et al., 2015). Conversely, MuV,
which belongs to the Rubaluvirus genus of the Paramyxoviridae family, requires
both P NTD and CTD for RNP interaction through uncoiling of the RNP and
stabilising for the polymerase function respectively. However, the Rubulavirus P
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proteins have a unique structural orientation, with the tetrameric form of P
containing two pairs of juxtaposed protomers, explaining the dual functions of P
NTD and CTD in RNP interactions and thus the interaction of RNP: P,y may be
limited to the Rhabdoviridae family (Cox et al., 2013 & 2014).

1.5.4 Progeny virus assembly and exit

Following HRSV replication and transcription, progeny viruses are packaged and
released from cells to allow infection of neighbouring cells or susceptible hosts.
Progeny virus can be detected in cell culture 10-12 hours post infection with a
peak in virus release at 24 hours (Collins, 2007). Assembly and budding of
virions occurs at the apical surface of polarised epithelial cells (Roberts et al.,
1995). In addition to virus-encoded proteins, virions are known to include several
cellular proteins, including components of lipid raft microdomains (the
organisational centre for assembly of signalling molecules), actin associated
proteins and apical recycling endosomes (ACE).

Virus budding of Paramyxoviridae family members parainfluenza-5 (PIV5) and
MV are dependent on endosomal sorting complexes for transport (ESCRT)
pathways. Inhibition of a Vps4 AAA-ATPase required in this ESCRT pathway to
dismantle and recycle the ESCRT complex resulted in inhibition of viral budding
(Schmitt et al., 2002; Li et al., 2009). In contrast to these viruses, HRSV budding
occurred in the presence of ESCRT pathway inhibitors and is thought to be
ESCRT independent (Utley et al., 2008). Due to HRSV budding at the polarised
apical surface, apical recycling endosomes (ARE) enriched with Rab11a are
hypothesised to aid budding.

Microdomains in lipid bilayers have been hypothesised to provide nucleation
points to allow the concentration of viral proteins for subsequent budding.
Indeed, lipid raft markers such as caveolin-1, CD55 and CD58 have been
identified in budding filaments (Brown et al., 2002; Jeffree et al., 2003). Further,
PI3K, a raft associated kinase and rhoA kinase, a raft associated signalling
molecule, are involved in regulating actin structure and have been implicated in
the formation of the viral filament (Jeffree et al., 2007). The actin cytoskeleton
has been heavily implicated in HRSV budding and has been detected in large
quantities within purified virions. Disruption of actin and microtubule networks
resulted in impaired HRSV entry, assembly and release (Kallewaard et al., 2005;
reviewed by Harrison et al.,, 2010). Actin associated heat shock protein 90
(HSP90) and HSC70 proteins were detected by mass spectrometry analysis of
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HRSV virus particles. Inhibition of HSP90 in a Hep2 cell line infected with the
HRSV A2 strain, resulted in the inhibition of viral particle formation, likely due the
inability of actin to allow viral assembly and release (Radhakrishnan et al., 2010).

1.5.4.1 M protein

The matrix protein (M) forms an internal layer of the viral membrane and plays
central roles in viral particle assembly and the budding polarity of the virus
(Batonick et al., 2008). In addition, the M protein can interact with the
cytoplasmic tail of F and is thought to maintain the tubular shape of filamentous
virions (Mitra et al., 2012; Lilieroos et al., 2013). In the filamentous virion devoid
of SH and G, an extra layer of electron density below M was identified, assumed
to be M2-1 that connects M and RNPs (Kiss et al., 2014). M has been reported
to target RNPs to virus assembly sites for the MeV, however the M2-1 protein,
not found in MeV, could provide this function for HRSV (Runkler et al., 2007).

The structure of the HRSV M protein has been solved by X-ray crystallography
to a resolution of 1.6 A, and shown to exhibit high structural similarity to the
VP40 protein of EBOV. The M protein was found to be a monomer in solution
however cross-linking studies of the purified protein identified higher order
oligomers including dimers, tetramers and hexamers. The overall architecture of
M consists of 2 domains, an NTD and CTD, separated by a 13-residue linker
that is mostly unstructured (Figure 9A). The secondary structures of both NTD
and CTD mainly consist of beta sheets, with the NTD comprising 2 beta sheet
bundles perpendicular to each other (Figure 9A blue), whereas the CTD has a
flattened beta barrel structure (Figure 9A red). Surface electrostatics of the M
protein display a large positively charged surface across both the NTD and CTD,
consistent with a role in interactions with the negatively charged membrane
(envelope). In addition, the NTD of M contains a distinct negatively charged area
(Figure 9B red) that could interact with positively charged viral proteins, required
for the role of M (Money et al., 2009).
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Figure 9 Structure of the HRSV M protein

The structure of the monomeric M protein was determined by X-ray
crystallography to a resolution of 1.6 A. A- ribbon diagram of the M protein
displays two domains, NTD (blue) and CTD (red), separated by an
unstructured linker (cyan). The NTD consists of 2 beta sheet bundles
perpendicular to each other whilst the CTD consists a flattened beta barrel
structure; B- surface electrostatics of the M protein displays a large
positively charged surface (blue) across both the NTD and CTD and a
smaller defined region of negative charge (red).
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1.6 M2-1 protein

1.6.1 Function

The M2-1 gene is essential for rescue of infectious HRSV, which implies it
performs a critical function in the virus life cycle. The role assigned to M2-1 is as
an anti-termination transcription factor that allows full-length transcription of
each viral mMRNA (Collins et al., 1996) and enhances transcriptional read-through
at gene-end/ gene-start junctions (Hardy & Wertz 1997). This latter read-through
function has been suggested to permit access of the RdRp to downstream
transcriptional units thus bypassing the transcription attenuation step that
occurs at each GJ. There has been some dispute in the literature of which of
these two anti-termination roles of M2-1 is correct, although it is possible that
they are mechanistically related, as both involve M2-1 influencing the way in
which the RdRp recognises transcription termination signals. All research to
date indicates a role for M2-1 in transcription and not RNA replication (Fearns &
Collins, 1999).

Analysis of M2-1 function was first performed using a mini-genome assay
(Fearns & Collins, 1999); such assays are particularly powerful in that they allow
the investigation of roles of essential cis and trans acting viral components in
viral transcription and replication, where mutations in these components would
normally be lethal to an infectious virus. Initial data from the mini-genome assay
showed supply of the M2-1 protein along with N, P and L proteins increased the
abundance of mMRNA transcription, but had no effect on replication.
Furthermore, primer extension analysis revealed that in the absence of M2-1,
the abundance of full-length mRNA transcripts was dramatically reduced, and
instead the most abundant transcripts were truncated such that few possessed
intact 3’ end sequences. This lack of full-length mRNAs was dependent on the
size of the transcriptional unit, with the HRSV RdRp being capable of full-length
MRNA synthesis from small genes, but not from genes in excess of more than a
few hundred nucleotides. In this case, the smaller NS1 and to a lesser extent
NS2 genes of HRSV could be synthesised fully in the absence of M2-1 (Collins
et al., 1996; Fearns & Collins, 1999). This finding was interpreted as being due
to the HRSV RdRp possessing poor intrinsic processivity during transcription,
resulting in premature intragenic termination of polymerisation and thus the
generation of abundant truncated mRNA transcripts. It was suggested that the
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role of M2-1 was to increase polymerase processivity, and as such was
described as a processivity factor. A further role of the M2-1, described as anti-
termination, was assigned due to the observed increase in read-through RNA
synthesis when polygenic mini-genomes containing two or more transcriptional
units were used to assess M2-1 function. In these cases, M2-1 was shown to
influence transcriptional termination specifically at GE sequences, resulting in
synthesis of an increased abundance of read-through or polycistronic mRNAs
(Hardy & Wertz, 1997).

1.6.1.1 M2-1 structure

The HRSV M2-1 protein (A2 strain) is 194 amino acids in length and has a
molecular weight of 22 kDa. The first high-resolution structural information of the
M2-1 protein was obtained in 2012, with the solution of the NMR structure of
M2-1. ,-7 (Blondot et al., 2012). In 2014, the crystal structure of the full-length
native M2-1 protein was determined to a resolution of 2.5 A (Tanner et al.,
2014). M2-1 crystallised as a tetramer, and the structure revealed that contacts
between individual monomers extended to all other monomers in the multimer,
thus confirming previous reports that M2-1 forms a tetramer in its physiological
state on the basis of chemical cross linking and negative stain EM (Tran et al.,
2009; Blondot et al.,, 2012). Each M2-1 monomer comprises three distinct
regions; the N-terminal Cys,His; motif that forms the zinc binding domain (ZBD),
an OD, also termed the oligomerisation helix, and the core domain. The three
distinct regions in addition to phosphorylation sites, the C terminus and residues
critical for interactions between M2-1 and its binding partners are highlighted in
Figure 10 and Figure 11 and discussed in this section.
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Figure 10 Structure of the HRSV M2-1 protein

A- monomeric M2-1 has 3 distinct domains, the ZBD (blue),
oligomerisation helix (green) and core domain (pink); B- native M2-1 forms
a tetramer (grey) with one monomer highlighted in blue. M2-1 interactions
with RNA (pink), P (yellow) and both P and RNA (coral) are shown on the
surface of M2-1 and further discussed in section 1.6.2. The crystal
structure of HRSV M2-1 was determined to a resolution of 2.5 A (Tanner et
al., 2014; PDB: 4c3b).
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Figure 11 Features of the HRSV M2-1 structure

Distinct M2-1 regions are highlighted from N to C terminus; ZBD (blue),
Oligomerisation helix (red), Core domain (teal) and the CTD (purple). Two
M2-1 residues are phosphorylated (Ser 58 and Ser 61) and are highlighted
in green. Putative interactions of M2-1 amino acids with its binding
partners are highlighted RNA (pink), P (light green) and M2-1 amino acids
proposed to interact with both P and RNA are highlighted in coral. The
interactions of M2-1 with its binding partners are further discussed in
section 1.6.2. Structural regions are based on the HRSV M2-1 crystal
structure (Tanner et al., 2014; PDB: 4c3b) whilst putative M2-1 interactions
with RNA and P are based on SDM studies (Blondot et al., 2012; Tanner et
al., 2014).
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1.6.1.2 ZBD

The Cys,;His; motif also known as the ZBD is responsible for zinc-coordination,
and mutation of these conserved residues resulted in a loss of transcriptional
anti-termination activity of M2-1 and binding to the N protein (Hardy & Wertz,
2000). Thus the zinc coordinating residues of the ZBD are critical for the
functional integrity of M2-1 (Hardy & Wertz, 2000). From structure determination
of the M2-1 tetramer, it was shown that residues that form the ZBD interact with
residues of the adjacent M2-1 monomer, which suggests the ZBD plays a role in
maintaining the tetrameric structure of M2-1 (Tanner et al., 2014). Furthermore,
removal of the zinc from the ZBD by EDTA treatment resulted in dissociation of
M2-1 into monomeric protein with a stable secondary structure that could still
bind RNA and P (Esperante et al., 2013). Taken together these findings suggest
that while the monomeric form of M2-1 is able to bind with its RNA and P
ligands, formation of tetrameric M2-1 with an intact ZBD is required for its anti-
termination function. The Cys,His,; motif has been found to co-ordinate zinc in
other proteins, such as the Nup475 mammalian transcription factor and the
closely related VP30 transcription factor protein of EBOV, where substitution of
the zinc co-ordinating residues resulted in a reduction in its transcription
activating function (Modrof et al., 2003).

1.6.1.8 Oligomerisation helix

The region encompassing the OD of M2-1 was first mapped to a putative a helix
(M2-1 residues 32-63) and deletion of this region resulted in a reduction in
HRSV transcription (Tran et al., 2009). The crystal structure of the full length M2-
1 confirmed all previous data and revealed the domain to comprise a single a
helix consisting of residues 32-50. The crystal structure showed 4 hydrophobic
amino acids (Leu 36, Leu 43, lle 46 and Met 50) that are all buried on one face
of a helix and interact with the other three M2-1 monomers to form the tetramer
(Figure 12). In addition to the oligomerisation helix, the crystal structure revealed
that the ZBD residues were also involved in coordinating tetramerisation via
interactions with the N-terminal face of adjacent monomers (Tanner et al., 2014).
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Figure 12 Structure of the HRSV M2-1 oligomerisation domain

The structure of the M2-1 oligomerisation helix (residues 32-50) and its
interactions with adjacent helices was determined by X-ray crystallography
(Tanner et al., 2014). Hydrophobic residues of the helix (Leu 36, Leu 43, lle
46 and Met 50 face inwards and interact with the same residues of
adjacent protomers.

1.6.1.4 Core domain

The overall globular architecture of the core domain of M2-1 was found to be in
agreement using both NMR and X-ray crystallography methods (Blondot et al.,
2012; Tanner et al., 2014). The core domain is comprised of residues 58-177
and binds both RNA and P (Cuesta et al., 2000; Mason et al., 2003), with the
binding of these ligands critical for the function of M2-1 as an anti-terminator,
and further detail of these interactions are discussed in section 1.6.2. The M2-1
core domain compromises a single globular domain (residues Gly 75- lle 171)
and consists of 6 a helices. Helices 1, 2, 5 and 6 form a helix bundle scaffold
whilst helices 3 and 4 form a hairpin and are stacked upon helix 6 (Figure 13).

The HRSV M2-1 core domain exhibits structural homology to that of M2-1 from
the closely related Pneumoviridae family member HMPV M2-1 and also the
VP30 protein of the more distantly related Filoviridae family member, EBOV.
These relationships are further discussed in section 1.8.
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Figure 13 Comparison of HRSV M2-1 core domain structures

A- The high resolution structure of the M2-1 core domain residues 58-177
determined by solution NMR (Blondot et al., 2012); B- M2-1 core domain
residues 58-177 determined by X-ray crystallography (Tanner et al., 2014).
Both structures are in agreement and display a similar arrangement of a
helices.

1.6.1.5 Phosphorylation sites

The OD and core domain of M2-1 are linked by a highly flexible region
comprising residues 52-67, which contains two phosphorylation sites (Ser 58
and Ser 61). Phosphorylation of M2-1 was first experimentally observed in 2000
where different migrating patterns of M2-1 on SDS-PAGE gels were revealed
(Hardy & Wertz, 2000). The slower migrating band was identified as a
phosphorylated species and the faster migrating band to be non-
phosphorylated. M2-1 phosphorylation is hypothesised to occur by cellular CK1,
a serine/ threonine selective protein kinase (Cartee & Wertz, 2001). Both
phosphoablatant and phosphomimetic M2-1 mutants (Ser 58/61 Ala & Ser
58/61 Asp) decreased anti-termination activity in a mini genome system (Tanner
et al.,, 2014), whereas both phosphorylated and non-phosphorylated forms of
M2-1 were detected in HRSV infected cells (Zhou et al., 2003), suggesting a
requirement of dynamic phosphorylation for optimal anti-termination activity,
although the mechanistic basis for this unknown (Hardy & Wertz, 2000; Cartee
and Wertz, 2001; Tran et al., 2009; Tanner et al., 2014).
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1.6.1.6 CTD

The CTD residues of M2-1 (174-194) were non-determinable in the crystal
structure and are presumed to be unstructured in this form (Tanner et al., 2014).
The requirement of the CTD for the function of M2-1 was assessed by creating
deletion mutants of the M2-1 CTD (M2-1A127, A148 and A177) and then
attempting to rescue infectious virus from cDNA. M2-1A177, in which the
extreme 17 CTD residues were deleted resulted in the recovery of infectious
virus, however a reduction in replication efficiency was seen in vivo and in vitro.
Further, B galactosidase was assayed as a measure of M2-1 dependent
processivity and the truncated M2-1A177 resulted in over a 50% reduction in
MRNA synthesis compared to full-length M2-1 (Tang et al., 2001).

1.6.2 Binding partners of M2-1
1.6.2.1 RNA specificity of M2-1

Initial RNA binding studies illustrated the ability of M2-1 to bind long (700-1300
nts) RNAs with no apparent sequence specificity, whereas shorter sequences
(80 nts or less) exhibited sequence specificity, with the highest affinity being
determined for those RNAs that included the HRSV anti-genomic leader
sequence (Cuesta et al.,, 2000). In contrast, other studies showed M2-1
exhibited a preference for binding viral mMRNA in HRSV-infected cells, which did
not contain the leader sequence (Cartee and Wertz. 2001) but were A-rich in
sequence, particularly due to their 3’ poly (A) tails. More recently, Blondot et al
(2012) tested the binding of short (10-15 nts) negative and positive sense
HRSV-specific RNAs and determined that the core M2-1., ,,» domain showed a
preference for binding A-rich RNA sequences. In addition, these workers found
that double stranded RNAs (representing the F GE sequence) bound to M2-1
core with higher affinity compared to single stranded RNAs of a similar size, and
it was suggested that the target RNA is a duplex. The work of Tanner et al
(2014) further characterised the RNA binding properties of M2-1 using
fluorescent anisotropy, and the results were in broad agreement with those of
Blondot et al (2012) in that positive sense GE sequences, and particularly those
with high A-content were bound with highest affinities.

37



Chapter 1 Introduction

1.6.2.2 M2-1 residues involved in RNA binding

Functional analysis of the RNA binding ability of M2-1 was initially performed
using various M2-1 mutants with residues that comprised phosphorylation sites
Ser 58 and Ser 61, as well as residues that comprised the Cys;His, ZBD motif
being identified in RNA binding (Cuesta et al, 2000). In contrast, Tran et al (2009)
defined the M2-1 RNA binding site to between residues 59-153, thus excluding
the ZBD, the OD and the unstructured CTD in contributing to RNA binding
ability. More recently, M2-1 core residues (Ser 58, Ser 61, Lys 92, Lys 150, Arg
151 and Lys 159) were assessed by site direct mutagenesis (mutation to Ala or
Asp) and were shown to display a reduction in RNA binding ability in addition to
displaying a reduction in anti-termination activity by the use of a mini genome
system. This showed that the ability of M2-1 to bind RNA was critical for its anti-
termination function (Tanner et al., 2014). Further core residues Arg 126, Val
127, Asn 129, Thr 130, Ser 133, Leu 152 and Val 156 were also found to be
critical for RNA binding via performing NMR perturbation experiments (Blondot
et al., 2012). Most recently and in contrast to earlier literature (Tran et al., 2009),
the M2-1 N-terminal residues Arg 3 and Arg 4 were mutated to Ala and resulted
in a loss of RNA binding and implicated the involvement of the N-terminus of
M2-1 in interacting with RNA (Tanner et al., 2014). This finding was consistent
with previous work showing that the M2-1.,,,, core exhibited lower affinity for
RNA than full length M2-1 (Blondot et al., 2012) and thus suggested that
interactions other than that with the core domain must take place for full affinity
of M2-1 to RNA. The high-resolution core domain structure of M2-1. ..,
displayed a similar architecture to that of the full-length M2-1 and was
determined to have two oppositely charged faces, with the face hypothesised
for RNA and P binding, being a positively charged surface (Blondot et al., 2012;
Tanner et al., 2014).

1.6.2.3 The interaction of M2-1 with the P protein

Mason et al (2003) determined that P binding to M2-1 in vitro contributed to the
ability of M2-1 to act as an anti-terminator and hypothesised that this interaction
was required to deliver P to the HRSV RdRp complex. Tran et al (2009) initially
determined that P and RNA compete for the same binding site on M2-1 in vitro
at the core domain, residues 59-177. Furthermore, Blondot et al (2012) used
NMR to characterise two distinct binding surfaces for RNA and P that partially
overlap within this core domain. Blondot et al (2012) determined that a -helices
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4, 5 and 6 of the M2-1 core domain are involved in interactions with P, and
contacts include residues Ser 133, Tyr 134, Val 156, Lys 159, Asn 163 and Lys
162. A loss of the M2-1: P interaction resulted in a decrease in transcription and
prevented localisation of M2-1 to inclusion bodies, the site of RNA synthesis
(Blondot et al., 2012). Therefore, it was hypothesised that P may play a role in
transporting M2-1 to inclusion bodies (IBs) where it can bind its target RNA and
perform its anti-termination function (Rincheval et al., 2017).

The region of P responsible for interaction with M2-1 was determined to involve
residues 100-120, specifically residues Py, P, and P,y as determined by
deletion mutations and affinity chromatography (Mason et al., 2003). Initially
sections of 20 amino acid in length were deleted along the length of the P
protein to determine regions involved in binding both M2-1 and N. Deletion of
residues 100-120 of P resulted in a decrease in M2-1 binding (6% binding,
compared to 100% for wild type P) but did not reduce binding to the N protein
as determined by affinity chromatography and subsequent quantification of
western blot protein band intensity. Deletion of regions encompassing residues
120-140 and 140-160 resulted in a decrease in both M2-1 and N binding,
however these residues form the CC domain of P and likely a decrease in
binding affinity is due to a non-native tetrameric form of P being expressed with
a deletion of this region. Further assessment of the P region encompassing
residues 100-120 region was performed via double and single Ala scanning
mutagenesis and analysed by affinity chromatography and two mini genome
systems that detected either luciferase or chloramphenicol acetyltransferase.
Single Ala mutations of Leu 101 Tyr 102 and Phe 109 resulted in a decrease in
M2-1 binding and reduced luciferase output in the M2-1 dependent luciferase
mini genome whilst in the M2-1 independent chloramphenicol acetyltransferase
mini genome no reduction in output was observed. Structural predictions using
small angle X-ray scattering (SAXS) for the closely related HMPV M2-1 protein
suggested no a helical propensity for residues 100- 120 of P (Leyrat et al., 2013)
and may represent a MoRe site, an intrinsically disordered region that folds on
binding to the M2-1 protein.

1.6.2.4 The interaction of M2-1 with the M protein

M2-1 is postulated to mediate the interaction of M and RNP for inclusion of
RNPs into IBs (Li et al.,, 2008). M2-1 interacts directly with the NTD of M,
discovered via deletion of the M NTD (residues 1-113) in a
coimmunoprecipitation assay. M and M2-1 were found to co-localise in the
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absence of other viral proteins, however in transfected cells, co-localisation was
not seen, likely due to the transient nature of this interaction in the presence of
other proteins in the viral life cycle. Viral transcription was enhanced when the M
protein was blocked by an M specific antibody in a transcription reaction using
purified RNPs and suggest a role for this M2-1: M interaction in inhibiting
transcription and initiating viral assembly (Ghildyal et al., 2002). Despite not
expressing the M2-1 protein, an interaction of M and RNPs has been seen in
VSV (Kaptur et al., 1991) to inhibit transcription and allow assembly.

1.6.3 M2-1 localisation within the virus particle

It was hypothesised that in addition to its anti-termination activity, M2-1 has a
role in forming the structure of mature virions. Electron cryotomography data
illustrated an internal layer of electron density under the M protein that is linked
to the inner leaflet of the viral envelope and adjacent to the RNP in filamentous
viral particle (Lilieroos et al., 2013). This layer was later confirmed as M2-1 by
laser scanning confocal microscopy, and was found in both the cytoplasm of
infected cells, and assembled virus filaments, albeit in lower quantities to that of
the M protein (Kiss et al., 2014). The 3D crystal structure of HRSV M2-1 in its
tetrameric state does not seem consistent with the possibility of M2-1 forming a
2D layer in the virion structure. It has been suggested that M2-1 in its
monomeric form, in the absence of zinc co-ordination, plays a role in assembly
and provides interaction with M and RNPs (Esperante et al., 2013). Interestingly,
the closely related HMPV M2-1 crystallised as a tetramer in which one or more
of the protomer core domains could be ‘flipped’ out thus allowing the formation
of a 2D layer (Leyrat et al., 2014) and provides an explanation to the proposed
ability of M2-1 to form an internal layer in the virion.

1.7 M2-2 protein

The M2 gene encodes a second polypeptide from an overlapping ORF on the
M2 mRNA, which is known as M2-2. This product is 90 amino acids in length,
and its synthesis is mediated by a coupled translation mechanism in which the
expression of M2-2 depends on the prior translation of M2-1 from the upstream
ORF (Ahmadian et al., 2000). The precise function of M2-2 remains elusive, but
it has been suggested to regulate the balance between mRNA transcription and
RNA replication of the anti-genome (Bermingham & Collins, 1999). The M2-2
ORF can be deleted from the genome, showing it is a nonessential accessory
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factor, although gene deleted viruses are growth attenuated and as such are
promising vaccine candidates (Teng et al., 2000).

1.8 Comparison of HRSV M2-1 to EBOV VP30 and
HMPV M2-1

The high resolution NMR and crystal structures of HRSV M2-1 have revealed
clear structural homology with two other viral proteins with similar established or
proposed functions relating to modulating polymerase activity. These are the
M2-1 protein of HPMV and VP30 of EBOV.

1.8.1 HMPV M2-1

HMPV is the most closely related virus to the Orthopneumovirus genus, which
includes both BRSV and HRSV. HMPV encodes an M2-1 protein that exhibits a
high degree of sequence identity (38% identity, 64% similarity) with HRSV M2-1.
The HMPV M2 gene does not comprise two overlapping ORFs like HRSV, and
HPMV M2-1 does not have an essential role in viral transcription, as evidenced
by the fact that the M2-1 gene can be deleted from the genome and infectious
virus still rescued (Collins et al., 1996; Buchholz et al., 2005). The crystal
structure of HMPV MZ2-1 has recently been determined in complex with an
adenosine monophosphate (AMP) molecule and the DNA sequence 5’-AGTT- 3’
(Leyrat et al., 2014). In comparison to HRSV M2-1, the structure of HMPV M2-1
was as an asymmetric tetramer, with the core of one protomer ‘flipped’ out
(Figure 14). Molecular dynamic simulations and SAXS showed the structure of
the HMPV tetramer to be dynamic with the closed symmetric tetramer
conformation as seen for HRSV M2-1 being favoured on nucleotide binding.
HMPV M2-1 preferentially bound AMP mononucleotides and, consistent with
this, only AMP could be seen bound to HMPV M2-1 in resulting electron density
maps. Despite differences in their tetrameric conformations, both Pneumoviridae
M2-1 proteins preferentially bound A-rich RNA oligonucleotide sequences. The
structurally determined nucleotide binding residues of HMPV M2-1 formed the
same RNA core domain binding surface identified for HRSV M2-1 (Blondot et
al.,, 2012; Tanner et al., 2014) with residues predicted to interact with both RNA
and P highly conserved between both viruses. Furthermore, Leyrat et al. (2014)
hypothesised a model of RNA binding to M2-1 in which residues within both the
core domain and ZBD formed a continuous binding surface, proposed to bind a
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total length of 13 nucleotides, which the authors noted coincided with the
precise length of the consensus HRSV gene end sequence.

Figure 14 Comparison of HRSV and HMPV M2-1 structures

A- Tetrameric HMPV M2-1 (pink) with one monomer highlighted in blue; B-
tetrameric HRSV M2-1 (grey) with one monomer highlighted in blue. Both
structures are in agreement with the binding of M2-1 partners (RNA and P)
hypothesised to result in the closed conformation (B) of the protein. M2-1
structures were determined by X-ray crystallography (HMPV- Leyrat et al.,
2014; HRSV- Tanner et al., 2014).

1.8.2 EBOV VP30

The Mononegavirales member EBOV expresses an essential polymerase
cofactor VP30 that shares many structural and functional similarities to HRSV
M2-1. VP30 plays a critical role in EBOV mRNA transcription (Martinez et al.,
2008) that is thought to specifically act during initiation of transcription, through
interaction with a conserved RNA stem loop located within the N gene (Hoenen
et al., 2006), although VP30 has also been shown to influence RNA replication
unlike HRSV M2-1 where no defined role in replication has been observed. A
role of VP30 in viral RNA synthesis initiation was suggested by the recent crystal
structure of EBOV VP30 in complex with a nucleoprotein peptide. However the
functional relationship between the nucleoprotein and VP30 for RNA synthesis
was not identified in an EBOV mini genome assay, with mutated residues that
did result in a decrease in mini genome output likely due to affecting the
structural integrity of the studied protein (Xu et al., 2017). The VP30 CTD forms
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hexamers within virions (Hartlieb et al., 2006) whereas full-length M2-1 forms
tetramers in solution, as evidenced by cross-linking analysis and size exclusion
chromatography (Tran et al., 2009). Both VP30 and M2-1 interact with RNA in
order to perform their transcriptional activation functions, and phosphorylation of
both proteins at defined residues is a requirement for their respective functions
(Modrof et al., 2002; John et al., 2007). Furthermore, both proteins contain a
zinc binding Cys,;-His motif, which has been shown to be required for function.
The structure of the CTD of VP30 (Figure 15) has been solved by X-ray
crystallography (Hartlieb et al., 2006), and comparison with the HRSV M2-1 core
domain revealed a similar arrangement of helices. Similarities between VP30 and
M2-1 allow comparisons to be drawn on their function as anti-terminator
factors.

Figure 15 Similarities of the HRSV M2-1 and EBOV VP30

HRSV M2-1 core domain (grey; residues Val 76 — Asn 174; PDB: 4c3b)
and EBOV VP30 CTD (purple; residues Phe 181- Pro 240; PDB: 2ieb)
crystal structures were aligned and determined structural similarities for
three a helices 2, 4 and 6.
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1.9 Prevention and treatment of HRSV

Despite the high disease burden associated with HRSV infection, and the
accumulation of a detailed understanding of the HRSV life cycle, there is still an
unmet need for either a safe vaccine, or a cost-effective anti-viral therapy for
HRSV.

In terms of HRSV prevention, no Food and Drug Administration (FDA) approved
vaccine exists, due in part to the unsuccessful trial in the 1960s of a formalin-
inactivated vaccine that exacerbated HRSV disease symptoms (Jeffocate,
1969). Recent vaccine development for HRSV has focussed on live attenuated
vaccines based on viruses bearing a variety of genetic alterations including
deletion of NS, SH and M2-2 genes (Karron et al., 2015), incorporation of
multiple nucleotide point mutations, or more recently a genome scale codon pair
de-optimization (Le Nouen et al., 2017). In addition, subunit, cONA and nano-
particle vaccines are in development (Smith et al.,, 2012). Despite a lack of
vaccine, two treatments are currently available for the treatment of HRSV,
namely the non-specific anti-viral agent ribavirin, and an anti-F monoclonal
antibody known as palivizumab that is thought to prevent F protein fusagenic
activity.

Anti-viral medicines are currently a large area for HRSV treatment development
with a significant number of compounds described in the literature and several in
clinical trials, summarised in Table 3 (although none are yet FDA approved).
Recent developments in structural determination of proteins and high-
throughput screening (HTS) routines by technological advancement have
accelerated this developing field with many proteins being targeted for a
treatment including the F, L and M2-1 proteins.

1.9.1 Current HRSV treatments

As described above, there are currently only two FDA approved drugs intended
to reduce the burden of HRSV infection, namely ribavirin and palivizumab. Both
treatments are limited in their use and are expensive to administer. Ribavirin is
the only FDA licensed drug for therapeutic HRSV treatment (that is, not as a
prophylactic). Ribavirin is a nucleoside analogue that exhibits broad range anti-
viral activity although the exact mechanism of action in relation to HRSV is
unknown. Treatment delivers marginal efficacy, and in addition ribavirin has been
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found to be carcinogenic and teratogenic, and is not routinely used (Hall et al.,
1983; Sun et al., 2013).

Palivizumab (marketed using the trade name of ‘Synagis’) is an FDA approved
humanized anti-F protein neutralising monoclonal antibody used in the
prophylactic treatment of high-risk infants. Palivizumab interacts with a
conserved epitope at antigenic site Il of the F protein (Figure 4) and blocks both
cell-cell and virus-cell F mediated fusion (Huang et al., 2010). Palivizumab is a
well-tolerated, safe and effective treatment. An HRSV IMpact trial (1998)
reported a significant reduction in HRSV associated hospitalisations with
palivizumab treatment. In the case of HRSV infected children, treatment with
palivizumab reduced hospitalisation by 39%, whilst for premature infants,
treatment resulted in a 78% reduction. Overall, palivizumab treatment for HRSV
reduced the total number of hospitalisation days, reduced the number of days
where extra oxygen therapy was required, lowered the overall LRI score of all
cohorts (LRI score: graded from 0-5, where O= no respiratory infection and 5=
mechanical ventilation) (Feltes et al., 2003) and reduced subsequent wheezing
of treated premature infants (Fenton et al., 2004; Simoes et al., 2007). However,
the palivizumab treatment regime requires repeat administration and is costly,
making it out of reach for many in low income countries within much of the
developing world, where mortality associated with HRSV is most prevalent.

Motavizumab was derived from palivizumab by rational engineering of the F
protein binding site and targets the same antigenic site on the post fusion F
protein (McLellan et al., 2011). Motavizumab varies by 13 amino acids and has
picomolar affinity for HRSV compared to nanomolar affinities for palivizumab.
However, motavizumab did not decrease viral load or disease severity in infants
compared to the already available palivizumab and development was
discontinued (O’Brien et al., 2015).

1.9.2 HRSV vaccine development

The development and use of vaccines are the preferred strategy for the
mitigation of many viral infections. Currently no vaccine treatment exists for
HRSV however vaccine trials have been attempted and are currently in
development. The formalin inactivated HRSV vaccine trialled in 1969 impeded
the development of an HRSV vaccine due to the enhanced disease severity and
subsequent mortality of two infants in the trial (Jeffcoate, 1969; Collins &
Graham, 2008). The exact cause of the disease enhancement remains unclear,
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but has been suggested to be due to T cell priming, resulting in the recruitment
of abundant inflammatory infiltrate to the lung and subsequent exacerbation of
disease (Delgado et al., 2009).

A multitude of growth-attenuated live vaccine candidates have been designed
and trialled over a period of several decades, involving both rational and
stochastic methods for growth attenuation. An intranasal live attenuated virus
(HRSV MEDI AM2-2), lacking the M2-2 gene was trialled in seronegative children
and produced significantly higher titres of HRSV neutralising serum antibodies
compared to the previous leading live attenuated vaccine candidates.
Furthermore, in subsequent seasons, seronegative vaccine recipients had an
increase in antibodies without reported illness showing that the vaccine elicited a
protective response in these naive children (Karron et al., 2015). An alternative
approach to generating a live attenuated vaccine is by introducing suboptimal
nucleotide substitutions in 9 of the 11 HRSV ORFs, which has resulted in a
stable vaccine candidate with improved attenuation characteristics and high
immunogenicity (Le Nouen et al., 2017). HRSV F protein nanoparticle vaccines
(Novavax E202 & E301), displaying antigenic site Il, recognised by palivizumab,
was trialled in women of childbearing age and was safe, immunogenic, reduced
HRSV infection and did not have any vaccine related adverse side-effects. In
further phase 2 and 3 clinical trials E303 did not show efficacy and current work
is continuing with E202 to provide a vaccine for use in maternal immunisation for
protection of infants against HRSV (Smith et al., 2012; Glenn et al., 2013; Glenn
et al., 2015).

1.9.3 Anti-viral compounds in clinical trials

Anti-virals are currently approved (FDA) and have revolutionised the treatment of
chronic viral infections such as hepatitis C virus (HCV) and human
immunodeficiency virus (HIV). For HCV, anti-viral therapies have reduced the
need for interferon therapy and shown a sustained virological response coupled
with an improvement of the patients’ quality of life. One approved anti-viral
therapy is sofosbuvir, a nucleotide analogue that inhibits the NS5B protein in a
broad range of HCV genotypes. Additional anti-viral compounds are approved
and target the NS3 protease (simeprevir) and the NS5A protein involved in viral
replication and assembly namely, ledipasvir, ombitasvir and daclatasvir (Feeney
& Chung, 2014; Banerjee & Reddy, 2016). The discoveries of HIV and influenza
anti-viral compounds are discussed further in chapter 4. A number of anti-viral
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compounds are currently in clinical trials for the treatment of HRSV and are
summarised in (Table 3). Many studies have been undertaken to provide a better
understanding of the therapeutic window for anti-viral treatment and greater
knowledge of the replication cycle and the availability of biomarkers to provide a
higher success rate for these compounds.

Compound Company Target Reference
Janssen & , Battles et al.,
JNJ-53718678 F protein
Janssen 2015
, DeVincenzo et
Gilead
GS-5806 , al.,, 2014
Sciences F protein
Jordan et al.,
2015
Non-nucleoside Personal
PC786 Pulmocide polymerase correspondence,
inhibitor (L) RSV 16
, Nucleoside DeVincenzo et
ALS-008176 Alios
analogue (L) al.,, 2015
Personal
ALX-0171 Ablynx F protein correspondence,
RSV 16
, Griffiths et al.,
REGN2222 Regeneron F protein 5017

Table 3 Anti-viral compounds targeting HRSV currently in clinical
trials

The F protein has been an attractive target for small molecule anti-viral
compounds due to its HRSV neutralising activity, role in viral binding and fusion,
and the successful development of peptide inhibitors against the HIV-1 entry
protein, gp41. Despite this, many compounds have been discontinued due to
insufficient pharmacokinetic properties (reviewed by Sun et al.,, 2013) and as
such are not discussed here, with this section focussing on the current
promising therapeutics.
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The Janssen & Janssen oral F protein inhibitor (JNJ-53718678) has just
completed phase 2 clinical trials (Identifier: NCT02387606). Little is known on
the outcome of the trials or the inhibitor but there is currently recruitment for a
phase 3 clinical trial in hospitalised infants. GS5806 (Presatovir) is based on the
discontinued compound, JNJ 2408068. A co-crystal structure of JNJ-2408068
bound to the F protein displayed an interaction with a cavity in the 3-fold
symmetric pocket of the pre-fusion form of F. The compound stabilised the pre-
fusion conformation by tethering two regions that must undergo rearrangement
for membrane fusion and virus entry. However, inhibitor escape mutants were
shown to have fitness cost to the virus and did not propagate well compared to
the wild-type virus (Battles et al., 2016). In contrast, a single dose of GS5806
(half life - 35 hours) in a phase 2 clinical trial was sufficient to decrease viral load
and symptom severity whilst having a good safety profile (DeVincenzo et al.,
2014). The trial determined resistant mutants (Phe 140 Leu and Thr 400 lle) and
further to this the current trial (Identifier: NCTO1797419) is looking at a dosing
regiment of GS5806 to lower the mutation rate (Jordan et al., 2015).

ALX00171 (Ablynx) is a trivalent nanobody (a single domain antibody fragment
that contains the structural and functional properties of heavy-chain antibodies)
and binds F resulting in neutralisation of HRSV. It is delivered directly to the site
of HRSV infection by nebulisation and only requires a once-a-day dose. ALX-
0171 showed good efficacy in a lamb model with 87% neutralisation and a
10,000 fold decrease in viral titres (correspondence at RSV16 conference).
Recruitment for further clinical trials in hospitalised infants (ldentifier:
NCT02979431) for ALXO00171 is currently underway (Ackermann, 2014).
REGN2222 (Regeneron) is an intramuscular administered human monoclonal
antibody that inhibits the F protein (like palivizumab) and is presumed promising
as a drug candidate as subjects are now being recruited for a phase 3 clinical
trial in preterm infants (CT Identifier: NCT02325791) (reviewed in Griffiths et al.,
2017).

PC786 (Pulmocide) acts by inhibitihg mRNA capping and cap methylation by the
L protein and is administered via inhalation. In a phase 2 clinical trial with early
intervention and a once-a day dosage, the virus was completely cleared. With
later intervention a higher dose of PC786 was required and a longer time of
action was seen, however the virus could still be cleared. PC786 proved
efficacious for up to 48 hours after dosage and could provide a once-daily
treatment option. ALS008716 from Alios is a potent and selective inhibitor of
the L protein via a chain termination mechanism. The active metabolite of
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ALS008716 in the respiratory tract showed a long half-life (~ 29 hours). The
current phase 2 clinical trial showed a decrease in disease severity coupled with
an increase in viral clearance and decrease in viral load (DeVincenzo et al.,
2015). Over 25 nucleoside analogues have been approved for viral infections
alone and include hepatitis B & C, HIV and herpes (reviewed in Jordheim et al.,
2013) and suggest a potentially promising route for HRSV anti-viral drug design.

1.9.4 Anti-viral compounds of further interest

Anti-viral compounds that inhibit HRSV but have so far not entered clinical trials
are discussed here. A high-throughput screen (HTS) assessing HRSV replication
found three inhibitor compounds from the AZ compound collection termed
compound 1, 2 and 3 (Laganas et al., 2015). The three compounds were further
assessed and each inhibited HRSV replication via different mechanisms. Escape
mutations mapped compound 3 to the P protein (D231V) whilst compound 2
showed no frequent mutation of HRSV and is presumed to inhibit the host’s cell
cycle. Escape mutations mapped compound 1 to the L protein (Tyr 1631 Cys),
and it is thought to share a similar mode of action with a compound termed AZ-
27, that prevents RNA replication and transcription by inhibiting the correct
structural formation of L for initiation (Tiong-Yip et al., 2014; Noton et al., 2015).
Despite positive data of these three novel compounds in inhibitihg HRSV
replication from a HTS, they showed limited inhibition in a viral RNA synthesis
assay using the isolated HRSV replication complex and further work is required
to improve the potency and solubility of these compounds (Laganas et al.,
2015).

The X-ray crystal structure of the NTD of the N protein was recently solved in
complex with residues 1 and 2 of the P protein. Further, the co-crystal structure
of a compound termed M76 was determined bound to the same site of N as the
P residues 1 and 2. The structure of compound M76 bound to the N protein
allowed the design of a pro-drug that displayed anti-viral activity by inhibiting
HRSV replication in cellulo. Currently, M76 and the pro-drug only show a narrow
therapeutic window and need improvement for longer lasting action (Ouizougun-
Oubari et al., 2015).
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1.9.5 Anti-viral compounds targeted to M2-1

The HRSV M2-1 protein is an attractive target for anti-viral compounds due to its
obligatory requirement for viral function and little known homology to
characterised mammalian proteins. Sequence analysis of 165 HRSV A2 strain
isolates identified regions with highly conserved genome sequences that
correspond to regions primarily in N, P, M, F, M2 and L genes.

Regions of high conservation, such as the M2-1 protein of the M2 gene provide
a good target for anti-viral compound activity due to their lower rate of mutation
and thus reduced subsequent inhibition of the compounds anti-viral function (Do
et al., 2015). Recently, two groups have identified compounds that inhibit HRSV
replication in vitro, with these compounds hypothesised to interact with M2-1.

Cyclopamine (Figure 16) is a well-known antagonist of the smoothened protein,
a transcription factor involved in embryonic development, cell differentiation and
tumorgenesis (Chen et al., 2002). Its analogue, jervine, was discovered from a
screen of known bioactive compounds to inhibit HRSV replication in vitro (post
adsorption infection; cyclopamine ICy, 116 nM; jervine 1C;, 994 nM). Serial
passage of HRSV in the presence of cyclopamine resulted in an escape variant
bearing a single mutation (Arg 151 Lys) within M2-1 that maps to the
established RNA and P binding site (Blondot et al., 2012; Tanner et al., 2014).
Further analysis of cyclopamine showed inhibition of M2-1 and a reduction in
M2-1 expression in a mini genome system whilst in vivo testing of cyclopamine
revealed a significant reduction in mice lung viral titres (Bailly et al., 2016).

Figure 16 Chemical structure of cyclopamine

Cyclopamine resulted in a decrease in HRSV replication and transcription
in a mini genome assay. Reduced M2-1 levels were visualised via an
immunofluorescence assay and a reduction in viral titres using a mouse
model. Escape mutations were mapped to the RNA/ P binding surface of
the M2-1 protein.
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A second class of M2-1 inhibitors have been developed from in silico docking to
the ZBD of M2-1 using the crystal structure solved by Tanner et al, (2014). A
zinc-ejecting compound aldrithiol (AT-2; Figure 17) that interacted with the zinc
finger of retrovirus nucleocapsid proteins (Rossio et al., 1998), reducing
infectivity, also inhibited HRSV infectivity through interactions with M2-1. An AT-
2 inactivated HRSV vaccine induced an immunopathological response in cotton
rats with no vaccine-enhanced diseases whilst an adjuvanated form of AT-2
resulted in vaccine-enhanced disease (Boukhvalova et al., 2010). Rationally
designed compounds based on the AT-2 compound reduced HRSV replication
in cellulo, with.compound 10e being the most potent (IC,, 10e 6 uM; IC, AT-2
841 pM). However, unlike AT-2, compound 10e has not been shown to be an
M2-1 specific inhibitor to date (Cancielleri et al., 2015).

SeoA

Figure 17 Structure of synthetically derived 10e compound and AT-
2

A- compound 10e; B- compound AT-2. Compound 10e was synthetically
derived based on the AT-2 compound, a zinc ejector known to inactive the
nucleocapsid of HIV-1 by interactions with the zinc finger motif. AT-2 was
shown to inactive HRSV, and was presumed to act through at the ZBD of
M2-1, HRSV. Compound 10e and its derivatives that reduced HRSV
replication all contained a common benzyl piperazine moiety on the
scaffold.
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1.10 Project Aims

The HRSV M2-1 protein is essential for virus multiplication with a primary role in
synthesis of full-length viral mRBNA transcripts and enhancing read-through at
gene-end/ gene-start junctions. Conservation of critical residues for M2-1 function
in addition to no known mammalian homologs of the protein suggest that M2-1
could be used as a target for anti-viral drug design. The recently solved crystal
structure of HRSV M2-1 has provided much insight into its structure and function,
however further understanding of the interactions between M2-1 and its binding
partners, RNA and P, is required to determine the precise function of HRSV in the
virus life cycle. The aims of this project were 3 fold; firstly, to provide further
insight into the interaction of M2-1 with its binding partners RNA and P by
structural and biophysical methods. Secondly, to assess the suitability of M2-1 as
a drug target via consideration of the RNA/ P binding site and further potential
inhibitor sites. Finally, this project aimed to characterise the bovine respiratory
syncytial virus (BRSV) M2-1 protein to provide similarities with HRSV M2-1 that
may allow cross-species treatment with the determined M2-1 inhibitors.
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 Recipes

Lysogeny broth (LB):
per litre in Milli-Q H,O (18.2 MQcm™)
16 g tryptone
10 g yeast extract

5 g NaCl (Fisher Scientific)

RNA binding buffer:
20 mM tris-Cl pH 7.5
150 mM NaCl (Fisher Scientific)
0.01% triton X-100

Protein expression- lysis buffer:
25 mM tris-Cl pH 7.5
1 M NaCl
1mMDTT
2% triton X-100
10 mM MgSQO,
1 mM CaCl,
0.5 mg/ml lysozyme
5% glycerol

1x complete protease inhibitors EDTA-
free (Roche)

1 ug/ml DNase
1 pg/ml RNase

Protein expression- wash buffer:
25 mM tris-Cl pH 7.5
150 mM NaCl (Fisher Scientific)
1mMDTT
5% glycerol
0.1% triton X-100

His bind buffer:
150 mm NaCl
50 mM tris pH 7.4

Glutathione elution buffer:

20 mM L-glutathione (Alfa Aesar),
adjusted to pH 7
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Agar medium:

With LB as above, supplemented with
1.5% agar and a selective antibiotic
(@ampicillin 100 pg/ml or kanamycin at
40 pg/ml)

Size exclusion chromatography (SEC)
buffer:

25 mM tris-Cl pH 7.5
150 mM NaCl (Fisher Scientific)
1mMDTT

Cation exchange- low salt buffer:
20 mM tris-Cl pH 7.5
50 mM NaCl
5% glycerol
1mMDTT

Cation exchange- high salt buffer:
20 mM tris-Cl pH 7.5
1 M NaCl
5% glycerol
1mMDTT

SDS-PAGE
15% resolving gel:
4.6 ml milli-Q H,O (18.2 MQcm™)
10 ml 30% acrylamide mix
5 ml tris-Cl (1.5 M pH 8.8)
200 pl SDS (10%)
200 pl 10% ammonium persulfate

10 yl TEMED

5% stacking gel:

3.4 ml mili-Q H,0 (18.2 MQcm™)
830 pl 30% acrylamide mix
630 l tris-Cl (1.0 M pH 6.8)

50 pl SDS (10%)
50 pl 10% ammonium persulfate

5 pl TEMED

Agarose gel electrophoresis:
50x TAE buffer (1 1) pH 8.5:
0.5 M of EDTA
2 M Tris Base (Melford)

57.1 ml of Glacetic acid

Agarose gel (1.5%):
1.5 g agarose (Melford) per 100 ml of
1x TAE

SYBR® safe (Invitrogen Life
Technologies) at 10,000 x
concentration

Loading dye: 0.25% bromo B and
40% sucrose (SLS)
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SDS-PAGE running buffer:
25 mM tris Cl pH 7.5
0.1% SDS
190 mM glycine pH 6.8

SDS-PAGE sample loading dye:
100 mM tris
4% SDS
20% glycerol
200 mM DTT
0.3% bromophenol blue pH 6.8

Coomassie blue de-stain:

30% methanol (Scientific Laboratory
Supplies-SLS)

60% milli-Q H,0 (18.2 MQcm™)

10% acetic acid

Coomassie blue stain:
45% methanol (SLS)
45% milli-Q H,0 (18.2 MQcm™)
10% acetic acid (SLS)
0.25% coomassie brilliant blue R-250

CD buffer:
milli-Q H,O (18.2 MQcm™)
10 mM NaPo4
150 mM NaCl

Table 4 Consumables and recipes used for further assays

All reagents were purchased from Sigma-Aldrich, unless otherwise stated.
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2.1.2 Consumables
2.1.2.1 Primers

Primers were synthesised by Sigma-Aldrich for Gibson assembly cloning (FP-
forward primer, RP- reverse primer).

Name Primer sequence (5’-3’)
ALGS FP1 GGAAGGTCTGTTCCAGGGGCC
CATGTCACGAAGGAATCCTTGC
ALGSMS FP1 GGAAGTTCTGTTCCAGGGGCCC
CGAAGGAATCCTTGCAAATTTG
ALGS/MS RP1 CGATGCGGCCGCTCGAGTTAG
GTAGTATCATTATTTTTGG
M2-1 ¢4.477 FP1 CGCGGATCCTCAGAAATAAGTGGA
M2-1 g4, RP1 CCGCTCGAGTTATTTTGGGTTGTTGAT

Table 5 Gibson assembly primer design
Primers were synthesised by Sigma-Aldrich for Gibson assembly cloning
(FP- forward primer, RP- reverse primer).

2.1.2.2 Crystal screens

Commercial screens were utilised for the initial identification of crystals. Screens
included; Salt RX, Crystal, Index (Hampton Research), Wizard 1 & 2, Wizard 3 &
4, Midas, Morpheus (Molecular Dimensions), JCSG Core Suite I-IV and PACT
(Qiagen).

2.1.2.3 Cell lines

A BSRT7 cell line, derived from BHK21 cells and constitutively expressing the
bacteriophage T7 RNA polymerase (described by Buchholz et al., 1999) was a
kind gift from Dr Cheryl Walter, University of Leeds. A human epidermal
carcinoma (Hep?2) cell line was a kind gift from Dr Hussah Taqi, University of
Leeds.

2.1.2.4 Un-labelled RNA synthesis

Oligoribonucleotides of various lengths (6mers-14mers) were synthesised by
Dharmacon (GE Healthcare Sciences) and HPLC purified. RNA was provided
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converted to the 2’-hydroxyl form and desalted ready for use.
Oligoribonucleotides were re-suspended in diethylpyrocarbonate (DEPC) treated
water and stored in RNase free 1.5 ml tubes at a concentration of 1 mM.

2.1.2.5 Labelled RNA synthesis

Oligoribonucleotides of 13 nucleotides in length were synthesised with a 3’-
fluorescein label (Thermo Scientific). 3 FI RNA was provided in the stable 2’-
ACE® protected form to improve stability and enhance nuclease resistance.
RNA in the stable 2’-ACE® protected form was de-protected with 400 pl of 2’
de-protection buffer (100 mM acetic acid, adjusted to pH 3.8 with TEMED) or
800 pl for oligomers with a homopolymer A stretch of more than 12 bases. The
RNA pellet was completely dissolved, vortexed, and incubated at 60°C for 30
minutes (or 2 hours for oligomers with 12 base or longer A stretches). The
solution was vacuumed to dryness (SpeedVac) before re-suspension. All RNA
was re-suspended in DEPC treated water and stocks stored in RNase free 1.5
ml black tubes at a concentration of 1 mM.

2.1.2.6 P 90- 110 peptide synthesis

A short region of the HRSV A2 strain P protein (residues 90-110) was
synthesised by ProteoGenix SAS in an unlabelled and fluorescently labelled
form. The peptide was purified by HPLC and deemed 98.66% pure with a MW
of 2444.66 g/mol by mass spectrometry. The peptide was provided in a
lyophilised form and stocks of 1 mM produced using DEPC treated. The
synthesised amino acid peptide sequence was 5’-3":
DPTPSDNPFSKLYKETIETFD.

2.1.2.7 Compounds

Compounds were computationally screened using a free database of
commercially available compounds, known as Zinc 12 (Irwin & Shoichet, 2005).
Hits were purchased from a variety of vendors as stated in appendix V.
Compound stocks were produced at a concentration of 10 mM with DMSO and
stored at -20°C.

2.1.2.8 Fragments

Two fragment libraries were provided by the DLS (grant number: Ib14607-1) for
fragment based drug design (FBDD). Libraries were in a solution of DMSO and
stored at 4°C. The Edelris library contained 280 fragments at a stock
concentration of 250 mM. The second library, Maybridge 1000, contained 856
fragments at a stock concentration of 100 mM.
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2.2 Methods

2.2.1 Molecular biology
2.2.1.1 Cloning of HRSV M2-1 cDNA into the pGEX-6P-2 vector

A cDNA representing the HRSV (A2 strain) M2-1 open reading frame (ORF) was
a kind gift from Professor Gail Wertz (Hardy and Wertz, 1998). The M2-1 ORF
was sub-cloned (Tanner et al., 2014) into the pGEX-6P-2 vector (GE
Healthcare), that contained sequences encoding an N-terminal glutathione S-
transferase (GST) tag followed by the recognition sequence for PreScission
Protease. The position of this affinity tag is such that five additional non-native
residues (Gly-Pro-Leu-Gly-Ser) remain at the N-terminus of M2-1 following
cleavage.

2.2.1.2 Cloning of BRSV M2-1 cDNA into the pGEX-6P-2 vector

A cDNA representing the BRSV M2-1 A2 strain ORF (Accession No: P29792)
was custom synthesised (Invitrogen Life Technologies) flanked by restriction
sites Xho1 and BamHI (NEB) that would allow for insertion by restriction digest
into the pGEX-6P-2 vector used for expression of HRSV M2-1. Like HRSV,
BRSV M2-1 contained 5 non-native N-terminal residues (Gly-Pro-Leu-Gly-Ser)
after cleavage of the GST affinity tag.

2.2.1.8 Cloning of truncated HRSV M2-1 cDNA into the pGEX-6P-2
vector

M2-1 N and C terminus truncations were constructed using Gibson Assembly
(NEB) as per the manufacturers instructions. The first truncation removed 3 non-
native residues (ALGS) at the N-terminus of M2-1 and the second removed the
3 non-native residues in addition to native residues 1 and 2 of the M2-1 protein
(ALGSMS). A monomeric form of M2-1 (Blondot et al., 2012) was created by
removal of residues 1-57 and 178-194, with the resultant protein termed M2-1;4
177. All plasmids were cloned into the pGEX-6P-2 vector. The vector was cut
using restriction enzymes BamH/ and Xho1 (NEB) before gel purification (Zymo
Research) following the manufacturers instructions. Inserts for Gibson Assembly
were amplified by a polymerase chain reaction (PCR) protocol (Table 6).
Resultant cDNA plasmids were submitted to Sanger sequencing for sequence
conformation (Beckmann Coulter Genomics).
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Temperature Time Cycles
Cycle 1 96°C 2 minutes 1 cycle
94°C 30 seconds
Cycle 2 66°C 1 minute 4 cycle
72°C 1 minute
94°C 30 seconds
Cycle 3 75°C 1 minute 25 cycles
75°C 1 minute
Cycle 4 72°C 7 minutes 1 cycle

Table 6 Thermal cycler settings for HRSV M2-1 truncation PCR
reactions

2.2.1.4 Bacterial transformation

For efficient transformation 50 pl of competent E.coli cells were thawed on ice
and 1 pl of 50 ng/ul plasmid DNA added. Samples were incubated on ice for 30
minutes, followed by heat shock at 42°C for 45 seconds. Samples were placed
back on ice for a further 2 minutes before addition of 500 pl of LB and
incubation at 37°C for 2 hours with shaking at 170 rpm. Samples were then
plated on antibiotic-selective LB agar plates and incubated at 37°C for 16
hours. Amplification of plasmid DNA was performed by transformation into
DH5a E.coli bacterial competent cells (Life Technologies) whilst BL21-Gold
(DES3) cells (Agilent Genomics) were used for protein expression.

2.2.1.5 Plasmid DNA extraction

Prior to alkaline lysis, one colony from LB Agar plates containing the
transformation mixture was picked with a pipette tip and placed in 5 ml of LB
and a selective antibiotic in a vessel of 20 ml volume. The mixture was placed
for 16 hours at 37°C with shaking at 220 rpom. DNA extraction was performed
using a Zymo Research DNA extraction kit and performed as per manufacturers
instructions.
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2.2.2 Protein purification
2.2.2.1 Starter cultures

A single colony from the antibiotic-selective LB agar plates was picked and
placed into 10 ml of an LB starter culture containing a selective antibiotic.
Cultures were incubated at 37°C for 16 hours with shaking at 170 rpm. For
large-scale protein expression 60 ml of starter culture was used.

2.2.2.2 Protein expression

Two litres of LB (1 L of LB in a 2 L conical flask) were inoculated with starter
culture and incubated at 37°C, with shaking until cells reached O.Dgy, 0.8. At
this time point cells were induced with 340 puM Isopropyl B-D-1-
thiogalactopyranoside (IPTG) and 50 nM of ZnSO, and incubated at 28°C, with
shaking for 16 hours. Cells were then centrifuged at 4000 xg for 30 minutes at
4°C. The bacterial pellet was re-suspended in lysis buffer (100 ml per 1L of LB).
The suspension was then freeze-thawed for four cycles before the addition of
DNase and RNase. Lysates were centrifuged at 16000 xg for 30 minutes at
4°C. The supernatant was then applied to Glutathione 4B Resin (GE Healthcare)
by gravity flow before washing with lysis buffer and equilibrating with wash
buffer. PreScission Protease (GE Healthcare) was added to the resin and
incubated with gentle rotation overnight at 4°C. The protein was eluted from the
resin by gravity flow with the addition of 2 column volumes (CV) of wash buffer.

2.2.2.3 lon exchange chromatography

SP sepharose resin was equilibrated in 1 CV of low salt (50 mM) followed by 1
CV of high salt (TmM) and finally 2 CV of low salt buffer. Eluted protein (section
1.2.2.2) was diluted from 150 mM to 50 mM NaCl and subsequently added to
the resin. One column volume of a 15 mM NaCl solution was added to the resin
before collection of the M2-1 protein via addition of a 90 mM NaCl solution to
the resin. Ten, 5 ml elutes were collected before the addition of 1 CV of a 150
mM high salt solution. All samples were analysed by SDS-PAGE to ensure
further impurities were removed.

2.2.2.4 Size exclusion chromatography (SEC)

A 320 ml HiLoad 26/600 Superdex 75 pg column (GE Healthcare) was
equilibrated with SEC buffer. All SEC buffers were filtered (0.22 pm) and de-
gassed (Merck Millipore). The column was kept at 4°C and used with an AKTA
prime pump system (GE Healthcare) that measured absorbance at 280 nm.
The desired protein sample was concentrated to 5 ml and filtered using a 0.22
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um filter (Sartorius) before injection into the AKTA using a 5 ml loop. The column
was set to a flow rate of 2 ml/min and 3 ml fractions were collected after the
initial void volume of 110 ml.

2.2.2.5 SDS-PAGE gels and Coomassie staining

SDS-PAGE gels were prepared with materials stated in section 2.1. Gels were
run at 150 V for 60 minutes before staining in Coomassie blue for 15 minutes
followed by the addition of de-stain.

2.2.2.6 Cross linking gluteraldehyde

Protein was initially buffer exchanged in to CD buffer (section 1.1.1). Protein at a
concentration of 1.5 mg/ml was then mixed with varying concentration of
gluteraldehyde (0- 40 mM) in a 1:1 ratio. The mixture was incubated for 30
minutes at room temperature before the addition of SDS loading dye and boiled
at 95°C for 10 minutes to stop the reaction. Samples were analysed by SDS-
PAGE as above.

2.2.2.7 Protein concentration and quantification

Protein was concentrated for SEC (5 ml) and for final storage (100 pl). Protein
was concentrated using 20 ml, 10,000 molecular weight cut-off (MWCO)
polyethersulfone membrane concentrators (Thermo Fisher) and spun at 3,800
rom for 20 minutes. For smaller protein volumes, 0.5 ml Amicon Ultracel® low-
binding regenerated cellulose membrane concentrators with a 10,000 MWCO
(Merck Millipore) were used and spun at 13,000 rpm.

Protein concentration was determined by dilution of the protein to ensure the
280 nm absorbance value was in the range of 0.1- 1 using a 10 mm path length
quartz cuvette (UV spectrophotometer- Astbury BioSuite). Further absorbance
readings at 260, 300 and 340 nm were recorded. To determine the protein
concentration (mg/ml) the absorbance value at 340 nm was subtracted from the
280 nm reading and divided by the extinction coefficient multiplied by the path
length (Wilfinger et al., 1997).
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2.2.3 X-ray crystallography (general)
2.2.3.1 Crystal factorials

Protein was mixed with equal amounts of mother liquor (0.2 pl of protein: 0.2
of mother liquor) unless otherwise stated using the NT8 (Formulatrix) or
Mosquito (TTP labtech) liquid handlers. Screens were set up in 2 or 3- drop
MRC crystallisation plates and sealed with ClearSeal Film™ (Hampton
Research). Crystal plates were imaged using a Fibonacci series and the Rock
Imager 1000 (Formulatrix) with visible and UV-TPEF imaging being recorded at
20°C. For co-crystal studies, RNA or P 90-110 was added in x1.2 molar excess.

2.2.3.2 Crystal optimisation

Crystal hits were optimised by finely altering the pH and PEG concentration of
the mother liquor in addition to storage temperature of the plates. For
consistency of protein formation, 96- well, 2 and 3- drop MRC crystallisation
plates (Hampton Research) were used for initial screens and all optimisation.

2.2.3.8 Crystal harvesting

Crystals were picked in appropriate size nylon loops (Hampton Research) and
cryo-cooled in their mother liquor substituted with 5 % glycerol, 5 % PEG 400, 5
% 2-MPD and 5 % ethylene glycol.

2.2.3.4 Data collection

Data was collected at the DLS on multiple MX beamlines. Crystals were firstly
screened for diffraction at, 0°, 70° and 140° using 12,658 eV X-rays (0.9795 ,&).
Full data sets were obtained for crystal that diffracted below 3 A with images
recorded every 0.5°.

2.2.3.5 Molecular replacement

Data sets were integrated and auto-processed using the pre-defined pipelines
available on the IsPyB at the DLS. The auto-processed mtz file (3d iii), known
PDB co-ordinates (Tanner et al., 2014; PDB 4c3b and 4c¢3d) and protein
sequence were placed into the CCP4 i2 software package for molecular
replacement (Phaser). Further refinement was performed using refmac5h, as part
of the CCP4 i2 suite. All molecular images used in this report were created with
The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrédinger, LLC.
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2.2.4 X-ray crystallography (XChem facility)

This crystallography methods section refers specifically to the work performed
using the XChem facility at the DLS.

2.2.4.1 Crystal condition

Crystal drops were set up using MRC 3- drop (also known as SWISS Cl,
Hampton Research) plates. Protein was added to drops 2 and 3 of the 3-drop
plates. 0.2 pl of protein at 12 mg/ml was mixed with 0.2 yl of mother liquor using
the NT8 (Formulatrix) liquid handler and sealed with ClearSeal Fiim ™ (Hampton
Research). Plates were incubated at 20°C for 3 days prior to the DLS visit. One
mother liquor condition was used to form crystals this was: 0.1 M carboxylic acid,
0.1 M BS3 pH 8.5 and 24% PEG550MME_P20K (Morpheus).

2.2.4.2 Crystal targeting

MRC 3-drop plates were imaged using the Formulatrix Rocklmager at the DLS
and ranked using TexRankE. Crystal ‘hits’ were targeted by creating an x,y co-
ordinate dispense site for the ECHO (Labcyte) dispenser in close proximity to the
crystal.

2.2.4.3 Crystal soaking

The ECHO acoustic liquid handler used ultrasonic pulses to shoot 2.5 nl droplets
at the dispense site previously stated in TeXRankE. The ECHO dispensed the
fragment to the pre-specified location and was left to soak for one hour at room
temperature. After this time 300 nl of the cryo-protectant mix was dispensed to
the drop. The ECHO was set to dispense slower due to the viscosity of the cryo-
protectant. Each condition was performed in duplicate for the optimisation screen
and in singular for the full fragment screen.

2.2.4.4 Crystal harvesting

The process of crystal harvesting was streamlined by the use of the Shifter, a
microscope x-y stage that automatically tracks sample positions. Crystals were
harvested using 75 and 150 uM Mitegen loops. For the cryo protectant the
mother liquor was substituted with 5 % glycerol, 5 % PEG 400, 5 % 2-MPD and
5 % ethylene glycol.

2.2.4.5 Data collection

Data was collected on the 104-1 beamline (Visit: Ib14607-1). The Mitegen loops
allow for good loop centring on the beamline and data collection was fully
automated and unattended. Full data collection was performed for each crystal
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with the following parameters: oscillation 0.12°, transmission 100%, exposure
0.08 s, aperture 70 pM, images collected 1500.

2.2.4.6 Data analysis and refinement

Data sets were automatically integrated using the pre-existing pipelines at the
DLS. Data sets were automatically molecular replaced and electron density
assessed using the PANDDA and XChemExplorer (XCE) software designed by the
structural genomics consortium (University of Oxford) for the XChem fragment
screening facility.

2.2.5 Biophysical assays

2.2.5.1 Fluorescence anisotropy (FA)

2.2.5.1.1 Direct binding assay

RNA binding buffer (20 pl) was added to each well of a black 384- well optiplate
(Perkin Elmer). Protein was added to the first well at a final concentration of 110
uM and a 1 in 2 serial dilution of the protein was then performed. 3’-Fl labelled
RNA 13mers (Thermo Scientific Ltd) were added to each well at a concentration
of 40 nM. Control wells contained RNA binding buffer and protein only. The
reaction was incubated at room temperature for 30 minutes. Polarisation was
measured using an EnVisionTM 2103 MultiLabel plate reader (Perkin Elmer) that
contained an excitation filter at 480 nm (30 nM bandwidth), polarised dichroic
mirror at 505 nm and emission at 530 nm (40 nM bandwidth) S and P polarised.
Anisotropy values were calculated using the raw emission values for S and P
signals and the following equations:

intenisty = (2XP)+ S

S—(Px1)
intensity

anisotropy =
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Anisotropy values were plotted in GraphPad Prism7 and a nonlinear regression
curve fitted with the following equation:

__M-a2
1+ (X = X%p

y A2

Where vy is the anisotropy, X is the protein concentration, A1 is the initial value of y
and A2 is the final value of y. X°is the dissociation constant (Kd) and p is the Hill
coefficient.

2.2.5.1.2 Competition binding assay

For competition binding, 20 nM of 3’-FI and 1 pM of protein (the amount of
protein required to produce the Kd of P 90-110) (20 ul of each) was added to a
black 384- well optiplate (Perkin EImer) and incubated for 10 minutes at room
temperature. Serial dilutions (1 in 2) of the unlabelled RNA or compound were
performed in a separate well and 20 pl transferred (1 in 3 dilution) to the well
containing protein and the 3’-FI. The plate was incubated for 30 minutes prior to
analysis using the EnVision plate reader. The concentration of un-labelled RNA
added to the first well was 1 mM and for compounds the concentration was 10
mM.

2.2.5.2 Circular dichroism (CD) spectroscopy

Data was collected using the Jasco J715 spectropolarimeter (Applied
Photophysics) purged with nitrogen gas. The sample temperature was controlled
using a water cooled Peltier system and allowed for automated temperature
ramping. Protein was buffer exchanged into CD buffer and diluted to a final
concentration of 0.1 mg/ml. The data was collected as ellipticity (0) in units of
millidegrees (mdeg). The CD spectra was normalised to give the mean residues
molar ellipticity for comparison of secondary structure between proteins. The
equation used to determine the mean residues molar ellipticity was:

B raw signal
 protein concentration X (Number of peptide bonds — 1)X path lengthx 10
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2.2.5.2.1 Collection of far UV CD spectra

UV spectra were collected in 1 mm path length quartz cuvettes. CD
measurements were made in 1 nm increments, between 180 and 300 nm with a
bandwidth of 2.5 nm. The temperature was maintained at 6°C.

2.2.5.2.2 Collection of thermal unfolding curves

A constant temperature ramp from 10- 90°C with an in-cell temperature probe
was used to record the precise sample temperature at a wavelength of 222 nm.

2.2.5.3 Mass spectrometry analysis

All mass spectrometer analysis was performed as a service by the mass
spectrometry facility, University of Leeds. For protein sequence identification and
molecular mass determination, samples were provided in the form of a SDS-
PAGE stained Coomassie gel.

2.2.6 In cellulo assays
2.2.6.1 Cell maintenance

Continuous cultures of all cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10% foetal bovine
serum (Sigma-Aldrich), 100 unit/ml penicilin and 100 pg/ml streptomycin
(Invitrogen), herein referred to as complete media 10 (CM10). Cell lines were
passaged by washing in 1x phosphate buffered saline (1x PBS, Sigma-Aldrich)
followed by detachment using 1x Trypsin (Sigma-Aldrich). To maintain expression
of the T7 RNA polymerase promoter, BRST7 cells were supplemented with 500
ug/ml of G418 antibiotic at alternate passages. For maintenance, cells were
incubated at 37°C in a humidified atmosphere supplied with 5% CO,. Assays
measuring GFP were performed in OPTI-MEM (Gibco) reduced serum media with
no phenol red.

2.2.6.2 HRSV mini genome system

The mini genome plasmids were a kind gift from the laboratory of Professor Julian
Hiscox, University of Liverpool (described by Yu et al., 1995 and Grosfeld et al.,
1995). A plasmid expressing a Rab5-GFP fusion protein was used as a positive
control (Addgene plasmid: 31733) and was a kind gift from Professor Mark Harris,
University of Leeds. One day prior to transfection cells were seeded in a 12-well
dish at a confluency of 1x10° cells/well. On the day of transfection, 3
Lipofectamine 2000® Reagent (Thermo Fisher) was incubated with 250 pl (for 1
well) of OPTI-MEM (Sigma-Aldrich). In another tube 250 pl of OPTI-MEM was
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incubated with the following mini-genome plasmids: 1 ug N, P, M2-1, GFP and
0.5 p g of L. After an incubation time of 5 minutes the two tubes were mixed and
further incubated for 20 minutes at room temperature. Media was then removed
from wells containing cells and washed with 1x PBS before addition of the 500 p
Lipofectamine and DNA mixture. The transfected cell mixture was incubated for 4
hours before removal of the media and addition of fresh OPTI-MEM media.

Compounds were added to a final concentration of 20 pM (0.2% DMSO) at time
of transfection and re-added 4 hours later following cell washing with 1x PBS. The
mini genome assayed levels of green fluorescent protein (GFP) using the IncuCyte
Zoom® with access kindly provided by Professor Nicola Stonehouse, University
of Leeds. Transiently transfected cells were scanned and images recorded for
green fluorescence and phase every hour, for 29 hours. Data was analysed using
the IncuCyte ZOOM® software with the integrated algorithm and plotted as the
total number of green fluorescent cells per well (described in Tulloch et al., 2014).
Each compound was assayed in duplicate at a single concentration of 20 uM, to
an n-2.

2.2.6.3 MTT (3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium
bromide) assay

Clear 96-well plates were seeded with 5x10° BSRT7 cells/ well one day prior to
transfection. Prior to the assay media was removed from the cells, washed with
1x PBS, and replaced with 100 pl of media plus relevant compound at a final
concentration of 20 pM. The mixture was incubated at 37°C with 5% CO, for 33
hours to mimic the conditions used for the mini genome assay. After 33 hours all
media was removed from the plate and replaced with a solution of serum free
media containing 1 mg/ml of MTT powder (Sigma-Aldrich). The assay plate was
further incubated at 37°C for 30 minutes away from light sources. After this time,
the MTT solution was discarded and replaced with DMSO. The assay plate was
shaken at 60 rpm for 5 minutes to dissolve the precipitate followed by the
recording of absorbance at 570 nm.

2.2.6.4 Infectious virus

Hep2 cells were seeded to be 70% confluent at time of infection. Recombinant
HRSV-GFP, encoding GFP upstream of the SH gene was kindly gifted by Dr
Hussah Taqi. Cells were infected with HRSV-GFP at a multiplicity of infection
(MQI) of 0.1 cell infectious units (CIU). Flasks were gently rocked for 10 minutes
before incubating at 37°C, 5% CO, for 5 hours. At this time cells were washed
with 1x PBS, replaced with CM10 media and incubated for 5 days. After 5 days
autoclaved glass beads were added to the flasks to assist in mechanical
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disruption of the cells, after which the supernatant containing virus was decanted
and spun for 3 minutes at 3,000 g before being snap frozen and stored at -80°C.

2.2.6.5 Plaque assay

Hep2 cells were seeded at 2x10° cells/well in a 24 well plate to be a confluent
monolayer at time of assay. The virus suspension prepared as described above
was thawed and diluted 1 in 10 in 1x PBS, serial dilutions of the virus were then
performed 1 in 5. The plate was gently rocked for 20 minutes and then placed in
a 37°C 5% CO, incubator for 4 hours. After 4 hours the virus was removed and
cells washed with 1x PBS followed by the addition of 1.6% carboxymethyl
cellulose mixed in a 1:1 ratio with CM10 to each well. The mixture was further
incubated for 5 days.

After 5 days the mixture was removed and cells washed 4 times with 1x PBS.
Cells were then fixed with 80% cold methanol for 1 hour before being washed 3
times with 1x PBS- 0.1% Tween. Blocking buffer (5% skimmed milk in 1x PBS)
was incubated with the cells for one hour at room temperature. Primary antibody
(goat anti-RSV; Abcam 20745) was diluted 1 in 200 in blocking buffer, added to
each well and incubated overnight at 4 degrees. Secondary antibody (horseradish
peroxidase anti-goat; Abcam ab6741) was added to each well at a 1 in 1000
dilution in blocking buffer and incubated with rocking for an hour at room
temperature. 4-chloro-1-napthol (Thermo Scientific) in methanol was diluted 1 in
10 in 1x PBS, supplemented with 1 in 1000 of 30% hydrogen peroxide and
added to each well. The plate was further incubated at room temperature with
rocking until the formation of purple plagques was visible. Titre (PFU/ml) was
determined by the following equation:

number of plaques

Titre =
dilution factor x volume of diluted virus

2.2.6.6 Live virus assay

2.2.6.6.1 Single compound dose

BSRT7 cells were seeded in a 24 well dish at a confluency of 0.05x10° cells/well
24 hours prior to infection. Cells were infected with HRSV-GFP at an MOI of 4
(diluted in CM10) in addition to 20 uM of the compound (0.2% DMSOQO). Cells
infected with HRSV-GFP were then rocked at 37°C for 20 minutes before
incubating at 37°C, 5 % CO, for 5 hours. After this time cells were washed twice
with 1x PBS and replaced with OPTI-MEM and 20 uM of compound.
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Plates were imaged hourly and green fluorescence levels recorded using the
IncuCyte Zoom® for a total of 33 hours. Optimal parameter values were pre-
determined by the IncuCyte software (and used for the mini genome assay),
however the green calibrated unit (GCU) value was altered for the live virus assay
and was set to a minimum of 2.0, with green fluorescent objects below this
threshold level classified as background. The mean number of green fluorescent
cells per image was calculated for 8 non-overlapping images and used to
extrapolate the mean number of green cells per well using the IncuCyteZOOM®
software. Data was analysed using the integrated algorithm and plotted as the
total number of green fluorescent cells per well (described in Tulloch et al., 2014).
Each compound was assayed in duplicate at a single concentration of 20 uM, to
an n-3.

2.2.6.6.2 Compound titration

The titration assay was performed and analysed as above for a singe compound
concentration, however the 20 pM compound added to the initial well was
successively diluted 2.5 times for each dilution, with the last dilution void of
compound.
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Chapter 3 Protein purification of the M2-1 protein of
human respiratory syncytial virus (HRSV) and its
interactions with viral RNA and phosphoprotein (P)

3.1 Introduction

Structure and function studies often require high quantities of homogenous and
functional protein, and a common approach to generate this is the overexpression
of recombinant proteins using a heterologous host such as E. coli. In this case, a
cDNA representing the ORF of the protein of interest is inserted behind an IPTG
inducible promoter within a specialised expression plasmid, and fused to an
affinity tag to assist in purification. IPTG induction alleviates repression of the
target gene, which allows gene expression by RNA polymerase, and subsequent
high level production of the encoded fusion protein. By performing such
inductions in large scale cultures, high quantities of recombinant proteins can be
expressed and then purified to near homogeneity using various downstream
chromatographic techniques that can, in turn, be used for structural and
functional studies.

3.2 Principles of chromatography

Chromatographic techniques include affinity chromatography that purifies proteins
based on ligand specificity, SEC that separates proteins based on their size and
ion exchange that purifies based on the charge of the proteins. For purification of
HRSV M2-1, all three of these chromatography techniques were utilised.

During affinity chromatography, the stationary phase consists of a support
medium (glutathione sepharose media) on which the substrate (glutathione) is
covalently attached. Proteins, in this case a GST fused M2-1 protein, bind to the
glutathione substrate in the stationary phase whilst non-specific proteins are
eluted. The tagged protein can then be eluted, and the media restored to an
unbound form via incubation with an excess of GST. SEC media is a porous
matrix of spherical particles, in which the buffer that fills the porous matrix
(stationary phase) is in equilibrium with the buffer on the outside of the matrix
(mobile phase). A sample containing protein is loaded and the matrix traps
smaller, low molecular weight proteins whilst higher molecular weight proteins can
not enter the pores and are eluted earlier. To perform ion exchange
chromatography the isoelectric point (pl) of the protein is determined and a buffer
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pH chosen to create a positive or negatively charged environment. Based on the
charge identified for the protein, an oppositely charged resin (negative charged-
cation or positively charged- anion) is chosen to bind the protein of interest, whilst
contaminants are eluted in the void volume. The buffer condition to bind the
protein of interest is usually 0.5-1.5 pH units above or below the pl depending on
the resin type used.

3.3 Analysis of protein structure

Once a streamlined methodology for the production of pure protein has been
established, the protein can be used for structural studies that include X-ray
crystallography, nuclear magnetic resonance spectroscopy (NMR) and cryo-
electron microscopy (EM). X-ray crystallography has been the most desirable
method for atomic resolution structural information for over 60 years, however
recent advancements in transmission electron microscopes and electron
detectors has allowed cryo-EM to compete with X-ray crystallography with near
atomic resolution now being observed for structures determined by cryo EM, in
what has been termed the ‘resolution revolution” (Kuhlbrandt, 2014). Further, the
use of cryo-EM for high resolution structural information bypasses the phase
problem seen in X-ray crystallography as these can be directly recorded from the
density map (Cheng, 2015).

The main requirement of X-ray crystallography that differs from other structural
techniques is the need to form protein crystals for structural determination. NMR
and cryo-EM require only a protein in solution for near atomic resolution structural
determination and may provide a more physiologically relevant and dynamic
snapshot of the protein compared to that seen in rigid protein crystals. Whilst X-
ray crystallography is suitable for structural determination of any size protein
(although increased difficulties are seen with larger complexes), both EM and
NMR methods have limitations in the size of proteins that can be used. Proteins
with a molecular weight above 100 kDa are required for cryo-EM whilst NMR
requires proteins with a molecular weight below 50 kDa.

Depending on the required information for the protein of interest each structural
technique has its advantages, however, with advancements in access to these
structural methods multiple techniques can be performed in parallel resulting in a
detailed structural knowledge of the proteins being studied. For HRSV M2-1
studied here, X-ray crystallography was the preferred method for structural
determination due to the existence of an established and successful protocol
(PDB: 4c3b and 4c¢3d), and due to this approach being the only current method
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to generate structural models with the required resolution required for the
research detailed here.

3.4 X-ray Crystallography

3.4.1 Crystal formation

X-ray crystallography requires the formation of crystals that contain multiple
copies of the protein, regularly arranged within a crystal lattice. This arrangement
allows amplification and subsequent detection of the diffracted X-rays that would
not be detected using a single protein molecule. Crystallisation of a protein occurs
when the protein becomes supersaturated, with a general rule of thumb being
that the protein concentration must be greater than three times the solubility to
enable crystallisation (Chernov, 1997). The large supersaturation is required to
overcome the energy required for the process of nucleation (a small microscopic
cluster of proteins that eventually forms the visible crystal) (Asherie, 2004) (Figure
18A). The phase diagram (Figure 18B) displays the three stages of
supersaturation: metastable, labile and precipitation. To overcome the energy
barrier and nucleate the protein must enter the labile zone, once this has occurred
it can then enter the metastable zone that can sustain crystal growth. However, if
supersaturation proceeds too far precipitation and aggregation formation will
occur at a faster rate than crystal formation in what is known as the precipitation
zone and is unfavourable to crystal formation.
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Figure 18 Energy and solubility phase diagrams for crystal formation

A- in order to crystallise the protein must overcome an energy barrier
(nucleation), with a higher energy barrier resulting in a slower rate of
nucleation; B- the protein must enter a supersaturated state to crystallise in
which the concentration of the protein and precipitant increases. The protein
must enter the labile zone in order to allow nucleation before entering the
metastable zone that supports sustained crystal growth. If the protein enters
the precipitation zone, aggregation is more likely and is unfavourable for
crystal formation.

73



Chapter 3 HRSV M2-1 and its binding partners

Crystal formation and growth is ascertained via three main methods: batch,
vapour and dialysis (Figure 19). During vapour diffusion the protein: precipitant
drop is suspended (via a hanging or sitting drop) and equilibrated with a reservoir
of the precipitant in the well. For batch crystallisation the precipitant and protein
are mixed directly under oil whilst for dialysis crystallisation the protein and
precipitant are equilibrated through a dialysis membrane. Commercial screens
that contain a diverse range of precipitant conditions (mother liquors) are available
and aid crystal formation. Sparse matrix screens are biased towards conditions
that have previously produced crystals whilst factorial screens assess each
element and matrix parameter systematically.

Protein —)‘
Precipitant —>
Vapour diffusion Vapour diffusion
hanging drop sitting drop
Paraffin oil ->

Dialysis cassette

et ®F

Batch diffusion Dialysis diffusion

Figure 19 Protein crystal formation techniques

Schematic representation of techniques that allow crystal formation. During
vapour diffusion the protein is suspended above the precipitant via either a
hanging or sitting drop. For batch diffusion the protein and precipitant are
mixed under a layer of oil and for dialysis a semi-permeable membrane
separates the precipitant and protein.

3.4.2 Solving the crystal structure

X-rays are used to study protein crystals as the wavelengths of X-rays are the
same order of magnitude (1/&: 0.1 nm) as the interatomic distances of proteins
and can be used to determine the structure. Most X-rays pass through the crystal
without interaction with electrons and are not recorded during the data collection
process. However, some photons from the X-ray source interact with electrons of
the atoms in the crystal structure and are scattered. These waves have different
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scattering angles and phase and when they combine have either constructive
(waves with high amplitudes) or destructive interference (waves with lower or no
amplitudes). These waves hit a detector and are recorded as a pattern of discrete
intestines, known as reflections and form the diffraction pattern.

In order for a diffracted X-ray to be recorded it must satisfy two conditions;
Bragg’s law and the Ewald sphere. Bragg’s law is used to define constructive
interference to produce a reflection. The law relates the angle (6) at which there is
a maximum in diffracted intensity to the wavelength of X-rays and the inter layer
distances between the planes of atoms in the lattice. When scattered waves
interfere constructively they remain in phase since the difference between path
lengths (d) of two waves is equal to an integer multiple (n) of the wavelength. The
path difference between two waves to remain in phase is 2d sin6. Bragg’s law is
written as nA= 2d sinB and is shown in schematic form in Figure 20.

Figure 20 Bragg's Law

If two Bragg’s planes (parallel planes) are a distance (d) apart, with an angle
of incidence of (6), the two X-rays incoming waves will remain in phase if the
second wave travels an addition distance (d sin6) that is an integer (n) of the
wavelength.
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Bragg’s law provides an explanation as to why a limited number of reflections are
recorded for a given crystal. Reflections occur when Bragg’s equation is satisfied
and this occurs when the reciprocal lattice point of the transmitted X-ray beam
lies on the Ewald sphere, a geometric construction that visualises the properties
of Bragg’s law. The Ewald sphere demonstrates that in order to collect more
reflections, the crystal needs to be rotated to increase the likelihood of a
reciprocal lattice point that lies on the Ewald sphere.

To satisfy Bragg’s law waves must be in phase to result in constructive
interference however destructive interference also occurs in which the scattering
waves are out of phase and results in a decrease in amplitude of waves and the
recorded intensity of the reflections. The intensity of a reflection provides
information about the arrangement of atoms within the unit cell whilst the
symmetry of the reflections provides information on the space group. The crystal
system, crystal class and Bravais lattice define the space group. There are 7
crystal systems that refer to the shape of the undecorated unit cell and 14 unique
Bravais lattices that are constructed from the simplest translational symmetry
applied to the crystal systems. Point groups, of which there are 32 can then be
associated to the Bravais lattice and represent the possible symmetries (reflection
plane, rotation axis and rotary inversion axis) of the crystal.

As Bragg’s planes intersect each unit cell of the crystal in the same way, each
diffracting electron throughout the crystal contributes towards the resultant wave
that results in a singular reflection seen. Miller indices (hkl) are assigned to each
Bragg plane that intersects each unit cell and corresponding indices are given to
the reflections. Further, a structure factor (Fhkl), the summation of all contributing
waves for a single reflection is given to each reflection. The structure factors are
based on knowing both the amplitudes and phases for each reflection. The
structure factor amplitudes are directly proportional to the square root of the
reflection intensity and are measured during data collection. However, unlike the
amplitudes the phases cannot be directly recorded and here in lays the ‘phase
problem’ seen in X-ray crystallography in which the phases of the resultant waves
that generate the reflections are unknown. Two indirect methods can be used to
determine phases; an isomorphous replacement method in which heavy atoms
are soaked into the protein crystal to allow their position in the protein molecule
and their phase angle to be determined and secondly, the method of molecular
replacement. Molecular replacement is an appropriate method to determine
phases when a related structure is available. Fitting the known model to the same
orientation and position as the unknown protein by correlating intra and
intermolecular vectors in the Patterson maps of both molecules allows the phases
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to be extracted from the known model and used with the experimental structure
factor amplitudes to apply a fourier transform (a way of describing a wave as a
sum of all it components waves) and generate an electron density map for the
unknown protein. If a high degree of similarity exists between the used model and
the unknown structure, the subsequent electron density map will display features
missing in the original model that can be built into the unknown model. The
utilisation of molecular replacement formed the basis of the structural work
performed in this chapter to solve the crystal structure of a P peptide bound to
the previously determined HRSV M2-1 structure.

3.5 Functional studies

Previous work has suggested that M2-1 function depends on interaction with its
various binding partners. In addition to structural studies, to further examine the
interaction between M2-1 and its binding partners (P and RNA), fluorescence
anisotropy (FA) was chosen to measure the affinity of M2-1 for its binding
partners.

3.5.1 Fluorescence anisotropy (FA)

FA is a simple and robust technique that can determine the binding affinity of a
fluorescently (Fl) labelled molecule to a protein of interest by measuring the
rotational diffusion of the Fl-labelled molecule. FA is the method of choice for
many biological studies due to its ability to be automated, requirement of low
quantities of materials and ability to determine binding affinities for weak binding
interactions in the uM range.

Here, the fluorescently (fluorescein) labelled molecule (RNA or P) when excited by
plane polarised light emits light with a degree of polarisation inversely proportional
to the tumbling rate of the molecule (Pollard, 2010). The small, unbound FI- RNA
or FI- P molecule has a high tumbling rate in solution due to rapid Brownian
motion and results in depolarisation of the emitted light. When the fluorescently
labelled molecule is bound to M2-1, a large protein, the complex has a slower
tumbling rate and the emitted light will be polarised to an extent. The extent of
polarisation emission is described in terms of anisotropy with a larger protein
having a lower rotational diffusion and a higher anisotropy reading (Figure 21).
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Figure 21 Fluorescence anisotropy schematic

When a fluorescently labelled molecule is excited by polarised light, the
resultant light is depolarised due to the rapid motion in solution. On binding
of the fluorescently labelled molecule to a large molecule the complex
tumbles slower and the resultant light remains polarised to an extent.

3.5.2 Chapter aims

A greater understanding of the M2-1 HRSV protein and its interactions with its
binding partners is required to allow further elucidation of M2-1’s role in anti-
termination and in the viral life cycle. The objective of the work described in this
chapter is two-fold; (1) to optimise the heterologous expression and purification of
HRSV M2-1 protein in bacteria to consistently produce high vyields of
homogenous protein and (2) to investigate the interactions of M2-1 with its
binding partners; RNA and the phosphoprotein (P) using biophysical and
structural methods.
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3.6 Results

3.6.1 Optimisation of HRSV M2-1 purification

The HRSV M2-1 protein was previously expressed as a GST-fusion protein that
yielded near-native M2-1, with five additional non-native amino acids (Gly-Pro-
Leu-Gly-Ser) at its N-terminus (Tanner et al., 2014). However, yields of protein
were inconsistent (40 g bacterial cell pellet resulted in a yield of 0-10 mg of M2-1
protein), which presented significant hurdles to perform material intensive studies
such as X-ray crystallography, as well as biophysical techniques such as FA.
Furthermore, the previous protocol required 5 days for purification of M2-1
resulting in significant losses through protein degradation, in addition to the
requirement for high levels of starting materials and the need to concentrate the
expressed protein in an impure form prior to SEC. However, perhaps the most
serious issue with the existing protocol was that the low vyield required the
generation of multiple batches prepared on different days, which had potentially
serious consequences for batch-to-batch experimental reproducibility. Previously,
to circumvent these problems each batch of purified protein was assayed for its
RNA binding ability using FA and the Kd determined to allow comparisons to be
drawn between the functionality of each batch. However, this remedy was
unsatisfactory, as batch variation was inevitable. To allow a more rigorous
experimental interrogation of M2-1 structure and function, an improved protocol
for expression, purification and crystallisation was required.

There are multiple benefits of having large yields of consistent, pure, functional
protein. It allows a greater degree of comparison between experiments but mainly
allows a vast number of techniques to be performed. In the case of the work
presented here, a large quantity of protein was required for functional, biophysical
and structural studies. X-ray crystallography is widely regarded as a material
intensive technique. Large (milligram) quantities are required in the first instance
for crystal screens with more protein being required for further crystal optimisation
before a diffraction data set can be collected. In chapter 5, a new method of
fragment screening by X-ray crystallography (FBDD) was assessed and required
thousands of protein crystals that could be harvested with optimal diffraction for
further analysis. This novel method to determine potential drug-like lead building
blocks for anti-viral therapy could not be achieved without the ability to produce
vast quantities of pure homogenous protein from a single preparation.
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3.6.2 New purification method

Several possible stages within the existing M2-1 expression and purification
pipeline were identified as being potentially problematic and responsible for poor
yields and protein quality. These were the composition of the lysis buffer,
sonication method, chromatography techniques and protein concentration
methods, and these are summarised in Table 7. The M2-1-GST construct (Tanner
et al., 2014) was not altered here, only the downstream purification as previous
research (personal communication Dr Sian Tanner, University of Leeds) had
assessed M2-1 expression in an insect cell expression system and bacterial
expression systems, utilising a His-SUMO tagged and GST tagged expression
vectors and determined the GST tagged protein optimal for M2-1 protein
expression.

First, the issue of protein degradation was addressed, and one possible area this
occurred was during the overnight binding to glutathione resin. To reduce
degradation clarified lysate was bound to glutathione resin using gravity flow and
washed with buffer immediately after (Figure 22A). Secondly, a freeze/ thaw
method was employed instead of sonication to provide a more gentle method of
bacterial lysis with greater temperature control and allowed a larger volume of
buffer per gram of bacterial cell pellet. Both steps above in addition to cation
exchange chromatography (Figure 22B) produced homogenous M2-1 protein.
This improved method yielded 50 mg M2-1 protein from 10 g bacterial pellet, a ~
10 fold improvement on the previous protocol. A final purification step was
performed prior to experiments using size exclusion chromatography (Figure 23)
to ensure M2-1 was free from aggregates and exchanged into the correct buffer.
The M2-1 protein elutes at a larger MW than expected for a 90 kDa tetrameric
protein. This discrepancy has been observed previously (Tanner et al., 2014) and
is most likely due to the non-spherical shape of M2-1, which influences the SEC
elution profile and thus estimation of molecular mass.

The full optimised M2-1 puirification protocol is described in chapter 2; section
2.2.2. Briefly, the bacterial pellet was re-suspended in lysis buffer. The re-
suspended bacteria were then lysed using four cycles of freeze-thawing. DNase
and RNase was then added to degrade genomic DNA and RNA to avoid the
formation of M2-1/RNA complexes. Lysates were centrifuged at 35,000 x g for 30
minutes at 4°C. The clarified lysate was applied to Glutathione 4B Resin (GE
Healthcare) by gravity flow before washing with lysis buffer and followed by further
washes with cleavage buffer. PreScission protease (GE Healthcare) was added to
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the resin, incubated with rotation overnight at 4°C and resulted in a high efficiency
of M2-1 cleavage from its N-terminal GST tag. The protein was eluted from the
resin by gravity flow with the addition of 2 CV of wash buffer and resulted in the
purification of the M2-1 protein with 5 non-native residues at its N-terminal (Gly-

Pro-Leu-Gly-Ser.

Purification alteration

Purification improvement

Each new purification- transform
plasmid and perform small-scale
protein expression of bacterial pellet

Consistent and high levels of
expression

Lysis buffer addition: glycerol

Increased viscosity to reduce
aggregation

Lysis buffer addition: DNase/ RNase

Degrade genomic RNA and DNA that
may associate with M2-1

Larger buffer volume (200 ml/ 10 g
bacterial pellet

For freeze/ thaw method- less
aggregation as protein not as
concentrated in solution

Freeze/ thaw lysate

Greater regulation of lysis temperature
resulted in less protein aggregation

Glutathione resin- bind and elute
lysate immediately

Less lysate bacterial growth over time
that prevents elution

Cation exchange

Protein did not have to be
concentrated to remove further
impuirities (like seen for SEC)

Concentrator membrane

PES membrane did not result in M2-1
aggregation

SEC (when protein is pure)

Buffer exchange for consistency in
future assays

Table 7 HRSV M2-1 purification alterations

Alterations from the original purification protocol described by Tanner et al.,
2014 resulted in an increase in homogenous pure protein of ~ 10 fold.
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Figure 22 Purification of the M2-1 protein

SDS PAGE (15%) stained with Coomassie blue. A- purification of M2-1 by
affinity chromatography. Lane 1- molecular weight marker; lane 2- clarified
lysate; lane 3- clarified lysate bound to glutathione resin; lane 4- flow-
through of lysate unbound to glutathione resin; lane 5- resin wash flow-
through; lane 6- resin wash 2 flow-through; lane 7- glutathione resin with
protein bound; lane 8- GST-M2-1 bound to glutathione resin following the
addition of Precission protease; lanes 9-12 a protein, M2-1 elutes at an
apparent MW of 25 kDa; lane 13- glutathione resin after M2-1 protein
elution; B- M2-1 purification using cation exchange chromatography. Lane
1; molecular marker; lanes 2-9- 5 ml elutions using 60% high salt; lane 10-
100% high salt wash of the resin.
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Figure 23 Final purification step for M2-1 using SEC

M2-1 protein was separated on a HiLoad 26/ 600 Superdex 75 PG column.
A protein peak was seen at an elution volume between 125-140 ml
corresponding to a MW ~ 80 kDa (EMBL- pepcore-chromatography
calibration; appendix Il ).Vo=void volume.
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3.7 Purification of truncated M2-1 proteins

Truncated M2-1 proteins (Table 8) were engineered to aid crystallisation of the
M2-1: RNA co-complex via alterations to the unit cell packing (section 3.8.2) and
were expressed as GST fusion proteins and purified using the improved M2-1
purification protocol stated above.

Protein Schematic

- N

ALGS B @=
ALasws N |
M2-1 55477 [

Table 8 M2-1 protein schematic representation

Blue indicates non native residues (Leu-Gly-Ser). Two non-native residues
(Gly-Pro) remain at the N-terminal end of M2-1 in each construct due to the
Precission protease cleavage. Numbers refer to the M2-1 residues.

3.7.1 N-terminal M2-1 truncations (ALGS and ALGSMS)

To aid crystallisation by allowing the formation of alternate crystal contacts we
removed the non-native residues (ALGS) and additionally produced a construct
with removal of Met1 and Ser2 of M2-1 (ALGSMS) (chapter 2, section 2.2.1.3).
The purified protein (Figure 24A & B) was crystallised (section 3.8.2) and its crystal
structure was solved using molecular replacement with the known M2-1 crystal
structure (pdb: 4c3b).
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Figure 24 Purification of the ALGSMS M2-1 protein

SDS PAGE (15%) stained with Coomassie blue. A- purification by
glutathione resin. Lane 1- molecular weight marker; lane 2- soluble fraction
added to glutathione resin; lane 3- flow through of soluble lysate from
glutathione resin; lane 4- resin wash 1; lane 5- glutathione resin with bound
protein; lane 6- glutathione resin after cleavage of M2-1-GST site with
PreScission 3C protease; B- cation exchange. Lane 7 molecular weight
marker; lane 8 and 9- M2-1 elute. The protein runs at an apparent molecular
weight of~ 25 kDa.

3.7.2 Monomeric M2-1 (M2-155.177)

Monomeric M2-1 (M2-1.4.,,-) was expressed and purified to aid co-crystallisation
studies by preventing aggregation and production of higher order oligomers and
was further assessed for its ability to bind RNA and P sequences. Monomeric
M2-1 was produced by removal of the ZBD and oligomerisation domain of M2-1
(residues 1-57 deleted; see chapter 2; section 2.2.1.3). In addition the C-terminus
of M2-1 was truncated to remove the disordered region not resolved in the crystal
structure (residues 178-194 deleted ). The resultant monomeric M2-1 protein is
referred to as M2-144 ,-, (described by Blondot et al., 2012). SEC (Figure 25) of the
purified protein on a 16/60 Superdex75 column revealed a protein peak at an
elution volume of 170- 200 ml, corresponding to a protein of ~17 kDa, consistent
with monomeric core M2-1 (residues 58-177). As discussed in the next section,
the structure of this protein was not solved by X-ray crystallography. Analysis of
the eluted protein by mass spectrometry determined the molecular weight to be
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13864.19 + 0.03 Da (Figure 26), which is very similar to the predicted molecular
weight of 13864.8 Da.
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Elution volume (ml)

Figure 25 SEC trace of M2-155 44,

M2-158-177 was separated on a HiLoad 26/60 Superdex 75 column. The
red line indicates the column void volume at 110 ml. One peak can be seen
with an absorbance at 280 nm, the protein elution volume corresponds to a
protein with a molecular mass of ~17 kDa. Monomeric M2-158-177 is ~13
kDa. Discrepancies in elution volume are also seen for full length M2-1 and
are assumed due to the non-spherical nature of the protein. Vo=void
volume.
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Figure 26 Mass Spectrometry analysis of M2-1.,_,7,.

M/Z spectrum using a electrospray ionisation mass spectrometer, performed by the Mass Spectrometry facility, University of Leeds.
Dominant ions at m/z of 13864.19 + 0.03 Da, consistent with a theoretical molecular mass of 13864.8 Da
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3.7.3 Crystallisation of M2-1

The M2-1 protein, in 50 mM tris-Cl pH 7.4, 150 mM NaCl and 1 mM DTT, was
concentrated to 12 mg/ ml and subjected to crystallisation trials at 18°C using
commercially available screens- Morpheus, PACT, MIDAS (Molecular Dimensions)
Index, Salt RX, Crystal 1 & 2 (Hampton Research) Wizard 1 & 2 and Wizard 3 & 4
(Emerald BioSystems). Using the optimised purification protocol crystals formed in
more conditions than previously observed. A full list of conditions that that
supported crystal growth can be found in appendix Ill. Despite observing crystals
in varied conditions, crystals formed with one morphology (plate) for M2-1 with
variation in size (Figure 27).

Figure 27 M2-1 crystal morphology

M2-1 crystals had a plate morphology that varied in size from 10-100 pm. A-
2.1 M DL-malic acid pH 7.0. B- 0.1 M potassium thiocyanate, 30% w/v PEG
MME 2,000. Crystals were visualised using the RockMaker imager.

Crystals were assessed for protein diffraction at the DLS on the 102 beamline. The
improved purification protocol resulted in more crystallisation trials to be
conducted and crystals to form reproducibly. M2-1 protein crystals diffracted to a
resolution of 2.2 A (best resolution previously 2.4 /&) however, when molecular
replaced these structures gave no additional information at the atomic level than
previously seen in the published structure (Tanner et al., 2014). The M2-1 protein
crystal structure was solved by molecular replacement (Figure 10) in its native

88



Chapter 3 HRSV M2-1 and its binding partners

tetrameric conformation. One monomer is highlighted in blue with residues
hypothesised from mutational studies to be involved in RNA (pink), P (yellow) and
both RNA and P binding (coral) highlighted. In section 3.9.4 of this chapter the
co-crystal structure of M2-1 with a P peptide bound was determined. The
hypothesised RNA and P binding sites on the M2-1 protein are shown throughout
to assess similarities of the hypothesised and structurally determined binding site.

Figure 28 Structure of the HRSV M2-1 protein

A- cartoon representation of the native tetrameric M2-1 protein (grey) with a
monomer highlighted in blue. RNA (pink), P (yellow) and both RNA and P
(coral) hypothesised binding residues on M2-1 are highlighted; B- same as A
with rotation; C- surface representation of B. The 2.2 A crystal structure was
solved by molecular replacement based on the previously determined crystal
structure (pdb 4c3b, 4¢3d ; Tanner et al., 2014).

89



Chapter 3 HRSV M2-1 and its binding partners

3.8 The M2-1: RNA interaction

3.8.1 Binding interaction

Anti-termination activity of M2-1 is dependent upon RNA binding with a
consensus in the literature that M2-1 binds to A-rich semi-conserved gene-end
(GE) signals in nascent mRNAs to function as an anti-terminator. To aid
understanding of the RNA: MZ2-1 binding interaction and RNA sequence
specificity, direct binding affinities were determined by FA for short (13 nucleotide)
hRSV GE sequences of the genome sense (-) and RNA oligonucleotides referring
to its positive sense complement/ mRNA (+) (affinities here formed data in Tanner
et al.,, 2014). Binding affinities stated here were determined from the binding
curves, however binding could not be saturated at the concentrations of M2-1
assayed and thus the affinities may be referred to as ‘apparent’ Kd values.

Higher affinity binding was always visualised for the anti-genome complement (+)
oligonucleotide (Figure 29 & Table 9), with the SH GE (+) RNA sequence resulting
in highest affinity of a HRSV RNA sequence (2.3 + 0.39 pM) whilst polyA had the
highest overall affinity of any sequences assayed for M2-1 (1.1 + 0.12 uM).
Further, the monomeric M2-1 construct (M2-1.4,,,) that excluded the ZBD,
oligomerisation domain and flexible C-termini, was assessed for binding to the
RNA sequences and resulted in at least 4-fold weaker affinity than full length,
tetrameric M2-1 (Table 9).
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Figure 29 Direct binding of M2-1 to RNA sequences using FA

Log concentration curve of RNA 13mers, fitted to a 1:1 binding model;
chapter 2; section 2.2.5.1. Data points (@) represent polyA 13mer; (n) SH
GE +; (A) SH GE -. Binding affinities (Kd) were determined from the fitted
curve. Data points represent n-3 + SEM with each n number performed in
triplicate.
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RNA Sequence Apparent K, + SEM | Apparent K, + SEM
5.3 (UM) Tetrameric M2-1 (UM) M2-1.4.,77
FGE(+) | AGUUAUAUAAAAC 56+0.44 41 +£29
FGE(-) | GUUUUAUAUAACU 17+£1.5 65 + 8.8
SH GE (+) | AGUUAAUUAAAAA 2.3+0.39 25 +2.1
SH GE (-) | UUUUUAAUUAACA 7.5 +0.41 57 + 16
NS1 GE (-) | UUUUAUAUUAACU 8.1 +0.65 65 + 16
NS1 GE (+) | AGUUAAUAUAAAA 3.7+0.35 39+35
pOlyA AAAAAAAAAAAAA 1.1+£0.12 11 £ 0.54
polyU UuUUUUUUUuuuuy N.D N.D

Table 9 Binding affinities (Kd) of RNA nucleotide sequences to the
full length and truncated M2-14.,,, protein measured by
fluorescence anisotropy.

All titration curves were carried out in triplicate and the binding affinities
shown with SEM. (+) indicates positive complement/ mRNA sense and (-)
indicates genome sense oligonucleotide sequences. Binding affinities
represent n-3 + SEM with each n number performed in triplicate and the
values displayed to 2 significant figures. N.D- non determinable.
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3.8.2 Crystallisation of the M2-1: RNA complex

Various methods were trialled to co-incubate M2-1 with RNA (summarised in
Table 10) for crystal formation and subsequent visualisation of the interaction via
X-ray crystallography.

Co- ) Incubation Temp
crystallisation Schematic ANA T ime () (°c) Notes
Co-incubation

Various Various 10 mg/ ml

M2_1 1 58 177 194 RNA 6— 1hr_ 4/ 18/ 20

Il B , L SEC
13 mers overnight
10 mg/ ml
Various Various 20 mg/ mi
M2—1 1 58 177 194 RNA 6— 1hr_ 4/ 18/ 20
13 mers overnight 30 mg/mli
- SEC
LGS Various i ; 20 mg/ mi
1 58 177 194 B 1 r 1
B | VO .
13 mers
Various 20 mg/ mi
ALGSMS 3 58 177 194 RNA 6— 1hr- 18
[ B _SEC
13 mers
M2-155.177 Various 30 mg/ ml
S g - 1hr 18
RNA 6
I SEC
13 mers
Competition
with P
10 mg/ ml
M2_1 + P 90_1 -] O 1 58 177 194 RNA 18 30 mg/ ml
Il @ u mer 1hr 18
T + SEC
P
(off resin)
30 mg/ ml
M2-1+ P 90-160 | o RNA 13 skG
90 160 mer 1 hr 18
P (on GST
resin)

Table 10 Various methods trialled for RNA: M2-1 co-crystallisation
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Initially M2-1 was incubated with various A-rich RNAs (pA 6-13 mers and SH GE
+) and the co-complex either purified by SEC or entered directly to crystal trials.
Further methods to form the MZ2-1: RNA complex exploited the MZ2-1: P
interaction and the ability of RNA to outcompete this interaction. During the first
trial of this method, unbound M2-1 was incubated with a P peptide sequence
(residues 90-110) before the addition of RNA (pA13mer) and purification of the
co-complex by SEC (Figure 30), however this method yielded a co-complex of
M2-1: RNA that eluted in the void volume, indicative of an aggregated protein
Species.

] —— M2-1: RNA
100'_ l - M2-1

4 =
<+“—N
H

Normalised absorbance
at 280 nm (AU)
(4]
<
—w

5 10 15 20
Volume (ml)

Figure 30 SEC trace of M2-1: RNA complex

M2-1 (pink) and M2-1 incubated with P 90-110 followed by pA 13mer RNA
(black) were applied to a Superdex 200 10/300 gel filtration column. M2-1
(pink) eluted at a single peak (2) at ~13 ml. M2-1 (black) incubated with P
90-110, eluted at peak (4) before being outcompeted with SH GE (+) RNA.
Excess RNA eluted at (3) whilst the RNA:M2-1 complex (1) eluted at ~8 mlin
the void volume.

In a second trial to form an M2-1: RNA complex by exploiting the M2-1: P
interaction, GST-P 90-160 was bound to glutathione resin and M2-1 was added
to form the M2-1: P complex. The resin was extensively washed with buffer to
remove unbound M2-1 and bound M2-1 subsequently eluted with RNA. Eluted
protein was assumed to be the M2-1: RNA co-complex (Figure 31 lane 6-8) and
SDS-PAGE analysis showed a protein of ~25 kDa, consistent with it being M2-1.
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Figure 31 SDS PAGE analysis of P 90-160 and RNA competition for
M2-1

SDS PAGE (15%) stained with Coomassie blue. P 90-160 fused to GST was
expressed and purified on glutathione resin and competed for binding to
M2-1 with an RNA13mer. Lane 1- molecular marker; lane 2- soluble fusion
protein (GST-P 90-160); lane 3- GST-P 90-160 bound to glutathione resin;
lane 4- flow through of excess M2-1 not bound to P 90-160 on the resin.
Lane 5- P 90-160 and M2-1 bound to the glutathione resin; lanes 6-8;
excess RNA13mer was added to the column and outcompeted P 90-160
and eluted M2-1 from the column. Eluent was collected in 3 fractions of
15ml however protein was only seen in the first fraction; lane 9- resin after
addition of RNA and elution shows that some GST-P 90-160 and M2-1
protein still bound to the resin. Dr Kavestri Yegambaram, University of Leeds
performed the expression and purification of P 90-160.
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Crystal trials of the M2-1:RNA complex were performed at 4, 18 and 20°C with
crystals taking an average of 12 days to form compared to 3 days for unbound
M2-1 crystals. Crystals had the characteristic plate morphology (Figure 32)
previously seen for the unbound M2-1 crystals. However, despite trialling various
methods only unbound M2-1 crystals and not the M2-1: RNA co-complex was
determined from diffraction of the crystals and subsequent analysis of the density
that contained no continuous extra electron density that could account for a short
RNA oligonucleotide. M2-1 crystals have only been observed in two space
groups (P422 and P2,) and thus it was hypothesised that the rigidity of the
crystals, or existence of specific crystal contacts, may prevent the co-complex
from accessing different space groups.

N 500 pm

580 pm

1 58 177 194

1 58 177 194

Figure 32 M2-1: RNA co-complex crystals

A- M2-1 incubated with RNA SH (+) GE 13mer in 0.15 M potassium
bromide and 30% w/v PEG 2000 MME; B- M2-1 protein incubated with pA
10mer in 0.2 M sodium iodide, 20% w/v PEG 3350. Crystal formation took
34 days (A) and 13 days (B) with a plate morphology. Crystals were
visualised using the RockMaker imager.
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3.8.2.1 ALGS/MS M2-1: RNA crystallisation

In a further attempt to crystallise the M2-1: RNA complex, truncation mutants
ALGS and ALGSMS (Table 8) were expressed and purified with the aim of altering
crystal contacts and thus allowing solvent accessible channels for RNA to bind to
the M2-1 protein in a crystal lattice. RNA was incubated in excess with ALGS and
ALGSMS constructs (section 3.7.1) and crystal trials performed at a protein
concentration of 20 mg/ ml and a temperature of 18°C. Crystals formed within 14
days and had a plate morphology, similar to unbound M2-1 crystals (Figure 33).
Crystals were assessed for diffraction on the 102 beamline at the DLS with
achieved resolutions summarised in Table 11. Diffracting crystals formed in the
space group P4, 2, 2, with one crystal (condition 0.2 M ammonium sulphate, 0.1
M bis-tris pH 6.5, 25% w/v PEG 3350) forming in the P1 2, 1 space group.
ALGSMS M2-1 in complex with pA 6mer in condition 0.2 M MgCl, hexahydrate,
0.1M tris pH 8.5, 25% w/v PEG 3350 resulted in the best achievable diffraction of
23 A (Figure 34). Inspection of the electron density maps after molecular
replacement of the M2-1 protein showed no positive density that would account
for RNA. Further, the N-terminal truncations did not alter the crystal packing seen
for the previously determined M2-1 protein.

200 pm ~ 200 pm

3 58 177 194 1 58 177 194

Figure 33 Images of ALGSMS: RNA and ALGS M2-1: RNA crystals

A- ALGSMS M2-1 incubated with pA 6mer RNA in 0.2 M MgCI2
hexahydrate, 0.1 M tris pH 8.5 and 25% w/v PEG 3350; B- ALGS M2-1
incubated with pA 6mer in 0.2 M potassium/ sodium tartrate, 20% w/v PEG
3350. Crystal formation took one day for both conditions with a plate
morphology, and crystals were visualised using the RockMaker imager.
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) 58 177 194

Figure 34 Diffraction image of a ALGSMS M2-1: pA 6mer RNA
crystal

ALGSMS M2-1 protein incubated with pA 6mer. Condition 0.2 M MgCI2
hexahydrate, 0.1M tris pH 8.5, 25% w/v PEG 3350 . Images were collected
on theoIOZ beamline, DLS under cryo-temperatures at 100K to a resolution
of 2.3 A.
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M2-1 construct (in

Diffraction

Condition complex with pA resolution ()
6mer)
0.2 M MgCl, hexahydrate ALGSMS
0.1 M tris pH 8.5 3 ) o 3.4
25% w/v PEG 3350 A .
0.2 M MgCl, hexahydrate ALGSMS
0.1 M tris pH 8.5 3 ) o 2.3
25% w/v PEG 3350 A .
0.2 M potassium/ sodium ALGS
tartrate 3.3
20% w/v PEG 3350 | ]
0.2 M ammonium sulphate ALGS
0.1 M bis-tris pH 6.5 1 ) oo 2.7
25% w/v PEG 3350
0.2 M ammonium sulphate ALGS
0.1 M bis-tris pH 6.5 1 ) 3.8
25% w/v PEG 3350
0.1 M citric acid pH 5.0 ALGS
20% w/v PEG 4000 — 0
0.04 M potassium
phosphotate (monobasic) ALGS
4.0

20% v/v glycerol
16% w/v PEG 8000

58

3
R
>
[

RNA crystal complex

Table 11 Data collection of ALGS: pA 6mer and ALGSMS: pA 6mer

Resolution of X-ray diffraction from M2-1 truncation mutants co-crystallised
with RNA pA 6mer. Data collected on the 102 beamline, DLS.
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3.8.2.2 M2-1: RNA complex visualisation by electron microscopy

Due to M2-1 in complex with RNA not being determined by X-ray crystallography
at this time, we attempted to visualise the complex using negative stain
transmission electron microscopy, reasoning that it could provide clues as to why
the co-complex could not be crystallised. The negative stain images seen by
electron microscopy clearly show the aggregation of M2-1 in complex with RNA,
with aggregated complexes ~ 25 nm in diameter (Figure 35A). Co-incubation of
M2-1 with a P peptide resulted in visibly less aggregated protein (Figure 35B). In
the presence of RNA the M2-1 protein is able to aggregate and presents a
heterogeneous population, not ideal for crystal formation.

Figure 35 Negative stain electron microscopy of HRSV M2-1 in
complex with RNA and P 90-110

A- RNA: M2-1; B- the M2-1: P 90-110 complex. An aggregate species is
highlighted, red, in image A. Images provided by the EM facility, University of
Leeds. Sidebar indicates a length of 50 nm.

100



Chapter 3 HRSV M2-1 and its binding partners

3.8.2.3 M2-144_,,7: RNA crystallisation

To overcome possible interactions of RNA across more than one M2-1 tetramer,
that may provide a reason for RNA induced M2-1 protein aggregation visualised
in electron microscopy images (Figure 35), a monomeric M2-1 construct (M2-1,,.
177) was trialled. Here, the purified M2-1.,_,,» was screened for crystal formation in
presence and absence of RNA with a protein concentration of 15 mg/ ml and 30
mg/ ml at 18°C. The truncated, monomeric form of M2-1 had been studied
previously by NMR but not by X-ray crystallography (Blondot et al., 2012). At this
time, M2-14, .., only formed oil-like droplets (Figure 36) in all commercial screen
conditions trialled and were not suitable for further analysis by X-ray
crystallography.

Figure 36 M2-1,,,,,: RNA protein complex drop images

A- M2-1158-177 incubated with pA 6 mer in 0.2 M calcium acetate, 0.1 M
tris pH 7.0, 20% w/v PEG3000 shows oil-drop like protein; B same as
image A with UV imaging of the drop, fluorescence of the oil droplets
suggest the presence of protein. Visualised using the RockMaker Imager.
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3.9 The M2-1: P interaction

3.9.1 Binding interaction

The M2-1: P interaction, like that of M2-1: RNA, is critical for M2-1s anti-
termination function with residues 90-110 of P implicated in a direct interaction
with M2-1 (Figure 37) determined via a pulldown assay of GST fused to truncated
P constructs. A lack of M2-1 binding at the N and C terminal regions of P
indicated a single binding site with the smallest peptide that still bound to M2-1
being P 90-110 (personal communication, Dr Jean-Francois Eléouet, Institut
National de la Recherche Agronomique; pulldown assay Figure 37 performed by
Dr Kavestri Yegambaram, University of Leeds). The HRSV P protein is punctuated
by unstructured regions that have made the full length protein unsuitable for
crystallography, therefore for both structural and functional studies here, the P
90-110 peptide in complex with M2-1 was further studied.
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Figure 37 Binding of M2-1 to full length and truncated P constructs

Full length and truncated P constructs fused to GST that can bind
glutathione resin were assessed by SDS-PAGE, stained with Coomassie
blue, for the ability of the P protein to interact and pull down M2-1. A-
schematic representation of GST, M2-1 or P constructs in the relative lanes
in the SDS PAGE (15%) gel stained with Coomassie blue, B- blue boxes in
lanes 8, 10 and 11 represent M2-1 protein that bound to the P-GST fusion.
Assay constructed and Figure B performed by Dr Kavestri Yegambaram,
University of Leeds.
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3.9.2 P 90-110 binding interaction

With an understanding of the minimum region required for P binding to the M2-1
protein the affinity of the interaction was assessed by binding of a fluorescently
labelled P 90-110 to M2-1 using FA. In the binding assay the short P peptide
(residues 90-110, P 90-110) bound weakly to M2-1 with an apparent K, of 7.5 +
7.7 UM (Figure 38A). P 90-110 bound to M2-1 with a lower affinity than the anti-
genome complement (+) GE oligonucleotides and a pA13 sequence. In a
competition binding assay P 90-110 was out-competed by pA13 with an IC,, of
1.7 + 0.08 pM (Figure 38B). However, RNA could not be outcompeted by P 90-
110. Monomeric M2-1,,,,, was also assessed for its binding to the P 90-110
binding, as performed for RNA in section 3.8.1. The apparent affinity of P 90-110
for M2-1 did not significantly alter between the full length and truncated protein
forms (P 90-110 and full length M2-1 K, 7.5 + 7.7 uM; P 90-110 and M2-1.,,7,
Ky 12 £ 0.76).
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Figure 38 Binding assays of P 90-110 to M2-1.

A- direct binding of M2-1 to P 90-110 (n) and polyA 13mer RNA (@®); B-
competition assay. polyA13mer RNA is titrated at varying concentrations
against P 90-110 for binding to M2-1 (fitted to a 1:1 model of binding). Data
points represent n-3 + SEM with each n number performed in triplicate.
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3.9.83 Co-crystal trials of M2-1 and P 90-110

The results of the previous section show that M2-1 specifically binds P 90-110
(Figure 37 and Figure 38). The sequence of P 90-110 is mostly composed of
hydrophobic residues and is predicted to have alpha helical propensity (Figure 39,
1D Protein Structure Prediction Server http://biomine.ece.ualberta.ca). These
observations suggest that P 90-110 is an ideal peptide for co-crystal binding as
the helix may bind to the surface of M2-1 in a way that is compatible with the
current packing.

P90-110> DPTPSDNPFSKLYKETIETFD
Secondary> CCCCCCCHHHHHHHHHHHHHC

Figure 39 Secondary structure prediction of P 90-110.

Using the Protein Structure Prediction Server. P 90-110 was predicted to
have a helical content of 64%. C-coiled, H-helical.

M2-1 was incubated with P 90-110 in a 1:1 molar ratio before further
concentrating the complex to 8 mg/ ml. Crystals were seen in various conditions
(see appendix ll) using a sitting drop vapour diffusion method but importantly,
compared to all previous crystal trials an alternative morphology was visualised. In
addition to the plate morphology previously visualised, a needle-like morphology
was visualised for the M2-1: P 90-110 co-crystal trials (Figure 40). These alternate
morphologies were the focus of further studies as the different morphology could
have been, for example, due to peptide binding and altering the space group. The
needle-like morphology crystals were seen in 3 conditions incubated at 18°C:

1) 0.1 MMT buffer pH 9, 25% PEG 1,500 PACT Premier™

2) 0.2 M trimethylamine N-oxide dihydrate, 0.1 M tris pH 8.5, 20% w/v PEG
MME 2,000

3) 0.1 M potassium thiocyanate, 30% w/v PEG 2,000

The 3 conditions that resulted in crystals with a needle-like morphology were
further analysed by performing a fine screen based on the PEG concentration of
the mother liquor. Drops that contained crystals with a needle-like morphology in
the optimised screens were visualised for condition 1 with 25, 28 and 30% PEG
1,500 and in condition 2 with 18 and 20% PEG MME 2000. No crystals were
seen for condition 3 when the PEG concentration was optimised.
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Figure 40 M2-1: P 90-110 co crystal complex morphology

A- M2-1 incubated with P 90-110 in 0.2 M trimethylamine N-oxide
dihydrate, 0.1 M tris pH 8.5, 20% w/v PEG MME 2,000 and has a needle
like morphology not previously seen for M2-1 crystals; B- M2-1 incubated
with P 90-110 in 0.2 M sodium bromide, 0.1 M bis-tris propane pH 7.5,
20% w/v PEG 3350 has a plate morphology seen previously for the
unbound M2-1 protein. Crystals were visualised using the RockMaker
imager.

3.9.4 Structure determination of the M2-1: P 90-110 complex
using X-ray diffraction

A subset of needle-like and plate morphology crystals were harvested and tested
for diffraction on the 102 beamline, DLS. Full data sets were collected for crystals
grown in condition 1 (0.1 MMT buffer pH 9, 25% PEG 1,500 PACT crystal screen)
and condition 2 (0.2 M trimethylamine N-oxide dihydrate, 0.1 M tris pH 8.5, 20%
w/v PEG MME 2,000), both with a needle-like morphology. The needle-like
crystals had an orthorhombic (P222) crystal form and was different to the two
crystal forms (P2, and P422) determined for the known crystal structure of
unbound M2-1 with a plate crystal morphology. Crystals from condition 1
diffracted to a maximum resolution of 3.5 A whereas crystals from condition 2
diffracted to a resolution of 2.6 A (Figure 41 & Table 12) and was subsequently
chosen for further X-ray structural analysis.
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Figure 41 Diffraction image of a M2-1: P 90-110 crystal

Condition 0.2 M trimethylamine N-oxide dihydrate, 0.1 M tris pH 8.5, 20%
w/v PEG MME 2,000. Images were collected on the 102 beamline, DLS
under cryo-temperatures at 100K to a resolution of 2.6 A.

The data set (Figure 41) was processed using the CCP4 suite of programmes and
the structure solved using molecular replacement with M2-1 as the reference
model (PDB: 4c3b). The electron density maps (2F,ps-1Fcac @Nd 1F pe-1Fcaic
difference map) revealed a continuous area of density not accounted for by M2-1
that had obvious helical structure. The P 90-110 peptide backbone was manually
built in to the density (Figure 42). Side chains were subsequently modelled after
several rounds of refinement. The data collection and refinement statistics are
displayed in Table 12 for this crystal. M2-1: P 90-110 crystallised as a tetramer
with each M2-1 monomer bound to one P 90-110 peptide (continuous,
unexplained density seen once for each M2-1 monomer) and displayed a 1:1
stoichiometry (i.e. 4 peptides per M2-1 tetramer). The co-crystal structure was
solved in space group P2, 2, 2 with one tetramer per asymmetric unit (AU).
Previously determined unbound M2-1 was found in two space groups, P422 with
one half tetramer in the AU and P2, with four tetramers in the AU. Further,
alternate crystal contacts were visualised for the co-crystal structure compared to
those seen previously for the unbound M2-1 structure.
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Figure 42 Electron density for the P 90-110 peptide visualised in COOT.

M2-1 residues were fitted within the density using the M2-1 model (yellow backbone). The two orientations shown are at 0o and 900.
(top panel) and show the clear density present in both the 2Fobs-1Fcalc and 1Fobs-1Fcalc difference maps before manually fitting of
the peptide. The bottom panel shows auto-fitting using COOT of a helix to the density.
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Property Value
Wavelength 0.9795 A
Space group P2,2,2

Reflections/ unique
eflections 443175/ 25813
Cell Constants
a, b.c, 96.37 A, 71.96 A, 116.01 A
a,BY 90° 90° 90°

Resolution 116- 2.6 A

% Data completeness 99.9 %

<l/ o ()> 1.58

R, R e 0.265, 0.292

R f. test set

1289 reflections (5.26%)

Wilson B_factor (A?) 55.6
Anisotropy 0.744
Total number of atoms 5259
B factor ligands 75
B factor waters 67
B factor M2-1 tetramer 33
B factor P 90-110 peptide
(1) 28
2) 28
(©) 28
4) 84

Ramachandran Qutliers

1.7 % (11/638 residues)

Table 12 X-ray data collection and refinement statistics for the M2-

1: P 90-110 co-crystal complex

110



Chapter 3 HRSV M2-1 and its binding partners

Density for the P 90-110 peptide was poor in parts, which made it difficult to
accurately determine the correct amino acid for the density. Similarities in amino
acid side chain structure (Tyr/ Phe) and the repetitive nature of the P 90-110
sequence added to the challenge (Figure 43). The N terminus of the peptide
consisted of 3 proline residues and secondary structure formation would result in
a ‘proline kink’ thus preventing the formation of an alpha helix. The clearly visible
alpha helical density would suggest the density did not contain proline residues,
which helped to assign the sequence. A bulky side chain density of the un-
accounted density fitted both Tyr 102 and Phe 98. Further manual fitting of the
residues to the helical backbone determined a Tyr residue (102) at this position
would allow successful fitting of the peptide to the density (Figure 43). Other
manual fitting positions resulted in poor fitting of the side chains to the density.
After sequential rounds of refinement and manual fitting and alterations, the final
structure had clear density for 3 P peptides. This is further illustrated by the low
B-factors which are equivalent to the B-factors for the overall protein backbone,
giving confidence of reliability of the fit of the residues to the density. One peptide
had poor density with a high B factor and to prevent over-fitting of the data only
an all-Ala helix was modelled in the final structure. The best visible peptide density
resulted in reliable fitting of P residues Pro 97 — Phe 109 (Figure 44).
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Figure 43 Model fitting of P 97-109 to the unaccounted electron
density in the M2-1 crystal structure

Fitting of an alpha helix backbone to the density within the map with
individual amino acids fitted into the density (yellow). Left to right P residues
Pro 97 — Phe 1009.
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Phe 109,
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Figure 44 M2-1: P 90-110 crystal structure

The tetrameric M2-1 protein (grey) in complex with the P 90-110 peptide
(black) to 2.59 A resolution. A- the M2-1 tetramer (grey) with one monomer
highlighted in blue. Residues hypothesised to be involved in M2-1 binding
are highlighted as pink-RNA, yellow, P and coral- P and RNA whilst the
determined P 90-110 helical structure is in black, showing an agreement of
the binding region between the hypothesised P and known P binding site;
B- rotation of A by 900; C surface representation of A; D- surface
representation of B.

3.9.5 Visualisation of the M2-1: P 90-110 interactions

After modelling of the P 90-110 peptide to the electron density based on the side
chain positions, the interactions and orientation of P 90-110 in relation to the M2-
1 protein could be visualised for the first time to determine interactions that are
responsible for binding (Figure 44 and Figure 45) with the interactions of the most
complete peptide in the tetramer assessed further. Four electrostatic interactions
could be formed based on interaction distances (Figure 46 and Figure 47) and
density for the side chains (Figure 48). From the density maps (Figure 48) all
residues of M2-1 that were hypothesised to interact with P 90-110 had full
occupancy and suggest a stable conformation of the side chains that would
subsequently allow stable interactions with P 90-110. Bond lengths for the
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interactions can be measured, however their accuracy is low due to the resolution
(2.6 /&) and relatively poor quality of the electron density map in this region with
subsequent fitting of the side chains to the density. Arg 126 of M2-1 may interact
with Glu 107 of P 90-110 through ionic binding. This interaction is stronger than
hydrogen bonding, coupled with the low bond distance (2.8 /&) and density for the
Arg 126 side chain further suggest this interaction occurs. The other three
observed interactions occur through hydrogen bonding with Tyr 134, Arg 151
and Thr 130 of M2-1 interacting with Thr 105, Tyr 102 and Thr 109 of P 90-110,
respectively.

Figure 45 Orientation of the phosphoprotein side chains

The helical P 90-110 peptide in complex with M2-1. Surface representation
of the M2-1 tetramer (grey) with one monomer highlighted in blue. Residues
hypothesised to be involved in M2-1 binding are highlighted as pink-RNA,
yellow, P and coral- P and RNA. The structurally determined P 90-110
peptide bound to M2-1 is shown as an alpha helical structure with
hydrophilic charged residues facing outwards and highlighted in red with
side chains shown; Lys100, Lys 103, Glu 104 and Glu 107. Hydrophobic
amino acids face towards the M2-1 protein and are highlighted green with
side chains shown; Pro 97, Phe 98, Leu 101 and lle 106.
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Figure 46 M2-1 and P 90-110 electrostatic interactions

Four interactions are highlighted from left to right: M2-1 Arg 151 interacts
with Tyr 102 of P 90-110 and is coloured orange. M2-1 Tyr 134 interacts
with P 90-110 Thr 105 and is highlighted in red. M2-1 Thr 130 interacts with
Thr 108 of P 90-110 in yellow. Finally in blue M2-1 Arg 126 forms ionic
interactions with Glu 107 of P 90-110.

Figure 47 Further orientations of the M2-1 and P 90-110 interaction

Left panel highlights the two interactions: M2-1 Tyr 134 with P 90-110 Thr
105 (red) and M2-1 Thr 30 interacts with Thr 108 of P 90-110 (yellow). Right
panel highlights the potential M2-1 Arg 126 ionic interaction with Glu 107 of

P 90-110 (blue).
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Figure 48 Electron density maps of the M2-1: P 90-110 interactions

Images of the M2-1 and P 90-110 amino acid side chains fitted to the
2Fobs-1Fcalc density map. A- M2-1 Tyr 134 and P 90-110 Thr 105; B- M2-
1 Thr 130 to P 90-110 Thr 108; C- M2-1 Arg 126 to P 90-110 Glu 107 and
D- M2-1 Arg 151 to P 90-110 Tyr 102.
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3.10 Discussion

3.10.1 Purification improvements resulted in high protein
yields

To allow material intensive methods such as X-ray crystallography to be pursued
to aid our understanding of M2-1 and its binding partners there was a need for an
improved M2-1 purification method that allowed consistently higher protein yields.
A new purification method required less protein degradation as this resulted in a
non-homogenous sample that is detrimental to crystal formation (Jancarik & Kim,
1991). The M2-1 protein degradation over time, visualised by SDS-PAGE
analysis, was reduced here by performing the purification protocol in 2 days, from
the previous 5 days. Further, understanding that the protein was tetrameric in
nature from analytical and structural studies meant that aggregation was
detrimental to our studies and any aggregation such as that from a harsh
mechanical lysis methods like sonication exponentially affected the protein yield.
The optimised purification method used a freeze-thaw method that allowed
greater temperature regulation and higher protein yields. Improvements to the
protein purification protocol resulting in ~ 50 mgs of pure M2-1 protein from 10 g
of bacterial cell pellet are summarised in Table 7.

Improvements to the M2-1 purification method resulted in the ability to undertake
further X-ray crystallography experiments. A vapour diffusion method with sitting
drops was used initially for crystal formation with commercial factorial screens.
Through optimisation, larger drop sizes, different ratios of protein to mother liquor
and hanging drops using the vapour diffusion method were assessed.
Interestingly, protein crystals were not seen for corresponding conditions using
the hanging drop method for the M2-1 protein and a 1:1 ratio of M2-1 protein to
mother liquor resulted in reproducible crystal formation for subsequent studies.
Likely the 1:1 ratio and sitting drop method resulted in ideal surface tension
conditions for M2-1 crystal formation. Diffraction data collected for the M2-1
protein using the new purification protocol resulted in a crystal structure of M2-1
solved by molecular replacement to 2.2 A resolution. However, despite providing
an increased resolution structure, density not resolved in the original published
structure (Tanner et al., 2014) such as the C-terminus residues 175-194 and the
phosphorylation loops encompassing Ser 58 and Ser 61 were not further
resolved in the structure determined here and thus no further conclusions could
be drawn regarding the M2-1 structure from that previously published.
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3.10.2 M2-1 preferentially binds A-rich RNA sequences and
competitively outcompetes P 90-110

There has been considerable speculation regarding the RNA-binding target of the
MZ2-1 protein, and how this interaction might result in anti-termination during
transcription (Kuo et al., 1996; Fearns & Collins, 1999). Assuming the RNA target
is viral in origin, possibilities include either the positive sense RNA template copied
during replication, or the product of transcription itself, namely the HRSV mRNAs.
As M2-1 is thought to influence the transcription of all 10 HRSV genes (Hardy,
Harmon & Wertz, 1999) a further prediction that could be made is that the target
sequence will be present in all of these genes. Due to the heterogeneity in
nucleotide sequences for the 10 HRSV genes, there are few sequences that this
could comprise, but strong possibilities are the conserved GS and GE
sequences, as well as the mRNA 3’ poly(A) tail.

Here we analysed RNA sequences referring to HRSV specific genomic (-) GE
oligonucleotides and their reverse complements (+) to determine their specificity
for M2-1 based on previous work stating a necessity of GE sequences for
transcription termination and polyadenylation (Kuo et al., 1996; Fearns & Collins,
1999). Using one length of genomic RNA (13 nts) and their anti-genomic sense
counterparts allowed direct comparison of their Kd values and excluded issues of
avidity due to nucleotide length. RNA of 13 nucleotides in length were chosen
with the hypothesis that M2-1 binds to semi-conserved GE sequence to inhibit
transcription and synthesise polycistronic read-through mRNAs (Hardy & Wertz,
1998; Fearns & Collins, 1999). In addition, the binding of the short P 90-110
construct that could bind to M2-1 in a pull down assay was analysed and all
binding affinities compared for the full length tetrameric M2-1 and a truncated
monomeric M2-1., ., to determine if the binding interaction was specific to the
core domain.

The data presented here shows M2-1 exhibits highest affinity for A-rich RNA
sequences, including those that represent the conserved HRSV GE sequences,
which is in general agreement with previous data from others (Blondot et al.,
2012, Tanner et al., 2014 and Leyrat et al., 2015). Leyrat et al, (2015) proposed a
RNA: M2-1 binding model of 13 nucleotides in which nucleotide 5, specifically an
adenosine (A5) provides the binding specificity of the RNA to M2-1, with A6
increasing this specificity. Here a U at position 5 for SH GE (-) had a lower affinity
than an A at position 5 for NS1 GE (-) suggesting that an A at nucleotide 6 may
aid binding specificity. The data presented here indicates that it is in fact the
number of sequential adenosine nucleotides that directly contributes to the

118



Chapter 3 HRSV M2-1 and its binding partners

oligonucleotides relative affinity to M2-1, with the longest A tract (polyA) followed
by SH GE (+) having the highest affinities. The data illustrates no length or
nucleotide position requirement for binding specificity although 13 nucleotides fits
along the binding cavity and along a surface that includes ZBD residues
implicated in binding Arg 3 and Arg 4 by Tanner et al., 2014,

The monomeric M2-1.,,,, form synthesised here does not contain the ZBD,
oligomerisation domain or the unstructured CTD. The binding affinities
demonstrate a similar patter to tetrameric M2-1 in which the length of the A tract
helps binding. However, monomeric M2-1,, ,,, displayed a reduced affinity for
each RNA compared to tetrameric M2-1 and suggests for the higher binding
affinities as seen for tetrameric M2-1 there is a requirement for the ZBD,
oligomerisation or CTD region for higher affinity binding. As the binding curves
determined by FA for full-length and M2-14,,,, could not be saturated, the Kds
may not be as accurate as presumed and thus have only been reported as
‘apparent’ Kds to 2 s.f. Despite the inability to saturate the system at the
concentration of M2-1 used, the relative patterns in binding affinities (i.e.
consistently higher Kds for the + counterpart) can be considered accurate and
conclusions drawn that support the literature in terms of M2-1 binding to HRSV
MRNA (+) transcripts.

Based on these findings, our data provides further evidence that M2-1 may
recognise MRNA GE sequences rather than the genome template. The mRNA
transcripts and positive sense genome complement contain a higher composition
of A/ U nucleotides than the viral negative sense genome. As mRNA transcripts
are not encapsidated (like the positive anti-genome) and are A rich it could be
suggesting that these are the binding target of M2-1. The 3’ ends of mRNAs (the
GE positive complement) are A rich and thus in the literature have been described
as the target of M2-1. However on looking at the A/ U composition throughout
each transcript it can be seen that each transcript has an A tract of at least 4
nucleotides on average every 200 nucleotides. Research has shown that L alone
can synthesis short transcripts of around 200 nucleotides hence synthesis of NS1
and partially NS2 in the absence of M2-1 (Fearns & Collins, 1999) and thus it
could be suggested that in fact M2-1 recognises A rich sequences thorough the
length of the transcripts to prevent intragenic anti-termination.
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Gene | Gene Gene | Tracts of 4 or Coding ,
, , , , Nucleotides/no of
Gene| start end | junction more A in transcript
, tracks (nts)

(%) (%) (%) each transcript| length (nts)
NS1 50 92 74 2 420 210
NS2 | 50 92 70 1 375 375
N 50 92 100 6 1176 196
P 50 85 44 3 726 242
M 50 92 77 4 771 193

SH 50 92 73 0 195

G 40 85 69 4 897 224
F 50 92 67 7 1725 246
M2 50 92 - 5 800 160
L 60 92 - 28 6498 232

Table 13 Composition of A/ U bases in HRSV viral mRNA transcripts

The binding affinities stated here for short RNA sequences and M2-1 are different
to the published work (Tanner et al., 2014) from the same group. Protein
concentration determined for previous assays used a dye binding method which
can be inaccurate if standard curves are not determined and differentially interacts
with different amino acids. For all purified protein used here, protein concentration
was determined using UV absorbance at 280 nm which provides a more accurate
determination of protein concentration from the intrinsically fluorescent aromatic
rings of amino acids Trp and Tyr. In addition, the new method of M2-1 purification
could have contributed to the concentration difference seen. This was ruled out
by purifying M2-1 with the old method and determining binding affinities whilst
measuring protein concentration by UV 280 readings. Similar concentrations to
the new purification method were seen and suggests it was the method of protein
concentration determination that was the issue.
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Previous research has illustrated the competitive manner of RNA and P binding to
M2-1 (Tran et al., 2009) via adjacent and overlapping binding sites (Figure 44).
Both P and RNA have been found through functional assays to bind to the core
domain and most recently Tanner et al, (2014) implicated residues 3 and 4 of the
M2-1 ZBD as being involved in RNA interactions and was later supported by the
findings of Leyrat et al, (2015). Here, data showed out competition of the P 90-
110 peptide with short, A rich 13 nucleotide RNA sequence further suggesting an
overlapping binding site for RNA and P. In a direct assay P 90-110 had a lower
binding affinity than A rich RNA sequences assayed, however both bound weakly
and were in the micromolar range. Interestingly, although P 90-110 could be
outcompeted by a pA 13mer oligonucleotide, no RNA sequence assessed here
(see Table 9 for sequences) could be outcompeted by the P 90-110 peptide.

Affinities of the RNA and P peptide sequences to both full-length tetrameric M2-1
and a truncated version that produced monomeric M2-1,,,, were directly
compared to determine the relative contributions of the full-length tetrameric
protein and a monomeric protein lacking the ZBD, oligomerisation and CTD. RNA
sequences bound with at least 4-fold weaker affinity to the monomeric M2-1, ..,
than full length, tetrameric M2-1 whereas the affinity of P 90-110 did not
significantly alter between the full length and truncated proteins and suggests the
interaction of M2-1 with RNA is not confined to the overlapping (with P) binding
site at the core domain but may utilise the deleted sites or occur across M2-1
monomers of the M2-1: M2-1 interaction surface of the tetramer.

3.10.3 Crystallisation of the M2-1: RNA complex

It was seen that addition of RNA sequences resulted in protein aggregation
(Figure 35) consistent with findings of Leyrat et al (2014) where RNA binding
resulted in a concentration dependent aggregation determined by SAXS analysis.
The M2-1: RNA protein aggregation determined here (Figure 35) by EM analysis
may in part be due to the ability of RNA to interact over multiple tetramers,
however aggregation, albeit to a lesser extent can be seen for M2-1: P 90-110, in
which a co-crystal structure was determined here (see section 3.9.4).

During co-crystallisation efforts of the M2-1: RNA complex, Leyrat et al, (2015)
published their co-crystallisation data of HMPV M2-1 to RNA and DNA. Their
research showed no diffraction data for M2-1: RNA with the exception of one
short DNA sequence (AGTTA) and adenine-containing di or tri-nucleotides. We
synthesised the RNA nucleotide sequence (AGUUA), like the DNA counter-part
crystallised by Leyrat et al, (2014) and assessed its binding to HRSV M2-1 by
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SEC. No shift in elution peak was seen with the AGUUA RNA segeunce and was
not used for further co-crystal trials. It is theorised that the addition of RNA
resulted in aggregation as the A-rich RNA sequences used could ‘slide’ along the
binding surface hypothesised by Leyrat et al, (2015) allowing the RNA to bind
over multiple M2-1 tetramers. Thus the M2-1.,_,,, construct in which RNA could
only interact with an M2-1 monomer was trialled for BRNA co-crystallisation,
however no crystal formation was visualised. Efforts to co-crystallise RNA with
M2-1 are summarised in Table 10. Two methods not utilised here but could be
trialled for future crystal formation experiments are to soak the RNA into M2-1
crystals, this method was successfully trialled for over 1000 fragments and co-
crystal structures obtained (see chapter 5) and to aid stabilisation and
crystallisation the RNA oligonucleotide could be UV cross-linked to M2-1.

3.10.4 The M2-1 core domain surface binds P 90-110 and
induces a helical conformation of the peptide

The known inherent flexibility of large domains of the phosphoproteins across
different viral clades likely prevents determination of its full length atomic
resolution structure. To date only the CC domain of VSV, RV and SENV (Ding et
al., 2000; Tarbouriech et al., 2000; Gérard et al., 2007) and CTD of RV (Mavrakis
et al.,, 2004) have been structurally determined and were not in complex with its
binding partners. Here, the HRSV P 90-110 peptide was structurally determined
at different snapshots in its binding capacity to M2-1, evident from the differences
between monomer density and is the first example of the P protein bound to its
binding partner in the Mononegavirales order. The new structure provides insight
into the orientation of the M2-1 in relation to its binding partner P (Figure 49) and
allows further conclusions to be drawn regarding the role of this interaction in the
viral life cycle. The atomic resolution structure of the M2-1: P 90-110 complex
exhibits a 1:1 stoichiometry and unequivocally defines the orientation of the P
protein in relation to M2-1. Here the first X-ray crystal structure of this interaction
shows the C terminus of P extending towards the N terminal face of M2-1 (Figure
49).

Previous work has shown the importance of P 100-120 for M2-1 binding (Mason
et al., 2003) and more recently P residues involved in M2-1 interactions (Richard
et al., 2015) were finely mapped to residues P 93-110 using site directed
mutagenesis. Here 13 P residues 97-109 were resolved in the M2-1 structure to a
resolution of 2.6 A. The structure determined here agrees with the importance of
this P region for binding and interaction with the M2-1 protein. The P peptide
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pbound with similar affinity to monomeric M2-1.,,,, showing that the ZBD,
oligomerisation domain or CTD are not required for binding of the P 90-110
region to M2-1. P 90-110 binds specifically to M2-1 as evident by the GST pull
down assay where it did not bind to the GST control and suggest a specific
interaction of this small peptide with the M2-1 protein.

M2-1 NTD surface

P CTD

M2-1 CTD surface

Figure 49 The orientation of M2-1 in relation to P 90-110

A schematic defining the orientation of M2-1 in relation to P 90-110 based
on the X-ray crystal structure determined here.

The predicted P binding site highlighted in yellow and the overlapping P and RNA
site in coral (Figure 44) was shown to support the structural determination of the
P binding site determined here and shows that P 90-110 only binds to the core
domain of M2-1. Both the putative and structurally determined interaction
residues agree with interactions of M2-1 Arg 126 and Thr 130 with the P protein.
The clear side chain density seen for Arg 126 suggests Arg 126 is stable in the
structure and involved in critical interactions for phosphoprotein binding. M2-1
residues Tyr 160 and Asn 163 predicted to bind P by SDM are distal to the P 90-
110 peptide in the crystal structure and do not form interactions with this peptide.
These M2-1 residues decreased binding affinity to P by SDM (Blondot et al.,
2012) and may not provide reasoning of a direct interaction with P but possibly of
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interactions with other M2-1 residues to stabilise the binding surface.
Alternatively, the hypothesised M2-1 residues may bind to a region of P distal to
the region (97-109) structurally determined here.

In comparison to the M2-1 backbone, density for the P peptide was weaker and
although an alpha helix could be fitted (Figure 42), similarities in functional group
structures of individual amino acids proved challenging to fit side chains in parts
of the density (Figure 43). Disorder/ order transitions are common in viral
replication machinery and P has been shown in other Paramyxoviridae family
members to fold on binding to its partner N (reviewed by Communie et al., 2014).
The P 90-110 density does not form a perfect helical shape for all four peptides in
the M2-1 tetramer and is indicative of protein folding. The co-crystal structure
here demonstrates that M2-1 can bind P before helical formation and suggests
that P is not ordered in solution but folds upon interaction with its binding partner,
following the general trend of the Paramyxoviridae family. The refined structure
had relatively low B factors for 3 of the 4 P peptides compared to the overall M2-
1 structure which is indicative of an appropriate model in conjunction with good
agreement of the electron density map. The density was too weak for one peptide
and only an alanine backbone was fitted which gave a B factor value nearly 3
times larger than the other peptides (Table 12). The higher B factor may be due to
partial occupancy which is expected given the weak binding affinity in the
micromolar range and for full binding (and low B factor for each peptide bound to
a monomer) a higher excess of P 90-110 may be required. It also needs to be
noted that the crystal form that allows co-crystallisation of P 90-110 with M2-1
may only select for 3 well occupied P 90-110 bound peptides within the
tetrameric structure. Crystals that contained density for the P 90-110 peptide
were of a needle-like morphology and crystallised in a different point group to the
previously determined protein crystal structure. For future work, crystals could be
ruled out of co-crystallisation studies based on their morphology and thus
streamlining the efforts of determining a co-crystal structure. Further, the helical P
90-110 peptide co-crystallisation was aided by trimethylamine N-oxide dehydrate
(TMAO) in the mother liquor. TMAQO is known to aid protein folding and stability
and may have aided the peptides ability to form a helical structure to allow
determination by X-ray crystallography (Baskakov et al., 1999).

3.10.5 Summary

Given the importance of M2-1s interactions with its bindings partners for anti-
termination activity elucidated here and the requirement of an affordable,
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efficacious HRVS treatment, subsequent chapters will assess the use of M2-1 as
a target for anti-viral drug design through a variety of structural and functional
techniques. These results were achieved in part by the development of the
improved protein purification methods determined in this chapter.
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Chapter 4 Anti-viral drug design- using structure based
drug design (SBDD) to target the M2-1 protein of
human respiratory syncytial virus (HRSV)

4.1 Introduction

Recent scientific advancements in protein structure determination, paired with
new computational tools now allow for the routine use of structure based drug
design (SBDD) for rational lead-drug development. This chapter covers the
approaches used to identify potential anti-viral compounds effectively targeting
M2-1 and discusses the use of M2-1 as a novel drug target through SBDD
using in silico, functional and structural methods. SBDD is an iterative process
that requires a collaborative effort across the diverse disciplines of structural
biology, cell biology and medicinal chemistry, and an overview of the SBDD
process is summarised in Figure 50.

4.1.1 Protein structure

The primary requirement for SBDD is a high quality structural model of the
protein of interest, at a resolution greater than 2.5 A to allow identification of
individual atoms. Structures are primarily obtained by X-ray crystallography and
to a lesser extent NMR. In the past 20 years in crystallography alone there has
been over a 2000% increase in deposited structures on the RCSB PDB brought
about through advances in the automation of X-ray crystallographic methods
and synchrotron power. The wealth of available structural information has
allowed the use of SBDD to interrogate many possible drug targets.
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Protein expression and purification

A4

Protein structure (X-ray/ NMR)

\Z

Identification of target site

A4

Computational docking

\Z

Consensus scoring

\Z

Functional assays

A4

Hit identification

\Z

Lead optimisation

\Z

Ligand bound structure (X-ray/ NMR)

A4

Pharmacokinetic properties

\Z

in vivo testing

\Z

Clinical trials

A4

FDA approval

Figure 50 Flowchart of events involved in SBDD

The target protein is identified and the structure determined for
computational docking. Chosen compounds are assessed and undergo
multiple rounds of SAR, via functional and co-structural studies to find a
lead compound with good pharmacokinetic properties for further in vivo
assessment.
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4.1.2 Virtual compound screening

There are three main computer-aided structural methods utilised to discover a
potential pharmacologically active compound for a known protein structure,
these are: (1) inspection, using a pre-determined complex-bound structure to
identify a potential inhibitor, (2) virtual screening, using a library of known
compound structures to dock to the protein within the region of interest, and (3)
de novo ligand generation in which small molecule fragments are docked and
linked in silico, this requires downstream synthesis of the ‘hit’ ligand (Anderson,
2003). There are many programs available for virtual screening (computer-aided
method 2) to identify potential bioactive compounds such as Dekois2.0 (Bauer
et al.,, 2013), Dud-E (Mysinger et al., 2012) and eDrug3D (Pihan et al., 2012).
The e-Drug3D database uses compounds approved by the FDA and their active
metabolites and currently contains 1822 structures in its database (Pihan et al.,
2012). The Zinc15’ database is the primary choice for virtual screening (Irwin &
Shoichet, 2005) and the older ‘Zinc12’ database of compounds was used in the
work described in this chapter. The database contains over 90 million
commercially available compounds. Screening compounds are available in a
3D-‘ready-to-dock’ format and are presented in biologically relevant orientations
(pose), making it ideal for future drug discovery.

4.1.3 Docking and scoring in virtual screening

The virtual docking process involves the prediction of ligand conformation and
pose within a targeted binding site. Each individual pose is then evaluated by
considering favourable intermolecular interactions such as hydrogen bonds and
hydrophobic contacts. These are ranked in what is known as the scoring
function (Kitchen et al., 2004), which predicts the binding affinity of the particular
pose and is the optimal way to represent the experimental binding affinities in a
high-throughput, low-cost manner. The success of the docking process is
improved with multiple protein tertiary structures and in particular a co-complex
structure in the targeted binding site, however docking can still be performed in
the absence of a co-complex structure.

Many docking programmes are available and each utilises different algorithms to
subjectively dock and rank the compounds. Gold (Jones et al., 1997; Verdonk
et al., 2003) and FlexX (Rarey et al., 1996) are two of the most popular docking
software’s (reviewed in Zsoldos 2007), however of specific interest in this
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chapter is the use of eHITS (electronic high-throughput screening) and Glide.
eHITS allows each core and rotamer (an isomer that differs from other
conformers due to restricted rotation around a single bond) to be treated as
individual rigid fragments and allows more exhaustive positions of the ligand
within the active site (Zsoldos et al., 2007; Simmons et al., 2013). Glide uses a
systematic pose search where ligands with a rigid core are chosen for their low
energy conformation (Friesner et al., 2004). Combining the scoring function
output from multiple docking programmes through consensus scoring allows
the reduction of false positives and an improvement in overall hit-rates, a
method that is now routinely employed in the search for active ligands from
virtual screening (Charifson et al., 1999). An overview of the computational
methods involved in SBDD are summarised in Figure 51.

Progress has been limited in instances where receptor flexibility and
conformational changes on binding can influence binding interactions, which has
left a gap between computational and in cellulo binding scores. However, recent
work has aimed to increase the accuracy of computationally derived scores by
accounting for the receptor’s flexibility using multiple conformations (Totrov &
Abagyan, 2008). Despite the advancements in high resolution structures, and
scoring functions for computer-aided drug design to dismiss biologically
irrelevant compounds, there is still a clear need for the subjective assessment of
the compound’s chemistry by medicinal chemists to bridge the gap of missing
dynamic information for the binding site (Ripphausen et al., 2012 & Stumpfe et
al., 2012).
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Figure 51 Flowchart of computational methods involved in SBDD

A cavity within the X-ray or NMR protein structure is highlighted for virtual
docking of compounds or fragments. Multiple docking programmes allow
for consensus scoring and ranking. ‘Hit” compounds from the virtual
screen are assessed by medicinal chemists and top ‘hits’ further assessed
with biophysical and functional assay.
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4.1.4 Beyond virtual screening

After elucidation of potential drug candidates by computational methods, further
analysis is required through experimental testing. This iterative process (Figure
52) involves the design, synthesis and testing of compounds for binding or
functional activity, developing structure-activity relationships to produce more
potent analogues and repeating this iterative cycle until binding affinities within
the nanomolar range is reached. A crystal structure of the lead-drug in complex
with the protein of interest is highly desirable and allows for future development
of a more potent drug candidate by allowing direct visualisation of its mode of
binding.

Compounds chosen for further study satisfy Lipinksi’s rule of five, which
includes; a MW less than 500, a logP (a measure of compounds liphophilicity) of
less than 5, less than 5 hydrogen donor atoms and less than 10 hydrogen
acceptor atoms. This criteria allows the prediction of the absorption of
compounds and overall drug-likeness (Leeson, 2012). Lead compounds are
then further analysed computationally and experimentally for their efficacy,
pharmacokinetic and ADMET (Absorption, Distribution, Metabolism, Excretion
and Toxicity) properties allowing a prediction of how efficacious the drug
candidate will be in human candidates. Drug candidate compounds at this stage
are then tested in an in vivo model for safety and efficacy before entering phase
1 clinical trials. The process of SBDD and drug development in general is a long,
arduous process that takes many years and expertise to result in an approved
drug treatment, however to date this approach is still considered to be one of
the best methods of rational drug design.
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Screening

The protein target is identified and purified for further analysis. The target is crystallised to allow modelling of compounds into a
pre-defined binding cavity with top compounds further assayed for their biological activity. Iterative rounds of SAR are performed
until a lead compound with nanomolar binding affinity for the target is developed.
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4.1.5 Applications of SBDD

Anti-viral compounds zanamivir (Relenza®) and oseltamivir (Tamiflu™) are
classic examples of the use of SBDD, for which the rational design of
neuraminidase inhibitors yielded treatments for acute illness caused by influenza
A and B viruses that are still in use today. Neuraminidases (also known as
sialidase) are enzymes present on the influenza virion surface that cleave sialic
acid from glycoconjugates on infected cells and have an essential role in viral
replication and release of progeny virus for subsequent infection (Palese &
Compans, 1976; Lew et al., 2000).

The knowledge of the X-ray structure of the active site of neuraminidase with
sialic acid bound (Figure 53) (Burmeister et al., 1992; Varghese et al., 1992) and
later, with the inhibitor bound (Kim et al., 1997) allowed the use of SBDD and
SAR (structure activity relationship) studies based on a cyclohexene scaffold
isostere (@ molecule with similarities in chemical properties to the original
molecule being studied) of the active site’s transition state and resulted in the
development of a potent and specific neuraminidase inhibitor, GS 4071, of
which the orally bioavailable prodrug form, oseltamivir is the first orally
administered influenza treatment approved by the FDA in 1999 under the trade
name Tamiflu™ (review of oseltamivir discovery Lew et al.,, 2000). The X-ray
crystal structure of the neuraminidase active site (Burmeister et al.,, 1992;
Varghese et al., 1992) displayed 3 major pockets, with residues involved in
binding conserved across all influenza virus A and B strains. X-ray structures
showed that the highly polar pocket 1 had non-polar interactions that were key
to high affinity binding with the cyclohexene class of inhibitors (oseltamivir). The
second pocket was not utilised in sialic acid binding nor in the rational design of
a second class of inhibitor zanamivir, a sialic acid analogue and an FDA
approved (1999) intranasal administered treatment for influenza (von ltzstein et
al., 1993). However, pocket 2 was utilised for the potent inhibitory action of
oseltamivir. The third and largest binding pocket had both hydrophobic and
hydrophilic residues that have not thus far been utilised for inhibitor design but
could be utilised for charged-charged interactions in future drug development.
Resistance to oseltamivr has been shown, resulting from a residue mutation (His
274 Tyr) in pocket 1 of the neuraminidase protein that is the active binding site
of sialic acid (Le et al.,, 2005). However, no such resistance mutations for
zanamivir have been discovered to date, and thus it still represents a viable
treatment for influenza virus. These findings for zanamivir could be due to the
drug being structurally highly similar to the natural substrate for neuramindase,
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sialic acid, or due to this drug being used to a lesser extent than oseltamivir
(reviewed by von ltzstein, 2007) thus not providing the same opportunity for
resistance to develop.

—k 4H

Figure 53 Influenza A and B inhibitors determined by SBDD

The high-resolution structure of the influenza A virus neuraminidase active
site was determined by X-ray crystallography in complex with its binding
partner, sialic acid (A). Zanamivir (B) and oseltamivir (C) are approved
treatments for influenza A and B virus infection and were both discovered
through SBDD campaigns targeting the neuraminidase active site.

Anti-viral treatment for human immunodeficiency virus (HIV) has been achieved
using SBDD and has resulted in the development of numerous protease and
reverse transcriptase (RT) inhibitors. These inhibitors are combined in a muilti-
drug cocktail, and are known as highly active antiretroviral therapy (HAART). The
HIV aspartyl protease cleaves precursor polyproteins (gag and gag-pol) to the
respective functional HIV proteins required for viral infection and has been a
successful target for rational drug design. Transition state analogue inhibitors
against renin, (a aspartic protease like that of HIV; Allen et al., 1989) in addition
to the X-ray structures of the HIV 1 protease (Navia et al., 1989; Lapatto et al.,
1989) and the closely related Rous sarcoma virus (Miller et al., 1989) allowed
rational SBDD and SAR towards the HIV-1 protease. This led to the FDA
approval of saquinavir (Invirase®) in 1995 that is specific to the HIV protease
and does not act on the structurally similar human aspartic protease (Roberts et
al., 1990). Shortly after, in 1996 ritonavir (Norvir™) was also approved by the
FDA as a HIV protease inhibitor (reviewed by Bassetto et al., 2016).

The RT of HIV is of interest as a drug target as it converts single-stranded RNA
into double-stranded DNA that can be subsequently integrated into the host’s
chromosomes and is essential for HIV replication. The RT has 2 functions; as a
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DNA polymerase and as an RNase H that selectively degrades the RNA
component of a RNA-DNA heteroduplex. Interestingly, the crystal structure of an
RNase H inhibitor, dihydroxy benzoyl naphthyl hydrazine (DHBNH) in complex
with HIV-1 RT (Himmel et al., 2006) discovered that the inhibitor did not bind to
the RNAse H active site but to a novel, allosteric site near the polymerase active
site and a non-nucleoside inhibitor binding pocket. Structural analysis combined
with further SBDD and SAR of DHBNH (Figure 54 left) resulted in a HIV-1 RT
inhibitor (Figure 54 right) that could simultaneously inhibit both the polymerase
and RNase H activity of the RT with a IC;, of 0.4 uM and 7 uM , respectively for
both functions.
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Figure 54 Dual HIV RT inhibitor designed by SBDD

A- compound DHBNH that inhibits RNase H activity of the HIV RT was
found by X-ray crystallography to not bind to the RNase H active site; B-
SBDD with the known X-ray structure and SAR substitutions of the benzoyl
ring resulted in compound ‘HIV-1’ that inhibits both function of the HIV RT
as a DNA polymerase and RNase H (Himmel et al., 2006 and reviewed by
Bassetto et al., 2016).
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4.1.6 Chapter aims

The M2-1 protein of HRSV is critical for the viral replication cycle and provides a
novel target for a significant unmet medical need for an anti-viral treatment for
HRSV. The results presented in this chapter are based on initial work performed
by Dr Richard Foster, Department of Chemistry, University of Leeds and Public
Health England (PHE). The crystal structure (PDB: 4c3b; Tanner et al., 2014) in
addition to mutagenesis data for RNA and P binding (Blondot et al., 2012;
Tanner et al.,, 2014) allowed the identification of a defined cavity for virtual
docking (chapter 3, section 3.9; Figure 55) of a library of drug-like compounds
(from the Zinc12 collection). Using two docking methods (eHITS & GLIDE), a
total of 100,000 compounds were ranked based on their predicted Ki (inhibitory
constant). A selection of these compounds (1,000) were further assessed for
their drug like lead properties by Dr Richard Foster and the 500 top ranked
compounds were provided to PHE who screened compound efficacy and
toxicity by HRSV plague reduction assays, in a BSC-1 cell line. In addition to the
work of Dr Richard Foster, University of Leeds and PHE, the work performed
here was part of collaboration with Dr Roger Taylor, Department of Chemistry,
University of Leeds and Redx Pharmaceuticals and the contribution of each of
these collaborators is stated. Compound ‘hits’ (of which there was 44) from data
by PHE form the basis of the work presented in this section and illustrate the
use of SBDD from hit validation to drug like lead ‘hit’ compounds using
functional and structural methods.
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Figure 55 Consensus docking ‘hit’ to the predefined M2-1 cavity

Representative compound ‘hit” docked to the targeted cavity using the
GLIDE docking method. Residues involved in P interactions are in yellow,
RNA in pink and residues involved in both interactions in coral.
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4.2 Results

4.2.1 Mini genome system

The HRSV mini genome system (Figure 56) utilises the BSRT7 mammalian cell
line, which are derived from BHK-21 cells but carry an episomally maintained
plasmid that allows the expression of bacteriophage T7 DNA dependent RNA
polymerase. The HRSV mini genome is a truncated version of the HRSV
genome in which all essential genes have been deleted, but which still retains all
essential cis-acting sequence signals required for genome transcription and
replication. Replication and transcription of this mini genome requires the supply
from plasmid cDNAs of the minimal HRSV components required for replication
and transcription, namely N, P, L and M2-1. The mini-genome itself is expressed
from a separate plasmid and consists of 2 genes flanked by an HRSV authentic
gene junction and with a leader and trailer sequence. The first gene is an HRSV
specific sequence (nucleotides derived from the M and SH genes), and the
second gene is eGFP, which is translated to generate an easily detectable
product allowing HRSV-specific RNA synthesis activities to be easily assayed.

When all five of these plasmids are transfected into BSRT7 cells, the mini
genome RNP assembles, and the polymerase complex can transcribe the first
and second genes of the mini genome template, allowing the translation of
eGFP that can be detected and quantified using an IncuCyte ZOOM® (a live cell
imaging system). The IncuCyte scanned and recorded green fluorescence and
phase images every hour, for 29 hours. The recorded data was analysed using
the IncuCyte ZOOM® software with the integrated algorithm and displayed as
the total number of green fluorescent cells per well. All mini-genome figures
displayed the total number of green fluorescent cells per well as a percentage of
the total eGFP signal in the presence of all support plasmids, mini-genome
reporter and the absence of compound.

In the absence of M2-1, premature termination of the first mRNA transcript
occurs, preventing expression of the second gene, and thus no eGFP is
detected (Figure 56). As such eGFP expression is dependent on the expression
of functional M2-1. The assay was optimised as a medium-throughput assay
(12-well format) for use as an initial screening method of ‘hit’ compounds
provided by PHE to assess the ability of these compounds to block or reduce
M2-1 function. Compounds (44 from the 500 assessed by PHE) were added in
the presence of the transfected N, P, L, M2-1 and the reporter plasmid, with
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compounds that affected M2-1 dependent RNA synthesis reducing the eGFP
output. Using this system, the expression level of eGFP reporter could be
utilised to rank the effectiveness of compounds to inhibit HRSV replication and
transcription.
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Figure 56 Overview schematic of the HRSV mini genome assay

Plasmids designed to express the minimal virus-encoded components
required for HRSV replication and transcription (N, P, L and M2-1) are
transfected into BSRT7 cells in addition to a plasmid that expressed a mini
genome. The mini-genome ‘reporter’ gene consists of 2 genes flanked by
an authentic HRSV gene junction and with a leader and trailer sequence.
The first gene is an HRSV specific sequence (nucleotides from both M and
SH genes), whereas the second gene encodes eGFP. In the absence of
M2-1, premature termination of mRNA transcription from gene 1 results in
no MRNA transcription from gene 2 due to the sequential nature of HRSV
transcription. Consequently, no eGFP is expressed. In contrast, in the
presence of M2-1, full length mRNA transcription and translation of both
gene 1 and 2 results in eGFP expression, that is visualised and quantified
using the IncuCyte.
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4.2.2 Optimised mini genome system

Over 33 hours, in the presence of compound vehicle (0.2% DMSO) there was
no reduction in reporter gene expression (100% eGFP expression= transfection
of N, P, L, M2-1 and reporter plasmids) (Figure 57A). In the absence of M2-1 or
L plasmids (both essential for RNA transcription) no eGFP production was
visualised (Figure 57B).
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Figure 57 Mini genome assay parameters

BSRT7 cells were transfected with A- all mini genome plasmids (), DMSO
vehicle (n), - M2-1 (¥) and -L (u); B- representation of A in bar chart form
at 33 hours post-transfection. Data points represent n-2 + SEM with each
n number performed in duplicate.
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4.2.3 Hit compounds from mini genome screening

In addition to testing compounds in the mini genome assay, compounds were
simultaneously assayed for their effect on cell survival using an MTT assay.
Compounds that resulted in a cell survival rate below 80% were eliminated from
further investigation. Representative cell survival and mini genome data for
compounds 9136178, LDS-016067-1 and LDS-017289-1 are shown in Figure
58. Data for all compounds tested can be found in appendix V. All three
representative compounds exhibited a sufficiently low cell toxicity level and were
assayed in the mini genome for the initial compound screen. Only two (LDS-
016067-1 and LDS-017289-1) of the representative compounds shown here
(Figure 58) scored well (over a 50% reduction in eGFP expression) in the mini
genome assay. Medicinal chemists assessed compound hits from the mini
genome assay (based on over a 50% reduction in eGFP expression) and chose
a subset of 13 compounds for continuation based on the mini genome data, the
logP values of the compounds potential solubility, a common pharmacophore
group and variation in scaffolds to provide various leads for drug development.
Mini genome, live virus and cell viability data for all compounds assessed here
can be found in appendix IV.
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Figure 58 Representative mini genome and cell survival assay data

Representative mini genome data expressed as a percentage of eGFP
expression in the absence of compound at 33 hours post-transfection
(black bars). Cell survival data expressed as a percentage of absorbance at
570 nm compared to the absence of compound (blue bars). Mini genome
data points represent n-2 + SEM with each n number performed in
duplicate and for the cell survival assay data points represent an n-3 +
SEM with each n number performed in duplicate. Data for all compounds
assessed can be found in appendix V.
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4.2.4 Assessment of hit compounds using an infectious HRSV
assay

To further assess compound activity, the ability of compounds to reduce virus
gene expression was assayed using autonomously replicating, infectious HRSV,
in which the gene for eGFP was inserted into the HRSV genome to act as a
reporter for virus gene expression (Figure 59). eGFP expression levels were
quantified 24 hours post infection using an IncuCyte ZOOM®. This time point
allowed for sufficient levels of eGFP production to be measured before the
formation of HRSV-induced cell syncytia that would stop accurate quantification
of individual eGFP expressing cells.

Figure 569 HRSV-eGFP infected BSRT7 cells in the presence and
absence of compound LDS-01009-2

Quantification of HRSV-eGFP expressing cells 24 hours post infection. A-
HRSV-eGFP infection in the absence of compound; B- in the presence of
compound LDS-01009-2 a reduction in eGFP expressing cells was
visualised. eGFP expression was visualised and quantified using the
IncuCyte.

Compounds (LDS-017332-1, LDS-010009-2, LDS-016034-1, LDS-010149-2,
LDS-016077-1 and V028-4618) showed a significant reduction (p < 0.05) in
eGFP expression compared to the addition of no compound and are illustrated
in Figure 60 as blue bars. At the time of this work, published work (Bailly et al.,
2016) showed the compound cyclopamine (a smoothened receptor antagonist)
to reduce HRSV viral infectivity and specifically, decrease expression levels of
the M2-1 protein. To complement this data, here cyclopamine was assessed in
the live virus assay at a dose of 20 pM and data showed a significant reduction
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on viral infectivity in the presence of the compound with no significant reduction
in cell survival (Figure 60).
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Figure 60 Compound screening with an infectious HRSV-eGFP
assay

Infectious virus data expressed as a percentage of eGFP expression in the
absence of compound at 24 hours post. Data points were subjected to a
one-way ANOVA followed by Tukey posthoc test. A statistically significant
difference is indicated by *= p<0.05 and bars are shown in blue. Data
points represent n-3 = SEM with each n number performed in triplicate.
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4.2.5 Discovery of a drug like lead ‘hit’ compound

Repeated rounds of analysis were performed with compound analogues to
establish a structure-activity relationship (SAR) and were further assessed using
the previously determined HRSV assays (mini genome and infectious HRSV)
with SAR analysis performed by Dr Roger Taylor, Department of Chemistry,
University of Leeds. However, the two compounds chosen for continuation were
from the original compounds assessed here (Figure 58, Figure 59, Figure 60 &
appendix V) and not from further SAR analysis. The two compounds LDS-
01009-2 and V028-4618 had 92% + 1.6 and 93% = 4.6 cell survival, as a % of
cells with no compound (Figure 61A). In the mini genome and infectious HRSV-
eGFP assays, LDS-01009-2 exhibited 6.0% + 4.5 and 11% + 2.4 eGFP
expression for the respective assays, whereas compound V028-4618 exhibited
11% + 2.8 eGFP expression in the mini genome and 26% + 12.6 in the
infectious HRSV-eGFP assay (Figure 61B). The structures of these compounds
(Figure 61C) show they are distinct but contain common pharmacophores, that
when overlaid have similarly posed lipophilic and polar groups that could adopt
a similar binding mode to M2-1 (Figure 62).
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Figure 61 Data analysis of lead compounds LDS-01009-2 & V028-
4618

A- cell survival of the two hit compounds in the BSRT7 cell line using an
MTT assay; B- eGFP expression in the mini genome and HRSV-eGFP
assay and; C- the two compound structures with pharmacophore regions
highlighted in yellow. Data points were subjected to a one-way ANOVA
followed by Tukey posthoc test. Statistically significant difference is
indicated by *= p<0.05. All data is shown + SEM and each data point was
performed in triplicate.
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Figure 62 Superimposition of lead compounds LDS-010009-2 and
V028-4618

The top two hit compounds were superimposed and showed similar
lipophilic and polar groups that could adopt a similar binding mode to M2-
1. Image produced by Dr Roger Taylor, Department of Chemistry,
University of Leeds. The phenyl group was converted to a furyl to allow
superimposition.

Dose-response curves using the infectious HRSV-eGFP assay were attempted
to determine IC,, values for the top two compounds. eGFP levels were
quantified at one time point for varying concentrations of the compounds.
Unfortunately, there was too much variation in eGFP expression levels between
concentrations to produce a dose-response curve. In addition syncytia
formation resulted in large multi-nucleated cells in which fluorescence could not
be quantified accurately. The initial assays were screened at one concentration
and thus all values are relative to each other on analysis of compounds for
continuation.

Compounds LDS-010009-2 and VO28-4618 were profiled (Table 14) for
ADMET properties by Redx pharmaceuticals. Both hit compounds were
lipophilic, with LDS-010009-2 having a much lower microsomal hepatic intrinsic
clearance level. The low solubility of VO28-4618 resulted in difficulties
interpreting the cytotoxicity data.
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Hu mics Cytotox Kinetic
ineti
Compound | Clint | HuPPB | HePG2 | y\roaqive | ClogD soubilt
ubili
ID (ML/min/ | (9% freg) ICs0 dLogD (7.4) ) y
m9) (ug/ mL)
LDS- 10- 100
103.14 0.4 > 3.4 4.28 3.63
010009-2 uM
> 100
V0O28-4618 > 277 2.39 M NV 4.96 NV
u

Table 14 Profiling data of hit compounds

Compounds LDS-010009-2 and V0O28-4618 were assessed for their
ADMET properties by Redx pharmaceuticals.

4.2.6 Further assessment of lead drug candidates

As the target for the selected compounds was the RNA/ P binding cavity of M2-
1, we next tested whether binding of these compounds was able to disrupt
these critical RNA/ P interactions, and thus suggest direct M2-1 binding as the
mode of compound action. The competition assay was performed using a
fluorescently labelled version of the P 90-110 peptide, which was the weakest
affinity binder of all HRSV-specific ligands thus far assayed. As expected, the P
90-110 peptide was outcompeted by the RNA oligonucleotide, pA13 with an
ICs, Of 1.7 uM = 0.08 (Figure 63A). However, lead compounds tested here did
not diminish anisotropy, suggesting that none were able to outcompete the
binding of peptide P 90-110 to M2-1 (Figure 63B). Compounds could not be
tested for competition above a concentration of 1 mM due to some evidence of
precipitation (10 mM stock concentration).
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Figure 63 Competition binding assay of compounds with P 90-110
for binding to HRSV M2-1

A- the fluorescently labelled P 90-110 is out-competed by a viral specific
oligonucleotide, SH GE (+); B- representative lead drug compound titrated
against P 90-110 does not out-compete up to a compound concentration
of 1 mM.

A co-crystal structure of a lead-drug candidate with M2-1 would allow
rational design and synthesis of compounds based on the compound-
protein interactions, thus creating compounds with optimal affinity and
inhibitory function and greatly aiding further drug design. Compound LDS-
010009-2 was incubated in excess with M2-1 (1.2: 1 ratio of compound:
protein). Co-complex crystal trials were performed using commercial
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screens with crystals forming after 1-3 days and visualised with a cuboidal
morphology (Figure 64). Full data collection was obtained for 3 crystals
using the 104-1 beamline, DLS (Table 15). The data was processed using
the CCP4 suite of programs and the structure solved using the method of
molecular replacement using M2-1 as the model (PDB: 4c3b). The electron
density maps (2F,ps-1Feae @nd 1F,,s-1F.,. difference map) revealed no
continuous density that could account for the compound. The crystal
formed in the same space group as the previously determined M2-1 crystals
(P2,).

180 um 230 um

Figure 64 Crystals of the M2-1: LDS-010009-2 compound co-
complex

A- condition 0.12 M monosaccharides, 0.1 M buffer system 1, pH 6.6 and
37.5 % MPD-P1K_P3350; B- condition 0.1 M Tris pH 8 and 50% v/v 5/4
PO/OH; A and B- x10 optical zoom; C and D- UV-TPEF imaging.
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Resolution Cell constants | Cell constants
Data set condition . Space group
(A) (a, b, c) (@,B.v)
_ 89.06 90
0.1M Tris pH 8
0.250% Vv/v 5/4 3.28 P12, 1 42.49 95.01
PO/OH 142.40 90
Morpheus Screen
0.09 M halogens 69.61 90
43.12
0.1 M butfer 3.10 P12, 1 94.40
system 2 pH 7.5 143.39
90
37.5 %
MPD_P1K_P3350
Morpheus Screen
0.12 M 90.06
harid 90
monosacharides 143.06
0.1 M buff 3.22 P12, 1 95.02
HHer 1 143.42
system 1, pH 6.6 90
37.5 % MPD-
P1K_P3350

complex

Table 15 Data collection of the M2-1: LDS-010009-2 compound

Resolution of co-crystal structures and space group data indicate no
change in the space group to the determined unbound M2-1 protein. Data
collected on the 104-1 beamline, DLS.
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4.3 Discussion

4.3.1 The HRSV M2-1 docking site

M2-1 plays a critical role in the HRSV infection cycle and is described as an anti-
termination transcription factor that allows full-length transcription of each viral
MRNA (Collins et al., 1996), and in addition enhances transcriptional read-through
at gene-end/gene-start junctions (Hardy & Wertz 1997). Site directed
mutagenesis allowed the identification of residues critical for RNA and P binding
(Fearns & Collins, 1999; Blondot et al., 2012; Tanner et al., 2014) and further the
co-crystal structure of P90-110 and M2-1 (chapter 3) was in agreement with the
putative P binding site and aided our understanding of this RNA and P binding
site. The putative RNA and known P binding sites were discovered to form an
adjacent and partially overlapping binding site at the M2-1 core domain, and
several studies have established that disruption of interactions between M2-1 and
these RNA and P binding partners leads to a reduction in its anti-termination
function. Residues R126, R151 and K159 that surround the central cavity exhibit
favourable electrostatic properties for further drug design. This cavity was chosen
for targeting with small molecules via SBDD as these compounds could
potentially disrupt RNA/ P binding and thus abolish M2-1 function. Compounds
chosen for initial screens were based on their broad range of scaffolds to allow
further SAR and analogue design.

Six compounds reduced the ability of the HRSV polymerase complex to perform
viral replication and transcription as tested using the mini genome assay, as well
as infectious virus gene expression using an infectious virus assay. Despite this
encouraging evidence of compound efficacy in cellulo, we could not obtain any
convincing evidence demonstrating a direct interaction between the compounds
and M2-1 using the FA competition binding assay, which has previously been
used to investigate the out-competition of P 90-110 with a polyA and HRSV
specific SH GE (+) oligonucleotide sequences.

In the competition-binding assay the compounds did not out-compete the M2-1/
P 90-110 interaction, which is the weaker of the two M2-1/ ligand interactions
characterised thus far. Intensity readings of the relevant fluorescence levels were
taken into account and did not deviate from expected levels. In addition DMSO
vehicle controls were tested and did allow competition between P and RNA.
Possible reasons for why P 90-110 was not outcompeted include (1) that the
compound may bind to a different area of M2-1 not affected by this binding
interaction, (2) the compounds were not at a high enough concentration to
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outcompete and (3) P and RNA binding to the M2-1 tetramer potentially occurs
through a co-operative method (avidity) in which the compound would need to
overcome to achieve binding. Further, to determine a direct interaction of the
compound and M2-1, co-crystallisation was trialled. M2-1: compound co-crystals
formed in 2 space groups that had been previously determined for unbound M2-1
(P2, and P422). However, no density accounting for the compound could be
ascertained in these data sets. Crystals that form in the P2, and P422 space
groups have a distinct cuboidal morphology and suggest a need for specific and
conserved crystal contacts for regular lattice and crystal formation that may be
disrupted on addition of a compound. In addition to these rationally selected
compounds, a protein-protein interaction (PPI) compound library (PPI-NET) and a
fragment library (Maybridge) containing over 1000 curated compounds and
fragments were screened using the FA competition-binding assay, however no
inhibition was seen, and for this reason the data is not shown.

4.3.2 SBDD ‘hit’ compounds and other determined inhibitors

Two compounds were identified (LDS-010009-2 and VO28-4618) and further
analysis demonstrated that these compounds had similarly posed lipophilic and
polar groups that could adopt a similar binding mode to M2-1 (Figure 62) and
suggest a use of this scaffold for further SAR design with the aid of a co-crystal
structure to determine nanomolar-binding affinity of a compound for MZ2-1.
However, to further ascertain an inhibition of eGFP synthesis due to the
interaction of the compounds with M2-1, other viral and cellular pathways with
the ability to reduce eGFP output in the presence of compound require
assessment for their ability to result in off-target effects.

At the time this work was performed, the naturally occurring alkaloid compound
cyclopamine and its derivatives were described as being specific inhibitors of
HRSV M2-1 (Ballly et al., 2016). The anti-viral effect of cyclopamine was analysed
in a live virus replication assay and was found to inhibit HRSV growth to similar
levels as the two hit compounds identified here. Similarly to the competition assay
results for the hit compounds presented here, cyclopamine also did not inhibit P
90-110 binding to M2-1, and neither could it be shown to interact with the M2-1
core via NMR analysis (Dr Christina Sizun, personal communication). Evidence for
a direct effect of cyclopamine on M2-1 function was by identification of a point
mutation within M2-1 that provided cyclopamine resistance, and interestingly, this
point mutation resided in the M2-1 core domain in the vicinity of the RNA/ P
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binding groove (R151). Similarly to the hit compounds determined here, a co-
crystal structure of cyclopamine with M2-1 could also not be derived at this time.

In parallel to the work presented in this chapter of determined hit compounds and
the assessment of cyclopamine, a previous study identified a compound that
resulted in inactivation of HRSV (Boukhvalova et al., 2010). The compound AT-2,
a zinc-ejecting compound was presumed to act on M2-1 due to the requirement
of each M2-1 monomer to co-ordinate a zinc ion for its function. With this
knowledge, Cancellieri et al, (2015) designed and synthesised zinc reacting
compounds using SBDD to target the ZBD of the HRSV M2-1 crystal structure
(Tanner et al., 2014). The most active compound synthesised, 10e (Figure 65B)
had an IC,, of 6 uM in a viral replication assay (luciferase expression driven by
HRSV was a measure of viral replication) compared to the AT-2 compound
(Figure 65A) that had an IC,, of 841 uM in the same assay. The data is promising
however further work to determine the inhibitors interactions site and indeed the
protein target is required for further analogue synthesis. Further, as a drug
treatment, there is much debate in the literature of the practicality of using ‘zinc
gjectors’, as zinc finger proteins account for 1% of the human genome and as
such are critical for many function such as stabilising the structure of cellular
components and in polynuclotide transcription (Frederickson et al., 2000).

AN | Nj (JN
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10e

Figure 65 HRSV inhibitors determined by SBDD of the M2-1 ZBD

A- compound AT-2, a zinc-ejecting compound reduced HRSV infectivity and
was assumed to inhibit via M2-1 binding, as this protein required zinc co-
ordination for its activity; B- SBDD focussed on the ZBD of M2-1 using the
crystals structure (PDB: 4c3b) and ‘hit” compound 10e was determined to
potently inhibit HRSV replication (Boukhvalova et al., 2010; Cancielleri et al.,
2015).
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4.3.3 Summary

This chapter has identified compounds targeted to the RNA/ P binding cavity of
M2-1 using SBDD. These compounds have been shown to reduce viral
replication/ transcription (mini genome) and HRSV infectivity (infectious virus
assay). However, further work must ascertain the mode of binding for further
structure-activity relationship work. As a co-crystal structure of the hit compounds
bound to M2-1 could not be ascertained at this time to aid SAR and hit-lead
development, a technique was trialled that allowed direct visualisation of
fragments (the building blocks of compounds) bound to M2-1 using X-ray
crystallography as the method. The new facility, known as XChem, allowed rapid
screening of 1000s fragments to determine fragment hits bound to the M2-1
protein in a high-throughput manner and is discussed in chapter 5 as an
alternative method to determine anti-viral compounds targeted to the M2-1
protein of HRSV.
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Chapter 5 Anti-viral drug design- using fragment based
drug design (FBDD) to target the M2-1 protein of
human respiratory syncytial virus (HRSV)

5.1 Introduction

In terms of drug discovery a fragment can be described as a building block for
the synthesis of compounds. The method of fragment-based drug discovery by
X-ray crystallography has been utilised from the early 2000s but its broader
application has been severely limited due to the length of time required to
produce the many high quality crystals required for screening (often several
thousand), as well as practical limitations in the collection of X-ray diffraction
data (Nienaber et al., 2000). Recent advances in synchrotron power and
automation of the crystallography process has resulted in the development of a
new facility at the DLS, termed XChem that allows routine fragment screening
for previously un-targetable proteins. The high-throughput XChem facility allows
1000s of fragments to be screened in combination with a potential protein target
for structure determination, and allows hit-to-lead compound optimisation to be
done in a matter of days. The XChem facility has been operational since April
2015 and is still being reviewed for its effectiveness as a method to aid the drug
discovery process.

5.1.1 FBDD by X-ray crystallography using the XChem facility

Automation of protein purification, crystal trials and imaging has streamlined the
crystallography process and made the technique accessible to a wider
audience. Fragment screening by X-ray crystallography has seen a number of
notable software and equipment advances that have been utilised for the
XChem facility and a selection of these are listed here:

(1) TexRankE- is a program that uses previously defined images and allows
rapid identification of crystals for ranking and to define a target x, y location for
the fragment soak (Ng et al., 2014).

(2) ECHO- the acoustic liquid handler uses ultrasonic pulses to eject rapidly and
accurately fragment and cryo-protectant droplets. The ECHO allows 100s of
crystals to be soaked with fragments in a few minutes (Collins et al., 2017).
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(38) Shifter- was designed for the XChem facility by the Structural Genomics
Consortium (SGC), University of Oxford and automatically tracks fragment
soaked crystals to be harvested using data from the TexRankE software whilst
keeping the rest of the plate sealed to avoid evaporation. In house, to harvest
crystals, one puck (16 crystals) takes on average one hour, the shifter allows
sub-10 second harvesting times per crystal, routinely allowing one puck to be
filled within 10 minutes.

(4) BART robot on the 104-1 beamline- allows data collection in an automated
unattended mode due to the large capacity of the BART robot and the
automated centring of loops. A crystal can be mounted and a data set collected
in under 2 minutes.

(5) Pan-Dataset Density Analysis (PanDDA) and XChemExplorer (XCE) (Krojer et
al., 2016) software packages- were also produced by the SGC to amalgamate
1000s of data sets for their rapid evaluation and analysis. The recently created
PanDDA software models fragments with partial occupancy using an ensemble
of bound and unbound states for enhanced refinement and to allow better
density for the ligand to be fitted (Pearce et al., 2017).

In combination, the software and equipment mentioned above allows
identification, ranking, targeting, soaking, harvesting and data collection of
1000s of crystals per day. A process that was once only a sought-after vision is
now a reality that can be achieved in a short time frame to routinely find
fragment binders for lead-drug optimisation.

5.1.2 Advantages of FBDD by X-ray crystallography

The use of FBDD using X-ray crystallography as a primary hit identification
method allows the collection of high resolution structural information of the
fragment: protein interaction, which can then be used as the basis of further
synthetic chemistry to develop fragments into potential lead compounds. In
addition, the poised fragment library used within the XChem screening platform
is commercially available and can be readily re-purchased for further analysis of
hit binders. Previous FBDD by X-ray crystallography used fragment cocktails to
allow a relative level of high-throughput (Nienaber et al., 2000; Hartshorn et al.,
2004). In contrast, the XChem facility uses single fragment soaks per crystal,
resulting in identification of the correct ligand density and a reduced number of
damaged crystals from the toxicity of one fragment in a cocktail mix. The low
affinity binding of fragments make them difficult to detect in bicassay based
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screening methods (Hartshorn et al., 2004) but are easily detected using X-ray
crystallography with few false positives and allows for potent lead compounds
development due to knowledge of the binding site. Protein-protein interactions
(PPI) as seen between M2-1 and the P protein of HRSV are renowned for their
difficulty as drug targets. PPl interactions generally have shallow binding pockets
with a low binding affinity and as such result in difficulty in detecting hit binders
in a bicassay-based screen. X-ray crystallography bypasses this requirement
and the XChem facility may now become routine in assaying protein-fragment
interactions.

5.1.3 Applications of FBDD using structural methods

Both fragment and compound libraries have been utilised in drug discovery for
decades. However, libraries are usually subjected to an initial screening protocol
based on a functional assay, with high resolution structural information of the
fragment: protein complex only being determined for lead hits due to the
demanding requirements for appropriate crystals, and the time intensive nature
of structural methods that must be employed.

Fragment screening in combination with structural methods provides an initial
screen to determine fragment binders that may not be detected in functional
assays, and this protocol has been successfully utilised for inhibitor development
of the BACE-1 protein. The BACE-1 protein cleaves the amyloid precursor
protein to form the distinct amyloid beta plaques present in the central nervous
system of patients suffering from Alzheimer’s disease (Luo et al., 2001). While
previous interacting compounds have been identified, these have failed to inhibit
BACE-1 in vivo due to their inability to cross the blood-brain barrier. A custom
fragment library was screened against the BACE-1 protein and chemical shifts
representing binding were determined using NMR. Analogues of these hit
fragments were further screened using a functional assays and a 36-fold
increase in binding compared to initial NMR identified hits was obtained (Wang
et al., 2010). Two distinct classes of inhibitors were identified by this method
with uM and nM affinity respectively (Wang et al., 2010; Zhu et al., 2010). These
were subsequently developed into lead compounds that are currently
undergoing clinical trials (Stamford & Strickland, 2013).

Of the 7 proteins analysed using the XChem facility since it became operational
in April 2015, only one protein yielded no fragment hits (Dr Patrick Collins,
personal communication). Due to the infancy of the XChem facility there has
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been a lag in publication of experimental findings and as such there is only one
paper describing the effectiveness of this screening facility. Here, an atypical
non-asparagine bromodomain with no identified inhibitors was assayed using
the XChem facility and the resulting work illustrates the first reported inhibitors
(binding within the mM affinity range) of this atypical protein family linked to
disease progression in diabetes and cancers (Cox et al., 2016).

5.1.4 Chapter aims

Due to the lack of high resolution structural information of M2-1 in complex with
hit compounds identified in chapter 4 (SBDD), an alternative method was
examined that would allow structural determination of protein: fragment
complexes with downstream evaluation of the activity of hit fragments using the
multiple functional assays that are currently available for HRSV (chapter 4; mini
genome, infectious virus, FA assay). Firstly, this chapter discusses the
identification of a crystal condition that allowed the production of 1000s of
crystals with re-producible diffraction of at least 3 A resolution. Once a suitable
condition was determined the work described in this chapter focused on the
identification of novel fragment binders to the HRSV M2-1 protein by screening
fragment libraries using X-ray crystallography at the recently constructed XChem
facility at the DLS. Due to the infancy of the XChem facility in providing large-
scale fragment screening the optimisation required for efficient running of the
facility is also described to allow efficient and routine screening for further users.
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5.2 Results

5.2.1 Optimisation of crystals for the XChem facility
5.2.1.1 In house crystal optimisation

M2-1 protein crystals have previously been obtained in various chemical
conditions (see appendix Ill), however reproducibility of the X-ray diffraction has
not been assessed. Rarely in crystallography is there a requirement to determine
a condition that reliably and reproducibly diffracts however, this was a pre-
requisite for the facility to perform the fragment screen by X-ray crystallography.
For the XChem facility, 1000s of M2-1 protein crystals were required that
diffracted to below 3 A resolution. Crystal conditions that had previously resulted
in collection of diffraction data with resolution of at least 3 A were tested for
reproducibility in SWISS ClI plates at 18°C and at room temperature, mimicking
conditions of the XChem facility (Figure 66, Table 16). The M2-1 protein was
purified using the improved purification method discussed in chapter 2 section
2.2.2 and chapter 3, section 3.6.2 for reproducibility.

Conditions were chosen for continuation if they reproducibly produced crystals
along that row. Drop 1 of the SWISS CI plate, on average crystallised less
readily thus to save reagents, only drops 2 and 3 were used of the 3 drop
SWISS Cl plates. These specific plates were used for in-house optimisation as
they were consistent with equipment at the XChem. A fine screen of 12
conditions, altering pH and PEG was performed to determine protein crystals
that may be more amenable for crystal harvesting. Representations of the
optimisation conditions are displayed in Table 17.
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Figure 66 Representative plate studying reproducible protein
crystal formation

3 drop SWISS CI plate; square= mother liquor well, circle= drops 1, 2 and
3. Each crystal condition was set up across a row 1-12 in drops 1-3 of the
SWISS ClI plates and placed in the RockMaker Imager. Drops were scored
(grey circle) if they contained protein crystals that could be harvested.
Rows A-E contained protein. Mother liquors are stated in Table 16 with
screen and well stated here; A- Morpheus F5; B- Morpheus G5; C-
Morpheus G9; D- Morpheus H1; E- PACT F12. Reproducible conditions
were further fine screened and tested for diffraction in at least 3 crystals
from one condition.
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Screen & Well Salt Buffer System Precipitant
PACT BT 0.1 MMIBpH 4 25% PEG 1500
PACT B10 0.2 M MgCl, 0.1 M MES pH 6 20% PEG 6000
PACT D1 0.1 M MMT pH 4 25% PEG 1500
PACT D6 0.1 M MMT pH 9 25% PEG 1500
PACT D11 0.2 M CaCl, 0.1 M tris pH 8 20% PEG 6000
PACT E4 0.2 M potassium 20% PEG 3350
PACT F1 0.2 M sodium fluoride 0.1 M bis-tris 20% PEG 3350
PACT F11 0.2 M sodium citrate 0.1 M bis-tris 20% PEG 3350
PACT F12 0.2 M sodium 0.1 M bis-tris 20% PEG 3350

Morpheus A1 Divalents BS1 pH 6.5 P550MME_P20K

Morpheus A5 Divalents BS2 pH 7.5 P550MME_P20K

Morpheus B4 Halogens BS1 pH 6.5 MPD_P1K_P3350

Morpheus B5 Halogens BS2 pH 7.5 P550MME_P20K

Morpheus C1 NPS BS1 pH 6.5 P550MME_P20K

Morpheus D1 Alcohols BS1 pH 6.5 P550MME_P20K

Morpheus E1 Ethylene Glycols BS1 pH 6.5 P550MME_P20K

Morpheus F1 Monosaccharides BS1 pH 6.5 P550MME_P20K

Morpheus F5 Monosaccharides BS2 pH 7.5 P550MME_P20K

Morpheus G5 Carboxylic acids BS2 pH 7.5 P550MME_P20K

Morpheus G9 Carboxylic acids BS3 pH 8.5 P550MME_P20K

Morpheus H1 Amino acids BS1 pH 6.5 P550MME_P20K

Table 16 Commercial screen conditions to assess crystal

reproducibility

Each condition was set up in one row of a 3-drop SWISS CI plate and
protein crystal reproducibility determined as started in Figure 66.
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Morpheus 1 2 g 4 ) 6 7 8 9 10 | 11 | 12

0.1 M Carboxylic

acids

0.1 mI BS3 (pH) 81]185(|89| 81|85 |89 |81 | 85|89 |81]85|89

P550MME_P20K |04 |04 (04| 05 | 05 | 05 | 06 | 06 | 0.6 | 0.7 |0.7|0.7

(mi)
H,0 (ml) 0410404 03|03 |03]|02|02)|02]01[0.1]0.1
PACT 1 2 3 4 5 6 7 8 9 10 | 11 | 12

O1MMMT(@H) | 4 |45| 5 | 4 | 45| 5 4 | 45| 5 | 4 |45]| 5

PEG 1500 (%) 20 | 20 | 20 | 25 25 25 27 27 27 |30 | 30 | 30

H,0 (ml) 0.7]107]07|065|065|065|063|063|063|06|06|0.6

Table 17 Fine screen optimisation conditions to assess crystal
reproducibility

Optimisation of pH and PEG concentration for a representative Morpheus
and PACT commercial screen condition.

Fine screen hits from one well (i.e. formation of crystals in both assessed drops)
were then further screened across one row (24 drops) of a SWISS CI plate to
further assess reproducibility. Crystals took 0-3 days to form and conditions that
reproducibly formed crystals at this stage were selected for assessment of their
X-ray diffraction at the DLS. Crystals that could not easily be harvested were not
chosen for continuation due to the requirement to harvest over 1000 crystals
when using the XChem facility. Only one condition highlighted in Table 18
(green) contained crystals that formed reproducibly and diffracted to 3 A or
better.
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Diffraction assessment conditions

0.1 M Divalents, BS1 pH 6.9 0.4 ml, PS50MME_P20K

0.1 M Divalents, BS1 pH 6.1 0.5 ml, PS50MME_P20K

0.1 M Carboxylic acids, BS3 pH 8.5, 0.4 ml PEG550MME_PEG20K

MIB pH 4, 20% PEG 1500

MIB pH 4.5, 20% PEG 1500

MIB pH 4.5, 27% PEG 1500

MIB pH 5, 27% PEG 1500

Table 18 Fine screen optimisation conditions to assess diffraction
of the protein crystals

Optimised pH and PEG conditions were assessed across one row of a
SWISS Cl plate. Conditions above resulted in reproducible crystal
formation and were subsequently harvested and cryo-cooled for diffraction
analysis. Green highlights the condition with < 3 A resolution. Three
diffraction images were recorder per crystal at 0, 90 and 1800, and high-
resolution data collected for at least 3 crystals per condition.

5.2.1.2 XChem facility- crystal screening optimisation

Events required for the XChem fragment screening to allow identification of
fragments bound to a protein of interest are summarised in Figure 67. Further
optimisation was required at the DLS to determine the concentration of DMSO
(fragment vehicle) and cryo-protectant required for the XChem screening
process that still allowed the collection of < 3 A diffraction for all the crystals
(1000s) screened. To assess diffraction resolution at varying DMSO and cryo-
protectant concentrations, the ECHO acoustic liquid handling dispenser was
used to dispense varying concentrations of DMSO (0- 20%) and cryo-protectant
mix (0- 20%) to pre-defined (X, y) plate co-ordinates (TexRankE).
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Figure 67 XChem fragment screening methodology

Crystals were imaged using the RockMaker Imager and targeted with an (x, y) co-ordinate position in the drop, away from the crystal
using TexRankE. Crystals were soaked using the ECHO acoustic liquid dispenser to the previously marked (X, y) co-ordinates. Crystals
were harvested and cryo-cooled using auto-centring loops and using a motorised plate mover known as ‘the Shifter’ to allow crystal
harvesting in sub-10 seconds. Data collection was fully automated on the 104-1 beamline with use of automated centring loops and the
BART robot, allowing 34 pucks containing 16 crystals each to be analysed in one visit. Data collections were automatically processed
using the pipelines currently available at the DLS. Software packages PanDDA and XCE designed for the XChem facility merged all
data sets and displayed the fo/fc, 2 fo/fc and an event map of amplified intensity of extra density not accounted for in the unbound M2-
1 structure that may be the soaked fragment. Density is visualised in XCE and the fragment fitted manually to the density.
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Soaking with DMSO and cryo-protectant was performed for 1 and 3 hour time
points before crystal harvesting and cryo-cooling. Two methods of cryo-
protectant addition at time of harvesting were explored to streamline the
process for the full fragment screen. For the first method trialled, a 10% solution
of cryo-protectant was placed in a vacant well and this subset of crystals placed
in the mixture after harvesting. A second method used the ECHO acoustic liquid
handler to add varying concentrations of the cryo-protectant mix (0- 20%)
directly to the pre-defined x, y co-ordinates of the drop that contained the
protein crystal and fragment (DMSO control).

Diffraction data sets were automatically collected on the 104-1 beamline and
processed using the existing pipelines at the DLS. Upper resolution limits
defined by the Xia3dii DLS pipeline are stated for each concentration of DMSO
and each cryo-protectant addition method in Table 19 and Table 20.
Unexpectedly, a great variation in resolution was seen between duplicates.
Further analysis of crystal morphology (Figure 68) revealed clear differences
between the data sets. Crystals with a cracked appearance were seen to
diffract with resolution between 3-10 A, whilst crystals with no cracks appeared
to be able to diffract consistently to 2.3 A, which represents a higher resolution
than previously determined for M2-1.

A

- 9
o Ox -1847.40, y- 1358.70
Q. 214 66, y 21787 \ )

Figure 68 HRSV M2-1 crystal morphologies

A- crystal morphology appears cracked, and diffracted to 3.23 A; B-
crystal had a cuboidal, non-cracked morphology and diffracted to 2.36 A
Both crystals were soaked in 10% DMSO with a 5% cryo-protectant mix
for 1 hour before harvesting. This pattern of resolution in relation to
morphology occurred at all concentrations tested.
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Solvent DMSO (%) | Cryo-protectant (%) Resolution A Resolution A
0 10 2.91 2.58
0 10 2.79 3.02
10 10 LD 2.52
10 10 LD LD
20 10 2.4 MF
20 10 MF MF

Table 19 XChem optimisation of DMSO concentration using a
transfer method to cryo-protectant

Crystals soaked with the fragment vehicle, DMSO were harvested at 1 and
3 hours post soaking before transfer to a pre-defined well containing 10%
cryo-protectant. Each condition was performed in duplicate. Data set
highlighted in green displays the best resolution condition. LD- low-
resolution diffraction; MF- crystal could no longer be harvested due to
DMSOQOY/ cryo-protectant addition.

5.2.1.3 Optimised condition for XChem fragment screen

During the optimisation process, crystals diffracted successfully to 2.36 A and
2.33 A in the absence of DMSO (Table 20). However, during the screening
process DMSO is required as the vehicle for the fragments and thus a condition
that could withstand DMSO was required. Due to differences in resolution
because of crystal morphology all crystal images were re-analysed through
TexRankE and only larger crystals (~150 pM) with a non-cracked morphology
were chosen for continuation. Optimal resolution (2.3 A) was seen for a crystal 1
hour post-soaking with 10% DMSO and 5% cryo-protectant (Table 20).

To summarise, M2-1 protein (10 mg/ ml) was set up in drops 2 and 3 of the 3
drop SWISS ClI sitting drop plates in a 1:1 ratio with the mother liquor (0.1 M
Carboxylic acid, 0.1 ml BS3 pH 8.5, 24% PEG550MME_PEG20K- Morpheus
screen condition). Plates were incubated for 3 days to form crystals. Crystals of
~ 150 uM with no cracked appearance were marked with (X, y) co-ordinates by
TexRankE for soaking, Crystal drops were soaked with 10% DMSO (containing
the fragment) for 1 hour before addition of a 5% cryo-protectant and harvested
and cryo-cooled prior to automated data collection.
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Solvent DMSO (%) | Cryo-protectant (%) Resolution A Resolution A
0 0 MF NA
0 0 MF NA
10 0 3.58 NA
10 0 2.85 NA

20 0 3.02 NA
20 0 3.26 NA
0 5 LD 3.14
0 5 2.36 3.05
10 5 2.32 LD
10 5 3.23 LD
20 5 2.55 MF
20 5 2.54 MF
0 10 2.84 3.21
0 10 2.83 LD
10 10 LD MF
10 10 3.16 3.4
20 10 3.47 LD
20 10 LD LD
0 20 2.33 3.02
0 20 LD LD
10 20 3.36 LD
10 20 MF 3.42
20 20 LD LD
20 20 LD MF

Table 20 XChem DMSO and

optimisation

cryo-protectant

concentration

Cryo-protectant was added directly using the ECHO liquid handling
apparatus to the soaked crystal drop using the previously determined
TexRankE (x, y) co-ordinates. Crystals were harvested at 1 and 3 hour time
points, in duplicate and resolution limits determined. Data sets highlighted
in green show the best diffracting conditions. LD- low-resolution diffraction;
MF- crystal could no longer be harvested due to DMSQO/ cryo-protectant

addition.
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5.2.2 Fragment screening data
5.2.2.1 Hit fragments bound to two distinct regions of HRSV M2-1

Automated data collection (Figure 69), and subsequent processing using
automated pipelines available at the DLS, resulted in 1,062 data sets for
inspection. Software packages PanDDA and XCE have been designed
specifically for the XChem facility to provide high-throughput identification of
potential weak binding ligands with low occupancy by subtraction of a
proportion of the averaged ground (non fragment bound) state to leave clear
density for only the changed (fragment bound) state, and is displayed as an
event map in addition to fo/fc and 2fo/fc maps. The software eliminated strong
electron density with no significance (i.e. water molecules) and only identified
regions of unique density (i.e. fragment) for each data set. XCE in addition to

COOT summarised all unique densities and allowed manual fitting of the
fragment to the density.

Figure 69 XChem crystal harvesting and data collection

A- M2-1 HRSV crystal incubated with fragment M2-1-x0037; B- diffraction
image of crystal shown in A. The crystal diffracted to 2.4 A, representative
of the average resolution seen for all data sets.

Initial analysis and fitting of the fragment structure to the density by visual
inspection was achieved for 21/ 1062 fragments, providing a hit-rate of 2%. Due
to the low occupancy nature of FBDD and solvent accessible channels, full
occupancy of each of the 16 M2-1 monomers in the asymmetric unit cell (AUC)
was not expected and modelling of the fragments in the available density was
achieved for between 1 and 5 M2-1 monomers. Fragments were fitted to the
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density using XCE and COQT, where they were refined once and collated to
reveal the location of each fragment in relation to M2-1. Fragments involved in
crystal contacts and not binding to M2-1 were not further assessed. Further
refinement of the fragments and visualisation of potential interaction with M2-1
revealed seven fragments that were modelled to the density with high
confidence and bound to two distinct regions (Table 21 & Table 22), suitable for
further analysis as inhibitors. Four fragments bound near the RNA/ P interaction
surface (x0079, x0373, x0770, x0816) and three near the ZBD (x0108, x0869,
x0937) and these were further refined and assessed.

Fragment Resolution (A) Roysta Riree
M2-1x0079 2.6 0.221 0.279
M2-1x0108 2.6 0.233 0.289
M2-1x0373 2.4 0.234 0.284
M2-1x0770 2.4 0.240 0.294
M2-1x0816 2.4 0.238 0.289
M2-1x0869 2.4 0.239 0.286
M2-1x0937 2.4 0.227 0.276

Table 21 XChem hit fragment refinement values

Only the electron density representing the fragment was further manually
refined and not the M2-1 backbone. Values were determined using the
XCE software.
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M2-1 binding Density
Fragment Fragment Structure
area (/16)
TN
M2-1x0079 /oJ — RNA/ P 1
M2-1x01 '~ N 78D 4
x0108 &// N

M2-1x0373 e RNA/ P 1

/ — N
M2-1x0770 @v | RNA/ P 1
M2-1x0816 %—@ i RNA/ P 5

HO \N
M2-1x0869 2z ‘5\@ ZBD 3
M2-1x0937 y%@ 7BD 1

Table 22 XChem hit fragment structures

Extra electron density that was not accounted for by the M2-1 protein and
allowed fitting of the fragment were determined ‘hits’ and were further
assessed. The corresponding location of the observed fragment was
recorded as the RNA/ P site or ZBD. Density out of a possible 16 refers to
density fitted with the fragment at the same binding region of the 16 M2-1
monomers within the AUC.
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5.2.2.1.1 Zinc binding domain hit fragments

Fragments M2-1x0108, x0869 and x0937 were refined and interacted near the
zinc co-ordination site. M2-1x0937 (Figure 70A pink) and M2-1x0869 (Figure
70A yellow) interacted with M2-1 at the same binding site and may bind through
similar interactions. Multiple structures at this solvent accessible binding site will
greatly aid further drug development targeted to this region. M2-1-x0108 (Figure
70B green) binds at a distinct site at the zinc co-ordinating area, away from the
other 2 fragments.

Figure 70 Fragment structures determined at the ZBD by X-ray
crystallography

A- fragments M2-1x0869 (yellow) and M2-1x0937 (pink) bind to M2-1 at
the same site; B- M2-1x0108 binds to a distinct area at the ZBD; C- 2D
structure of M2-1x0937; D- M2-1x0869 and E-M2-1x0108.
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5.2.2.1.2 RNA/ P binding surface hit fragments

Four fragments bound near the RNA/ P binding surface with fragment M2-
1x0079 (Figure 71B & D green) binding directly to the cavity previously targeted
for structure based drug design (chapter 4) that is involved in both RNA and P
interactions. M2-1x0373 (Figure 72A & C pink) interacts with residues that
comprise the RNA/ P binding surface on the M2-1 protein. Fragments M2-
1x0770 (Figure 71A & C orange) and M2-1x0816 (Figure 72B & D yellow)
interact near the RNA/ P surface and have a shallow binding surface.

E F N
/ Y ) | \B—NH
Q\/”H{/Q e U\)\ />—

Figure 71 Fragment structures determined near the RNA/ P
interaction surface by X-ray crystallography

A- cartoon representation of M2-1 with fragment M2-1x0770 bound; B-
cartoon representation of M2-1 with fragment M2-1x0079; C; surface
representation of interaction A; D; surface representation of interaction B;
E- 2D structure of M2-1x0770; F- 2D structure of M2-1x0079. Residues
involved in interactions with the M2-1 binding partners RNA and P are
highlighted in white.
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Figure 72 Further fragment structures determined near the RNA/ P
interaction surface by X-ray crystallography

A- cartoon representation of M2-1 bound to fragment M2-1x0373; B-
cartoon representation of M2-1 bound to M2-1x0816; C- surface
representation of interaction A; D- surface representation of interaction; E-
2D structure of M2-1x0373 bound in A and C; F- 2D structure of M2-1-
x0816 bound in B and D. Residues involved in interactions with M2-1s
binding partners RNA and P are highlighted in white.
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5.2.2.2 M2-1: fragment interactions

The possible interactions between the hit fragments and M2-1 were determined
based on the electron density maps and distances between promising
interactions and are discussed below.

5.2.2.2.1 M2-1x0770

Fragment M2-1x0770 was modelled with high confidence due to the high-
resolution density available (Figure 73). The negatively charged side chain of Asp
116 could form an ionic bond with the positively charged NH group of the
fragment, whilst Thr 69 of M2-1 could hydrogen bond with the nitrogen atom of
the pyridyl ring.

Figure 73 Electron density of fragment M2-1x0770 bound to HRSV
M2-1

View of the fragment fitted to the electron density 2 fo/fc and event maps
(PanDDA). The negative charged side chain of Asp 116 could form an ionic
bond with the positively charged NH group of the fragment, whilst Thr 69
of M2-1 could hydrogen bond with the nitrogen atom of the pyridyl ring.
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5.2.2.2.2 M2-1x0079

The fragment could only be modelled to the density in 1 of the 16 M2-1
monomers (Figure 74). Interactions of fragment M2-1x0079 with M2-1 could
result from hydrogen bonding of the carbonyl of the fragments amide group to
the side chain of Lys 159 of M2- 1 and via an oxygen atom of the fragment with
Thr 130 of M2-1.

Figure 74 Electron density of fragment M2-1x0079 bound to HRSV
M2-1

View of the fragment fitted to the electron density 2 fo/fc and event maps
(PanDDA). An interaction between the carbonyl of the fragments amide
group to the side chain of Lys 159 of M2- 1 and via an oxygen atom of the
fragment with Thr 130 of M2-1 is visualised.
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5.2.2.2.3 M2-1x0108

The M2-1x0108 fragment binds near the ZBD of M2-1 (Figure 75). M2-1x0108
could be fitted accurately to the electron density of 4 monomers of M2-1 in the
AUC. The fragment displayed potential hydrogen bonding between the side
chain of Glu 81 and the NH of the fragment pyrazole ring. Further, a pi-stack
interaction is visualised between the fragment pyrimidine ring and Phe 9 of M2-
1.

Figure 75 Electron density of fragment M2-1x0108 bound to HRSV
M2-1

View of the fragment fitted to the electron density 2 fo/fc and event maps
(PanDDA). The fragment displayed potential hydrogen bonding between
the side chain of Glu 81 and the NH of the fragments pyrazole ring and a
pi-stack interaction is visualised between the fragments pyrimidine ring and
Phe 9 of M2-1.
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5.2.2.2.4 M2-1x0373

The fragment M2-1x0373 could be fitted with high confidence to 2 of the M2-1
monomers (Figure 76) of the AUC. The side chain of Lys 162 could form
hydrogen bond interactions with the oxygen atom of the ester group of the
fragment. The benzene ring of the fragment could result in hydrophobic
interactions with lle 84 of M2-1 whilst the side chain of Lys 159 may exhibit
hydrogen bonding with the sulphur termini of the fragment.

Figure 76 Electron density of fragment M2-1x0373 bound to HRSV
M2-1

View of the fragment fitted to the electron density 2 fo/fc and event maps
(PanDDA). The side chain of Lys 162 could form hydrogen bond
interactions with the oxygen atom on the ester group of the fragment and
the benzene ring of the fragment could result in hydrophobic interactions
with lle 84 of M2-1.
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5.2.2.2.5 M2-1x0816

Fragment M2-1x0816 (Figure 77) was fitted with high confidence to the
additional electron density in 5 of the 16 M2-1 monomers in the AUC. Density
was visible but weaker in other monomers at the same interaction site and the
fragment could not be fitted accurately. Fragment M2-1x0816 could form
potential hydrogen bond interactions with M2-1; through a hydrogen donor
group (NH,) at the fragments sulphonamide to Glu 81 of M2-1 (Figure 77) and
via an oxygen atom at the fragments sulphonamide with the hydrogen donor
group (NH2) of the side chain of Arg 20 of M2-1. Both hydrogen bond
interactions formed within suitable molecular distances of 2.3 A and 2.6 A
respectively.

Figure 77 Electron density of fragment M2-1x0816 bound to HRSV
M2-1

A- fragment fitted to the electron density 2 fo/fc and event maps (PanDDA);
B- as A at a different angle to further visualise the interaction. Hydrogen
bond interactions with M2-1 are seen via a hydrogen donor group (NH2) at
the fragments sulphonamide to Glu 81 of M2-1 and via an oxygen atom at
the fragments sulphonamide with the side chain of Arg 20 of M2-1.
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5.2.2.2.6 Further fragment interactions

For two of the three fragments shown to bind to the ZBD of M2-1 (Figure 70),
the electron density was too weak to correctly predict the fragment orientation
and thus its interactions with the M2-1 protein.

Fragment M2-1x0869 was fitted to the density of 5 of the 16 M2-1 monomers.
Electrostatic interactions of M2-1 residues Lys 19 and Asp 116 may form the
binding site for fragment M2-1x0869, however further visualisation of the
fragments interactions with M2-1 are limited due to the poor density. Density for
fragment M2-1x0937 (Figure 78) was seen in 6 of the M2-1 monomers within
the AUC, however weak density resulted in little confidence in the fitting of the
fragment. Only one fragment (Figure 78) was fitted to the density with some
confidence, here clear side chain density can be seen for Lys 19 of Chain B M2-
1 and Asp 16 Chain D M2-1 suggesting an interaction with the fragment or most
likely a stabilisation of the binding site. Further, the side chain of Tyr 72 could
form a hydrogen bond with the carbonyl oxygen atom of the fragment.

Figure 78 Electron density of fragment M2-1x0937 bound to
HRSV M2-1

A- view of the fragment fitted to the electron density 2 fo/fc and event
maps (PanDDA); B- as image A at a different angle to further visualise the
interaction. Clear side chain density can be seen for Lys 19 of Chain B M2-
1 and Asp 16 Chain D M2-1 suggesting an interaction with the fragment or
most likely a stabilisation of the binding site. Further, the side chain of Tyr
72 could form a hydrogen bond with the carbonyl oxygen atom of the
fragment.

181



Chapter 5 FBDD of HRSV M2-1

5.3 Discussion

5.3.1 Crystal optimisation

Fragment screening by X-ray crystallography is a material intensive method and
would not have been possible without the improved expression and purification of
M2-1, described in chapter 3. Each protein that is assessed using the XChem
facility requires optimisation for the production of reproducible, high resolution
diffracting crystals that maintain high-resolution diffraction following addition of the
fragment in its DMSO vehicle. Despite the novel expression and purification
method for M2-1 that resulted in protein crystals in many conditions of a
commercial screen (appendix ll), the batch-batch reproducibility of crystal
conditions has never been examined. Here, a single condition was identified and
resulted in reproducible diffraction to a resolution of at least 3 A. The identification
of this optimal condition could be used for further co-crystal soaking experiments
beyond the XChem facility.

Further optimisation of crystals required for the XChem screening gave additional
insight into the M2-1 crystals used. Crystals with a non-cracked morphology
consistently gave reliable diffraction data between 2.2- 2.3 A and were reliably
easier to harvest with sub-10 second harvesting times and proved ideal for the
XChem facility pipeline. M2-1 protein crystals were found to weakly diffract upon
soaking in DMSO for 3 hours and could not be soaked for more than 1 hour
before cryo-cooling. Despite DMSO being a sufficient cryoprotectant for certain
proteins, M2-1 required additional cryoprotectant for optimal diffraction. The
maximum DMSO concentration the M2-1 crystals could withstand was 10%,
whilst other users of the XChem facility found suitable crystal diffraction with up to
40% DMSO (Dr Patrick Collins, personal communication). The higher (40%)
DMSO concentration resulted in over 40 hit fragments due to visualisation of
weak binders at a high concentration of the fragment. However, due to the high
DMSO concentration, many false positives were observed that would likely be
excluded at the lower DMSO concentration as used here. Thus, there is a balance
between detecting more fragment binders without attracting too many false
positives. It is to be noted that all values of DMSO and cryoprotectant presented
here are values provided to the ECHO liquid handler to dispense and are not
precise volumes, due to the viscosity of solutions. In addition, the protein crystal
drop had most likely dehydrated in size from the initial 0.4 pl volume and again
indicates that all values are relative.

182



Chapter 5 FBDD of HRSV M2-1

5.3.2 Fragments bound to two distinct regions of M2-1

Fragments were soaked into M2-1 protein crystals, and using X-ray
crystallography were determined to bind to two distinct regions of the protein.
Extra density not accounted for by M2-1 was highlighted by the XChem software
at other regions (not the ZBD or RNA/ P site) but these were either crystal
contacts or had poor density that may not have been the fragment and would not
aid further SAR and drug discovery. These data show 7 hit fragments that bind
two distinct regions of the M2-1 protein; the RNA/ P binding surface that has
been previously targeted as a drug target site (see chapter 4) and the ZBD that
has been suggested for anti-viral drug design (Esperante et al., 2013; Cancielleri
et al., 2015). Large sigma values due to zinc co-ordination have been accounted
for with the previously described PanDDA software, allowing fragment density to
be seen independently of the zinc density and resulted in high confidence of the
fitted fragment to the remaining density.

Three fragments bound to the ZBD that was previously targeted by Cancielleri et
al, (2015) using SBDD of the HRSV M2-1 crystal structure (Tanner et al., 2014). In
this study a compound (compound 10e) inhibited HRSV replication, however a
direct interaction with M2-1 was not discovered (Cancielleri et al., 2015). Here,
the structures of 3 fragments bound to 2 distinct sites at the ZBD could aid
further SAR studies. Two fragments (M2-1x0937 and M2-1x0869) bound to the
same region of M2-1, however as density was poor for M2-1x0937 the correct
orientation of the fragment to the density could not be determined and possible
interactions could not be hypothesised.

Four fragments were identified as binding near the RNA/ P binding surface that
was previously targeted for SBDD via computational methods, described in
chapter 4. Further, inhibition of RNA and P binding to M2-1 has been identified to
result in a loss of transcriptional function (Cuesta et al., 2000; Mason et al., 2003)
and provides a good target site for further SAR. Fragments M2-1x0079 and M2-
1x0373 interact directly to the region implicated in binding BRNA and P, whilst
fragments M2-1x0770 and M2-1x0816 bind near the RNA/ P binding surface and
may require analogue synthesis that extend towards the RNA/ P binding surface
to inhibit this function.
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5.3.83 Further assessment of hit fragments bound to M2-1

Although the XChem facility is useful for identification of initial weak binders to the
protein of interest there is no streamlined method to follow up fragment hits with
functional assays at the XChem facility. Hit fragments identified here could be
assayed for their ability to disrupt the RNA/ P binding surface with the optimised
FA assay, however the sensitivity of this functional assay is in question and likely
would not compete with P 90-110 for M2-1 binding. Fragments could be further
assessed using the mini genome assay to survey replication and transcription or
in the infectious HRSV assay to identify infectivity, both of which have been
optimised for drug design work (see chapter 3). Due to the low molecular weight
of the fragments (appendix VI) and limited sensitivity of the assays for HRSV and
M2-1 inhibition it is possible that these fragments may not be identified as
inhibitors and thus further analogue synthesis of the hit fragment may be required.
Analogues may be synthesised based on the initial bound fragment structure and
extended at the fragments termini to increase MW and potential affinity for HRSV
M2-1 to allow detection in a functional assay. Previous methods of co-
crystallisation of hit compounds (chapter 4) have proved unsuccessful for M2-1.
The XChem facility has resulted in the optimisation of M2-1 crystal conditions to
better understand the parameters required for efficient diffraction on soaking.
Further, the XChem facility has resulted in the visualisation of fragments bound to
the M2-1 protein allowing direct analysis of the interaction between the protein
and fragment and reducing the time required for further SAR and drug
development.

5.3.4 Summary

The data presented here and in chapter 4 has resulted in lead drug discovery
compounds (SBDD) and fragments (as the building blocks of these lead drug
compounds) targeted specifically to HRSV M2-1. Given the need for an affordable
efficacious treatment for both HRSV and BRSV in addition to the high sequence
identity between the two proteins, data in the final chapter here aims to identity
further similarities between BRSV and HRSV M2-1 proteins using structural and
biophysical methods with an overall aim to determine M2-1 inhibitors that can
inhibit both human and bovine species of RSV.
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Chapter 6 Characterisation of the M2-1 protein of bovine
respiratory syncytial virus (BRSV)

6.1 Introduction

Bovine respiratory syncytial virus (BRSV) was first isolated in 1970 in Europe from
cattle with respiratory diseases (Paccaud and Jacquier, 1970) and has now been
detected in cattle herds worldwide (Inaba et al., 1970; Wellemans et al., 1970;
Edington & Jacobs, 1970). BRSV accounts for over 60% of lower respiratory tract
infection and bronchopneumonia in cattle (Gershwin, 2007). Economic loss from
bovine respiratory diseases, including BRSV, is estimated at $1 billion worldwide
annually due to mortality of both beef and dairy cattle and a decrease in milk yield
in dairy cows, with a field study presenting a direct link between BRSV infection
and decreased milk production (Paccaud & Jacquier, 1969; Inaba et al., 1972;
Smith et al., 1974; Ferguson et al., 1997; Sacco et al., 2013). HRSV and BRSV
belong to the Pneumoviridae family that also includes the important human
pathogen human metapneumovirus (HMPV). HRSV and BRSV are further
classified within the Orthopneumovirus genus and have a high level of genetic
similarity. Both viruses have 10 genes, in the same order, with similar conserved
cis-acting sequence signals and genome length. HRSV and BRSV encode 11
highly conserved proteins and their similarities are highlighted in Table 23 and
Table 24. BRSV provides a good model for the study of HRSV due to their similar
immunological response in their respective hosts. The pathological effect of BRSV
infection in bovines is a viable option to study novel HRSV vaccines and anti-viral
compounds with fewer ethical concerns (Guzman & Taylor, 2015).

6.1.1 BRSV disease symptoms

Infection with BRSV is predominantly fatal in calves of 1- 9 months, similar to the
fatality incidence in human infants infected with HRSV (Stott et al., 1980).
Evidence of respiratory distress caused by bronchopneumonia can be observed
in calves by an open mouth with a grunt, a stretched neck and an extended
tongue with pouring saliva. BRSV infected cattle are susceptible to secondary
infections with bacterial pathogens such as M. haemolytica, P multocida, H.
somni and M. bovis. Secondary infections due to BRSV result in mortality and for
the surviving calves, a lag in weight gain and growth (Belknap, 1993; Valarcher &
Taylor, 2007; Sacco et al., 2013). In addition, the massive overuse of antibiotics
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to treat such secondary infections poses a public health concern through the risk
of emergence of pathogenic bacterial strains with acquired antibiotic resistance
(reviewed in Seiffert et al., 2013).

6.1.2 Comparison of BRSV and HRSV

Identification of BRSV and subsequent comparison with HRSV revealed a closely
related antigenic structure through cross-neutralisation experiments with guinea
pig anti-sera. In addition, BRSV and HRSV both induced the formation of
characteristic syncytia in cultured cells, and inclusion bodies were visualised in the
infected cell cytoplasm (Inaba et al., 1972). For virus entry and exit, HRSV and
BRSV employ the same apical surface of the species-specific polarised airway
epithelial cells (Alansari & Potgieter, 1994). The majority (95%) of adult cattle
displayed sera positive results for BRSV antibodies (Patton et al.,, 1998) and
similar to the situation of HRSV and humans, re-infection of cattle with BRSV is
common.

HRSV and BRSV both inhibit IFN-induced cellular response through expression of
their respective NS1 and NS2 proteins. However, HRSV NS proteins modulate
type | IFN by inhibition of Stat2 expression (Lo et al., 2005) whilst BRSV NS
proteins block activation of IRF3 (Bossert et al., 2003). Further, in BRSV, NS2
appears to have a greater inhibitory effect on type 1 interferon induction than NS1
and the converse of this is seen for HRSV (Valarcher et al., 2003; Spann et al.,
2004). The pep27 peptide produced by cleavage of the F protein at the two furin
sites contains a tachykinin motif in BRSV, not seen in HRSV. This could have an
immunological function in cattle or be a naturally occurring species-specific
sequence (Zimmer et al., 2002; Zimmer et al., 2003). As previously described,
HRSV is divided into two subgroups (A and B) based on antigenic and genetic
differences. In contrast, classification of BRSV based on monoclonal antibody
reactivity to the G protein reveals limited divergence, and consequently BRSV
isolates have been postulated to exist as one antigenic group (Furze et al., 1997).

M2-1 has an essential role in the HRSV infection cycle (Collins et al., 1996),
evidenced by the inability to rescue infectious HRSV lacking the M2-1 coding
region. In common with this, to produce recombinant BRSV, a plasmid encoding
the M2-1 must be transfected into cells in addition to those expressing N, P and L
proteins (Buchholz et al., 1999) and suggests that the BRSV M2-1 protein also
plays an essential role in the virus life cycle. BRSV and HRSV M2-1 proteins have
an amino acid sequence identity of 80.1% and a similarity of 90.3%, making it
highly conserved between the two virus species. The majority of sequence
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differences are located at the CTD of the protein, as seen by the alignment of
BRSV and HRSV M2-1 in Figure 79. These CTD residues (174-194) in HRSV M2-
1 were not visible in electron density obtained by X-ray crystallography (Tanner et
al.,, 2014), and are presumed disordered. Like HRSV M2-1, the BRSV M2-1 C
terminal residues 174-194 are presumed disordered (Drozdetskiy et al., 2015).

HRSV MSRRNPCKFEIRGHCLNGKRCHFSHNYFEWPPHALLVRONFMLNRILKSM

LETEEETT= PP e LEEL TPyl

BRSV MSRRNPCKYEIRGHCLNGKKCHFSHNYFEWPPHALLVRONFMLNKILKSM

HRSV DKSIDTLSEISGAAELDRTEEYALGVVGVLESYIGSINNITKQSACVAMS

| LLPTELETPEL TP == ey

BRSV DRNNDTLSEISGAAELDRTEEYALGVIGVLESYLSSINNITKQSACVAMS

HRSV KLLTELNSDDIKKLRDNEELNSPKIRVYNTVISYIESNRKNNKQTIHLLK

I S N R A N e

BRSV KLLAEINNDDIKRLRNKEVPTSPKIRIYNTVISYIDSNKRNTKQTIHLLK

HRSV RLPADVLKKTIKNTLDIHKSITINNPKESTVSDTNDHAKNNDTT

R T T i s

BRSV RLPADVLKKTIKNTIDIHNEINGNNQGDINVDEQNE
Figure 79 Pairwise sequence alignment of HRSV and BRSV M2-1

Local alignment between HRSV and BRSV M2-1 open reading frames was
performed using the Smith-Waterman algorithm (EMBL server). The symbol
‘" indicates an identical residue, “*’ represents a substituted residue with
similar functional characteristics. Where no symbol is shown, this indicates a
substituted residue with no similarities.

Properties HRSV BRSV
First isolated 1956 1970
15,128 bp (A strains
NCBI: KF530268.1 :
Genome Length ) 15,140 bp (NCBI:
15,119 bp (B strain AF092942.1)
NCBI: KJ723485.2)
Proteins 11 11
Approved Vaccine No Yes
o Large droplets Large droplets
Transmission
Aerosol Aerosol
Peak infectivity (UK) Winter months Winter months

Table 23 Comparison of HRSV and BRSV properties
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BRSV protein ldentity with HRSV
BRSV protein . .
(amino acids) (%)
NS1 136 69
NS2 124 84
N 391 93
M 256 89
SH 73 38-44
G 257 30
F 574 81
= 241 81
M2-1 186 80
M2-2 95 43
L 2161 84

Table 24 Protein sequence identity

HRSV and BRSV genomes encode 11 highly conserved proteins. Their
amino acid sequence identity is compared here (adapted from Valarcher et
al., 2007).

6.1.3 BRSV vaccine treatments

Unlike HRSV for which no vaccine treatment exists, live attenuated vaccines
(Delforge and Zygraich 1978; Bohlender, 1984) and inactivated vaccines (Howard
et al., 1987) have been approved for BRSV treatment since the late 1970s in
Europe and the North America with varying levels of efficacy, discussed here (and
reviewed in Ellis, 2016).

A commercially available modified live combination BRSV parenteral vaccine
(BRSV, bovine parainfluenza virus-3 [BPIV-3], bovine herpesvirus-1 [BHV-1] and
bovine viral diarrhea virus [BVDV]) was used to vaccinate 2-4 week old BRSV
antibody negative calves before challenge 3 weeks later with 10° plaque forming
units of BRSV. Vaccines were provided in non-adjuvanted (Bovishield-4
SmithKline Beecham Animal health BRSV 375 isolate) and adjuvanted (Pyramid-4,
Fort Dodge/ Ayerst) forms. Vaccinated calves had significantly less lung lesions
and nasal shedding of BRSV compared to unvaccinated control calves (West et
al., 2000). In a second study using a commercially available modified live
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combination parenteral vaccine (BRSV, BHV-1, BPIV-3, BVDV-1 and 2; Vista 5
SQ, Merck Animal Health, BRSV 375 isolate) and a control vaccine as above,
minus BRSV (Vista 3 SQ, Merck Animal Health) calves were fed BRSV high
antibody positive colostrum prior to vaccination at 3-9 days of age. Calves were
challenged 11 weeks after vaccination with 10” plagque forming units of BRSV and
all calves developed moderate to severe respiratory disease. Calves had a lack of
cytokine response (IL-4 and IFN-gamma) consistent with the idea that the calves
were not immunologically primed and that the maternal antibodies inhibited the
response of parenteral delivery of the vaccine (Ellis et al.,, 2014). As BRSV
infection is more severe in these young calves with varying levels of maternal
antibodies, modified live vaccines were further assessed via a mucosal (intranasal)
administration method.

A combination modified live vaccine (BRSV, BPIV-3 and BHV-1; INFORCE 3,
Pfizer Animal Health, BRSV 375 isolate) significantly decreased (p< 0.05)
compared to control vaccinated calves, clinical disease associated with BRSV in
seropositive and to a greater extent in seronegative calves when challenged with
10° TCID,, of nebulised BRSV 9 and 7 weeks respectively after vaccination. The
most critical finding of this study resulted from a longer period of time between
vaccination and challenge (16 week challenge). In these calves, no difference was
seen in clinical disease severity between vaccinated and control vaccinated
calves. These findings suggest a use of intranasal MVL vaccines for BRSV
protection, however immunity provided by the vaccines is relatively short (Ellis et
al., 2013; Taylor et al., 2014).

Inactivated BRSV parenteral vaccines are also commercially available for the
treatment of BRSV. A field trial of an inactivated BRSV vaccine
(betapropriolactone-inactivated, alum and saponin adjuvanted), later withdrawn
from market, resulted in increased cattle mortality on re-infection compared to
non-vaccinated calves (Schreiber et al., 2000). These observations mirrored the
issues seen for HRSV with the formalin inactivated vaccine that was trialled in the
late 1960s and which led to exacerbated diseases (Kim et al., 1969). Further,
enhanced disease severity in calves has also been reported for a modified live
vaccine (Kimman et al., 1989). These findings suggest that similar issues still
remain for BRSV and HRSV vaccine development.

The recent resurgence in development of second generation, more efficacious
BRSV vaccines has yielded potential candidates. A chimpanzee adenovirus
vectored vaccine expressing secreted forms of the HRSV proteins F, N and M2-1
induced neutralising antibodies in calves, protected against upper and lower RTI
and showed no enhanced respiratory disease on re-infection (Taylor et al., 2015).
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In addition to providing a model for BRSV infection the Valarcher group have
designed a recombinant attenuated vaccine with deletion of the SH gene, that
prevents reversion to virulence and an inactivated subunit vaccine containing
HRSV P, M2-1 and N with BRSV F and G surface epitopes adjuvanted by oil
emulsion (Hagglund et al., 2014; Blodorn et al., 2014). Both vaccines have been
shown to induce separate immune responses in calves with maternally derived
BRSV antibodies and current research is looking at the use of both vaccine in
combination to offer long lasting protection against BRSV.

6.1.4 BRSV anti-viral treatment

Both HRSV and BRSV require further research into the underlying immunological
events that result in vaccine exacerbated disease and illustrate the need for anti-
viral development that may bypass the vaccine-induced immunological events
and provide an effective anti-BRSV treatment option. No anti-viral treatment exists
for BRSV and compounds in clinical trials (see chapter 1; section 1.9.3) have
been designed to target HRSV. The complementarity of the BRSV and HRSV
fields has previously been exploited for drug development (Blodorn et al., 2014) in
which findings for HRSV are often mirrored for BRSV (Jordan et al., 2015) and
can be extended to provide much needed anti-viral development research.

6.1.5 Chapter aims

The M2-1 protein is perhaps the least studied of the 6 essential HRSV structural
proteins with even less information available on the bovine homologue. Given the
current resurgence in interest for developing a more efficacious BRSV treatment,
the M2-1 protein may provide a novel avenue for anti-viral treatment. As with
HRSV, BRSV M2-1 is a good candidate for anti-viral drug design due to its
essential function as a transcription anti-terminator and limited resemblance to
mammalian proteins. This chapter describes the purification of BRSV M2-1, as
well as the biochemical, structural and functional analysis of the protein, with
relevance to the use of BRSV M2-1 as an anti-viral target.
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6.2 Results

6.2.1 Protein purification

Expression and purification of the BRSV M2-1 protein was achieved using a
protocol based on that optimised for the HRSV M2-1 protein, as described in
chapter 3. For optimal BRSV M2-1 expression and purification this established
method was modified in two ways; firstly bacterial cells (BL21 Gold) were induced
with less IPTG (0.1 M) than for HRSV M2-1 (0.34 M) and secondly, after elution
from GST resin the ion exchange chromatography step used for HRSV M2-1

purification was omitted. BRSV M2-1 purified with few contaminants when eluted
from the GST resin (Figure 80- lane 6) and had an apparent molecular weight of
~ 24 kDa. Once purified, a 15 g bacterial cell pellet yielded ~150 mg high purity
BRSV M2-1 protein.

0]
X
e
©
1S
—
<
=]
(6]
<@
o
1S
1

M2-1 after purification
7 8 9

no  soluble fraction
w unbound
o M2-1 elute

»~ bound
o resin

GST/ M2-1 complex
PreScission Protease
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Figure 80 BRSV fraction analysis by denaturing SDS-PAGE

SDS PAGE (15%) stained with Coomassie blue. Lane 1, molecular weight
markers; lane 2, 200 ml of clarified lysate applied to GST resin; lane 3,
unbound protein flow through; lane 4, protein bound to GST resin; lane 5,
M2-1 elute flow-through after proteolytic cleavage; lane 6, resin with
remaining GST tag bound after proteolytic cleavage; lanes 7-9- M2-1 after
size exclusion chromatography purification. M2-1 has an apparent molecular
weight of 24 kDa by SDS-PAGE analysis. Black box labelled MS indicates
gel sample used for mass spectrometry analysis to confirm protein identity
(see section 6.2.3).
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6.2.2 Size exclusion chromatography

Size exclusion chromatography (SEC) was performed to separate the BRSV M2-1
species from unwanted by-products of purification based on their relative
differences in molecular mass. A calibration curve using proteins of known
molecular masses allowed the elution volume to be used as an indication of the
molecular mass of BRSV M2-1. BRSV M2-1 eluted at a single peak (120-135 ml)
on a Superdex 75 column (Figure 81A). The protein peak correlated with the peak
seen for HRSV M2-1 with an apparent molecular weight of around 85 kDa. The
peak most likely represented tetrameric M2-1 (EMBL-pepcore- chromatography
calibration). No other peaks with absorbance at 280 nm were seen suggesting no
major contaminant proteins were co-eluted with M2-1. This was confirmed by
SDS-PAGE (Figure 81B), which revealed a major eluted protein, with an apparent
molecular weight of 24 kDa, assumed as M2-1, with low abundance of additional
contaminating proteins (Figure 81B lanes 3-9). The absence of absorbance in the
void volume (V,) indicates the protein did not aggregate during the purification
Process.

6.2.3 Molecular mass and sequence identification

The identity and molecular mass of BRSV M2-1 was confirmed by mass
spectrometry. A Coomassie stained gel slice containing a protein band (Figure 80)
believed to represent M2-1 was submitted to the mass spectrometry department,
University of Leeds for analysis. The molecular mass of the protein was
determined to be 21762.12 + 0.03 Da (Figure 82A). This is within 0.68 Da of the
molecular mass predicted by ExPasy (21762.80 Da). Further to molecular mass
analysis the protein was trypsin digested and submitted to positive ionisation
mass spectrometry to allow sequence analysis of the digested peptides. The
protein was identified as BRSV M2-1 and peptides determined by mass
spectrometry are indicated by a blue line under the sequence of Figure 82B.
Peptides were identified across the full-length protein with sequencing of both the
NTD and CTD demonstrating no degradation occurred during the purification
Process.
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Figure 81 Size exclusion chromatography of BRSV M2-1

A- size exclusion chromatography was performed using a HiLoad 26/60
Superdex 75 pg column. VO indicated the void volume. One peak is seen at
280 nm for BRSV M2-1 at an elution volume of 120-135 ml; B- SDS PAGE
(15%) stained with Coomassie blue. Lane 1- protein marker; lane 2- protein
loaded on the SEC column; lanes 3-9 are the collected fractions from SEC
throughout the major peak, with elution volumes of each fraction shown
above the corresponding lanes.
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Figure 82 Mass Spectrometry analysis of BRSV M2-1

A- molecular mass of BRSV M2-1; B- the digested protein was submitted to
MS/ MS analysis to determine the peptide sequence and confirm the protein
was BRSV M2-1 by comparing with a protein database.

6.2.4 BRSV M2-1 forms a tetramer in solution

In addition to SEC that determined the apparent molecular weight of BRSV M2-1
in solution to be ~ 85 kDa indicative of a tetramer (Figure 81) a gluteraldehyde
cross linking assay was performed to further examine the oligomeric state of M2-
1 protein species by indiscriminate covalent attachment of adjacent protein
molecules. BRSV M2-1 was incubated with varying concentrations of
gluteraldehyde and analysed on a 12% SDS-PAGE gel (Figure 83). After
gluteraldehyde addition, four distinct protein bands can be visualised with the
highest protein band representing non specific aggregates. The ability of M2-1 to
multimerise into its native tetrameric form under these conditions suggests the
protein is correctly folded. At higher concentrations of gluteraldehyde above 10
mM (lane 7) the stained bands become less intense, likely due to the increased
mass of cross-linked protein species that were too large to enter the resolving gel
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matrix, and which remained at the stacking/ resolving gel boundary. By
comparison with protein standards, the molecular mass of the four most
predominant M2-1 protein bands were estimated to be approximately 24, 40, 65
and 150 kDa. The size discrepancies of these oligomeric species compared to
their predicted masses may be due to the non-globular shape of HRSV M2-1, or
inaccuracies in mass estimation using the protein standards. The four distinct
protein bands seen by gluteraldehyde cross linking further support the suggestion
that BRSV M2-1 is a tetrameric protein species in solution.
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Figure 83 Cross linking of BRSV M2-1

SDS PAGE (15%) stained with Coomassie blue. BRSV M2-1 protein was
incubated with gluteraldehyde of varying concentrations from 0- 40 mM and
incubated for 30 minutes before stopping the reaction by incubation at
950C. Samples were run on a 12% SDS-PAGE gel and stained with
Coomassie. Four distinct protein bands were visualised, labelled M2-1 (1) —
(4). Lane 1- protein molecular marker; lanes 2-10 had increasing
concentrations of gluteraldehyde of O, 2, 4, 6, 8, 10, 20, 30 and 40 mM
respectively.
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6.2.5 Secondary structure analysis of BRSV M2-1

Circular dichroism (CD) was used to assess the secondary structure
characteristics and thermal stability of BRSV M2-1 in sodium phosphate buffer, at
pH 7.0. A CD spectrum at 5°C shows minima at 208 and 222 nm (Figure 84A
black) characteristic of proteins comprising predominantly alpha-helical secondary
structure, and confirms the protein is folded in solution. CD spectra was collected
for HRSV M2-1 and showed the same minima at 208 and 222 nm (Figure 84A
purple). The flat baseline signal indicates good buffer matching. The CD signal
was recorded at a single wavelength of 222 nm to monitor the dissipation of
secondary structure as a function of temperature. BRSV M2-1 had an
approximate melting temperature (Tm), where 50% of the protein is assumed
unfolded, of 50°C (Figure 84B). HRSV M2-1 (not shown) had an approximate
melting temperature of 56°C at 222 nm. Grey data points (Figure 84B) at high
temperatures were not fitted to deduce the melting temperature as they did not
plateau, and is indicative of protein aggregation.

196



Chapter 6 Analysis of BRSV M2-1

A

£ 5000

E ]

P\ ;

AN .

.,N_, 0-' ....................... E’r
Q 2 ] ) @
2o : =
2§ s000]
S8 S0 u

Ng i ..U.N..:

m- J -. | ]

& -10000- F

180 200 220 240 260 280 300
B Wavelength (nm)

L
<

Ellipticity
(deg.cm?*dmol) at 222 nm
©

40 T, 60 80 100
Temperature °C

[
d
d

o

N

o

Figure 84 Circular dichroism analysis of BRSV M2-1

Spectra collected on purified M2-1 protein in phosphate buffer, pH 7.0.
Triplicate reading were recorded and the spectra normalised using the
equation stated in chapter 2; section 2.2.5.2. A- CD spectrum (180 nm- 300
nm) collected at 50C for BRSV M2-1 (1) and HRSV M2-1 (n) reveals minima
at 208 and 222 nm; B- spectra was collected at 222 nm as a function of
temperature and an arbitrary sigmoidal curve fitted to the black data points
to determine an approximate protein melting temperature (Tm-red line) for
BRSV M2-1 (500C).
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6.2.6 RNA and Phosphoprotein (P) binding to BRSV M2-1

The HRSV M2-1 protein has been shown to interact with various RNA sequences
(Tanner et al., 2014; Chapter 3) as well as a short peptide representing residues
90-110 of the HRSV P protein. To assess whether BRSV M2-1 also has the ability
to interact with RNA and P, we used fluorescence anisotropy to examine its ability
to interact with the same RNA sequences and P peptide bound by HRSV M2-1
(Figure 85). Binding affinities stated here, as in chapter 3, were determined from
the binding curves, however the binding could not be saturated at the
concentrations of M2-1 used and thus the affinities may be referred to as
‘apparent” Kd values. This analysis showed that BRSV M2-1 was able to bind
RNA sequences representing both viral and non-viral sequences with binding
affinities (Kd values) that were similar to those determined for HRSV M2-1 (Table
25). Furthermore, the relative apparent binding affinities of the panel of RNAs
derived for BRSV M2-1 closely matched that determined for HRSV M2-1, with
highest affinities consistently displayed for RNAs with a high A-content (HRSV
M2-1 affinities are discussed in more detail in the results section of chapter 3).
The HRSV P peptide (residues 90-110) bound to both HRSV and BRSV M2-1
with Kds of 7.5 uM and 19 pM, respectively. The lower affinity exhibited by BRSV
M2-1 is likely due to the P peptide sequence being HRSV-specific, with only 15
out of 21 residues identical to the corresponding peptide from BRSV M2-1.
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Figure 85 Binding interactions of BRSV M2-1 with RNA and P

A representative curve llustrating titration of BRSV M2-1 against
polyA13mer () and P90-110 (n). All vVRNA and P sequence binding affinities
are reported in Table 25. Data points represent n-3 + SEM with each n
number performed in triplicate.
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RNA Sequence BRSV apparent | HRSV apparent
Kd + SEM (uUM) | Kd + SEM (uM)
SH GE (+) AGUUAAUUAAAAA 2.3+0.11 2.3+0.39
SH GE (-) UUUUUAAUUAACA 4.3+0.25 7.5 +0.41
F GE (+) AGUUAUAUAAAAC 3.7 £0.20 5.6 +0.44
F GE (-) GUUUUAUAUAACU 4.7 +0.48 17 +£1.5
NS1 GE (+) AGUUAAUAUAAAA 2.3+0.12 3.7 £0.35
NS1 GE (-) UUUUAUAUUAACU 18 + 5.1 8.1 £0.65
FGS (-) UGUUAUUUGCCCC 72+13 16+1.6
POlyA AAAAAAAAAAAAA 1.7 £ 0.06 1.1+012
Peptide
P90-110 DPTPSDNPFSKLYKETIETFD 18+ 2.0 (577

Table 25 Binding affinities (Kd) of BRSV M2-1 and HRSV M2-1 with
RNA sequences and P90-110

Binding affinities were determined by fluorescent anisotropy for each RNA
13mer and HRSV P90-110 peptide. Values represent an n-3 + SEM with
each n number performed in triplicate. RNA nucleotide sequences are
stated, as is the amino acid sequence of P90-110. (+) indicates an mRNA
sense and (-) indicates a genome sense oligonucleotide.
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6.2.7 Crystal trials of BRSV M2-1

The results of the previous sections showed that the BRSV M2-1 protein was
purified to a high level of homogeneity, as well as being correctly folded and
functional in ligand binding assays. These data raised the strong possibility that
the protein may crystallise and so BRSV M2-1 crystal trials were performed using
the JCGS Core Suite commercial screens. Crystals were only seen in 3
conditions: (1) 0.1 M MES pH 6.5, 12% PEG 20,000, (2) 0.1 M MES pH 5.0, 10%
PEG 6,000 and (3) 0.1M Imidazole pH 8, 10% PEG 8,000 at a protein
concentration of 10 mg/ ml. The crystals (Figure 86) had a thin plate morphology
and were difficult to harvest. To facilitate the growth of sturdier crystals for X-ray
diffraction a fine-screen of pH and PEG concentrations was performed (Table 26)
for the three crystal conditions. In addition an additive screen (Molecular
Dimensions) of 96 conditions was added to the three crystal conditions. Further,
the mother liquor: protein ratios and speed of mother liquor: protein drop
formation were altered between the Mosquito Liquid handler and Formulatrix NT8
liquid handler for the three initial conditions. Optimisation of crystal conditions did
not yield further crystals for harvesting and the initial generated crystals (Figure 86)
were tested for their ability to diffract X-rays.

Figure 86 BRSV M2-1 crystals

The Mosquito liquid handler dispensed a 1:1 ratio of mother liquor to M2-1
protein. Crystal shown formed in 0.1M imidazole pH 8, 10% PEG 8,000. A-
Liquid drop with 10x magnification; B- UV-TPEF imaging. Crystals were
visualised using the RockMaker imager.
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1 2 3 4 5 7 8 9 10 11 12
0.IMMES pH | 0.IMMES pH | 0.1IM MES pH | 0.1M MES pH | 0.1M MES pH 0.1M 0.1M 0.1M 0.1M 0.1M
6 6 6 6 6 imidazole pH | imidazole pH imidazole pH | imidazole pH imidazole pH
A 7.5 7.5 7.5 7.5 7.5
8% PEG | 10% PEG | 12% PEG | 15% PEG | 18% PEG
2,000 2,000 2,000 2,000 2,000 5% PEG | 10% PEG | 15% PEG | 20% PEG | 25% PEG
8.000 8.000 8.000 8.000 8.000
0.IMMES pH | 0.IMMES pH | 0.1IM MES pH | 0.1M MES pH | 0.1M MES pH 0.1M 0.1M 0.1M 0.1M 0.1M
6.5 6.5 6.5 6.5 6.5 imidazole pH | imidazole pH | imidazole pH | imidazole pH | imidazole pH
B 8% PEG | 10% PEG | 12% PEG | 15% PEG | 18% PEG 8 8 8 8 8
2,000 2,000 2,000 2,000 2,000 5% PEG | 10% PEG | 15% PEG | 20% PEG | 25% PEG
8.000 8.000 8.000 8.000 8.000
0.IMMES pH | 0.IMMES pH | 0.1IM MES pH | 0.1M MES pH | 0.1M MES pH 0.1M 0.1M 0.1M 0.1M 0.1M
7 7 7 7 7 imidazole pH | imidazole pH | imidazole pH | imidazole pH | imidazole pH
C 8.5 8.5 8.5 8.5 8.5
8% PEG | 10% PEG | 12% PEG | 15% PEG | 18% PEG
2,000 2,000 2,000 2,000 2,000 5% PEG | 10% PEG | 15% PEG | 20% PEG | 25% PEG
8.000 8.000 8.000 8.000 8.000
0.IMMES pH | 0.IMMES pH | 0.1IM MES pH | 0.1M MES pH | 0.1M MES pH
4.5 4.5 4.5 4.5 4.5
D 5% PEG | 10% PEG | 15% PEG | 20% PEG | 25% PEG
6,000 6,000 6,000 6,000 6,000
0.IMMES pH | 0.IMMES pH | 0.1IM MES pH | 0.1M MES pH | 0.1M MES pH
5 5 5 5 5
E
5% PEG | 10% PEG | 15% PEG | 20% PEG | 25% PEG
6,000 6,000 6,000 6,000 6,000
0.IMMES pH | 0.IMMES pH | 0.1IM MES pH | 0.1M MES pH | 0.1M MES pH
= 5.5 5.5 5.5 5.5 5.5
5% PEG | 10% PEG | 15% PEG | 20% PEG | 25% PEG
6,000 6,000 6,000 6,000 6,000

Table 26 BRSV M2-1 fine crystal screen conditions

Each crystal condition was set up using various concentrations of PEG and pH using 15 wells of a 96 well sitting drop plate. Across a
row PEG was increased and down each column pH was increased at 0.5 unit intervals. Plates were set up using the Formulatrix NT8
liquid handler at 0.2: 0.2 pl drops.
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6.2.8 Data collection

Crystals harvested from the initial three conditions were cryo-protected and
screened on the 103 beamline at the DLS (chapter 2; section 2.2.3). Three
diffraction images were collected for each sample to assess the initial diffraction
quality of the crystal. Diffraction images contained relatively few diffraction spots
(best resolution spot ~ 6 A for crystal condition 0.1M MES pH 6.5 and 12% PEG
20,000 with 5% glycerol, 5% MPD, 5% glycerol and 5% PEG 400 as cryo-
protectant) and therefore the crystals were not suitable for high resolution
structure determination of BRSV M2-1, however the cryo condition used was
seen to prevent ice formation.

6.2.9 Computational modelling of BRSV M2-1

At this time, the atomic resolution structure of BRSV M2-1 by X-ray
crystallography could not be determined. As an alternative, the 3D structure of
BRSV M2-1 was modelled using the I-TASSER server (Zhang, 2008; Yang et al.,
2015), which gave a likely structural model based on the HRSV M2-1 crystal
structure. The modelled protein is structurally similar to HRSV M2-1 (Figure 87),
which was predicted from similarities in amino acid identity, biochemical and
functional analysis. Non-conserved residues between HRSV and BRSV from the
pairwise alignment in Figure 79 were mapped on to the HRSV M2-1 structure
(Figure 88A —non-conserved residues in black). Residues not conserved between
the two proteins are primarily on the external surface of the tetramer involved in
crystal contacts (Figure 88B). These contacts are required for the formation of a
regular lattice to produce crystals and could be one of many reasons that BRSV
M2-1 did not crystallise.

203



Chapter 6 Analysis of BRSV M2-1

Figure 87 Comparison of the HRSV M2-1 crystal structure and the
BRSV M2-1 modelled structure

A- crystal structure of HRSV M2-1 monomer (pdb: 4c3b); B- BRSV M2-1
monomer modelled by the [-TASSER server and based on the HRSV
protein; C- HRSV M2-1 and D- BRSV M2-1 are views of A and B, turned
Q0°.

6.2.10 The RNA/ P interaction site of BRSV M2-1

With over 80% sequence identity, similarities in secondary structure (CD) and
binding affinities, the modelled BRSV and crystal HRSV M2-1 RNA/ P binding
sites were further analysed. Amino acid residues involved in RNA and P binding in
HRSV M2-1 are conserved in BRSV M2-1 (Figure 89A) and exhibit a similar, but
not identical arrangement around a central cavity in the BRSV M2-1 modelled
tertiary structure (Figure 89B), however the modelled cavity for BRSV appears
shallower than the HRSV crystal structure cavity.
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Figure 88 Non-conserved HRSV and BRSV M2-1 residues

A- differences in HRSV and BRSV amino acid identity are highlighted on
HRSV tetrameric M2-1 in black on all four monomers; B two HRSV
tetramers displaying the non conserved residues involved in crystal contacts
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HRSV MSRRNPCKFEIRGHCLNGKRCHFSHNYFEWPPHALLVRQONFMLNRILKSM

CELEETEE=TLDTELT L= TP«

BRSV MSRRNPCKYEIRGHCLNGKKCHFSHNYFEWPPHALLVRQONFMLNKILKSM

HRSV DKSIDTLSEISGAAELDRTEEYALGVVGVLESYIGSINNITKQSACVAMS

L PP ETTEE T = bt P L e

BRSV DRNNDTLSEISGAAELDRTEEYALGVIGVLESYLSSINNITKQSACVAMS

HRSV KLLTELNSDDIKKLRDNEELNSPKIRVYN VIS IESNRKNNKQ IH LK

R N S N RN S A RN R S N e NN R

BRSV KLLAEINNDDIKRLRNKEVPTSPKIRIYN VIS IDSNKRNTKQ IH LK
HRSV RLPADVLKK IK TLDIHKSITINNPKESTVSDTNDHAKNNDTT

R T N O s

BRSV RLPADVLKK IK TIDIHNEINGNNQGDINVDEQNE

Key: RNA binding residues, and RNA and P

B HRSV M2-1 BRSV M2-1
Crystal Structure Modelled Structure

Figure 89 RNA and P binding residues conserved in HRSV and BRSV
M2-1

RNA binding residues (pink), phosphoprotein binding residues (yellow) and
residues involved in both RNA and P binding are shown in coral. A- local
alignment was performed using the Smith-Waterman algorithm. RNA and P
binding residues are conserved between BRSV and HRSV M2-1 denoted by
a‘l’, * represent a substituted residue with similar functional characteristics.
Where no symbol is shown, this indicates a substituted residue with no
similarities; B- |-TASSER modelling of the BRSV M2-1 (purple monomer)
protein based on the HRSV M2-1 crystal structure (PDB: 4c3b- blue
monomer).
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6.3 Discussion

6.3.1 Expression and purification of BRSV M2-1 protein

Our first attempt at expression and purification of BRSV M2-1 utilised the
previously optimised method used for HRSV M2-1, on account of the high
sequence identity of these proteins, which suggested a similar purification
strategy would be effective. However, this method yielded protein that was highly
aggregated and poorly active, possibly as a consequence of higher
overexpression compared to HRSV M2-1. Reducing the concentration of IPTG
used to induce protein expression resulted in reduced over-expression, but higher
yields of non-aggregated and active protein (~150 mg / 15 g bacterial cell pellet).
BRSV M2-1 was not present in the void volume (V,) during SEC and showed that
the buffers and purification procedure used resulted in stable, non-aggregated
protein. High purity was seen for both HRSV and BRSV M2-1 proteins,
determined by SEC UV 280 nm reading and mass spectrometry following SDS-
PAGE analysis. However, both proteins are susceptible to degradation over time
due to proteases encoded by the expression host. Performing cation exchange
on BRSV M2-1 resulted in the identification of multiple bands by SDS-PAGE that
were of a lower molecular weight than 24 kDa, the molecular weight of M2-1.
Mass spectrometry protein sequence analysis determine these bands to be
cleaved BRSV M2-1 sequences. Purifying BRSV M2-1 by SEC only, resulted in
purification of a protein with little degradation, as determined by SDS-PAGE
analysis. Performing SEC for BRSV M2-1 resulted in a protein that was buffer
exchanged as achieved for HRSV M2-1 and allowed direct comparisons to be
made in future assays.

6.3.2 BRSV M2-1 preferentially binds A-rich RNA sequences

BRSV M2-1 displayed an affinity for A-rich tracts in RNA oligonucleotides and had
the highest binding affinity for the pA13 mer and A-rich SH (+) GE RNA, that
refers to the genome sense sequence. The preferential affinity for A-rich
sequences has been observed for both HRSV M2-1 (Blondot et al., 2014, Tanner
et al., 2014) and HMPV M2-1 (Leyrat et al., 2014). The RNA and P sequence
assayed here were derived from HRSV and not BRSV. The HRSV P90-110
peptide sequence had a lower affinity for BRSV M2-1 than HRSV M2-1, and this
is not surprising given that the HRSV and BRSV P protein sequences are not
identical in the region represented by the P 90-110 peptide, with differences
between these two species located entirely at the peptide N-terminus (Figure 90).

207



Chapter 6 Analysis of BRSV M2-1

A natural extension of this work to allow functional comparisons of the M2-1: P
interaction would be to design a BRSV specific P 90-110 peptide and determine
its relative binding affinities, however this was not possible here due to time
restraints. Previous work (chapter 3; section 3.9.3) revealed for the first time the
co-crystal structure of HRSV M2-1 bound to P 90-110. Residues P 97-109 were
fitted reliably to the density with C-terminal P residues (Tyr 102, Thr 105, Thr 108
and Glu 107) seen to directly interact in the crystal structure with M2-1. Density
was poor for the P 90-110 peptide N-terminus and residues could not be fitted,
thus no direct conclusion could be drawn of the importance of these residues for
interactions with HRSV M2-1.

Extending the P 90-110 peptide from the available density would result in the
possibility of interaction of the N-terminus P90-110 residues with the MZ2-1
protein thus it could be suggested that BRSV M2-1 binds with lower affinity to
HRSV P 90-110 than HRSV M2-1 due to species specific residues in 90-100 of
the P protein. Alternatively, the SEM for the Kd of HRSV M2-1 is much higher (7.7
uM) than for BRSV M2-1 (2.0 uM) and affinities may be largely similar with the
same conserved residues in P (Tyr 102, Thr 105, Thr 108 and Glu 107) critical for
binding to HRSV and BRSV M2-1.

BRSV P 90-110 ELPSSENPFTKLYKETIETFD

* =TT

HRSV P 90-110 DPTPSDNPFSKLYKETIETFD

Figure 90 Sequence identity of HRSV and BRSV P 90-110

Alignment of the phosphoprotein sequences of HRSV and BRSV
represented by synthetic peptide P90-110. The symbol ‘|’ indicates identical
residues and “*’ indicates residue similarity. Where no symbol is shown, this
indicates a substituted residue with no similarities.

6.3.3 Missing structural information

With the biophysical and functional data suggesting BRSV M2-1 forms a stable
tetrameric protein in solution with similar binding characteristics for RNA and P as
previously described for HRSV M2-1, it was reasoned that the protein may
crystallise in a similar manner to HRSV M2-1 and that the HRSV M2-1 model
could be used for molecular replacement even with low resolution data. However,
BRSV M2-1 crystals did not yield any useful diffraction data for structure
determination. Figure 88 shows the non-conserved residues of BRSV, displayed
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on the HRSV M2-1 crystal structure. The non-conserved residues are on the
surface of the protein and are primarily involved in forming crystal contacts
between neighbouring tetramers. The alteration in the residues involved in forming
crystal contacts could result in the protein not being able to form a regular crystal
lattice and may explain why very few and only thin fragile crystals were visualised.
However, to aid RNA crystallisation in complex with M2-1, residues hypothesised
to be involved in crystal contacts were removed ALGSMS and ALGS (chapter 3;
section 3.8.3), or point mutations made (M2-1 Asn 89 Ala and Leu 120 Ala; data
not shown, personal communication from Dr Kavestri Yegambaram). Although
M2-1 was not co-crystallised along with RNA, the mutated HRSV M2-1
constructs still crystallised despite altering the crystal contacts and suggests that
differences in BRSV M2-1 crystal contacts may not be the only contribution to the
lack of crystals seen. The CD spectrum showed both HRSV and BRSV M2-1
have a high alpha helical content and the oligomeric state of the protein suggests
a correctly folded protein. However, the signal intensities and melting temperature
are lower for BRSV, characteristic of a more flexible protein. This instability could
also contribute towards lack of crystal formation.

Despite using numerous commercial screens and optimisation methods, high-
resolution diffracting crystals were not observed. Additive screens and
optimisation of PEG and pH conditions did not produce crystals sturdier than the
initial commercial screens. Crystals formed at 18 and 20°C, and one possibility to
improve crystal quality and yield could be to further slow the rate of crystal
formation at a lower temperature to provide sturdier crystals.

6.3.4 Comparison of BRSV and HRSV M2-1 proteins.

For the HRSV and BRSV M2-1 proteins, at the biochemical level we see
differences in structure and stability of the proteins by CD spectrum analysis but
conservation in function and functional residues through local sequence alignment
and fluorescence anisotropy assays. HRSV and BRSV M2-1 share a high
sequence identity particularly of hydrophobic residues that are critical for the
formation of the protein core structure. In addition, the crystal structure of HMPV
M2-1 (Leyrat et al., 2015) is structurally similar to that of HRSV M2-1 (Tanner et
al., 2014). In comparison to HMPV M2-1, BRSV M2-1 is more closely related with
HRSV M2-1 and the predicted BRSV M2-1 structure supports the data seen here
to allow more confident conclusions to be drawn of the similarities between the
two M2-1 proteins. RNA and P bind to BRSV M2-1 with similar affinities to HRSV
and the conservation of RNA and P binding residues in addition to the predicted
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structure suggest a similar binding and function of HRSV and BRSV M2-1 with
RNA and P.

6.3.5 The use of BRSV M2-1 for anti-viral drug design

Unlike HRSV, modified live vaccines (Delforge and Zygraich 1978; Bohlender,
1984) and inactivated vaccines (Howard et al., 1987) have been available for the
treatment of BRSV since the late 1970s. However field studies (reviewed in Ellis et
al., 2016) displayed varying levels of efficacy of these vaccine with an upper limit
of 4 months immunity against BRSV in calves (Ellis et al., 2013; Taylor et al.,
2014). With this low level of protection and the large costs to the beef and cattle
industry in mortality and milk yields (in dairy cows) there is an urgent unmet need
for a BRSV treatment (Ferguson et al., 1997; Sacco et al., 2013).

Ideally, and as seen for the prevention of seasonal influenza, an efficacious
vaccine would be routinely used, however in non-vaccinated individuals, or
following infection with a new strain, anti-viral compounds could be administered
when symptoms are evident, prior to the development of a more specific vaccine.
Currently the BRSV vaccines are not efficacious enough and vaccine enhanced
disease severity remains the critical issue in BRSV (and HRSV) vaccine
development with issues being seen for both modified live BRSV vaccines
(Kimman et al., 1989) and inactivated BRSV vaccines (Schreiber et al., 2000). To
overcome the enhanced disease severity associated with BRSV vaccination and
to allow the treatment of calves already displaying respiratory symptoms
characteristic of BRSV, there is an urgent and unmet need for an anti-viral
treatment. The M2-1 protein of BRSV (and HRSV) is a good target for anti-viral
compounds due to its essential function as a transcription anti-terminator and
limited resemblance to mammalian proteins.

The primary aim of this research was to determine similarities between the two
viral protein species to allow previously determined HRSV M2-1 drug candidates
(chapters 4 & 5) to be assayed with BRSV M2-1 and identify possible cross-
species activity. Chapters 4 and 5 of this thesis have focussed on the use of the
HRSV M2-1 protein for anti-viral drug design using a structure-guided method
that yielded hits with a common scaffold and mode of action and a fragment
screening method that has shown a direct interaction of fragments and the HRSV
M2-1 protein by X-ray crystallography. It was hoped that the crystal structure of
BRSV M2-1 would give us further insight into the similarities between the two
protein structures and subsequent use for HRSV and BRSV anti-viral design.
Despite no X-ray structure being obtained, SEC, FA and modelling data has
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allowed comparisons to be made between the two M2-1 proteins. Both proteins
have shown high similarities in sequence (Figure 79), oligomeric state (Figure 81)
and binding affinities (Figure 85) in addition to the highly similar modelled BRSV
M2-1 structure with the crystal structure of HRSV M2-1 (Figure 87). Residues
critical for P (co-crystal structure- chapter 3; section 3.9.3) and RNA binding in
HRSV M2-1 (SDM- Blondot et al., 2012; Tanner et al., 2014) are conserved in
BRSV M2-1, further adding to the high similarity of the proteins and the potential
of inhibitors targeted to the RNA/ P binding site to inhibit the anti-termination
function of HRSV and BRSV M2-1 proteins. Further, conserved RNA and P
residues in the modelled BRSV M2-1 structure formed around a similar central
cavity (Figure 89) to that seen for HRSV M2-1 and would suggest a similar mode
of binding and inhibition could be achieved for hit compounds targeted towards
this cavity by SBDD in HRSV M2-1 (chapter 4).

It is anticipated that the assays discussed in this thesis for SBDD and FBDD
(infectious HRSV and X-ray crystallography) and for the study of BRSV (FA and
SEC) could be used as an initial starting point for BRSV to assay hit compounds
identified for HRSV M2-1. FA displayed (Figure 85) the weakest affinity for HRSV
P 90-110 with BRSV M2-1, this weaker interaction than seen for HRSV P 90-110
with HRSV M2-1 may allow out-competition by compounds that could not be
determined previously with higher affinity binders. In addition, the BRSV infection
model (Hagglund et al., 2014; Blodorn et al., 2014) could be used to assay viral
infectivity and test hit compounds like achieved with the HRSV-eGFP infection
model (chapter 4; section 4.2.4).
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Chapter 7 Discussion

HRSV poses a major global disease burden resulting in LRTI, pneumonia and
death of premature infants, the elderly and immunocompromised. In addition,
HRSV infection early in life is associated with the development of asthma in
adulthood. Mortality due to HRSV largely occurs within developing countries
where access to the only HRSV specific approved treatment is limited due to
cost. The M2-1 protein is an essential transcription anti terminator that is only
expressed by HRSV and other members of the Pneumoviridae family. However,
only in the Orthopneumovirus genus is M2-1 expression required for virus viability.
Overall, there is a need for basic research into the function of M2-1 in the viral life
cycle, as well as research to determine whether M2-1 represents a valid target for
antiviral therapies.

7.1 Further understanding of the interaction between M2-
1 and its binding partners, RNA and P

By studying the interactions between the M2-1 protein and RNA we determined
M2-1 possessed greatest affinity and thus specificity for A-rich tracts. The central
question that we next wanted to ask was what might be the identity of this A-rich
RNA sequence in the context of the HRSV life cycle. We reasoned that this
information might aid in elucidating the mechanism of M2-1 function. The gene-
end sequences of HRSV in the genome complementary polarity (i.e. plus sense
anti-genome; cRNA) and also mRNA transcripts are A rich, with the HRSV
MRNAs in particular possessing high A content at their 3’ ends on account of
their extensive polyadenylation (Hardy & Wertz, 1998). However, on analysis of
the A/ U composition of the mRNA transcripts, A-rich tracts were seen not only at
the GE sequence but also throughout the transcript length. This analysis identified
A-rich tracts on average, every 200 nucleotides of the transcribed gene and it is
thus suggested here that M2-1 may recognise these A-rich tracts along the
length of each transcript to prevent premature intragenic termination and permit
full-length mRNA transcript synthesis. It has been demonstrated that short
transcripts such as NS1 can be synthesised in the absence of M2-1 and this may
be because at around 200 nucleotides in length, NS1 can be fully transcribed
without the requirement of A-rich tracts that are required to transcribe lengths
above 200 nucleotides (Fearns & Collins, 1999). To assess the hypothesis that A-
rich tracts are required on average every 200 nucleotides, an assay that removed
the A-rich tracts from the mRNAs whilst preserving the coding sequences could
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be performed to potentially identify a decrease in transcriptional activity. Both the
anti-genome and mRNA transcripts have A-rich tracts, however it is hypothesised
that M2-1 interacts with mRNA transcripts during transcription and not with the
anti-genome during replication as during replication the RNA is encapsidated with
N protein to form the RNPs and is not as readily accessible.

Direct and competition-binding assays were performed to assess binding of RNA
and P to their binding partner, M2-1. A-rich RNA sequences were seen to
outcompete the P 90-110 peptide, mirroring findings by Blondot et al (2012). In
contrast P 90-110 could not outcompete RNA and suggested that in the viral life
cycle M2-1 may preferentially bind to RNA. However, without assessing the full-
length P protein and the precise oligonucleotide sequence that binds M2-1 for its
anti-termination activity this cannot be concluded with absolute certainty. It is
hypothesised here that rather than M2-1 switch between distinct RNA and P
binding modes that are mutually exclusive, instead the M2-1 protein may
simultaneously bind both RNA and P to alternate M2-1 monomers within the
tetramer.

The relative binding affinities of RNA sequences for M2-1 were decreased on
binding to a monomeric form of M2-1 that excluded the ZBD, oligomerisation
helix and CTD termed, M2-1., ,-,. These findings support those by Tanner et al,
(2014) in which SDM work implicated the ZBD in binding RNA in addition to the
core domain for full affinity binding. Negative stain EM studies (chapter 3, section
3.8.4) of M2-1 in complex with A-rich RNA oligonucleotides displayed
aggregation over multiple tetramers whilst Leyrat et al, (2014) reported M2-1
aggregation on binding to RNA via an increase in radius of gyration via SAXS
studies. Taken together, these data suggest interactions of RNA with both the
core domain and ZBD of M2-1 and suggest, via visualisation of aggregation, that
the interaction of a single RNA oligonucleotide may not be to the ZBD and core
domain of an individual M2-1 monomer but occur over multiple tetramers. In
contrast to RNA, binding affinities for P 90-110 did not alter between the full
length and truncated form of M2-1. In the crystal structure determined here of
M2-1 in complex with P 90-110 a 1:1 stoichiometry was observed. However,
these studies were in the absence of RNA and one peptide of four in the
tetrameric AUC had a high B factor. This may suggest that in fact four P peptides
do not bind to tetrameric M2-1 and that in the viral life cycle both RNA and P bind
to alternate monomers of the M2-1 tetramer, with RNA requiring additional
contacts with M2-1 for full affinity binding that, in the presence of P binding to
other M2-1 monomers, prevents the RNA binding over multiple tetramers that
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would result in M2-1 aggregation in the viral life cycle that would impede virus
function.

The crystal structure of the co-complex displayed P 90-110 bound to the surface
of M2-1 with FA analysis illustrating this is a weak interaction. The weak, surface
binding of P 90-110 presumably allows an intermittent interaction that would also
allow RNA to bind. The surface binding (and not a strong, irreversible binding
interaction) is relevant for RNA as the RNA transcript, as it is synthesised would
be required to move along M2-1 presumably and this data illustrates that this
could be achieved with the surface binding model. The M2-1: P 90-10 crystal
structure determined a snap shot of the density at 4 different stages of binding
the peptide (4 time point from 4 monomers in the AUC). The highest resolution
density allowed the fitting of a helical peptide to the density whilst other density
appeared less helical illustrating that M2-1 can bind P 90-110 before it is helical
and thus it is suggested here that binding to M2-1 induces the helical
conformation of P 90-110 identified here via recognition of a MoRE site. This
unstructured to structured hypothesis is consistent with the replication machinery
of other Paramyxoviridae family members (Communie et al., 2014).

7.2 The function of M2-1 in the viral life cycle

Given that M2-1 has not been identified in any related virus (except a non-
essential function in HMPV) and the P protein is considerably shorter in length
than all other related viruses, it could be suggested that in HRSV, M2-1 is
performing a processivity role (in addition to anti-termination activity) that in other
viruses within the Mononegavirales order is provided by P. Kiss et al (2014)
directly visualized an additional layer of electron density below M, assumed to be
M2-1 and implicated M2-1 in virion assembly. Whilst most data points to a role of
M2-1 in transcription a role in assembly cannot be discounted. To further assess
the hypothesis of a role in assembly, functional regions of M2-1 could be
removed by truncations and residue ablations and assessed for the ability of the
mutant proteins to interact with RNA/ P or M.

The crystal structure of M2-1 in complex with P 90-110 unequivocally reveals the
orientation of both proteins in the M2-1: P complex, and this information
increases our understanding of the HRSV transcriptase machinery. Together with
previous reports an updated model that describes how M2-1 might function
within the entire HRSV transcriptase complex is proposed (Figure 94). In this
model M2-1 interacts with the viral transcripts as they are synthesised and would
recognise A-rich sequences when they are reached on both intra and intergenic
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sequences resulting in full-length mMRNA transcripts and polycistronic read-though
mMRNAs and thus polymerase access to distal genes.

Figure 91 Schematic of viral transcription

P and RNA can bind simultaneously to one MZ2-1 tetramer. Here a P
monomer (of the native tetramer- black) is shown bound to M2-1 from the
co-crystal structure whilst an mRNA transcript (red) is shown bound to the
adjacent M2-1 monomer. Both M2-1 and P binding to M2-1 is required for
efficient anti-termination activity of M2-1 in the viral life cycle.
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7.3 ldentification of HRSV M2-1 inhibitors

There is a critical need for HRSV inhibitors that can be routinely provided at low
costs with no resistance. Palivizumab is the only HRSV-specific FDA approved
treatment and despite being efficacious, requires repeat administration and is not
amenable due to high costs in developing countries where HRSV associated
mortality is high. Approved vaccines exist for BRSV, however they have shown
limited efficacy (Taylor et al., 2014) whilst vaccine development for HRSV is on-
going but impeded due to previous issues of vaccine enhanced disease severity,
which have resulted in poor patience compliance. There is need for an affordable
HRSV treatment that does not result in an enhanced immunological response and
that could be administered once symptoms are presented. Small molecule anti-
viral compounds are viable options for affordable and efficacious treatments that
have been developed for other viral infection such as influenza, HCV and HIV. For
HRSV specifically, a better understanding of the HRSV life cycle, the window of
opportunity for treatment and improved biomarkers have all aided the drug
development field.

Here we targeted the M2-1 protein of HRSV for anti-viral drug design as M2-1
exhibits limited sequence homology to mammalian proteins, is highly conserved
and could provide cross-species reactivity for the treatment of BRSV. At the time
of carrying out this research 2 papers determined compounds that reduce HRSV
infection and are presumed to act via M2-1. Compound 10e is assumed to
interact with the ZBD that was the target of the study and was derived from
known zinc ejector compounds, whilst cyclopamine developed resistance at the
RNA/ P interaction site of the M2-1 core domain (Cancielleri et al., 2015; Bailly et
al., 2016). Both sites are valid for further drug design; inhibition of M2-1
interactions with RNA and P prevent its anti-termination function (Cuesta et al.,
2000) and ejecting the zinc of M2-1 results in non—functional M2-1 protein
(Esperante et al., 2013); however, the latter result has not been reproduced by
other groups and a direct assay to assess the M2-1 ZBD interaction is currently
unavailable. Cellular assays that have been used successfully to identify HRSV
inhibitors here could have been used to analyse compounds targeted to the ZBD.
However such compounds may not show a direct interaction, and more
importantly, the zinc ejector compounds could negatively affect the cell lines used
for the assays that require zinc for cell growth and survival, resulting in false
positive results.
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Due to having an assay (competition FA) that could directly look at inhibition of
M2-1 with its binding partners RNA and P we continued with designing inhibitors
to a cavity involved in both RNA and P interactions. Unfortunately, the competition
assay has only shown competition of P peptides with A-rich RNA
oligonucleotides. Fragment and compound libraries in addition to top hits from
chapter 4 were assessed in the assay but no out-competition with the P 90-110
peptide was seen. Although the point must be raised that these inhibitors
designed to target the RNA/ P surface may not bind to their intended site, a
singular hit would have been expected for the libraries that were screened with
the competition assay. It is likely that the assay was not sensitive enough for the
interaction studied due to the low molecular weight of the compounds in addition
to a limit of inhibitory concentrations assessed, due to precipitation. A sensitive
assay to determine interactions of inhibitors with M2-1 specifically is paramount
for further drug studies.

Chapter 4 resulted in the identification of two compounds that reduced viral
infectivity and transcription/ translation using in cellulo methods for lead drug
discovery. However, a direct interaction with M2-1 could not be ascertained using
a competition binding assay or using X-ray crystallography. Chapter 5 took a
different approach to drug design and aimed to determine co-crystal structures
as a first route to the identification of hits that could then be assayed as inhibitors.
This would allow rapid SAR and drug discovery based on the co-crystal structure.
Seven hits were identified bound to M2-1 with suitable density to determine the
fragments pose. It was interesting to see that hits were visualised for two regions
of M2-1 that have both been implicated in drug design, further suggesting a
positive use of these regions for future drug design work. Further assessment of
the fragment hits as inhibitors and analogue synthesis to determine a lead
compound are now required. Due to a lack of knowledge of how the two hit
compounds from SBDD interacted with M2-1, limited conclusions can be drawn
about their similarities in M2-1 inhibition.

7.4 Similarities between BRSV and HRSV M2-1 proteins

To complement the HRSV M2-1 drug design work, we aimed to determine
similarities of the structure and function of HRSV M2-1 with that of BRSV M2-1.
BRSV M2-1 formed a tetramer in solution with similarities in secondary structure
and binding affinities to both P and RNA. At this time, the BRSV M2-1 atomic
structure could not be solved, however all residues involved in RNA/ P
interactions are conserved between the two proteins and modelling of the BRSV
M2-1 structure suggests a similar arrangement of residues around a central cavity
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of residues involved in RNA/ P binding and used for SBDD (chapter 4). The work
presented here for BRSV M2-1 ascertained many similarities between the two
proteins and it is high likely that HRSV M2-1 inhibitors designed here for the RNA/
P interface could inhibit BRSV infection.

7.5 Future directions

The lack of a sensitive assay to directly determine M2-1 inhibition is currently
halting further drug development. An assay is needed to measure the specific
interaction affinity, the ability to inhibit and produce IC,, curves for further SAR. It
has been previously discussed that the fluorescence anisotropy assay may not be
sensitive enough for out-competition with compounds or fragments especially if
each additional RNA nucleotide or P amino acid results in the combined avidity to
M2-1. Further assessment could utilise ITC or SPR to ascertain if these methods
are sensitive enough to assess compound and fragment hits determined here. It
could still be reasoned that the compound hits (chapter 4) may not have an effect
on HRSV infection through interactions with M2-1. Mutational passaging in which
the virus can be continuously passaged in the presence of an inhibitor compound
until virus levels return to wild type and then sequenced would potentially reveal
the site of inhibitor interaction. This approach may tell us whether the negative
results by FA and X-ray crystallography are due to the compound not binding to
M2-1 or the sensitivity of the FA assay and ability to co-crystallise. With an
understanding of the similarities between HRSV and BRSV M2-1 proteins, and
the possibility of cross species reactivity of these anti-viral compounds it would be
of interest to test hit compounds/ fragments against BRSV M2-1. With a sensitive
direct assay this could be done simply, as the protein can be purified in high
quantities (chapter 5) whilst a live virus encoding eGFP (as used here for HRSV)
has been used by other research groups and could be used here to identity the
ability of these compounds/ fragments to inhibit BRSV infectivity (Hagglund et al.,
2014).

7.6 Final comments

The results presented here have contributed to understanding the structure and
function of HRSV and BRSV M2-1 proteins, their interactions with binding
partners BRNA and P, and the feasibility of targeting M2-1 for anti-viral drug
development. The improved HRSV M2-1 expression purification and
crystallisation protocol has resulted in large quantities of pure homogenous
protein for material-intensive research. In addition, for further X-ray crystallography
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studies we have determined a single crystal condition and morphology that allows
repeated sub 3 A resolution. The co-crystal structure of M2-1: P 90-110 is the
first co-structure of a P protein for any Mononegavirales order virus and has
allowed the direct visualisation of the P interaction site whilst additional functional
studies of RNA and P interactions with M2-1 allowed conclusions to be drawn
regarding the mechanism of M2-1s action in transcription. Finally, we have
identified using various structural and functional methods, two lead-like
compounds that are predicted to bind M2-1 through a similar mechanism, and
seven fragments that bind directly to the M2-1 protein at two distinct regions; the
RNA/ P surface and ZBD. Both compounds and fragments require further
assessment for HRSV and it is hoped these experiments can be performed in
parallel with assessment of the compounds and fragments for BRSV M2-1.
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Appendix |

HRSV M2-1, BRSV M2-1 proteins were cloned and expressed in the pGEX-6P-2
vector. All clones were sequenced via sanger sequencing prior to further analysis.
Below are the nucleotide sequences obtained and the inferred amino acid
sequence.

Key: non-native residues

HRSV M2-1 (length-194 amino acids)

gggcccctgggatccatgtcacgaaggaatccttgcaaatttgaaattcgaggtcattge

G P L. G S M S R R N P C K F E I R G H C
ttaaatggtaagaggtgtcattttagtcataattattttgaatggccaccccatgcactg

L N 6 K R ¢C H F S H N Y F E W P P H A L
cttgtaagacaaaactttatgttaaacagaatacttaagtctatggataaaagtatagat

L v R ¢ N F M L N R I L K S M D K S I D
accttatcagaaataagtggagctgcagagttggacagaacagaagagtatgctcttggt

T L s E I S G A A E L D R T E E Y A L G
gtagttggagtgctagagagttatataggatcaataaacaatataactaaacaatcagca

v v 66 v L E S Y I G S I N N I T K O S A
tgtgttgccatgagcaaactcctcactgaactcaatagtgatgatatcaaaaagctgagg

c vAaAa M s K L L T E L N S D D I K K L R
gacaatgaagagctaaattcacccaagataagagtgtacaatactgtcatatcatatatt

b N E E L N S P K I R V Y N T V I Ss Y I
gaaagcaacaggaaaaacaataaacaaactatccatctgttaaaaagattgccagcagac

E S N R K N N K QO T I H L L K R L P A D
gtattgaagaaaaccatcaaaaacacattggatatccataagagcataaccatcaacaac

v L X K T I XK N T L D I H K S I T I N N
ccaaaagaatcaactgttagtgatacaaatgaccatgccaaaaataatgatactacctaa

P XK E s T vs D T N D H A K N N D T T -

BRSV M2-1 (length- 186 amino acids)

gggcccctgggatccatgagccgtcgtaatccgtgtaaatatgaaattecgtggtcattge

G P L. G S M S R R N P C K Y E I R G H C
ctgaacggcaaaaaatgtcattttagccacaactattttgagtggcctccgcatgcactg

L N 6 K K ¢C H F S H N Y F E W P P H A L
ctggttcgtcagaattttatgctgaacaaaatcctgaaaagcatggatcgcaataatgat

L vV R ¢ N F M L N K I L K S M D R N N D
accctgagcgaaattagcggtgcagcagaactggatcgtaccgaagaatatgcactgggt

T L s E I S G A A E L D R T E E Y A L G
gttattggtgttctggaaagctatctgagcagcattaacaacattaccaaacagagcgca

v I 6 VvV L. E § Y L s S I N N I T K Q S A
tgtgttgcaatgagcaaactgctggcagaaattaacaacgatgatattaaacgcctgecge

c vAaAa M § K L L A E I N N D D I K R L R
aataaagaagttccgaccagcccgaaaattcgcatttataacaccgtgatcagctacatce

N K E V P T s P K I R I Y N T V I S Y I
gatagcaataaacgtaatacgaaacagaccatccatctgctgaaacgtctgcctgcagat

b s N K R N T K Q T I H L L K R L P A D
gttctgaaaaaaaccattaaaaacaccatcgacatccacaacgaaatcaatggtaataac

v L X K T™ I K N T I D I H N E I N G N N
cagggcgatatcaatgtggatgaacagaacgaataa

0 G D I N \% D E Q N E -



Appendix Il

SEC column elution profile and calibration curve as taken from the EMBL Protein
purification website

(https://www.embl.de/pepcore/pepcore_services/protein_purification/chromatogr
aphy/hiload26-60_superdex75/index.html)

Calibration of 26/60 HilLoad Superdex 75 prep grade
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Appendix Il

Commercial factorial crystal screens were assessed for their ability to sustain
crystal formation. Each screen with 96 conditions is shown below, with a purple
box indicating a condition that resulted in crystal growth. Well numbers refer to
those of the commercial screens to allow the correct condition to be referenced.
The following screens were used:

For M2-1 protein

* Morpheus

* Midas

e PACT

e Wizard1&2/3&4
e Salt

* Index

e Crystal

For M2-1 protein in complex with P 90-110:

* Morpheus
* Midas
« PACT

e Wizard1&2/3&4
* |ndex



Commercial Screen: Index (Hampton Research) Protein: M2-1 HRSV (12 mg/ ml)
Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT

Commercial Screen: Wizard 1&2 (Emerald BioSystems) Protein: M2-1 HRSV (12
mg/ ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT




Commercial Screen: Index (Hampton Research) Protein: M2-1 HRSV (12 mg/ ml)
Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT

Commercial Screen: Wizard 1&2 (Emerald BioSystems) Protein: M2-1 HRSV (12
mg/ ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT




Commercial Screen: Wizard 3 & 4 (Emerald BioSystems) Protein: M2-1 HRSV (12
mg/ ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT

112 (3 (4 |6 |6 (7 (8 |9 |10 |11 (12

I|IOMMmMm OO | T >

Commercial Screen: SaltRX™ (Hampton Research) Protein: M2-1 HRSV (12 mg/
ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT

112 (3 (4 |6 |6 (7 (8 |9 |10 |11 (12

I|OMMmMm OO | T >




Commercial Screen: MIDAS™ (Molecular Dimensions) Protein: M2-1 HRSV (12
mg/ ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT

112 (3 (4 |6 |6 (7 (8 |9 |10 |11 (12

I|IOMMmMm OO | T >

Commercial Screen: Morpheus™ (Molecular Dimensions) Protein: M2-1 HRSV
(12 mg/ ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT

112 (3 (4 |6 |6 (7 (8 |9 |10 |11 (12

I|OMMmMm OO | T >




Commercial Screen: PACT Premier™ (Molecular Dimensions) Protein: M2-1
HRSV (12 mg/ ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT

Commercial Screen: Crystal 1& 2 Screen ™ (Hampton Research) Protein: M2-1
HRSV (12 mg/ ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT




Commercial Screen: Index (Hampton Research) Protein: M2-1 HRSV + P 90-110
(8 mg/ ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT

112 (3 (4 |6 |6 (7 (8 |9 |10 |11 (12

I|IOMMmMm OO | T >

Commercial Screen: Wizard 3 & 4 (Emerals BioSystems) Protein: M2-1 HRSV + P
90-110 (8 mg/ ml) Buffer: 25 mM Tris 7.5/ 1560 mM NaCl and 1 mM DTT

112 (3 (4 |6 |6 (7 (8 |9 |10 |11 (12

I|OMMmMm OO | T >




Commercial Screen: Morpheus™ (Molecular Dimensions) Protein: M2-1 HRSV  +
P 90-110 (8 mg/ ml) Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT
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Commercial Screen: MIDAS ™ (Molecular Dimensions) Protein: M2-1 HRSV + P
90-110 (8 mg/ ml) Buffer: 25 mM Tris 7.5/ 1560 mM NaCl and 1 mM DTT
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Commercial Screen: Wizard 1 & 2 (Emerals BioSystems) Protein: M2-1 HRSV + P
90-110 (8 mg/ ml) Buffer: 25 mM Tris 7.5/ 1560 mM NaCl and 1 mM DTT
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Commercial Screen: PACT™ Premier Protein: M2-1 HRSV + P 90-110 (8 mg/ ml)
Buffer: 25 mM Tris 7.5/ 150 mM NaCl and 1 mM DTT
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Appendix IV

Chapter 4 SBDD functional data:

Mini genome assay- GFP fluorescent signal (expressed as a % of total
GFP, in the absence of compound). Data values were taken 33 hours post
infection in the presence of 20 uM compound. All values are expressed =+

SEM n-2, to 2 significant figures.

MTT assay- Signal at 570 nm as a % of viable BSRT7 cells in the absence

of compound. All values are expressed + SEM n-3, to 2 significant figures.

Infectious virus assay- GFP fluorescent signal (expressed as a % of total
GFP, in the absence of compound). All values are expressed + SEM n-3

to 2 significant figures.



Mini Infectious
MTT assay , .
Vendor Vendor ID LDS ID genome virus assay clogP MW (Da) Smiles
(%)
assay (%) (%)
O=C(C1=CC(
C2=CC=CO
AEM146370 LDS- 2)=NNTNE
Asinex o1 017332-1 6+1.1 93 +2.3 51+ 14 3.33 445,44 C3CCC4)CC
3C4(0)C5=C
C=CC(C(F)(F)
F)=C5
CC1=C(C2=
LDS- CC=CC=C2)
ChemDiv 6873-1886 015832-1 1+0.10 107 4.7 4.89 296.39 N=C(NCC3=
CC=CC=C3
0)ST
L DS. 0O=C1C2(NC(
ChemDiv 7399-0218 0158831 71+22 88 +2.0 3.89 333.2 C=CC=C3)=

C3S2)C4=C




C(Br)=CC=C
4NA

AMRI

ALB-
H09459938

LDS-
010009-2

92+1.6

11+24

4.94

404.49

0=C(CCC1=

CC=CC=C1)

N2CCN(CC2)

C3=NC(C4=

CC(F)=CC=C

4)=NC(C)=C
3

AMRI

ALB-
HO01555172

LDS-
010041-2

86 + 0.44

1.63

487.53

O=C(N1C(C2
~C(F)C=CC=
C2)CC(C3=C
(OC)C=C(OC
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CN(C(COC)=
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AMRI

ALB-
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010051-2
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4.44

430.51

O=C(CCN(C
1=NC(C2=C
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NC3=CC=C
C=C31)CCO
CINCC4=CC
~C04

AMRI

ALB-
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33+5.9

89 +5.0

4.41

346.43

O=C(C1=NN(
C2=CC(C)=C
C=C2)C(CC
C3=CC=CC
~C3)=N1)NC
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AMRI
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ChemDiv
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3 +0.042
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=0

ChemDiv
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3.51
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OCCOC4=C
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1+0.21

73+1.6
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3)CC2)=NC4

-CC=CC=C
41
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1=NC(C2=C
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3=CC=CC-=
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C=CO4)NCC
0C
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HO1151501

013281-2

C=CS2)=NC
3=CC=CC=
C31)CCOC)
NC4=CC=C
C=C4F

AMRI

ALB-
HO5647691

LDS-
016378-2

51 +22

95 +£6.3

4.35

459.54

0=C(CC1=C
C=CC(N(C(C
2-CC=CS2)
~0)CC3=CC
~C(C=C3)F)=
C1)NCC4=N
C=CC=C4

Chembridge

7928320
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020048-1

N/A
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~CC=C2C)=
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O=C1N(CC(

NCC(C=CC=
C2)=C20C)=
DS 0)C(C=CC-=
ChemDiv | C700-1881 | - " 54 +9.7 95 + 0.34 2.61 407.49 | C3)=C3N4C
~CC=C4SCH
O=C(NCC1=
s CC=C(F)C=C
ChemDiv | C700-1866 | - 73+ 6.9 90 + 3.4 253 328.34 | 1)C2=CC=C(
CC3=C(C)0
N=C3C)02
0=C(C1=CC
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C3)CC2C3(0

)C4=CC(C(F)




F)F)=CC=C4

ChemDiv

C239-0807
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35+4.0
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321.4

CSC1=CC=
C(C=C1)C2=
C(NC3=CC=
CC=C3)N4C(
NC=N4)=N2

ChemDiv

C206-0335
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016045-1

8 +0.10

83 +3.1

67 +28

3.41

365.42

O=S(N1C2=
CC(F)=CC=C
2CCC10)(C3
-CC(0C)=C
C=C300)=0

AMRI

ALB-
H15023047

LDS-
013192-2

69 + 14

89 +24

3.156

493.51

0=C(CCC1=
CC=CC=C1)
N2CCC(NG(
C3=C(NC(C4
~CC(F)=C(F)
C=C4)=O)N=
CC=N3)=0)C




C2

Asinex

AEM124091
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LDS-
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41 +1.2

93 +4.3

1.98

407.52

O=C(N1CCN

2C(NC(C)(C)

C)=C(C3=CC

~C(N(C)C)C=

C3)N=C2C1)

C4=CC=NN
4

Chembridge
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O=C(NC1=C
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Chembridge
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ChemDiv
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105 + 9.6

69 + 10

5.25

346.43

CC1=CC(N2
C(CCC3=CC
~CC=C3)=N
C(C(NC4CC4
}=0)=N2)=C
C=Cf1

ChemDiv

V028-4618

11+28

93 + 4.6

26 £13

4.42

430.51

COCCN(CC
C(NCC1=CC
~C01)=0)C2
—NC(C3=CC




~CC=C3)=N
C4=C2C=C
C=C4

ChemDiv

V028-4596

97 £1.6

5.81

404.49

CC1=CC(N2
CCN(C(CCC
3=CC=CC-=
C3)=0)CC2)
—NC(C4=CC{(
F)=CC=C4)=
N1

ChemDiv

6873-1886

5+0.80

107 + 9.9
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59 + 20

4.96

433.48

CC1=NN(C2
=CC=CC=C
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88 +5.4
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Appendix V

Chapter 4 SBDD compound structures; see above table for functional data.

LDS ID Structure

LDS-017332-1

LDS-015832-1
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Appendix VI

Chapter 5- FBDD hits using the XChem facility to determine the structure of fragments bound to HRSV M2-1 by X-ray crystallography.

Fragment Xchem ID Vendor Vendor ID SMILES MW
M2-1-x0079 N13517a Asinex BAS05277195 CC(=0)Nclnnc(s1)COC 187.04
M2-1-x0108 N13426a Key Organics Building Blocks 8N-020 clenc(ncl)Oc2ccc(ce2)c3cec[nH]n3 238.09
M2-1-x0373 N13441a Maybridge DFP00321 COC(=0)clccec(c1)NS(=0)(=0)C 229.04
M2-1-x0770 N13491a Specs AN-465/42246748 clcc(sc1)C[NH2+]Cc2cence2 205.08
M2-1-x0816 N13698a ChemBridge 7962225 COC(=0)clcce(ccl)S(=0)(=0)N 215.23
M2-1-x0869 N14177a Edelris FMOOAO000509a Cnlc2[C@H]3C[C@H](Cc2clcccccl4)NC[C@H]30 | 242.32
M2-1-x0937 N14247a Edelris FMOOA000579a | 0=C1CCN2[C@ @H]3[C@H](COc4ccccc34)CN12 | 230.26
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