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Abstract 

Antiviral drugs are essential in the early response to pandemic influenza, whilst 

effective vaccines are developed. The 2009 pandemic H1N1 (pH1N1) strain, and other 

currently circulating Influenza A viruses (IAVs), are almost ubiquitously resistant to the 

licensed antivirals amantadine and rimantadine, which target the M2 proton channel. 

Amongst the polymorphisms associated with M2 drug resistance, asparagine at 

position 31 (N31) is the most prevalent. With resistance to neuraminidase-targeted 

antivirals also on the rise there exists an urgent need to develop new inhibitors 

targeting resistant strains. Through the generation of a pH1N1 M2 homology in silico 

model, we have identified the first non-adamantane compounds targeting M2 that are 

effective against the N31 pH1N1 strain. 

Controversy exists over the binding site of current adamantane based antivirals to M2, 

with both lumenal and peripheral sites described in the literature. The novel 

compounds identified herein using our in silico model were selected based upon a 

predicted preference for one or other of these binding sites. As such, these compounds 

represent useful tools to investigate the potential of targeting both sites in combination, 

which will help to mitigate potential drug resistance. A novel in vitro assay was 

established to test the functional preferences of these compounds, with the results 

largely supporting in silico predictions. Combinations of lumenally and peripherally 

targeted compounds resulted in synergistic effects upon infectious virus titre, whereas 

this was not the case for combinations of compounds predicted to bind at the same 

site; in the case of two lumenally targeted compounds, this resulted in antagonistic 

effects. These data support the presence of two drug target sites within the M2 proton 

channel complex. Finally, whilst resistance within M2 was readily selected against 

amantadine analogue M2WJ332, this was not the case for non-adamantane 

compounds, further emphasising the potential benefits of investigating novel compound 

classes.  
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  Introduction Chapter 1

Influenza A viruses (IAVs) are a common respiratory pathogen. Seasonal influenza 

epidemics, which occur during the winter months, result in between 250,000 and 

500,000 deaths annually worldwide; current vaccination strategies are able to control 

the spread of infection. In addition to these seasonal strains, sporadic emergence of 

IAV pandemic strains occurs due to antigenic shift resulting from virus recombination 

involving two or more strains, one of which generally originating from an animal host. 

When this happens there is potential for great impact; of the four pandemics in the past 

100 years the 1918 “Spanish ‘flu” was the most devastating resulting in at least 50 

million deaths (Johnson & Mueller, 2002). Effective vaccines cannot currently be 

developed quickly enough to prevent the spread of pandemics due to rapid emergence 

of such strains. In these scenarios antiviral prophylaxis is the primary defence. 

There are two classes of antivirals licensed for the treatment of IAVs, targeting either 

the neuraminidase (NA) protein or the matrix protein 2 (M2) ion channel. Due to the 

process of antigenic drift and selective pressure from the use of antiviral monotherapy, 

many of the strains circulating today are resistant to available antiviral treatments, in 

particular licensed M2 inhibitors. Thus, the threat of pandemics and resistance of 

circulating strains to current therapies drives an urgent need to develop novel antivirals. 

The ability of novel compounds to target the resistant strains is vital as the last 

pandemic strain from 2009 was found to be resistant to M2 inhibitors when it entered 

the human population. 

 

 Influenza viruses 1.1

The three genera of influenza viruses: A, B and C, are all capable of infecting humans 

and are part of the Orthomyxoviridae family of enveloped, single stranded, negative 

sense RNA viruses. There are three other genera in the Orthomyxoviridae family: 

Isavirus, Quaranjavirus, including the Johnston Atoll and Lake Chad virus species and 

Thogotovirus which contains Dhori virus amongst others. Influenza B viruses (IBVs) 

infect humans in seasonal epidemics and are capable of causing severe disease. In 

addition to humans, IBVs have also been isolated from seals (Osterhaus et al., 2000), 

yet pandemics have not arisen despite this animal reservoir being present. IBVs are 

not split into subgroups, but are identified by strain. One strain of IBV was included in 

the annual trivalent vaccine, but this has been increased to two strains in the latest 
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quadrivalent vaccines (Table 1.3). In addition to vaccines, neuraminidase inhibitors 

(NAIs) can be used against IBVs (Gubareva et al., 2000). IBVs also encode a proton 

channel, BM2. Like M2 from IAVs, BM2 has a HxxxW motif responsible for 

conductance (Pinto & Lamb, 2006), yet sequence divergence between M2 of IAV and 

BM2 means that the licensed M2 antivirals (amantadine and rimantadine) are not 

effective against IBV (Pielak & Chou, 2011; Pinto & Lamb, 2006).  

Unlike IAVs and IBVs, influenza C viruses (ICVs) have not been associated with 

epidemics. Combined with normally subclinical symptoms of infection, this means ICVs 

are not included in the annual vaccines and antivirals are rarely prescribed. Reports 

have been made of ICVs being isolated from pigs (Yuanji et al., 1983), but there have 

been no pandemics recorded to date. 

 

 Influenza A viruses 1.2

1.2.1 Origin and Discovery 

It is difficult to pinpoint the time when influenza first entered the human population, but 

it is hypothesised that this coincided with the domestication of animals such as birds 

and swine. There is a consensus that a pandemic in 1580 was the first that could be 

attributed to influenza, originating in the Asia Minor and South Africa and spreading  to 

the southern Mediterranean (Pyle, 1986). Until the 1930s when influenza virus was first 

isolated from infected patients (Smith et al., 1933), diagnosis was simply based on 

symptoms. There are now a variety of laboratory tests available (George, 2012), 

including immunoassays and rapid antigen testing, that use nasal or nasopharyngeal 

samples, but virus culture and polymerase chain reaction (PCR) are still required to 

establish the virus strain. 

 

1.2.2 Classification 

There are three integral membrane proteins encoded by IAVs: haemagglutinin (HA), 

neuraminidase and M2. The two glycoproteins HA and NA, involved in entry and 

release respectively, are used to categorise IAVs into subtypes. Commonly reverse-

transcription polymerase chain reaction (RT-PCR) is used to subtype IAV, moving 

away from previous serological methods, such as hemagglutination inhibition. To date 

there are 18 HA and 11 NA subtypes identified for IAV, denoted H1-H18 and N1-N11 

respectively, the combination of the HA and NA provide the subtype.  
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All influenza viruses are classified into strains, according to a standardised naming 

convention (WHO, 1980), composing five elements. Firstly the antigenic type (A/B/C), 

followed by the species of the host (if human this is omitted). This is followed by 

geographic origin, strain number and year of isolation. In the case of IAV this is then 

followed by the subtype in parentheses. For example: B/Brisbane/60/2008, 

A/England/195/2009 (H1N1) or A/mallard/Sweden/133546/2011 (H10N4). 

 

1.2.3 Host range 

The three main host species of IAVs are considered to be birds, humans and pigs, but 

certain subtypes are also able to infect a wide variety of mammalian species including 

sea mammals, dogs, horses and ferrets (Table 1.1 and Table 1.2). Until recently it was 

thought that all IAV strains were capable of infecting migratory birds and consequently 

these were thought to be the reservoir host from which all strains emerged. However, 

the recent discovery of H17, H18, N10 and N11, which to date have only been 

identified from bats (Tong et al., 2012; Tong et al., 2013) questioned this. Recent 

analysis of these new HA and NA proteins (reviewed in (Wu et al., 2014c)) suggests 

that these are not true IAV proteins and as such H17N10 and H18N11 are considered 

“influenza-like viruses” (Wu et al., 2014c). It must be noted that reassortment of these 

novel HA or NA segments may lead to a zoonotic virus capable of infecting avian or 

mammalian species. Many of the proteins of IAV have been implicated as host range 

determinants, of most note are haemagglutinin and polymerase basic protein 2 (PB2). 

1.2.3.1 Haemagglutinin 

Discounting H17 and H18, all 16 NA subtypes of IAVs are known to infect birds, whilst 

only H1, H2 and H3 are currently transmissible from human to human. In addition to 

this, H5, H7 and H9 subtypes have been isolated from infected humans, with the 1997 

H5N1 and 2013-2016 H7N9 outbreaks resulting in fatalities (Cases, 1998; Gao et al., 

2013; Lin et al., 2016). However, at present there is limited evidence for the human to 

human transmission of these subtypes. There have been cases where the source of 

infection is unknown, and one reported case of a H7N9 related death, in which the 

patient is thought to have contracted the virus from an infected relative, as they 

themselves had no direct contact with infected poultry (BMJ, 2013). Additionally, there 

have been reports of family clusters of H5N1 that could have been caused by human to 

human transmission (Wang et al., 2008; Yang et al., 2007). All known human HA 

subtypes are known to also infect swine and in addition H4, H6 and H11 can transmit 

between pigs. 
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Subtype Avian Human Swine Other 

H1 
    

H2 
   

 

H3 
    

H4 
 

 
  

H5 
    

H6 
 

 
  

H7 
    

H8 
 

   

H9 
   

 

H10 
    

H11 
 

 
 

 

H12 
 

   

H13 
 

  
 

H14 
 

   

H15 
 

   

H16 
 

   

H17     

H18     

 

Table 1.1 Influenza A virus and influenza-like haemagglutinin subtypes and host 

species. 

All 18 known subtypes of haemagglutinin are listed with their respective host species. 

Only avian, human, swine, bat, equine, canine, sea mammal and ferret hosts are 

shown, based on strains available on the Influenza Research Database 

(www.fludb.org). 
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Subtype Avian Human Swine Other 

N1 
    

N2 
    

N3 
    

N4 
 

   

N5 
 

 
  

N6 
    

N7 
    

N8 
    

N9 
  

 
 

N10     

N11     

 

Table 1.2 Influenza A virus and influenza-like neuraminidase subtypes and host 

species. 

All 11 known subtypes of neuraminidase are listed with their respective host species. 

Only avian, human, swine, bat, equine, canine, sea mammal and ferret hosts are 

shown, based on strains available on the Influenza Research Database 

(www.fludb.org). 
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Host species specificity of IAVs can, in part, be determined by HA surface 

glycoproteins, which bind to sialic acid on the surface of host cells to initiate entry 

(Section 1.4), this tropism is affected by the linkages of sialic acids. Avian influenza 

viruses demonstrate a higher affinity for sialic acid with α(2,3) linkages, whilst human 

viruses preferentially bind sialic acid with α(2,6) linkages (Matrosovich et al., 1997; 

Rogers & Paulson, 1983). In humans the primary site of infection is the upper 

respiratory tract, where the epithelial cells mainly possess α(2,6) glycans (Baum & 

Paulson, 1989; Thompson et al., 2006; van Riel et al., 2010). However, α(2,3) linkages 

are found in the lower respiratory tract of humans (Shinya et al., 2006) and it is here 

that some avian H5N1 viruses replicate most efficiently (Van Riel et al., 2006). 

Conversely, in birds the primary site of infection is the gut, where epithelial cells 

predominately have α(2,3) glycans (Stevens et al., 2006). Epithelial cells of the swine 

respiratory tract contain both sialic acids with α(2,3) and α(2,6) linkages (Ito et al., 

1998). As a result swine are able to act as “mixing vessels” (Castrucci et al., 1993; 

Lowen et al., 2007; Scholtissek et al., 1985), allowing genetic reassortment of viruses 

leading to pandemics. However, introduction of a novel HA alone is not sufficient to 

give rise to pandemic strains as additional mutations in the HA gene are required to 

allow human receptor binding. Residues implicated in human receptor binding 

specificity span residues 100-300 of HA and include 190, 225, 226 and 228 (Gamblin 

et al., 2004; Matrosovich et al., 1997). The HA sequence of the pandemic 

A/California/04/2009 (H1N1) strain was analysed and the E225D mutation, conferring 

α(2,6) glycan binding and human-adaption, was observed (Soundararajan et al., 2009), 

but a lysine at residue 145 is thought to compensate for the E225D mutation, meaning 

it can additionally bind α(2,3) glycans. 

“Gain of function” experiments, over which there has been much debate, represent one 

method of investigating the avian strains such as H5N1 and H7N9. By artificially 

inducing changes that make these highly pathogenic avian strains more transmissible 

and infectious to humans, it is possible to study potential evolution of the virus, as well 

as aid work on developing vaccines and antivirals. The debate arises as these viruses 

also pose a potential deadly threat to the human population. When four mutations were 

made within the H5 of H5N1 it meant this segment could be reassorted with segment 

seven of pH1N1 to become transmissible between ferrets via the airborne route (Imai 

et al., 2012). It was later demonstrated that four mutations in H5, and a fifth in PB2 had 

the same effect, without the need for recombination with a human transmissible virus 

(Herfst et al., 2012). 
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1.2.3.2 Neuraminidase 

NA host adaption has also been observed during pandemics, as the ability of this 

enzyme to cleave α(2,6) glycans is essential for the virus to replicate in humans. The 

1957 H2N2 pandemic was the first recorded incidence of N2 viruses infecting humans 

and there was neuraminidase activity only against α(2,3) glycans (Baum & Paulson, 

1991; Kobasa et al., 1999). However, by 1972 N2 virus strains circulating in humans 

had gained the ability to cleave α(2,3) and α(2,6) glycans. Residues 275 and 431 have 

been specifically linked to this, with early human isolates of human N2 and avian 

viruses possessing an isoleucine at position 275, whereas in later human isolates 

I275V was present (Kobasa et al., 1999). 

1.2.3.3 Polymerase basic protein 2 (PB2) 

In addition to the ability to bind and be released from sialic acid on the surface of the 

host cell, viruses also need to be able to replicate in the host cell.  In this regard, the 

most important determinant of host range is the viral polymerase, PB2 (Almond, 1977). 

The best characterised polymorphism is at residue 627, in avian strains this is usually a 

glutamic acid, but upon serial passage in mammalian cells the E627K mutation is 

selected (Subbarao & Murphy, 1993).  

The E627K mutation has been linked to modulation of RIG-I. RIG-I is an RNA helicase, 

present in the cytoplasm, with a role as a sensor for viruses (section 1.5). Short 5’ 

triphosphate-dsRNA has been shown to be a ligand for RIG-I (Hornung et al., 2006; 

Schmidt et al., 2009), the “panhandle” of vRNA features this structure (Schlee et al., 

2009). Avian IAV nucleocapsids possessing E627 are more prone to recognition by 

RIG-I, the E627K mutation modulates this recognition (Weber et al., 2015), permitting 

the virus to replicate in mammalian cells. Host factor ANP32A has also been implicated 

in host restriction of viral polymerase. Avian PB2 (E627) has suboptimal function in 

mammalian cells (Long et al., 2016). However, addition of an avian ANP32A to 

mammalian cells was able to rescue the activity of avian  IAV polymerase, to a similar 

extent as an E627A adaptation (Long et al., 2016).  

The E627K mutation allows strains to efficiently replicate at the lower temperature of 

the human respiratory tract (Massin et al., 2001) and results in increased replication, 

pathogenicity and transmission in animal models (Shinya et al., 2004; Steel et al., 

2009). However, E627 was present in the 2009 pandemic H1N1 (pH1N1) swine flu, but 

instead mutations at residues 590 and 591 are thought to allow replication in humans 

(Mehle & Doudna, 2009). 
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1.2.4 Transmission  

Despite the long history of influenza research there is still controversy over the mode of 

virus transmission, with debate over whether transmission via the airborne route or via 

droplet or contact routes (or a combination) is the most important for implementing 

intervention. There are numerous studies published on this topic many using animal 

models and artificial inoculation, which limit the extrapolation of these finding to natural 

human infection.  

It has been demonstrated that influenza virus can survive as an aerosol (Hemmes et 

al., 1960; Mitchell & Guerin, 1972; Wells & Brown, 1936), however viruses were 

artificially aerosolised, then during, or after, recovery were diluted in liquid before 

infectivity was tested and not direct subsequent infection. It has also been shown that 

influenza can survive on surfaces both in a controlled laboratory setting with direct 

inoculation of surfaces (Bean et al., 1982) and in environmental settings where 

household and day care fomites were tested for naturally occurring inoculation (Boone 

& Gerba, 2005). Similarly to the survival in aerosol studies, direct subsequent infection 

caused by virus on fomites was not shown. 

The airborne hypothesis is supported by a study that demonstrated virus can be 

transmitted from infected mice to mice with which they have no direct contact 

(Schulman & Kilbourne, 1962). They also showed that the rate of transmission is not 

significantly different to when the two groups are housed together in direct contract. 

Avian influenza virus can be isolated from the cloaca of birds and is excreted in their 

faecal matter (Webster et al., 1976). The virus reaches the intestine where it replicates 

via the digestive tract (Webster et al., 1978), supporting transmission via a faecal-oral 

route. It has also been demonstrated that avian IAVs can contaminate water supplies 

and be transmitted via a waterborne route (Markwell & Shortridge, 1982). 

Studies of transmission of IAVs in humans have been carried out. The findings of nine 

observational studies of natural outbreaks have been reviewed (Brankston et al., 2007) 

and it was concluded that there was generally a lack of controls to eliminate influence 

of airborne transmission. Notwithstanding, evidence suggested that, in general, droplet 

or contact transmission predominates. When it comes to transmission of avian strains 

of IAV to humans, for example the Hong Kong 1997 outbreak, close contact with 

infected poultry or their faeces appears to be the most important factor (Bridges et al., 

2002; Mounts et al., 1999), yet multiple routes of transmission may be involved 

(Hayden & Croisier, 2005). 
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1.2.5 Seasonal influenza A 

The seasonality of influenza A and B epidemics was first reported in 1981 (Hope-

Simpson, 1981). The exact reason for this association with the colder months is 

unknown, but many explanations have been proposed including diminished vitamin D 

(Cannell et al., 2006), reductions in humidity (Lowen et al., 2007; Shaman & Kohn, 

2009) and temperature (Lowen et al., 2007). 

The circulating viruses naturally mutate due to the infidelity of the polymerase. High 

mutation rates of 1/67000 (Parvin et al., 1986) to 1/13700 base pairs (bp) (Drake, 

1993) have been reported, equivalent to up to one mutation per round of replication. 

Silent mutations, that do not result in an amino acid change, are unlikely to result in a 

fitness cost, but nonsense mutations that result in a premature truncation of the protein 

are likely to be lethal to the virus (Wu et al., 2014a). Sequence homology can reveal 

highly conserved residues, that could be involved in essential functions, but that is not 

necessarily the case. Depending on the site and type of the mutation, viral fitness may 

be affected. Detrimental mutations, that affect the ability of the virus to either infect or 

replicate, are unlikely to result in a novel virus that will replace the original wildtype 

(WT). However, mutations can arise that do not cause a reduction in viral fitness and 

even result in an advantage e.g. evasion of the immune system (Archetti & Horsfall, 

1950; Hamre et al., 1958). In these instances the mutated virus will be able to compete 

and reassort with the WT. Accumulation of point mutations in HA (Laver & Webster, 

1968) and NA (Paniker, 1968; Schulman & Kilbourne, 1969) result in a phenomenon 

known as antigenic drift, where the immune system is less able to recognise the new 

virus. It is due to this antigenic drift that current influenza vaccines are updated 

annually. 

 

1.2.6 Pandemic influenza 

In addition to seasonal influenza, sporadically pandemic strains also emerge; these are 

attributed to antigenic shift and mean that the strain can jump from one species host to 

another. When the human population is exposed to a new HA / NA combination there 

is no pre-existing immunity, allowing the virus to replicate and spread effectively. 

In the 20th century there were three influenza pandemics: the 1918 “Spanish ‘flu” 

(H1N1), 1957 “Asian ‘flu” (H2N2) and 1968 “Hong Kong ‘flu” (H3N2). The 1918 Spanish 

flu has been reported to be one of the most devastating diseases in recorded history, 

with conservative estimates linking over 50 million deaths between 1918 and 1920 to 

the virus (Johnson & Mueller, 2002), with the possibility that the true figure could be 
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double that. To put this in perspective, this was treble the number of people killed by 

the concurrent WW1. As a result, Spanish flu caused a dramatic decrease in life 

expectancy, not seen by any other disease or event in recorded history. At the time of 

the pandemic, influenza viruses had yet to be isolated, however it was noted in post-

mortem examinations that bacterial infections of the lung were commonplace amongst 

those who lost their lives. Recent analysis of these examination results and lung 

sections taken at the time, confirm high incidence of bacterial co-infection (Morens et 

al., 2008).  

One causation of antigenic shift is genetic reassortment or recombination. Genetic 

reassortment is a valuable method employed by IAV to expedite evolution, and it is this 

phenomenon that has been linked to the pandemics over the last 100 years. Shortly 

after the discovery that the IAV genome is made up of at least seven RNA segments 

(Bean & Simpson, 1976; McGeoch et al., 1976; Palese & Schulman, 1976; Pons, 

1977), it was hypothesised that novel combinations could arise if two viruses 

simultaneously infected the same host. Reassortment between the segments occurs as 

a result of simultaneous infection of a single cell with two or more distinct IAV strains. 

The resulting novel strain packages a new combination of genome segments. 

Accordingly, comparison of the 1968 Hong Kong pandemic and previously circulating 

IAV strains, revealed that the HA and NA varied independently. NA was antigenically 

identical to previous strains, but the HA was considerably different (Coleman et al., 

1968; Schulman & Kilbourne, 1969). The ability of two influenza viruses to recombine 

in nature was first shown in 1978.  Two avian viruses, isolated from wild birds were 

shown to have indistinguishable HA, whereas this was not the case for NA, supporting 

previous serological data (Desselberger et al., 1978). In the case of the 1968 Hong 

Kong pandemic, it was later identified that a number of the genomic segments 

originated from avian IAV strains (Kawaoka et al., 1989; Scholtissek et al., 1978), 

supporting the theory of reassortment between avian and human strains.  

Swine are the classic “mixing vessels” for IAVs (Castrucci et al., 1993; Ito et al., 1998; 

Scholtissek et al., 1985). Due to the epithelial cells in respiratory tract containing both 

sialic acids with α(2,3) and α(2,6) linkages (Ito et al., 1998), they are capable of being 

co-infected with an avian and a human strain of IAV. The potential of chickens to act as 

mixing vessel was raised, after discovery that both receptors are co-expressed in many 

organs of these birds (Kuchipudi et al., 2009). 

Unlike the 1957 and 1968 pandemics, which were caused by reassortment between 

human and avian strains (Kawaoka et al., 1989), sequence analysis of the 1918 

pandemic strain suggested this strain was an entirely avian-like virus that mutated to 
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allow infection of humans (Taubenberger et al., 2005). Similarly the 1997 Hong Kong 

H5N1 virus, which infected 18 humans and resulted in 6 deaths (Chan, 2002), was 

found to be of solely avian origin, without an intermediate mammalian host or mixing 

vessel (Claas et al., 1998; Subbarao et al., 1998). 

 

 Molecular biology of influenza A virus 1.3

In the 1960s it was identified that the IAV genome was made up of a number of RNA 

segments, with initial reports indicating 5 segments (Duesberg, 1968; Pons & Hirst, 

1968). This number was then increased to between 7 and 9 (Palese & Schulman, 

1976), before it was settled that eight separate RNA segments make up the IAV 

genome (Bean & Simpson, 1976; McGeoch et al., 1976; Pons, 1977). All eight 

segments have partial complementarity at the 5’ and 3’ ends, which come together and 

form a “panhandle”, with partial double helical structures (Cheong et al., 1996; 

Desselberger et al., 1980; Hsu et al., 1987; Robertson, 1979). These sequences are 

involved in transcription initiation (Fodor et al., 1994; Fodor et al., 1993; Seong & 

Brownlee, 1992), as well as termination and polyadenylation (Li & Palese, 1994).  

The consensus remained that each RNA segment produced a single transcript and 

protein, with segments being assigned to the known viral proteins including 

haemagglutinin, neuraminidase, nucleocapsid (NP) and matrix (McGeoch et al., 1976). 

It was also recognised that there were also non-structural proteins encoded that do not 

form part of the virus particle (Skehel, 1972). In the late 1970s the one RNA to one 

protein hypothesis was coming under scrutiny, and in 1979 evidence suggested that 

segment 8 encoded two proteins (Lamb & Choppin, 1979): non-structural proteins 1 

and 2 (NS1 and NS2). From the title of the paper it is clear it was thought that this was 

the only segment that encoded more than one protein, however it did not take long for 

it to be discovered that segment 7 also had this capacity, when a second open reading 

frame was discovered (Allen et al., 1980; Winter & Fields, 1980). Along with segment 7 

encoding the matrix protein 1 (M1), M2 was determined to be encoded by the second 

open reading frame and its amino acid sequence was said not to exceed 97 aa, due to 

a termination codon (Lamb & Lai, 1981). 

The eleventh protein of IAVs was not discovered until much later (Chen et al., 2001), 

this is most likely due to the fact that polymerase basic protein 1 frameshift 2 (PB1-F2) 

is not essential for the virus replication cycle, but instead induces apoptosis of immune 

cells (Chen et al., 2001). An N-terminal truncation of PB1 forms the twelfth identified 
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polypeptide (Wise et al., 2009), PB1 N40 like PB1-FS2 is nonessential for virus viability 

in culture. Three additional proteins have been identified in the past five years, all are 

encoded by segment 3 and are variations of polymerase A (PA): PA-X results from a 

frame shift of PA and has implications on host cell response to IAV infection (Jagger et 

al., 2012), whilst PA-N155 and PA-N182 are both N-terminal truncated versions of PA 

(Muramoto et al., 2013).  

Of the IAV structural proteins, the three integral membrane proteins; haemagglutinin, 

neuraminidase and M2, are encoded by segments 4, 6 and 7, respectively. HA and NA 

are both glycoproteins and make up the majority of the surface proteins with 

approximately 500 and 100 proteins present, respectively. This is compared to the 

relative low 20-60 copy number of M2. Additionally, M1 plays vital roles in virus 

uncoating and assembly and NP binds and encapsidates the vRNA. The heterotrimeric 

influenza A RNA-dependent RNA polymerase (RdRp) consists of PA, PB1 and PB2. 

Each of the eight RNA segments has its own polymerase complex, bound to the termini 

of the vRNA and are individually encapsidated by NP, forming viral ribonucleoproteins 

(vRNPs) (Compans & Duesberg, 1972; Heggeness et al., 1982).  

After viral replication each of the eight segments needs to be packaged into progeny 

virions, each containing one copy of each segment. Transmission electron microscopy 

of virions showed a distinct pattern of vRNPs (Noda et al., 2006), indicating the process 

of packaging is not random. It has also been shown that regions at both the 5’ and 3’ 

ends of vRNA are important for the correct incorporation of segments, first identified for 

HA, NA and NS segments (Fujii et al., 2005; Fujii et al., 2003; Watanabe et al., 2003). 

In addition to these genome incorporation signals, a genome-bundling signal has been 

identified with a role of ensuring that a complete set of vRNPs are present in the 

nascent virion (Goto et al., 2013). 

Two distinct morphologies exist for IAV virions, spherical (Williams & Wyckoff, 1945) 

and filamentous (Chu et al., 1949; Dawson & Elford, 1949). The significance of each 

type remains unclear, but it has generally been observed that filamentous virions are 

evident in low passage numbers, whilst spherical morphologies are established after 

several rounds of passage in eggs or cell lines. Both morphologies possess organised 

structures of their eight RNA segments (Noda et al., 2006). 

Segment 8 encodes NS1 and NS2. NS1 is a multifunctional, but non-essential, 

virulence factor with the ability to bind RNA and proteins. Roles of NS1 include; 

increasing expression of viral proteins due to preferential translation of viral mRNAs 

(Burgui et al., 2003; De La Luna et al., 1995) and antagonising the host immune 

response. NS1 has a crucial role in counteracting the host interferon (IFN) response 
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(Garcı́ et al., 1998; Kochs et al., 2007) and also inhibits or suppresses RIG-I mediated 

responses (Gack et al., 2009; Mibayashi et al., 2007; Rückle et al., 2012) (section 1.5). 

NS2, also known as nuclear export protein (NEP), has, as its name suggests, a role in 

mediating the export of vRNPs from the nucleus to the cytoplasm (O'Neill et al., 1998). 

However, independent of this, NS2 also has roles in viral replication and transcription 

(Robb et al., 2009). Originally thought to be non-structural, NS2 is now considered a 

structural protein (Richardson & Akkina, 1991; Yasuda et al., 1993),  found interacting 

with M1 in the virion. 

 

 Influenza A virus life cycle 1.4

The life cycle of IAVs can be divided into four parts; firstly attachment, entry and 

uncoating, then protein synthesis, nucleic acid synthesis and finally assembly and 

budding. A schematic representation of the lifecycle of spherical virions is presented in 

Figure 1.1 and the process has been reviewed by Samji and Eisfeld (Eisfeld et al., 

2015; Samji, 2009). The first stage of the life cycle is initiated when the virus uses its 

HA to attach to sialic acid on the host cell membrane, this is followed by receptor 

mediated endocytosis (Matlin et al., 1981; Patterson et al., 1979). The HA at this stage 

is a precursor HA0, which needs to be cleaved by a host protease into HA1 and HA2 

(Klenk et al., 1975; Lazarowitz & Choppin, 1975). This exposes the fusion peptide, 

which then inserts into the endosomal membrane and facilitates fusion with the viral 

envelope. Prior to HA0 cleavage it undergoes a conformational change and this is 

facilitated by the low pH environment of the endosome (Bullough et al., 1994; Maeda & 

Ohnishi, 1980; White et al., 1981). The acidic environment also activates the M2 proton 

channel (Pinto et al., 1992), which enables proton transport along the pH gradient 

between the acidic endosome and the viral core. This acidification plays a part in 

causing dissociation of M1 from the viral envelope and vRNPs (Li et al., 2014a; 

Stauffer et al., 2014).  

IAVs, unlike most RNA viruses, transcribe and replicate their genome in the nucleus. 

The vRNPs, once released from M1, are transported to the nucleus (Martin & Helenius, 

1991), via a process that is reliant on the nuclear localisation signals found in NP 

(O'Neill et al., 1995) and host cell trafficking. Once in the nucleus, negative sense viral 

RNA (vRNA) is used as a template to transcribe mRNA. The endonuclease activity of 

the PA subunit of the viral RdRp is able to “cap-snatch” from cellular mRNA (Dias et al., 

2009; Herz et al., 1981). This aids both the transport of viral mRNA into the cytoplasm 

followed by subsequent translation by the cellular ribosomes, and inhibition of host cell  
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Figure 1.1 Schematic illustration of the Influenza A virus life cycle. 

Schematic depicting the stages of the IAV life cycle. Starting with viral attachment and 

entry, through nucleic acid and protein synthesis and ending with assembly, budding 

and release. Nucleic acid is colour coded: vRNA – blue, mRNA – red and cRNA – 

purple. 
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gene expression. Newly synthesised viral proteins (PA, PB1, PB2 and NP) are then 

transported back to the nucleus to take part in genome replication. In order to replicate 

the viral genome, vRNA is first copied into cRNA, before a new vRNA copy is 

synthesised and can form part of the vRNPs. The resultant progeny vRNPs are then 

transported back to the cytoplasm and subsequently to the plasma membrane on 

Rab11 vesicles (Amorim et al., 2011; Eisfeld et al., 2011), which is the site of virion 

assembly.  

Viral envelope protein synthesis begins in the cytoplasm, it then moves to the 

endoplasmic reticulum where the proteins are also glycosylated, and folded into their 

3D structures. They are then transported to the plasma membrane via the Golgi and 

trans-Golgi network. M2 present in the membrane of the trans-Golgi derived vesicles 

functions to counteract the acidification caused by cellular proton pumps (Ciampor et 

al., 1992; Sugrue et al., 1990). This is necessary to prevent acid-induced premature 

fusion, due to activation of cleaved HA in some strains including some H7 strains, 

which possess a multibasic cleavage site targeted by furin and other proteases 

(Grambas & Hay, 1992; Stieneke-Gröber et al., 1992; Sugrue et al., 1990).  

At the plasma membrane, M1 interacts with HA and NA, then vRNPs interacts with this 

complex to form nascent virions. Virus budding then takes place, the newly formed 

virus particles are still attached to the host cell via sialic acid, which the NA enzyme 

cleaves, releasing the virion (Palese et al., 1974). 

 

 Innate immunity  1.5

The innate immune response has an important role in the recognition and control of 

virus infection, but some exaggerated innate immune responses can lead to further 

pathology. An overview of the innate immune response to influenza can be found in 

recent reviews (Iwasaki & Pillai, 2014; Pulendran & Maddur, 2014). Recognition of 

pathogen associated molecular patterns (PAMPs), using pattern recognition receptors 

(PRRs) is an antiviral strategy of the innate immune system. Many classes of PRRs 

recognise IAV, these include: retinoic acid-inducible gene 1 (RIG-I), Toll-like receptors 

(TLRs) and nucleotide oligomerisation domain (NOD)-like receptors (NLRs). 

During IAV infection, TLR signalling induces type-I IFNs and proinflammatory 

cytokines, with the purpose of restricting viral replication/dissemination, and linking to 

an adaptive immune response. TLR7 recognition of ssRNA leads to an IFN-α response 

from plasmacytoid dendritic cells (pDC) (Lund et al., 2004), whereas the recognition of 
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dsRNA by TLR3 primarily mediates a proinflammatory response in lung epithelial cells 

(Le Goffic et al., 2007). 

RIG-I recognises the 5’ triphosphate in the “panhandle” structure of vRNPs (Schlee et 

al., 2009; Schmidt et al., 2009) and leads to type-1 interferon production via binding the 

adapter mitochondrial antiviral signalling (MAVS) protein. In turn this leads to 

phosphorylation of interferon regulatory factor 3/7 (IRF3/7) and IκB. Phosphorylation of 

IκB is required for the activation of NF-κB, which together with IRF3/7 direct IFN 

transcription (Loo & Gale, 2011). 

Some NLRs, in addition to triggering proinflammatory signalling pathways, have been 

implicated in the “inflammasome” (Franchi et al., 2009), with the ion channel activity of 

M2 playing a role in its activation (Ichinohe et al., 2010). As a result, this causes 

activation of caspase-1 and maturation of proinflammatory cytokines (Yu & Finlay, 

2008).  

 

 Influenza vaccination 1.6

In the decade after influenza virus was first isolated (Smith et al., 1933), studies on the 

potential for vaccination were undertaken with volunteers infected with either untreated 

active virus, that had been passaged through mice (Francis & Magill, 1937) or 

artificially cultivated using eggs (Thomas & Magill, 1936). Later vaccination went on to 

include both IAV and IBV strains (Francis et al., 1946). 

The humoral response plays an important role in prevention of, and recovery from, viral 

infection and this is the response that IAV vaccination aims to evoke. In the case of 

influenza infection a neutralisation response to the surface glycoproteins is desirable. 

Antibodies against HA interfere with binding of the virus to cell surface receptors 

(Virelizier, 1975), whilst anti-NA antibodies prevent release of influenza and therefore 

subsequent infection within the respiratory tract (Webster & Laver, 1967). During 

natural infection and after vaccination, HA exhibits immunodominance over NA 

(Johansson & Cox, 2011; Kilbourne, 1976; Oxford et al., 1979). Monoclonal antibodies 

against the third integral membrane protein, M2, have also been shown to reduce 

levels of IAV replication in mice (Treanor et al., 1990).  
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1.6.1 Current annual vaccination 

Antibodies are able to provide long lasting protection against infection. However, as 

antigens vary both between influenza strains and also change via the process of 

antigenic drift, there is often little cross-protection between strains and as a result 

vaccination occurs annually. Predictions of the prevalent strains are made many 

months in advance of the onset of the winter epidemic. Due to the limited changes to 

the vaccine year on year, new vaccines tend to get approval quickly.  

Broadly, the currently available vaccines can be split into inactivated and live-

attenuated influenza vaccines (LAIVs). Trivalent vaccines protecting against two strains 

of IAV and a single IBV strain are being phased out, replaced with new quadrivalent 

vaccines that contain a second IBV strain. A list of the northern hemisphere vaccine 

strains since the 2008/2009 season is given in Table 1.3.  

The first inactivated vaccines used whole viruses, treated with formalin to cause cross-

linking and conformational changes of viral proteins, leading to inactivation (Francis Jr 

et al., 1945; Stanley, 1945). Such modification of HA and NA can result in reduced 

immunogenicity. Split vaccines are inactivated by disruption of the particles using 

detergents and/or solvents, but still contain all of the viral proteins (Barry et al., 1974; 

McKeage, 2013). Subunit vaccines are produced in a similar method as split vaccines, 

but are purified to only contain the HA and NA (Ruben & Jackson, 1972). Influenza 

virus-like particles (VLPs), or “virosomes”, mimic the external surface of IAV, without 

any of the internal components. VLPs are essentially unilamellar vesicles composed of 

phospholipids with HA and NA membrane proteins inserted, therefore retaining cell 

binding and fusion capabilities (Glück et al., 1992; Mischler & Metcalfe, 2002). 

Unlike the inactivated vaccines, LAIVs are administered intranasally, providing a better 

mimic of natural infection. They are licensed for use in patients between the ages of 2 

and 49, as they have been found to be less efficacious in the older population 

(Ambrose et al., 2011; Belshe et al., 1998). For the influenza season 2015/2016, the 

LAIV was the vaccine of choice for national childhood flu immunisation programme, 

recommended by Public Health England. Despite much evidence supporting their 

superiority over inactivated vaccines, there are reports suggesting this results in 

increased local mucosal response, but rarely a systemic humoral response and 

seroconversion (Barría et al., 2013).  
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Vaccine season Vaccine type Strains included 

2008/2009 Trivalent 

A/Brisbane/59/2007 (H1N1)-like; 

A/Brisbane/10/2007 (H3N2)-like; 

B/Florida/4/2006-like. 

2009/2010 Trivalent 

A/Brisbane/59/2007 (H1N1)-like; 

A/Brisbane/10/2007 (H3N2)-like; 

B/Brisbane/60/2008-like. 

2010/2011 Trivalent 

A/California/7/2009 (H1N1)-like; 

A/Perth/16/2009 (H3N2)-like; 

B/Brisbane/60/2008-like. 

2011/2012 Trivalent 

A/California/7/2009 (H1N1)-like; 

A/Perth/16/2009 (H3N2)-like; 

B/Brisbane/60/2008-like. 

2012/2013 Trivalent 

A/California/7/2009 (H1N1)pdm09-like; 

A/Victoria/361/2011 (H3N2)-like; 

B/Wisconsin/1/2010-like. 

2013/2014 Trivalent 

A/California/7/2009 (H1N1)pdm09-like; 

A/Texas/50/2012 (H3N2); 

B/Massachusetts/2/2012-like. 

2014/2015 Trivalent  

A/California/7/2009 (H1N1)pdm09-like; 

A/Texas/50/2012 (H3N2)-like; 

B/Massachusetts/2/2012-like. 

(B/Brisbane/60/2008-like). 

2015/2016 Trivalent  

A/California/7/2009 (pH1N1)-like; 

A/Switzerland/9715293/2013 (H3N2)-like; 

B/Phuket/3073/2013-like. 

(B/Brisbane/60/2008-like). 

2016/2017 Trivalent  

A/California/7/2009 (pH1N1)-like; 

A/Hong Kong/4801/2014 (H3N2)-like; 

B/Brisbane/60/2008-like. 

(B/Phuket/3073/2013-like). 

 

Table 1.3 Summary of WHO recommended strains for influenza vaccines in the 

Northern Hemisphere from the 2008-2009 season until the 2016-2017 season. 

Influenza B virus strains only present in the quadrivalent vaccine are in parentheses. 
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1.6.2 Universal vaccines 

Universal vaccines would eliminate the requirement to produce annual vaccines based 

on the circulating strains. In order to achieve this, vaccines need to elicit an immune 

response to a less genetically diverse target. One approach still uses HA as the 

antigen, but instead targets a response to the conserved stalk instead of the more 

divergent globular head (Krammer et al., 2013; Margine et al., 2013; Steel et al., 2010). 

M2 is another viral target being investigated, with the extracellular domain (M2e) being 

well conserved among different IAV strains. However, immunity induced to M2e as a 

result of natural infection or conventional vaccines is poor (Black et al., 1993b; Feng et 

al., 2006; Treanor et al., 1990). Due to its short length, only 23 aa, the M2e is regularly 

fused to a carrier protein (De Filette et al., 2005; Neirynck et al., 1999) or is expressed 

using VLPs (Kim et al., 2014; Kim et al., 2012), which has resulted in improved 

immunogenicity. 

Another approach is to use vaccines to encourage cytotoxic T-cell responses. These 

aim to confer broader specificity and longer lasting immunity compared to antibodies 

(McMichael et al., 1983), by targeting conserved viral proteins (Townsend & Skehel, 

1982; Yewdell et al., 1985). M1 and NP have been found to be the most 

immunodominant targets during natural infection (Lee et al., 2008). M1 and NP were 

included in a novel vaccine based upon a Vaccinia virus vector and produced a potent 

T cell response (Berthoud et al., 2011; Lillie et al., 2012). The addition of adjuvants to 

influenza vaccines has also been shown to improve T cell response in mice (Wack et 

al., 2008). 

There is promise that one day a universal vaccine will be available in the clinic. Unlike 

the annual vaccines used currently, that are approved relatively quickly, due to many 

decades of expertise and clinical use, a universal vaccine will need to undergo 

extensive clinical trials and require a new FDA approval, which could take many years. 

 

 Influenza Antivirals 1.7

Two classes of antivirals are currently licensed for the treatment of IAVs. Zanamivir 

(“Relenza”, GlaxoSmithKline), oseltamivir (“Tamiflu”, Roche) and peramivir 

(“Peramiflu”, “Rapivab” or “Rapiacta”, BioCryst Pharmaceuticals) target the 

neuraminidase enzyme, and amantadine (“Symmetrel”, Endo Pharmaceuticals) and 

rimantadine (“Flumadine”, Forest Pharmaceuticals) target the M2 ion channel (Figure 

1.2). 
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Figure 1.2 Molecular structures of FDA approved influenza A virus antivirals. 

Amantadine and rimantadine target the M2 ion channel, whilst zanamivir, oseltamivir 

and peramivir target the neuraminidase enzyme.   
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1.7.1 M2 inhibitors 

Amantadine was the first antiviral licensed for use against IAVs in the 1960s, but at the 

time, its precise target was unknown. By the end of the decade it had been proposed, 

through time of addition studies in a single cycle replication assay, that amantadine 

was effective during an early stage of the virus life cycle i.e. virus uncoating (Kato & 

Eggers, 1969). M2 was only identified as the target of amantadine when resistance 

was selected in vitro and the virus genomic RNA was sequenced (Hay et al., 1985; Hay 

et al., 1986). The methylated derivative of amantadine, rimantadine was licensed at a 

later date. Both of these compounds are only effective against certain strains of IAV 

and are not licensed for treatment of IBVs. 

 

1.7.2 Neuraminidase inhibitors (NAIs) 

The premise of NAIs is that they mimic sialic acid, the natural substrate of 

neuraminidase; therefore, compete for the enzyme active site. In 1993 it was first 

demonstrated that sialic acid based inhibitors were able to inhibit the enzymatic activity 

of NA and, more importantly, as a consequence are effective against IAV in culture and 

in animal models (von Itzstein et al., 1993). Zanamivir, which is administered either 

intravenously or inhaled (Cass et al., 1999) and oseltamivir, which is taken orally 

(Davies, 2010), were licensed at the turn of the 21st Century and remain the only 

licensed NAIs in the UK. There has been a widespread practice of stockpiling NAIs, for 

use during the emergence of a pandemic. As a result of the UK spending over £400 

million on a oseltamivir stockpile (Van Noorden, 2014), there is controversy over the 

benefits of this strategy.  

Further NAIs have been developed, with peramivir licensed by the Food and Drug 

Administration (FDA) in the USA for emergency use during the 2009 pandemic 

(Birnkrant & Cox, 2009). Peramivir, administered intravenously, was later approved in 

2014 for use in adults and has been shown to be effective against avian strains in vitro, 

and in vivo (Farooqui et al., 2015; Hurt et al., 2007).  

 

1.7.3 Resistance 

Resistance is a major clinical issue with regards to IAVs. As a consequence of the lack 

of proof reading capabilities of the viral polymerase (Drake, 1993; Parvin et al., 1986), 

there is a large pool of mutated virus ready to expand when a selection pressure is 

applied. Use of antivirals, particularly as monotherapies, only serves to increase the 
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selective pressure on the virus to evolve. Resistance to both classes of IAV antivirals 

exists, but it is far more widespread with respect to M2 inhibitors. As such the licensed 

M2 inhibitors are no longer recommended for prophylactic treatment (Fiore et al., 

2011), leaving NAIs as the standard of care. 

Development of resistance to amantadine in vitro lead to identification of M2 as the 

viral target for the compound (Hay et al., 1985; Hay et al., 1986), with V27A, A30T, 

S31N and G34A implicated in different strains. Subsequently, L26F and L38F 

polymorphisms have also been shown to confer adamantane resistance (Black et al., 

1993a; Wang et al., 1993). The first observation of amantadine resistance in clinical 

isolates was in the late 1980s (Belshe et al., 1988; Pemberton et al., 1986). However, 

sequence analysis revealed that the polymorphisms associated with resistance were 

present in circulating strains long before the development of adamantanes as antivirals 

(Furuse et al., 2009), including in the A/Puerto Rico/8/1934 (H1N1) strain. Viruses 

containing the S31N polymorphism are also seen to be commonly circulating in regions 

of the world where adamantane compounds have never been used in humans (Furuse 

et al., 2009), further suggesting this mutation is well tolerated, confers no loss of fitness 

and can occur spontaneously. 

Since the turn of the millennium, the incidence of rimantadine resistance among 

circulating seasonal strains of H1N1 and H3N2 has increased, it is also the case in 

avian and swine isolates (Furuse et al., 2009). The most predominant resistance 

polymorphism is S31N (Furuse et al., 2009), but it has been reported that the total 

incidence of resistance and relative prevalence of each polymorphism can depend on 

virus subtype (Control & Prevention, 2008; Saito et al., 2003). In 2009, when the 

pandemic H1N1 swine influenza strain entered the human population, it was already 

resistant to amantadine and rimantadine, with > 99.9 % of virus isolates sequenced 

containing N31 (Gubareva et al., 2010). Conversely, when the avian H5N1 virus first 

infected humans in 1997 it was amantadine sensitive (Cheung et al., 2006), but within 

five years the prevalence of resistance reached 95 % (Govorkova et al., 2013). 

Although uncommon, there have been reports of dual resistant V27A/S31N or 

L26F/S31N viruses (Dong et al., 2015; Durrant et al., 2015; Furuse et al., 2009; Garcia 

& Aris-Brosou, 2014). Like individual resistance polymorphisms dual V27A/S31N 

sequences have been identified from isolates prior to the use of antivirals, with their 

prevalence increasing with the single polymorphisms (Furuse et al., 2009). Due to the 

minimal fitness cost of these mutations they are likely to remain in circulating strains.  

Since the NAIs zanamivir and oseltamivir were first used in the clinic, susceptibility 

surveillance has been carried out. By 2003, despite no naturally occurring resistance in 
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IAVs, it had been established that, as with M2 inhibitors, resistance polymorphisms 

varied between subtypes, as well as varying between the two drugs (McKimm-

Breschkin et al., 2003; Saito et al., 2003). In both Europe and United States, the 2007-

2008 IAV season saw a prevalence of the H274Y polymorphism conferring oseltamivir 

resistance in the circulating H1N1 strains, but these strains remained sensitive to 

zanamivir and M2 inhibitors (Control & Prevention, 2008; Lackenby et al., 2008). The 

following year the oseltamivir resistant strain was the predominant H1N1 strain in the 

northern hemisphere. It was displaced in the winter 2009-2010 by the pandemic H1N1, 

which was sensitive to both licensed NAIs, but resistant to M2 inhibitors (Gubareva et 

al., 2010; McKimm‐Breschkin, 2013). The H274Y polymorphism was detected in some 

pH1N1 patients who were given a reduced prophylaxis dose of oseltamivir (Gubareva 

et al., 2010). In the southern hemisphere the same mutation was found in 2011, in 

isolates from untreated individuals (Butler et al., 2014). Peramivir susceptibility is also 

reduced by the H274Y polymorphism (Memoli et al., 2010). 

Zanamivir resistance in IAV strains was identified in isolates from 2006-2008 (Hurt et 

al., 2009). However, zanamivir resistance had previously been reported in IBV 

(Gubareva et al., 1998). Sequencing of an immunocompromised child infected with IBV 

after prolonged treatment identified a R152K mutation in the NA active site; in addition 

a mutation in HA was also detected (Gubareva et al., 1998). The mutation in HA was 

considered to be a compensatory mutation, reducing the HA affinity for cell surface 

receptors, thus allowing virus to be released from cells even with reduced NA activity 

caused by zanamivir.  

1.7.3.1 New antiviral targets 

In addition to M2 and NA there are many other potential proteins on IAVs and 

numerous steps of the life cycle that can be targeted with antivirals. A review of the 

current and new therapeutic approaches targeted by antivirals has been carried out by 

Loregian and colleagues (Loregian et al., 2014). In one study, over 1000 compounds, 

of which the majority had previously been tested clinically in humans or in animals, 

were screened for anti-influenza activity. Dozens of compounds affecting many 

different stages of the life cycle were identified (An et al., 2014). Amantadine 

analogues, harbouring changes to the cyclic ring were found to be effective against an 

amantadine resistant H1N1 strain, yet upon investigation were shown to target HA, 

rather than M2 (Torres et al., 2014). 

The potential of inhibiting fusion has been investigated using multiple approaches. 

Peptides based on HA1 and HA2 subunits have been shown to bind the HA stalk 

potentially preventing the HA conformational change required for fusion (López-
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Martínez et al., 2013). Additionally, small molecules that prevent the lipid mixing stage 

of fusion (Rowse et al., 2015a; Rowse et al., 2015b), or inhibition of the protease 

mediated cleavage of HA have been studied (Hamilton et al., 2014). In Russia, arbidol, 

which prevents the pH-induced conformational change in HA, has been approved for 

use in treatment of IAV and IBV (Leneva et al., 2009). Arbidol has been found to have 

broad antiviral activity with effects upon other enveloped viruses, such as hepatitis C 

virus (HCV) (Teissier et al., 2011). 

Inhibitors of the PA replicase subunit have been identified by in silico modelling, with 

both the endonuclease activity of PA (Yan et al., 2014) and its interaction with PB1 

targeted by novel compounds (Tintori et al., 2014). A small molecule has also been 

identified which inhibits the activity of the vRNP complex, by binding to NP (Kakisaka et 

al., 2015). Additionally, favipiravir, which targets the IAV RdRP, is undergoing clinical 

trials (Baranovich et al., 2013; Furuta et al., 2013) and was licenced in Japan during 

2014. Favipiravir has also shown efficacy against other RNA viruses, including its use 

most recently during the Ebolavirus outbreak in Western Africa (Sissoko et al., 2016). 

 

1.7.4 Targeting the host 

Antivirals targeting host cellular functions possess the potential advantage of 

minimising the effects of IAV genetic variability, both in terms of genetic drift, but also 

strain differences. However, this strategy also has disadvantages, including potential 

for off-target effects. Many cellular pathways and functions have been targeted, for 

example the MAPK/ERK protein kinase cascade and the NF-κB pathway (Lee & Yen, 

2012; Loregian et al., 2014). Some compounds are global inhibitors of viral replication, 

including human RIG-I agonists (Goulet et al., 2013; Lin et al., 2012; Ranjan et al., 

2010) and IFN inducers (Martínez-Gil et al., 2012; Ortigoza et al., 2012).  

Iminosugars have also been shown to be effective against a range of enveloped 

viruses including HIV-1 and Dengue (Fleet et al., 1988; Jacob & Bryant, 1993; Wu et 

al., 2002; Zitzmann et al., 1999). However, inhibition of host α-glucosidases using 

alkylated iminosugars has been shown to have a strain-specific effect on IAVs, by 

altering the glycan processing of HA and NA (Hussain et al., 2014). IAV replication has 

also been shown to be dependent on the PI3K-AKT-mTOR pathway (Murray et al., 

2012), with NS1 phosphorylation decreased when Akt kinase activity is inhibited by a 

peptide (Hirata et al., 2014). 
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 M2 1.8

M2 was discovered as the second protein encoded by segment 7, with differential 

splicing of the mRNA transcript producing a 97 aa product (Lamb et al., 1981), details 

are shown in Figure 1.3. This integral membrane protein has three domains: a highly 

conserved N-terminal ectodomain that extends into the extracellular space (aa 1-23), 

followed by a transmembrane (TM) domain (aa 24-46) and then a cytoplasmic domain 

(aa 47-97) (Lamb et al., 1985; Pielak & Chou, 2011). M2 can oligomerise into 

disulphide-linked tetramers (Sugrue & Hay, 1991), that comprise part of the infectious 

virion (Zebedee & Lamb, 1988) and are present on the surface of infected cells (Lamb 

et al., 1985). In the mid-1980s, over a decade after it was first licensed, the target of 

amantadine was revealed to be M2 (Hay et al., 1985; Hay et al., 1986). 

 

1.8.1 Mechanism of M2 proton conductance 

The ion channel activity of IAV M2 was first demonstrated using electrophysiology 

studies, where a preference for monovalent cations was discovered (Pinto et al., 1992). 

It has been shown that the TM domain is the minimal unit required for proton 

conductance and this domain is also inhibited by amantadine, albeit with reduced 

conductance compared to full length protein (Ma et al., 2009). Whilst, the longer 

conductance domain (CD), which includes residues to the C-terminal of the TM domain 

(aa 21-61), has activity “indistinguishable from that of full length M2” (Ma et al., 2009). 

As M2 is expressed on the surface of the cells, it could be expected that, if all channels 

were constitutively active, this would result in deleterious effects upon the cell. It was 

therefore a reasonable hypothesis that M2 exists in two states: open / activated and 

closed / inactive. As M2 had been proposed to act in two intracellular compartments, 

the late endosome and the trans-Golgi, both of which contain lumens that exist at 

acidic pH, it was logical to assess whether low pH was responsible for M2 activation. 

Accordingly, reducing the external buffer pH of Xenopus oocytes from pH 7.5 to 6.2 

resulted in a seven-fold increase in inward current, which remained inhibited by 100 µM 

amantadine (Pinto et al., 1992). Due to the fact that histidine (H37) is the only charged 

residue within the transmembrane domain of M2, it was hypothesised that this residue 

may be involved in channel gating/activation. Accordingly, a H37A mutant protein 

expressed in oocytes resulted in a non-specific five-fold increase in current at neutral 

pH (Pinto et al., 1992). Furthermore, no increase in current was observed when the 

external buffer pH was reduced for the H37A mutant (Pinto et al., 1992).  
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Figure 1.3 Sequence of A/England/195/2009 segment 7. 

A) The nucleotide sequence of A/England/195/2009 segment 7 was downloaded from 

the Influenza Research Database (www.fludb.org), Sequence Accession: GQ166660. 

In red are nucleotides untranslated in M1 and M2. M1 coding sequence is coloured 

blue. M2 coding sequence is in bold and the M2 intron is underlined. B) The 

corresponding amino acid sequence of M2 and C) schematic representation of its 

domains and motifs, with domains colour coded: ectodomain (green), transmembrane 

domain (purple) and cytoplasmic domain (orange).  

http://www.fludb.org/
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Using planar lipid bilayers, experiments demonstrating acid activation, amantadine 

sensitivity and cation selectivity of M2 ion channels were repeated (Duff & Ashley, 

1992; Tosteson et al., 1994). Further work using H37E and H37G mutants of M2, which 

remain negatively charged or uncharged respectively, when the pH is lowered to 

between pH 5-7, demonstrated the key role of histidine, as mutants were not activated 

by acidic pH, but were constitutively active (Wang et al., 1995). Expression of mutated 

M2 resulted in oocytes with morphological changes consistent with ion channel-

induced deterioration, even at neutral pH. This was in contrast to WT M2 which only 

caused these effects following prolonged incubation in acidic buffers, in the absence of 

amantadine (Wang et al., 1995). Activation resulted from protonation of a binding site, 

with pKa = 5.8, providing further support for H37 being responsible for the channel 

activation, as this is the only residue within the TM capable of being protonated in this 

pH range (Wang et al., 1995). 

The mechanism of M2 proton conduction has been long debated, since it was first 

proposed that proton conductance is not by the free passage of hydronium ions, but 

instead by interaction with titratable groups on M2 (Mould et al., 2000). One 

mechanism is based upon a “dimer of dimers” (Hu et al., 2006) structure and the 

second a “histidine-box” (Acharya et al., 2010). 

The channel is closed at physiological pH, but already two of the H37 residues are 

protonated forming two imidazole-imidazolium dimers (Hu et al., 2006). This “dimer of 

dimers” structure of the channel causes the homotetramer to have two-fold symmetry, 

considered to be a stable state, with a hydrogen bond within each dimer (Hu et al., 

2006). The dimers are both proposed to form at pKa = 8.2, suggesting high affinity for 

H+ and also cooperative binding to result in the two-fold symmetry of the closed 

channel; it is therefore a third protonation event that results in the activation of the 

channel (Hu et al., 2006). Binding of a third proton to the third histidine is proposed to 

disrupt the stable dimer of dimers structure. The resultant high-energy metastable state 

is willing to give up one H+, in order to return to the favourable state and as such 

conductance through the channel occurs (Hu et al., 2006). 

A four-fold symmetry X-ray structure of the M2 TM domain (3LBW), combined with 

molecular dynamics (MD) simulations, lead to the proposal of the histidine-box model 

(Acharya et al., 2010). The third protonation state is still considered important for 

conductance, but it is suggested that protons delocalise over the entire histidine-box 

and the surrounding well-ordered water clusters, as opposed to being associated with 

discrete residues (Acharya et al., 2010). A separate MD simulation study suggests both 
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the dimer of dimers and histidine-box configurations of M2 tetramers play a role in 

conductance (Dong et al., 2013). 

The four histidine residues are responsible for the pH dependent activation of M2, but 

tryptophan 41 has also been implicated in the control of channel conductance, by 

acting as a molecular gate (Tang et al., 2002). A model for M2 activation showed that 

at high pH the indole groups of W41 obstruct the channel. As the pH is reduced a 

conformational change occurs and the indole groups rotate and permit conductance 

(Tang et al., 2002). It is suggested that H37 and W41, part of the HxxxW motif, are 

involved in direct hydrogen bonding, resulting in the opening and conductance of the 

channel at reduced pH (Sharma et al., 2010). A third residue, D44, has also been 

implicated with a role in the activity of M2 (Betakova et al., 2005). D44 acts to stabilise 

the W41 gate, maintaining its asymmetry and resultant conductance of protons from 

the acidic external environment (Ma et al., 2013). V27 has also been proposed to act a 

secondary gate at the N-terminal end of the channel (Sharma et al., 2010; Yi et al., 

2008). 

 

1.8.2 Functions of M2 during the IAV life cycle 

It has been suggested that M2 may not be essential, as virus lacking M2 ion channel 

activity can still undergo multiple rounds of replication in tissue culture (Watanabe et 

al., 2001), although this viral replication is severely attenuated (Takeda et al., 2002). 

However, M2 inhibitors are capable of reducing infectious titres in vitro and have been 

efficacious in the clinical setting. Combined with the fact that M2, produced by splicing 

of segment 7, is highly conserved, it is therefore unlikely that M2 expression will have 

been maintained if it was not essential to the virus life cycle.  

The addition of amantadine at different stages of the life cycle played a leading part in 

revealing the roles of M2. Amantadine treatment was not found to completely block 

virus infection, but instead slowed down the penetration of IAV into host cells (Davies 

et al., 1964a), it was hypothesised that the virus remained attached to the host cell 

membrane (Hoffmann et al., 1965). Technical advances meant it was later possible to 

distinguish between penetration and uncoating, thereby revealing that amantadine 

prevented the latter, uncoating (Kato & Eggers, 1969).  

In a subset of viruses, M2 ion channel activity is also required later in the life cycle. 

Using H7 viruses, it was demonstrated that amantadine led to acidification of 

intracellular vesicles compared with untreated controls. This acidification resulted in a 

conformational change of HA, blocking release of virus (Sugrue et al., 1990). This 
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event was shown to occur within the trans-Golgi (Ciampor et al., 1992), implicating M2 

in the protection of newly synthesised HA from premature acid-activated fusion 

(Grambas & Hay, 1992). This function is dependent on whether the HA0 has a 

monobasic or multibasic cleavage site. Mammalian strains and low pathogenic avian 

influenza have monobasic sites, which get cleaved extracellularly and as such limits 

their spread. On the other hand, highly pathogenic avian influenza contain a multibasic 

cleavage site (R-X-K/R-R) which gets cleaved intracellularly by proteases such as furin, 

heightening the ability to systemically spread (Stieneke-Gröber et al., 1992). When HA 

has been cleaved intracellularly, M2, antagonising V-ATPase, blocks the 

conformational change that results in premature fusion, enabling progeny virions to be 

infectious upon release (Grambas & Hay, 1992). 

M2 has also been shown to have roles unrelated to its ion channel activity, these are 

highlighted in Figure 1.3C. Some of these roles involve virus assembly, with t M2e 

being required for M2 incorporation into the virion (Park et al., 1998) and the 

cholesterol recognition amino acid consensus (CRAC) motif being implicated in 

membrane curvature and budding from cholesterol rich lipid rafts at the apical surface 

of the cell (Rossman et al., 2010; Schroeder et al., 2005), The possession of a caveolin 

binding domain (CBD) is thought to also aid recruitment to lipid rafts (Zou et al., 2009). 

The CRAC domain has been shown to have a role in virulence (Stewart et al., 2010). 

The cytoplasmic tail of M2 has been shown to be involved in virus assembly, aiding 

incorporation of vRNPs by interacting with M1 (Chen et al., 2008). The cytoplasmic tail 

of M2 has also been shown to interact with microtubule associated protein LC3. As a 

result of this, it is redistributed to the plasma membrane facilitating transmission and 

stability of progeny virions (Beale et al., 2014). In addition, M2 has been shown to 

subvert autophagy, with the N-terminal 60 residues able to bind the autophagy-related 

Beclin-1 protein (Gannagé et al., 2009), allowing survival of infected cells. In the case 

of filamentous IAV, when virus entry is not by clathrin-mediated endocytosis, but 

instead micropinocytosis, the intact virions are then trafficked to acidified late 

endosomes, where M2 curvature leads to fragmentation of the virion, aiding fusion with 

endosomal membrane (Rossman et al., 2012).  

 

1.8.3 IAV M2 tetramer structures 

In 2002 the first structure of the IAV M2 tetramer was published (Nishimura et al., 

2002). To date there are 20 M2 structures deposited on the Research Collaboratory for 

Structural Bioinformatics (RSCB) Protein Data Bank (PDB) website 

(http://www.rcsb.org/pdb/home/home.do - accessed May 2016), none of which are full 
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length structures. Selected structures are shown in Figure 1.4 and details of all 

structures can be found Table 1.4. In spite of this wealth of structural information, 

controversy exists over the binding site of antiviral compounds, stemming from two 

opposing drug-bound structures being published in 2008 (Schnell & Chou, 2008; 

Stouffer et al., 2008).  

DeGrado’s lab published an X-ray crystal structure (PDB 3C9J) of the TM domain (aa 

22-46), solved in the presence of a single molecule of amantadine bound within the 

channel lumen (Stouffer et al., 2008). There were two possible orientations of 

amantadine, the most favourable being with the amine group pointing inwards towards, 

but not directly contacting H37, and with the adamantyl cage towards the N-terminal 

region of the lumen, in proximity to S31 (Stouffer et al., 2008). However, Chou’s lab 

solved a solution NMR structure (PDB 2RLF) of the conductance domain (aa 23-60) in 

the presence of rimantadine (Schnell & Chou, 2008). Unlike the lumenal binding seen 

in 3C9J, four molecules of rimantadine were bound around the periphery in close 

proximity to D44, on the lipid facing side of the channel. This allosteric method of 

adamantane binding was in fact first proposed over a decade earlier, due to findings 

that suggests amantadine was most effective against the closed conformation of the 

tetramer (Tosteson et al., 1994).  

The X-ray structure of the TM domain (3C9J) was solved in a bilayer-like environment 

at pH 5.3 and so represents the open conformation of the tetramer (Stouffer et al., 

2008). Amantadine physically occluded the lumen, in close proximity to residues linked 

with amantadine resistance. The four chains formed a cone like structure that was most 

constricted at the N-terminus and wider towards H37 and W41 at the C-terminus. In the 

same study, a second structure was also solved at pH 7.3, in the absence of 

amantadine (PDB 3BKD). The two structures are very similar at the proposed drug 

binding site (aa 27-34), with the pore being slightly narrower at neutral pH; however, 

there are greater differences observed at the C terminus with a larger opening at low 

pH, representing a stable open conformation (Stouffer et al., 2008). Even in the neutral 

pH structure, that should be representative of a closed tetramer, the gating W41 

residues are on average ~9.5 Å apart. This could be due to the electrostatic repulsion 

of the charged H37 residues, meaning looser helical packing in the context of the short 

TM domain peptide. 

The solution NMR structure (2RLF) used a CD peptide and as such covers more of the 

protein sequence than 3C9J. The additional residues may act to stabilise the structure, 

but also mean that the experimental structure theoretically better reflects that of the 

native protein. These additional residues also make up the majority of the proposed 
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PDB 
ID 

Residues 
Artificial 

Mutations 
Ligand Method pH Reference 

1NYJ 22-46 - - 
Solid state 

NMR 
7.0 

(Nishimura 
et al., 2002) 

2H95 26-43 - - 
Solid state 

NMR 
8.8 

(Hu et al., 
2007a) 

2KAD 22-46 L40A Amantadine 
Solid state 

NMR 
7.5 

(Cady et al., 
2009) 

2KIH 23-60 
C19S, 

S31N, C50S 
- 

Solution 
NMR 

- 
(Pielak et 
al., 2009) 

2KQT 22-46 - Amantadine 
Solid state 

NMR 
7.5 

(Cady et al., 
2010) 

2KWX 23-60 
V27A, 
C50S 

- Solution NMR 7.5 
(Pielak & 

Chou, 2010) 

2L0J 22-62 C50S - 
Solid state 

NMR 
7.5 

(Sharma et 
al., 2010) 

2LY0 19-49 C19S M2WJ332 
Solution 

NMR 
6.8 

(Wang et al., 
2013b) 

2MUV 19-49 C19S 
Compound 

11 
Solution 

NMR 
6.8 

(Wu et al., 
2014b) 

2MUW 19-49 
C19S, 
N31S 

Compound 
11 

Solution 
NMR 

7.5 
(Wu et al., 

2014b) 

2N70 18-60 
C19S, 

S31N, C50S 
- 

Solid state 
NMR 

6.5 
(Andreas et 
al., 2015) 

2RLF 23-60 
C19S, 
C50S 

Rimantadine 
Solution 

NMR 
7.5 

(Schnell & 
Chou, 2008) 

3BKD 22-46 - - 
X-ray 

crystallography 
7.3 

(Stouffer et 
al., 2008) 

3C9J 22-46 G34A Amantadine 
X-ray 

crystallography 
5.3 

(Stouffer et 
al., 2008) 

3LBW 25-46 G34A - 
X-ray 

crystallography 
6.5 

(Acharya et 
al., 2010) 

4QK7 22-46 - - 
X-ray 

crystallography 
8.0 

(Thomaston 
et al., 2015) 

4QKC 22-46 - - 
X-ray 

crystallography 
5.5 

(Thomaston 
et al., 2015) 

4QKL 22-46 - - 
X-ray 

crystallography 
8.0 

(Thomaston 
et al., 2015) 

4QKM 22-46 - - 
X-ray 

crystallography 
5.5 

(Thomaston 
et al., 2015) 

5C02 22-46 S31N - 
X-ray 

crystallography 
8.0 

(Thomaston 
& DeGrado, 

2016) 

 

Table 1.4 Published structures of influenza A virus M2 tetramers. 

Details of all IAV M2 tetramer structures available from RCSB protein data bank (PDB). 

These are identified by their unique PDB IDs. Additional details of amino acid residues 

of the tetramer, artificial mutations, ligands bound and method of structural 

determination are included alongside the original publication citation. M2WJ332 and 

compound 11 are adamantane compounds.  
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Figure 1.4 A selection of the published influenza A virus M2 tetramer structures. 

Structures of six published M2 tetramers, depicted as cartoons. 1NYJ solution NMR 

structure of residues 22-46, 2KQT solid state NMR (ssNMR) 22-46 with amantadine 

bound, 2L0J ssNMR 22-63, 2LY0 solution NMR 19-49 with M2WJ332 bound, 2RLF 

solution NMR 26-60 with rimantadine bound and 3C9J X-ray crystallography 22-46 with 

amantadine bound. 
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peripheral adamantane binding site (Schnell & Chou, 2008), which is only partially 

represented by the TM peptide used in 3C9J. This lipid facing binding site would mean 

that rimantadine exerts an allosteric mechanism of inhibition, stabilising the closed 

conformation of M2. The paper proposes that resistance mutations located at pore 

lining residues in fact result in a destabilisation of the closed state (Schnell & Chou, 

2008), a year later this was supported by a second paper (Pielak et al., 2009). Previous 

work, using spin-labelled amantadine, demonstrated the high membrane partition 

coefficient of the M2 inhibitor, causing it to concentrate in the membrane (Subczynski 

et al., 1998). It must also be noted that as 2RLF was solved at pH 7.5, the structure is 

of the closed form of the M2 tetramer (Schnell & Chou, 2008). As such, constrictions at 

V27 result in a pore diameter of ~ 3.1 Å, insufficient for rimantadine to occupy the 

proposed lumenal binding site. In comparison to 3C9J the diameter of the pore is also 

smaller at the C-terminal end; this may not be solely due to the pH, but also that the 

presence of the additional residues of the conductance domain, adding to the stability 

of the tetramer, counteracting the electrostatic repulsion of charged histidine residues 

(Schnell & Chou, 2008). 

The DeGrado group refined their model of the TM domain in 2010 (PDB 2KQT), 

reporting a high affinity lumenal amantadine binding site and a second lower affinity 

peripheral binding site (Cady et al., 2010). The primary binding site was consistent with 

that previously reported (3C9J), where a single molecule of amantadine binds in close 

proximity to S31 (Cady et al., 2010; Stouffer et al., 2008). Increasing the concentration 

of amantadine in the bilayer revealed the second, lower affinity site, allowing an 

additional four molecules to bind in proximity to D44, without displacing the lumenally 

bound amantadine (Cady et al., 2010). However, this low affinity might in part be 

explained by the use of a TM peptide rather than a CD peptide, meaning either fewer 

or weaker interactions are made to the tetramer. Interestingly, amantadine was still 

capable of binding to the lumen of the TM domain tetramer, even when the structure 

was solved at pH 7.5 (Cady et al., 2010), compared to the acidic pH of 3C9J (Stouffer 

et al., 2008). The NMR data for amantadine at the lumenal binding site showed the 

potential for the drug to undergo rotation, possibly due to dynamic interactions with the 

binding site (Cady et al., 2010). This demonstrated a potential lack of specificity of 

adamantane compounds.  

Both the 2RLF and the 3C9J structures have their merits, but also their limitations. The 

CD structure of 2RLF has the benefit of spanning more of the sequence and as such 

allowing investigation of the peripheral site and potentially a more native state of the 

protein. However, potentially as a consequence of the neutral pH used, the pore 

diameter is too narrow to assess lumenal binding. Conversely, the TM 3C9J structure 
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omits a portion of the peripheral binding site, but the study looked at both open and 

closed conformations by using different pH environments. 

 

1.8.4 The future of M2 as a drug target 

Resistance to the current adamantane M2 antivirals, amantadine and rimantadine is 

widespread and linked to various amino acid substitutions (Black et al., 1993a; Hay et 

al., 1985; Hay et al., 1986; Wang et al., 1993), but most notably V27A and S31N. This 

resistance has been attributed to two things. Firstly, a lack of specificity due to the large 

hydrophobic cage and minimal function groups, linked to weaker binding and a reduced 

barrier to resistance, and secondly their use as monotherapies. However, the 

successful use of M2 inhibitors in the past demonstrated that it is a valid target for IAV 

antivirals, and for this reason much work has been undertaken to design new M2-

targeted inhibitors.  

Amantadine and rimantadine contain only one pharmacophore i.e. one group of atoms 

responsible for ligand interaction and drug action. This limits the points of specific 

interactions they can make with the M2 tetramer to just one. Some groups have taken 

the strategy of adding a second pharmacophore to the adamantane scaffold in order to 

improve efficacy (Du et al., 2010; Tran et al., 2011; Wang et al., 2013a; Wang et al., 

2013b; Wu et al., 2014b). The effects of amantadine derivatives with changes to the 

cage structure have also been investigated, but despite effects against  S31 and N31 

M2 channels in electrophysiology studies, plaque assays used only a WT S31 strain 

(Duque et al., 2011). Undertaking modifications of adamantanes has yielded inhibitors 

with effects against WT and S31N viruses (Wang et al., 2013a; Wang et al., 2013b) or 

M2 in two-electrode voltage clamp (TEVC) assays (Wu et al., 2014b). Of note is 

M2WJ332, an adamantane compound which has experimental activity against a 

rimantadine-resistant N31 IAV strain; this compound has also been shown to bind 

within the lumen of a M2 TM tetramer (Wang et al., 2013b). Further amantadine 

analogues, with a potential effect on pH1N1 swine influenza (N31), have been 

identified by in silico docking but have not been tested in vitro or in vivo (Du et al., 

2010; Tran et al., 2011). Aminoadamantanes have been shown to be efficacious 

against pH1N1 and A/Puerto Rico/8/1934 (H1N1) viruses, but not A/WSN/1933 

(H1N1), despite all three strains containing N31 M2 (Kolocouris et al., 2014). However, 

with electrophysiology studies using N31 M2 showing no blockade, it has been 

postulated that these adamantane derivatives target a different IAV protein.   

The potential of non-adamantane inhibitors has also been explored. One line of 

investigation started from the discovery of spirene-containing compound, BL-1743, as 
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an inhibitor of mutant N31S A/WSN/1933 (H1N1) M2 in 1995 (Kurtz et al., 1995). This 

was the first non-adamantane inhibitor of M2 identified. BL-1743 was shown to be 

effective against IAVs that are amantadine sensitive, but it was ineffective against 

naturally occurring resistant strains (Tu et al., 1996). Interestingly, a novel I35T 

polymorphism in M2 conferred BL-1743, but not amantadine resistance, suggesting a 

different binding mode (Tu et al., 1996). Derivatives of BL-1743 have demonstrated the 

potential of this class of compound to be used against rimantadine sensitive (Balannik 

et al., 2009; Wang et al., 2009) and resistant strains containing either L26F or V27A 

polymorphisms, but were found to be ineffective against S31N mutants (Balannik et al., 

2009).  

Subsequently, other scaffolds and compound classes have been investigated, 

including amines. Screening of a small primary amine library resulted in identification of 

a number of compounds effective against amantadine sensitive, but not amantadine 

resistant IAV strains (Hu et al., 2010). Modification of the top hit, through structure 

activity relationship (SAR) studies, produced imines with improved efficacy, but 

compounds were still only effective against WT M2 viruses (Zhao et al., 2011). 

Polycyclic amines targeting M2 have shown efficacy in TEVC and plaque assays (Rey-

Carrizo et al., 2014). Whilst antiviral activity was seen against A/Puerto Rico/8/1934 

(H1N1), a virus strain containing the dual V27A/S31N mutation; in TEVC assays only 1 

% inhibition was recorded for the N31 peptide, compared to 96 % for V27A. Polycyclic 

pyrrolidine derivatives were also investigated and likewise were only seen to affect the 

V27A resistance polymorphism (Rey-Carrizo et al., 2013). Spirane amine compounds 

were effective against WT and L26F and V27A mutants (Wang et al., 2011). 

Additional non-adamantane compounds; hexamethylene amiloride (HMA) and triazine 

derivatives, have also shown antiviral effects against S31 IAV strains. Despite showing 

good efficacy against WT M2 in TEVC assays, their effects were limited against S31N 

M2 (Balgi et al., 2013). In the current literature there are no reports of non-adamantane 

compounds with efficacy against the most prevalent resistance polymorphism S31N. 

 

 Viroporins 1.9

Viroporins are a family of small, hydrophobic membrane proteins, encoded by a range 

of viruses that modify membrane permeability. Electrophysiology studies using 

Xenopus oocytes identified IAV M2 as the first virally encoded protein to directly exhibit 

channel activity (Pinto et al., 1992). This corroborated the observation made over a 
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decade earlier that virus infection led to increased permeability of the cell membrane to 

ions and small molecules (Carrasco, 1978). In the years following, many other clinically 

relevant viruses were found to encode viroporins, including human respiratory syncytial 

virus (hRSV) (Perez et al., 1997), poliovirus (Aldabe et al., 1996; Lama & Carrasco, 

1992),  HCV (Griffin et al., 2003) and human immunodeficiency virus type 1 (HIV-1) 

(Ewart et al., 1996; Schubert et al., 1996b). More recently viroporins from DNA viruses 

have also been identified (Suzuki et al., 2010; Wetherill et al., 2012). A non-exhaustive 

list of viroporins and their characteristics can be found in Table 1.5. 

Viroporins are made up of monomers, typically below 120 aa in length, which 

oligomerise primarily via hydrophobic interactions. Whilst the IAV M2 monomer has a 

single transmembrane domain (TMD) α-helix, some viroporins have multi-pass TMDs. 

Oligomers range from the simplest single TMD, tetrameric structure of IAV M2  

(Sakaguchi et al., 1997), to the human papillomavirus type 16 (HPV-16) E5 viroporin, 

predicted as being a hexameric channel with each monomer having three TMDs, giving 

a total of 18 TM passes (Wetherill et al., 2012). 

Limited sequence homology exists between viroporins, yet despite this, HCV p7 and 

IAV M2 have been shown to have analogous functions and be trans-complementary in 

vitro (Bentham et al., 2013; Griffin, 2004; Wozniak et al., 2010), as have HIV-1 Vpu and 

Sindbis virus 6K (Carrasco, 2001). Viroporins were originally thought to solely be 

involved in mediating virus entry and/or exit. However, as the family has expanded, 

new functions have been identified, with the ion channel activity in most cases being 

essential to the virus life cycle. In many cases viroporin proteins have additional roles, 

unrelated to their ion channel activity and involving extra-membranous domains; as 

such, these functions limit the ability of one viroporin to replace the function of one from 

another virus.  

The potential of viroporins as antiviral targets is demonstrated by M2 licensed inhibitors 

amantadine and rimantadine, with many more potential inhibitors, from multiple classes 

of compounds, being identified via in silico and in vitro means (Section 1.8.4). A 

selection of compounds that have demonstrated the ability to target other viroporins as 

antivirals are summarised in Table 1.6. 

 

1.9.1 Hepatitis C Virus (HCV) p7 

HCV protein p7 was discovered by characterising the inefficient cleavage of its 

polyprotein by signal peptidase (Lin et al., 1994; Mizushima et al., 1994). The 63 amino  
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Virus 

genome 
Virus Viroporin 

Amino 

acids 

Ion 

specificity 

Role of channel 

function 

ssRNA (+) 

Poliovirus 2B 97 Ca2+ Particle production 

HCV p7 63 H+ 
Particle production, 

entry (suspected) 

ssRNA (-) 

hRSV SH 64-65 K+/Na+ 
TNF antagonist, 

pathogenesis 

IAV M2 97 H+ 
Entry, particle production 

(some) 

IBV BM2 100 H+ Entry 

ssRNA (RT) HIV-1 Vpu 81 K+/Na+ Particle production 

dsDNA HPV-16 E5 83 Unknown 
Oncogenesis, 

signalling / trafficking 

 

Table 1.5 Summary of selected viroporins and their characteristics. 

The viroporins from positive sense (+), negative sense (-) and reverse transcription 

(RT) selected single-stranded RNA (ssRNA) viruses and double stranded DNA 

(dsDNA) viruses, with name, amino acid length, consensus on ion channel specificity 

and known function of the channel. Adapted from (Scott & Griffin, 2015). 
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Table 1.6 Summary of experimental inhibitors of selected viroporins, described 

in the literature. 

Prototypic and derivative inhibitors of viroporins from HCV, HIV-1, HPV-16 and hRSV. 

Adapted from (Scott & Griffin, 2015). 

Class Compound ID Structure 
Viroporin 

target 
Reference 

Adamantane 

Amantadine 

 

HCV p7 
(Griffin et al., 

2003) 

Rimantadine 

 

HCV p7 
(Griffin et al., 

2008) 

Compound H 

 

HCV p7 
(Foster et al., 

2011) 

Iminosugar 

NN-DNJ 

 

HCV p7 
(Pavlovic et al., 

2003) 

NN-DGJ 

 

HCV p7 
(Pavlovic et al., 

2003) 

Amiloride 

HMA 

 

HIV-1 Vpu 
(Ewart et al., 

2002) 

HCV p7 
(Premkumar et 

al., 2004) 

BIT225 

 

HCV p7 
(Luscombe et 

al., 2010) 

HIV-1 Vpu 
(Khoury et al., 

2010) 

Other 

CD 

 

HCV p7 
(Foster et al., 

2011) 

LDS19/21 Unknown HCV p7 
(Foster et al., 

2014) 

MV006 Unknown HPV-16 E5 
(Wetherill et al., 

2012) 

Pyronin B 

 

hRSV SH (Li et al., 2014b) 
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acid, highly hydrophobic protein is predicted to have two TMDs, separated by a short 

loop of conserved basic residues (Carrere-Kremer et al., 2002; Luik et al., 2009). 

Predominantly, p7 resides in endoplasmic reticulum membranes, but evidence of cell 

surface expression has also been presented in over-expression studies (Carrere-

Kremer et al., 2002; Haqshenas et al., 2007; Wozniak et al., 2010). 

HCV p7 is able to oligomerise, forming complexes with either hexameric or heptameric 

stoichiometry (Clarke et al., 2006; Griffin et al., 2003; Luik et al., 2009). Two solution 

NMR structures of p7 monomers revealed a hairpin structure (PDB 2MTS and 3ZD0) 

(Cook et al., 2013; Foster et al., 2014). The conformation of these structures varies 

slightly, most likely due to differences in pH (PDB 2MTS, pH 4.0 and PDB 3ZD0, pH 

7.0). An in silico model of the channel was generated from the 3ZD0 monomer and 

resulted in a heptameric oligomer, retaining the lumenal facing orientation of key 

residues H17 and F25 (Foster et al., 2014). A hexameric NMR structure has also been 

published (PDB 2M6X), but in contrast to the hairpin conformation of the monomer 

structures, a “staple-like” monomer was determined (OuYang et al., 2013). Whether 

hairpin monomers under conformational rearrangement to form staple-like structures 

upon oligomerisation is unknown. Another point to consider is the genotype of HCV 

used in the structural studies, the monomers are genotype 1b, whilst it is a genotype 5a 

complex and this could be the source of the discrepancies. An earlier electron 

microscopy study of genotype 2a p7 hexameric channels revealed a structure with both 

termini exposed, and consistent with the hairpin conformation of the monomers (Luik et 

al., 2009). Until further oligomer structures are solved it will be difficult to determine the 

source of the variation.   

It has been demonstrated that p7 has amantadine-sensitive ion channel activity in vitro 

(Griffin et al., 2003). However, it was later demonstrated that the amantadine sensitivity 

of p7 was determined by genotype (Griffin et al., 2008; Steinmann et al., 2007b). The 

p7 channel was shown to be selective for cations including Na+, K+ and Ca2+ (Clarke et 

al., 2006; Griffin et al., 2003; Pavlovic et al., 2003; Premkumar et al., 2004) and have 

the ability to functionally replace IAV M2 in cell culture (Griffin et al., 2004). It is this 

ability to conduct protons that, to date, is the only known biologically relevant function 

of p7 channel activity (Wozniak et al., 2010). Reminiscent of IAV M2, it has been 

shown that reduced pH can activate p7 (StGelais et al., 2007; Wozniak et al., 2010), 

but this is not the case for all HCV genotypes (Atkins et al., 2014; Li et al., 2012).  

An infectious culture model for HCV revealed the essential role of p7 in production of 

infectious particles (Jones et al., 2007; Steinmann et al., 2007a; Wozniak et al., 2010). 

Here, p7 proton channel activity is required to deacidify intracellular compartments in 
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order to protect nascent virus particles (Wozniak et al., 2010), potentially similar to the 

role M2 plays in protection of HA in some strains of IAV (Grambas & Hay, 1992; 

Sugrue et al., 1990). A second, and controversial, role of p7 channel activity during 

virus entry has been postulated, supported by an enhancement of HCV-like particle 

uptake by hepatocytes, when p7 is present (Saunier et al., 2003) and effective use of 

specific p7 inhibitors when present during the infection process (Baumert et al., 2016; 

Griffin et al., 2008). Channel independent roles have also been demonstrated for p7, 

including during assembly of the capsid and envelopment (Gentzsch et al., 2013). 

Interactions between p7 and other virus proteins, notably NS2 are thought to be 

responsible for additional roles in the life cycle (Boson et al., 2011; Hagen et al., 2014; 

Jirasko et al., 2008; Jirasko et al., 2010; Ma et al., 2011; Tedbury et al., 2011).  

Following the finding that licensed IAV M2 antiviral amantadine has been shown to 

inhibit p7 channel activity (Griffin et al., 2003), and in vivo studies in chimpanzees 

demonstrating the viroporin was essential for HCV infectivity (Sakai et al., 2003), 

interest for developing antivirals targeting p7 grew. Many different classes of inhibitory 

compound have been identified as targeting p7. The channel activity of p7 has also 

been shown to be inhibited by rimantadine (Griffin et al., 2008) and another 

adamantane derivative compound H (Foster et al., 2011). Additionally amiloride 

analogues, HMA and BIT225, are able to inhibit HCV p7 (Ewart et al., 2002; Khoury et 

al., 2010; Luscombe et al., 2010; Premkumar et al., 2004). Long chain alkylated 

iminosugar derivatives demonstrate antiviral effects on HCV, being proposed to inhibit 

p7 by interfering with oligomerisation (Foster et al., 2011), in addition to inhibiting host 

endoplasmic reticulum α-glucosidases (Pavlovic et al., 2003; Steinmann et al., 2007b). 

Identified through in silico docking to a peripheral site on the p7 heptamer, novel 

compound CD was shown to inhibit the conductance of p7 (Foster et al., 2011). 

Resistance to p7 inhibitors has also been shown, with the L20F and F25A 

polymorphisms conferring resistance to adamantanes and iminosugars, respectively  

(Foster et al., 2014; Foster et al., 2011). Mutant L20F HCV was resistant to novel 

compound CD(Foster et al., 2011). However, compounds LDS19 and LDS21 are 

affective against L20F genotype 1b mutants, but genotype 2a mutants had increased 

susceptibility to these compounds (Foster et al., 2014), further demonstrating the 

differential effects inhibitors have on different HCV genotypes. 

 

1.9.2 Human Immunodeficiency Virus type 1 (HIV-1) Vpu 

HIV-1, as well as related simian immunodeficiency viruses, encodes the 16 kDa 

multifunctional protein Vpu (Cohen et al., 1988; Strebel et al., 1988). Vpu is an 81 
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amino acid, type-1 integral membrane protein capable of homo-oligomerising 

(Maldarelli et al., 1993). It has a pentameric structure predicted by molecular dynamics 

(Grice et al., 1997) and shown by NMR studies (Park et al., 2003; Sharpe et al., 2006). 

It is not a component of the virion and is not required for efficient virus replication in 

culture (Du et al., 1993), but scrambling of the TMD of Vpu results in reduced 

pathogenicity (Hout et al., 2005; Schubert et al., 1996a). 

Vpu has a role in regulating the degradation of CD4 (Willey et al., 1992), linked to 

phosphorylation of serine residues in its cytoplasmic domain (Paul & Jabbar, 1997). It 

also antagonises the restriction factor tetherin, permitting release of the virus from the 

cell surface (Neil et al., 2008). The N-terminal domain of Vpu has also been associated 

with immune evasion, via inhibiting NF-κB activation and its suppression antiapoptotic 

factors or interfering with major histocompatibility complex (MHC) class I biosynthesis 

(Akari et al., 2001; Bour et al., 2001; Kerkau et al., 1997). 

The ion channel activity of Vpu has been demonstrated via electrophysiology studies 

(Schubert et al., 1996b) and N-terminal peptides were demonstrated to have cation 

selectivity (Ewart et al., 1996). In vitro Vpu TMD peptides adopt an almost pore-like 

character (Mehnert et al., 2007). However, evidence of preferential cation conductance, 

a critical role of the lumen lining residue S23 and the potential for W22 to be either pore 

or lipid facing implies that the channel is both selective and gated (Cordes et al., 2001; 

Grice et al., 1997; Park et al., 2003; Sharpe et al., 2006).  

Adamantane compounds capable of inhibiting IAV M2 and HCV p7 are not effective 

against Vpu (Ewart et al., 2002). Whilst amiloride derivatives BIT225 and HMA, but not 

amiloride itself, are capable of blocking the ion channel activity of Vpu (Ewart et al., 

2002; Luscombe et al., 2010). HMA inhibited budding of HIV-LPs from the surface of 

cells in vitro (Ewart et al., 2002), and it has since been identified that the channel 

activity of Vpu may enhance particle release by via depolarisation-stimulated 

exocytosis (Hsu et al., 2010).  

 

1.9.3 Human Respiratory Syncytial Virus (hRSV) SH 

Human RSV encodes SH, a small hydrophobic protein, 64-65 aa in length. SH is 

predicted to contain a single TMD, with pentameric (Collins & Mottet, 1993; Gan et al., 

2008; Gan et al., 2012) and hexameric complexes reported (Carter et al., 2010). SH is 

not required for virus replication in culture, but SH-deleted viruses are attenuated 

(Bukreyev et al., 1997; Karron et al., 1997). The SH protein has been implicated in 

subverting apoptosis, by antagonising TNF-α signalling (Fuentes et al., 2007). It has 
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also been shown to promote bacterial membrane permeability (Perez et al., 1997), with 

both TMD and full length peptides having been shown to form cation selective channels 

in vitro (Gan et al., 2008). Conserved W15, H22 and H51 residues have been 

implicated in channel gating and activity, with deletion of both histidines resulting in  a 

non-functional channel (Gan et al., 2012). However, unlike IAV M2, reduction in pH, 

causing histidine protonation results in reduced cation transport (Gan et al., 2008).  

The activity of SH is inhibited by pyronin B, when used in vitro and in culture (Li et al., 

2014b). Pyronin B was found to bind to the conserved C-terminal end of the TMD of a 

SH monomer, these data were supported by work in bicelles (Li et al., 2014b). This 

finding provides a viable start point for the development of RSV antivirals targeting SH. 

 

1.9.4 Human Papillomavirus type 16 (HPV-16) E5 

HPVs are non-enveloped DNA viruses. HPV-16 is one of the most studied types and is 

known to be potently oncogenic. HPV-16 E5 consist of 83 amino acids and is highly 

hydrophobic (Halbert & Galloway, 1988). The oncogenic potential of E5 was first 

highlighted in the 1990s, but it remains the least well characterised of the three HPV 

oncoproteins (Leechanachai et al., 1992; Leptak et al., 1991; Pim et al., 1992; Straight 

et al., 1993; Valle & Banks, 1995).  

The monomers of E5 have three TMDs (Krawczyk et al., 2010; Wetherill et al., 2012), 

with the multiple hydrophobic regions promoting oligomerisation (Gieswein et al., 

2003). No published structure of E5 monomers or the oligomer exists. However, 

expression of recombinant E5 resulted in formation of a single oligomeric species, 

indicative of a hexameric complex, which formed channels of defined lumenal diameter 

and stoichiometry (Wetherill et al., 2012). 

The channel activity of E5 in vitro was increased by a reduction in pH, suggesting a 

potential acid activation mechanism. Activity was sensitive to rimantadine, but not 

amantadine (Wetherill et al., 2012). Novel compound MV006, selected via in silico 

modelling, exerted greater effects than adamantanes in vitro (Wetherill et al., 2012) and 

when used in cell culture resulted in reduced E5-mediated effects on cellular signalling 

(Pim et al., 1992; Suprynowicz et al., 2010; Wetherill et al., 2012). This implies that 

channel activity is related to oncogenic function. 
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  Aims  1.10

The Influenza A virus M2 proton channel is a proven antiviral target, but due to 

widespread resistance in circulating strains, including the 2009 swine influenza pH1N1 

swine influenza, licensed adamantane compounds (amantadine and rimantadine) are 

no longer recommended for clinical use. Controversy exists over the binding site and 

mode of action of adamantane compounds, with structures supporting both a pore-

blocking lumenal binding site and allosteric peripheral binding published in the 

literature. This project sought to address this controversy and determine whether both 

sites are able to be targeted. Through the use of rational, structure-guided drug design, 

this project set out to discover novel inhibitors of N31-containing pH1N1 M2. By 

designing compounds predicted to make specific interactions with either the lumenal, 

or the peripheral site, we could generate tools to further investigate the potential 

benefits of having drugs specifically targeting each site. We hypothesised that it would 

be possible to inhibit both sites and that this novel combination therapy could both 

achieve improved antiviral potency, as well as combatting the emergence of future 

resistant strains.  

.  
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Chapter 2 

Materials and methods 
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 Materials and methods Chapter 2

 Materials 2.1

2.1.1 Compounds 

M2WJ332 ((3S,5S,7S)-N-{[5-(thiophen-2-yl)-1,2-oxazol-3-yl]methyl}tricycle[3.3.1.1~3,7 

~ ]decan-1-aminium) and compound H (5-(1-adamantyl)-2-methyl-1H-imidazole) were 

synthesised by Dr Jayakanth Kankanala. Rimantadine hydrochloride ((RS)-1-(1-

adamantyl)ethanamine) and zanamivir ((2R,3R,4S)-3-acetamido-4-

(diaminomethylideneamino)-2-[(1R,2R)-1,2,3-trihydroxypropyl]-3,4-dihydro-2H-pyran-6-

carboxylic acid) were purchased from Sigma, all other compounds were purchased 

from ChemBridge.  

Compounds were resuspended in dimethyl sulfoxide (DMSO) to 10-100 mM, aliquoted, 

and stored at –20 ºC, or –80 ºC for long term storage. 

 

2.1.2 Lipids 

Lipids were purchased from Avanti Polar Lipids: L-α-phosphatidic acid (α-PA), L-α-

phosphatidyl choline (α-PC) and L-α-phosphatidyl ethanolamine with lissamine 

rhodamine B labelled head groups (α-PE). All were derived from chicken eggs and 

supplied in chloroform.  

 

2.1.3 M2 peptides 

M2 peptides were purchased from Peptides International and were provided lyophilised 

as a TFA salt. These comprised conductance domain (CD) peptides for both wild type 

(WT) N31 and mutant S31 M2 from E195, and a WT transmembrane (TM) domain 

peptide. Details of their sequence are noted below: 

H-RCSDSSDPLVIAASIIGILHLILWITDRLFFKCIYRRFKYGLK-NH2 (S31 CD, 18-60aa) 

H-RCSDSSDPLVIAANIIGILHLILWITDRLFFKCIYRRFKYGLK-NH2 (N31 CD, 18-60aa) 

H-RCSDSSDPLVIAANIIGILHLILWITDRL-NH2 (N31 TM, 18-46aa) 
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2.1.4 Mammalian Cell Culture 

Madin-Darby Canine Kidney (MDCK) cells, passage 6, were kindly provided by Prof. 

Wendy Barclay (Imperial College London) and were regularly checked to ensure they 

were free of mycoplasma infection.  

 

2.1.5 Influenza A virus 

A/England/195/2009 (E195) influenza A virus was kindly provided by Prof. Wendy 

Barclay (Imperial College London), as a frozen viral stock derived from MDCK cells at 6 

x106 pfu/ml. New stocks were generated in house at 5 x105 pfu/ml. 

 

2.1.6 Oligonucleotides 

DNA oligonucleotide primers were manually designed and purchased from either 

Sigma Aldrich or Eurofins Genomics. Lyophilised primers were resuspended to a 

concentration of 100 mM in dH2O and stored at –20 ºC. These were used for reverse 

transcription and cDNA amplification, in order to gather sequence information for M2. 

pH1N1_s7_fwd: 5'-AAGATGAGTCTTCTAACCG-3’ 

pH1N1_s7_F2: 5’-AAGATGAGTCTTCTAACCGAGG-3’ 

pH1N1_s7_Fint: 5’-GGCTAGCACTACGGC-3’ 

Flu_s7_fwd: 5'-AGCAAAAGCAGGTAG-3’ 

Flu_s7_R2: 5’-AGTAGAAACAAGGTAGTTTTTTACTCTAGC-3’ 

 

 In silico protein modelling and drug binding 2.2

2.2.1 E195 M2 homology model 

Published M2 tetramer structures were downloaded from the website of the Research 

Collaboratory for Structural Bioinformatics (RCSB), protein data bank (PDB) 

(http://www.rcsb.org/pdb/home/home.do). 

An in silico homology model of conductance domain of E195 M2 was generated using 

the solution NMR structure of A/Udorn/307/1972 H3N2 (PDB 2RLF, Schnell and Chou 

(2008)) as a template and A/England/195/2009 as the target. Prime and Maestro 

(Schrödinger) were used for homology modelling, with the model minimised in an 
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octanol environment (Dr Jayakanth Kankanala). This homology model was later re-

minimised in a lipid membrane environment, using an Optimised Potentials for Liquid 

Simulations (OPLS) force field and used for docking of unbiased compound analogues. 

A second homology model using PDB 2L0J (Sharma et al., 2010) as a template was 

made, using the SWISS-MODEL (ExPASy) web server and was minimised in an 

octanol environment using Maestro (Dr Richard Foster).  

 

2.2.2 High throughput docking using eHiTS 

Two binding regions (clip files) were defined using Maestro software, the lumen 

concentrated on pore lining residues at the N-terminal end of the TM domain (V27, 

A30, N31, I33 and (G34) and the periphery on lipid facing residues at the C-terminal of 

the TM domain (W41, I42, T43, D44, R45 and F48) (Figure 3.3). 

2.2.2.1 Unbiased screen 

Open access small molecules libraries were used for molecular binding studies, eHiTS 

(SimBioSys Inc.) was used to dock compounds onto the two clip files of the pH1N1 

homology model. The top 1000 compound based on eHiTS score, at each site, were 

manually assessed for their binding pose and drug-like qualities. Seven predicted 

lumenal binding compounds L1-L7 and six peripheral binding compounds P1-P6 were 

selected for testing (Dr Jayakanth Kankanala).  

2.2.2.2 Biased screen 

A rapid overlay of chemical structure (ROCS) search based on compound D (Figure 

3.4) was carried out using ROCS (OpenEye Scientific) software. The top 1000 hits 

were docked using eHiTS, against the clip files for the proposed lumenal and 

peripheral binding sites. Compound docking at both sites was validated using SPROUT 

(Keymodule Ltd.) software (Dr Katie Simmons). 

A protocol of attrition was carried out to select DL and DP compounds, focussing on 

docking scores, molecular weight and specific interactions with the M2 tetramer. Full 

details are listed in (Section 3.5.1). Briefly, compounds were selected based on 

agreement between the two binding scores, molecular weight and specific interactions 

with the protein.  
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2.2.2.3 Analogues 

Analogues of selected compounds were found via the online tool eMolecules 

(www.emolecules.com). Selected compounds were subsequently docked against the 

2RLF-based E195 M2 homology model using eHiTS. 

 

 In vitro liposome assay 2.3

2.3.1 Liposome preparation 

Lipids (Avanti polar lipids) were thawed on ice and added to a glass tube. 50 µl α-PA, 

50 µl α-PC and 5 µl α- PE were mixed, to give a final mixture containing 1 mg of lipid, 

containing 0.5 % w/w α-PE with lissamine rhodamine B labelled head groups. 

Chloroform was evaporated from the lipids using a stream of nitrogen, before placing in 

a vacuum for 4 hours (hr) at room temperature (RT). Lipids were rehydrated to 2 mgml-

1, in a self-quenching concentration of carboxyfluorescein (CF) buffer (Appendix B.1 

Carboxyfluorescein (CF) buffer) and vigorously shaken overnight at RT.  

Lipids were briefly vortexed and a 3 μl pre-extrusion sample was taken prior to 15 

passes through an Avanti extruder and a 0.4 μm filter, at 37 ˚C. Unilamellar liposomes 

were washed four times with liposome assay buffer (Appendix B.2 Liposome assay 

buffer) and purified via centrifugation at 49,000 rpm (104,000 x g) for 15 minutes (min) 

at 25 ˚C, using a TLA 110 rota in a Beckman Coulter Optima Max 130,000 RPM 

ultracentrifuge. The final liposome pellet was resuspended liposome assay buffer (0.5 

ml). 

To determine the concentration of liposomes, pre-extrusion sample (3 µl diluted 1:20) 

and post-extrusion samples (3 µl neat liposomes) were assessed for rhodamine 

absorbance (OD570), using a NanoDrop (Thermo Scientific). Absorbance values were 

then substituted into the equation below: 

 

𝐿𝑖𝑝𝑜𝑠𝑜𝑚𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑀) =  
2.75 mM (average lipid molarity)

𝑂𝐷570 pre extrusion × diltuion factor (20) 
× 𝑂𝐷570 post extrustion 
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2.3.2 M2 activity liposome assay 

The E195 M2 peptides (Section 2.1.3) were reconstituted to 1 mM in methanol 

(MeOH). From this stock further dilutions were made in MeOH; a maximum of 5 µl 

MeOH per well for a given peptide concentration. 

Unilamellar liposomes, containing 50 mM CF, a self-quenching concentration, were 

assembled from lipids as described in section 2.3.1. Real time assays were carried out 

in black-walled, flat-bottomed black-base 96 well plates (Grenier Bio One). 50 μM 

liposomes (determined by rhodamine absorbance, section 2.3.1) and up to 50 nM 

peptide in a volume of 5 µl MeOH were used in experiments. Reactions were made up 

to a total of 100 µl using liposome assay buffer. Liposomes alone were used as a 

baseline for fluorescence, liposomes + 5 % v/v MeOH was used a negative control and 

0.5 % v/v Triton TX-100 (Triton), which lyses liposomes, was used for gain adjustment, 

setting a level of 90 % fluorescence.  

CF release measured by increased fluorescence was taken as an indicator of peptide 

induced membrane permeability. A set of 30 or 63 readings (λex = 485 nm, λem = 520 

nm) were made at 43 second (s) intervals using a FLUOstar Galaxy plate-reader (BMG 

Labtech). Assays were carried out at RT, with the plate kept on ice for 2-5 min after 

gain adjustment and while the peptide +/- drug was added (Section 2.3.2.1). All 

samples were repeated in duplicate on the plate and each experiment repeated three 

times (unless otherwise stated). Baseline readings of liposomes alone were subtracted 

from each of the wells when calculating end point results.  

2.3.2.1 Inhibition assays 

A maximum of 1 % v/v DMSO was added to each reaction, with stock inhibitor 

concentrations diluted accordingly. Compounds or a DMSO control were preincubated 

with peptides for 20 min at RT (except in the case of rimantadine which was 

preincubated for 1 hr, as minimal effects were seen after 20 min), prior to their addition 

to chilled liposome suspensions diluted in assay buffer. 

End point values were taken and liposome alone values subtracted for each condition. 

Data from duplicate wells was then averaged and normalised to the peptide + DMSO 

control. Values were then averaged across replicate experiments and standard errors 

calculated. Paired t-tests were then used to assess statistical significance between the 

peptide + DMSO control and the compound treated peptide.  
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 Mammalian Cell Culture 2.4

2.4.1 Recovery of Cells 

MDCK cells (Section 0) were removed from liquid nitrogen and thawed immediately in 

a 37 ˚C water bath. Cells were then transferred to a 15 ml falcon tube and 10-12 ml of 

cell culture media (Appendix B.3 Cell culture media) was added, prior to centrifugation 

at 1500 x g for 5 min, using an Eppendorf 5810 R centrifuge. The cell pellet was then 

resuspended in 5 ml of media and transferred to a T25 tissue culture flask (Corning®, 

canted neck, vented cap) and incubated at 37 ˚C in 5 % CO2. 24 hr later, cells were 

transferred (section 2.4.2) to a T75 tissue culture flask (Corning®, canted neck, vented 

cap). 

 

2.4.2 Maintenance and Passage of Cells 

MDCK cells were maintained in “complete” Dulbecco’s modified essential cell culture 

media (Appendix B.3 Cell culture media) at 37 ˚C in 5 % CO2. Cells were passaged 

every 2-3 days by washing twice in phosphate buffered saline (PBS), followed by 

incubation in trypsin (Trypsin- Ethylenediaminetetraacetic acid (EDTA) solution, Sigma) 

for 5-10 min, until cells became detached from the flask. Trypsin was then neutralised 

with an equal volume of complete cell culture media. Subcultivation ratios of between 

1:2 to 1:10 were used to maintain MDCK cells, remaining cells were plated, frozen for 

storage or discarded. 

 

2.4.3 Storage of Cells 

MDCK cells from early passage were centrifuged at 1500 x g for 5 min. The cell pellet 

was then resuspended in freezing media (Appendix B.4 Freezing media) at a density of 

1x106 / ml. Cell aliquots were frozen slowly, by being wrapped in paper and placed in a 

polystyrene box at -80 ˚C, after 48 hr cells were transferred to liquid nitrogen for 

storage. 

 

2.4.4 Cell plating for compound treatment and infection 

Cells were passaged as described in section 2.4.2. The number of MDCK cells plated 

for each experiment are detailed here: cytotoxicity assay 2.5 x104 / well (96 well), 

plaque reduction assay 5 x105 / well (12 well), generation of escape mutants 1.25 x106 
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/ well (6 well). Cells were allowed to settle for at least four hr before treatment with 

compounds or infection. 

 

 Cell culture cytotoxicity assays 2.5

MDCK cells were seeded into flat-bottomed clear 96 well plates (Corning® Costar®) 

and incubated overnight at 37 ºC, 5 % CO2. The next morning, media was removed 

and cells were treated with dilutions of compounds up to 160 µM in cell culture media 

(Appendix B.3 Cell culture media), with a final concentration of 0.2-0.8 % v/v DMSO. 

Cells were incubated with the compound for 48-72 hr at 37 ºC, 5 % CO2. 

3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide (MTT), a tetrazolium 

dye, was used as a colourimetric indicator of cellular metabolism, as MTT is reduced to 

formazan by cellular oxidoreductase enzymes, a colour change occurs. A stock 

solution (2.5 mgml-1) used to add 50 µg MTT to each of the wells and incubated at 37 

ºC, 5 % CO2 for 4 hr. Media was then replaced by 75 µl of DMSO and incubated at 37 

ºC for 5 min prior to reading absorbance at 550 nm. Data was normalised to cells 

treated with the appropriate DMSO control (0.2-0.8 % v/v). 

 

2.5.1 Determination of cell confluency 

Cellular confluency after drug treatment was assessed using the IncuCyte ZOOM® 

(Essen Bioscience). Each well of a tissue culture plate was divided into squares and a 

measurement of the percentage of the each square occupied by a cell was made under 

phase. Wells of identical condition were then averaged and standard deviations 

calculated. 

 

 Virus production and storage 2.6

2.6.1 Growing virus stocks 

MDCK cells were seeded, with 3-6x106 per T75 flask and allowed to settle for at least 4 

hr. Cells were washed twice in PBS, prior to the addition of A/England/195/2009 virus 

diluted in serum free (SF) media (Appendix B.5 Serum free (SF) media) to a multiplicity 

of infection (MOI) < 0.01. After a one hr infection at 37 ºC, 5 % CO2, virus containing 

media was replaced with SF media with the addition of 1 µgml-1 L-(tosylamido-2-
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phenyl) ethyl chloromethyl ketone (TPCK) trypsin (Worthington Biochemical Company) 

and returned to 37 ºC, 5 % CO2. Once a cytopathic effect (CPE) of between 40 and 70 

% was observed virus containing media was removed for clarification and storage.  

 

2.6.2 Freezing virus for storage 

Virus-containing supernatants were clarified by centrifugation (800 x g 10 min, 4 ˚C) in 

an Eppendorf 5810 R centrifuge, transferred to 1.5 ml Eppendorf tubes, and then snap 

frozen using a dry ice and ethanol / methanol bath. Once frozen, the tubes were stored 

at – 80 ˚C. 

 

 Plaque reduction assay 2.7

Initial plaque reduction assays looking at 24 and 48 hr post infection (hpi) were carried 

out at Imperial College London, where training for this methodology was given by Dr 

Ruth Elderfield. The assay was then established within the laboratory at the University 

of Leeds. Subsequent experiments, using the optimised time point of 24 hpi, were 

carried out at the University of Leeds. 

 

2.7.1 Virus titration 

35 µl of stock virus or virus-containing supernatant samples virus containing media 

samples were serially diluted in 315 µl SF media. Dilutions from 10-1 to 10-4 were then 

used to infect MDCK cells that had been washed twice in PBS, 4 hr after seeding in 12 

well plates (Corning® Costar®) at 5 x105 / well. Infections were carried out for 1 hr at 

37 ºC, 5 % CO2, with manual shaking every 15 min. Media was then removed and a 

3:7 mixture of 2% w/v agar (Oxoid™ Purified Agar) and overlay media (Appendix B.6 

Overlay media) containing 2 µgml-1 TPCK trypsin was added to cells. Once the agar 

had set, plates were inverted and incubated at 37 ºC, 5 % CO2 for 72 hr to allow 

plaques to form. After removal of the agar, cells were fixed in 2 ml 4 % 

paraformaldehyde (PFA, Sigma) in PBS for 1 hr, then stained with 1 ml of 1 % v/v 

crystal violet solution (Sigma) for 5 min. Plaques were then counted and virus titres 

calculated. Each condition was carried out in triplicate within an experiment, with 

average titres and standard deviations calculated. Paired t-tests were carried out to 

assess statistical significance between DMSO control treated virus and other 

compounds. 
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2.7.2 Compound screening 

IAV was diluted in SF media to a multiplicity of infection (MOI) of 0.01 or 0.001 and 

preincubated with 80 μM compound for 30 min on ice. This virus + compound mix was 

used for a one hr infection of MDCK cells, on the producer plate. Virus containing 

media was then removed and replaced with SF media with the addition of 1 µgml-1 

TPCK trypsin and 80 μM compound before incubation of the producer plate at 37 ºC, 5 

% CO2. 

At 24 hpi the media was removed for titration, as described in Section 2.7.1. Initial 

experiments continued to 48 hpi, with 100 µl of media removed at 24 hpi for titration, 

but additionally being replaced with 100 µl SF media containing compound and a 

further sample taken from the producer plate at 48 hpi. Once samples are taken these 

producer plates were either discarded or fixed in 4 % PFA. 

 

2.7.3 Determination of IC50 values 

To determine the half maximal inhibitory concentration (IC50) of plaque formation, half-

log10 dilutions were made from 80 µM, down to 80 nM, except in the case of zanamivir 

where log10 dilutions were made from 80 µM, down to 80 pM. A MOI of 0.01 was used 

and the infection carried out as described in Section 2.7.2, with virus titrated 24 hpi. 

 

2.7.4 Compound combinations 

Combinations of two M2 targeted compounds, or an M2 targeted compound and the 

licensed neuraminidase inhibitor zanamivir were tested. Combination matrices were set 

up across a range from 0, 0.2, 1 and 5 μM, or based upon doses corresponding to 

multiples of the compound IC50 value, with the 0, 0 combination as DMSO control. 

Experiments were carried out as described in Section 2.7.2. Virus titres were 

normalised to the DMSO control, set to 100 % relative virus titre. 

CompuSyn (ComboSyn, Inc., www.combosyn.com) software was used to analyse the 

effects of combinations of compounds on infectious virus titre and determine 

antagonistic, additive or synergistic combination (Chou, 2006).  
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 Selection of escape mutants 2.8

2.8.1 Serial passage using increasing compound concentrations  

MDCK cells were seeded into 6 well plates and allowed to settle for at least 4 hr at 37 

ºC, 5 % CO2. The initial infection with Influenza virus was carried out as described in 

section 2.7, with 2.5 µM compound at MOI 0.001. At 24 hpi virus containing media was 

removed, 1/10th volume was used infect freshly seeded MDCK cells and the remainder 

was snap frozen (Section 2.6.2). This process was repeated, each time increasing the 

concentration of compound present in the media two-fold, until 80 µM was reached.  

The titre of viral supernatants was determined, at selected time points, via plaque 

assay as described in section 2.7. These supernatants could then be used at MOI 

0.001, with fresh 80 µM compound, in subsequent infections.  

Full details of compound concentrations, infections, sample nomenclature handling are 

detailed in Figure 5.7.  

 

2.8.2 Plaque purification 

MDCK cells were seeded in 12 well plates and allowed to settle for at least 4 hr at 37 

ºC, 5 % CO2. Virus was diluted 1:250 in SF media containing between 5 and 80 µM 

compound and used to infect cells for one hr, before cells were set under overlay 

media, containing 2 µg/ml TPCK, 0 – 80 µM compound and agar. 

72 hpi, agar plugs were picked and placed in 300 µl SF media for 2 hr prior to being 

used to infect fresh MCDK cells, in the presence or absence of compound (5 – 80 μM) 

for one hr at 37 ºC, 5 % CO2. Once infectious supernatant was removed, it was 

replaced with SF media + 1 µg/ml TPCK and 0 – 80 µM compound and plates returned 

to 37 ºC, 5 % CO2. Once > 40 % CPE was observed, infectious supernatant was 

clarified (Section 2.6.2), prior to vRNA extraction. 

 

2.8.3 Viral RNA Extraction 

Viral RNA (vRNA) was extracted from clarified supernatants using a QIAamp Viral RNA 

Mini Kit (QIAGEN). Briefly 140 μl of viral supernatant was added to 560 μl lysis buffer 

(AVL, appendix B.7.1 Lysis buffer (AVL)) containing carrier RNA and mixed by pulse-

vortexing for 15 s, prior to a 10 min incubation at RT. 560 μl of ethanol was then added, 

followed by pulse-vortexing for 15 s. The sample was then applied to a QIAMP mini 

column, prior to centrifugation at 6000 x g for 1 min and the filtrate discarded. 500 μl 
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wash buffer 1 (AW1, appendix B.7.2 Wash buffer 1 (AW1) (concentrate)) was then 

added and sample centrifuged at 6000 x g for 1 min. 500 µl wash buffer 2 (AW2, 

appendix B.7.3 Wash buffer 2 (AW2) (concentrate)) was then added followed by 

centrifugation at 17,900 x g for 3 min. vRNA was then eluted into a clean eppendorf by 

application of elution buffer (AVE, appendix B.7.4 Elution buffer (AVE)) (60 μl) for 1 

min, prior to subsequent centrifugation at 6000 x g for 1 min. Eluted vRNA kept at –20 

˚C for short term storage, or transferred to -80 ˚C for long term storage. 

 

2.8.4 Reverse Transcription 

vRNA was synthesised into first strand cDNA using SuperScript® III (SSCIII) 

(Invitrogen™) and a pH1N1 segment 7 specific forward primer (pH1N1_s7_fwd, 

section 2.1.6). Each reaction used 4 µl of vRNA as a template and contained 500 nM 

primer and 500 nM dNTPs and made to 9 µl with dH2O. This was incubated at 65 ºC for 

5 min, and then placed on ice for 1 min. A mixture containing 14.3 mM dithiothreitol 

(DTT), 1 x concentration of “first strand buffer” (Appendix B.8 5x Superscript III (SSCIII) 

first strand buffer), 40 U (units) RNase OUT™ (Invitrogen™) ribonuclease inhibitor and 

200 U SSCIII was then added to make the total reaction volume up to 20 µl. The 

reaction was incubated at 55 ˚C for 50 min, then 70 ˚C for 15 min, before being kept at 

4 ˚C. A negative control, of vRNA but no SSCIII was included in each experiment. 

 

2.8.5 cDNA Amplification 

cDNA was amplified via polymerase chain reaction (PCR) using the proof reading 

Phusion® high fidelity (HF) polymerase (Phusion) (New England Biolabs). Each 50 µl 

reaction contained 4 µl of cDNA, 1 x HF buffer, 200 µM dNTPs, 500 nM of forward 

primer pH1N1_s7_fwd, 500 nM reverse primer (Flu_s7_R2, section 2.1.6) and 1 U 

Phusion®. A negative control reaction, containing enzyme, but no cDNA was included. 

Reactions were heated to 98 ºC for 30 s, followed by 35 cycles of the following steps; 

denaturation at 98 ºC for 10 s, annealing at 48 ºC for 30 s and extension at 72 ºC for 40 

s. A final incubation at 72 ºC for 7 min was used to ensure completion of any partial 

copies and clearance of replication machinery from the nascent cDNA. 

 

2.8.6 PCR purification 

Amplified cDNA was purified using a QIAquick PCR Purification Kit (QIAGEN). Briefly 5 

volumes of binding buffer (PB, appendix B9.1 Binding buffer (PB)) were added to the 
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PCR reaction and mixed prior to addition to a QIAquick column and subsequent 

centrifugation at 17,900 x g for 1 min to allow the DNA to bind. The column was 

washed with 750 µl elution buffer (PE, Appendix B9.2 Elution buffer (PE)). DNA was 

then eluted into a clean eppendorf by addition of water (50 µl) for 1 min, prior to 

centrifugation at 17,900 x g for 1 min. Eluted DNA concentrations were determined by 

gel electrophoresis (Section 2.8.7) and samples were stored at –20 ºC. 

 

2.8.7 Gel electrophoresis 

Molten 0.8 % UltraPure™ agarose (Invitrogen™) was prepared in 1 x Tris-acetate-

EDTA (TAE, appendix B.10 50x Tris-acetate-EDTA (TAE)) and added to a casting 

plate with 0.01 % v/v ethidium bromide (Invitrogen™) and allowed to set at room 

temperature. The gel was transferred to a gel tank (BioRad) and submerged in 1 x 

TAE. HyperLadder™ 1 kb (BioLine) was used as a reference and 10 µl of samples 

were typically added to each well. The samples were run for 20 – 40 min with a 

constant voltage of 120 V applied. DNA was visualised and images captured on a UV 

lightbox using Gel Doc™ (BioRad). 

 

2.8.8 Sequencing 

The Mix2Seq kit (Eurofins Genomics) and service was used, with forward internal 

primer pH1N1_s7_Fint or reverse primer Flu_s7_R2 (section 2.1.6). PCR purified 

cDNA (50-100 ng) was mixed with 2 µl primer (10 µM) and made to a total of 17 µl 

before submission to Eurofins Genomics. 
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  In silico screening of compounds Chapter 3

against a pH1N1 M2 homology model 

 Introduction 3.1

Drug discovery and design encompasses a large variety of methodologies and 

approaches, with in silico pharmacology being increasingly utilised. One of the first 

applications of this approach was quantitative structure–activity relationships, where 

the structure of chemical compounds was quantitatively linked to pharmacological 

effects on systems (Cherkasov et al., 2014; Winkler, 2002). As technology advanced, 

in silico pharmacology followed, with 3D modelling of compounds and virtual high-

throughput screens (HTS) available to complement biological testing and protein 

modelling. All of these aspects of in silico pharmacology were utilised during this 

project, and are described in this chapter. 

The premise of this project was a programme of structure-guided design for novel 

inhibitors targeting the drug-resistant M2 proton channel from pandemic swine 

influenza, using the A/England/195 2009 (H1N1) strain (E195) as the basis. As such, a 

3D structure of the M2 tetramer was required. To date, there are 20 structures of IAV 

M2 tetramers deposited in the RSCB PDB (www.rcsb.org/pdb/home/home.do; 

accessed May 2016, details in Table 1.4). These structures include many different 

strains of IAV, some with compounds bound, and others without. Furthermore, the 

majority of structures have been solved at neutral pH, and thus represent the closed 

channel. None of the structures span the entire 97 amino acids of M2, instead they 

usually comprise peptides covering either the transmembrane (TM) domain or the 

conductance domain (CD). There are several reasons for this: firstly it is difficult to 

synthesise large quantities of pure protein. In addition, micelle-membrane protein 

complexes are very large and the helical secondary structure of some membrane 

proteins can lead to poor spectral dispersal, aggravated by the highly repetitive 

hydrophobic amino acid sequence (Montaville & Jamin, 2010; Sanders & Sönnichsen, 

2006). Finally, the CD has the same activity as full length M2 (Ma et al., 2009) and as 

such contains the functionally important residues required for conductance, as well as 

all known resistance polymorphisms.  

Recently there has been a move towards the longer CD peptide (Andreas et al., 2015; 

Sharma et al., 2010), with groups who had previously published TM structures now 

adopting extended peptides (Wang et al., 2013b; Wu et al., 2014b). This can in part be 
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attributed to improvements in NMR methodologies for membrane proteins. It is 

becoming more widely accepted that the CD peptide provides a more native-like 

structure of the tetramer, with numerous groups having also observed binding at the 

peripheral site (Cady et al., 2010; Schnell & Chou, 2008). 

There are several published experimental structures for rimantadine resistant variants 

such as V27A (Pielak & Chou, 2010) (PDB 2KWX) and S31N (Andreas et al., 2015; 

Pielak et al., 2009; Wang et al., 2013b) (PDBs 2N70, 2KIH and 2LY0), but none of the 

published structures use the amino acid sequence of pH1N1 M2. Thus, to identify 

novel inhibitors of pH1N1 M2, it was necessary to adopt a homology model approach. 

Homology modelling of proteins relies upon published sequence and structural data, in 

addition to specialised programs. SWISS-MODEL (Arnold et al., 2006) is one example 

of an online tool in which a template structure (such as a PDB file) can be used in 

conjunction with the sequence of a target protein to generate a homology model. This 

model can then be exported for energy minimisation and compound docking. 

The availability of open-access virtual compound libraries, such as those used in this 

work (Section 2.2.2), enables virtual HTS to be carried out, where tens of thousands of 

compounds can be docked against a 3D protein structure or model. The ability to 

gather predicted binding and interaction information, combined with a representative 

score for each compound, precludes the need to purchase and biologically test such 

large numbers of compounds. In addition, online resources such as eMolecules are 

readily accessible and capable of searching databases of millions of commercially 

available compounds; eMolecules was used to search for chemically and structurally 

related analogues of query compounds, to aid structure activity relationship (SAR) 

studies. 

This chapter describes and discusses the in silico work underpinning the selection of 

novel M2 targeted compounds for biological testing against M2 peptides in vitro and 

pH1N1 swine ‘flu in culture. 

 

 Generation of a pH1N1 M2 homology model in silico 3.2

At the beginning of this work, the only M2 tetramer structure spanning the CD and with 

a bound ligand (rimantadine) was 2RLF (Schnell & Chou, 2008), shown in Figure 3.1B. 

This structure was used as a template to generate the pH1N1 (E195) M2 homology 

model. This structure contains the TM domain and CD residues 23-60 (no coordinates 

were determined for residues 18-22), for this reason it was possible to investigate the 
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presence of the potential peripheral binding site, alongside the proposed lumenal 

binding site. 

In the region of 23-60, the 2RLF sequence varies from that of A/Udorn/307/1972 

(H3N2) (Udorn) at position 50, where a serine is used in place of a cysteine (C50S), 

this is common in structural studies of influenza M2 (Acharya et al., 2010; Pielak & 

Chou, 2010; Pielak et al., 2009; Sharma et al., 2010), along with C19S (Pielak et al., 

2009; Wang et al., 2013b; Wu et al., 2014b). Replacing these cysteine residues with 

serines is done to reduce palmitoylation and aid protein refolding when expressed in 

bacteria. 

To generate a homology model, the PDB 2RLF file was downloaded from the PDB 

website (www.rcsb.org/) and opened in Prime (Schrödinger) software. The published 

structure 2RLF was obtained with a ligand present; four molecules of rimantadine are 

bound around the periphery (Figure 1.4). These were removed to form the 2RLF M2 

structure seen in Figure 3.1B. This file, lacking the ligands, was used for the generation 

of the homology model.  

The M2 sequence from strain A/England/195/2009 (H1N1) (E195), collected in April 

2009, was obtained from the online influenza research database (Genbank Accession 

number GQ166660). Figure 3.1A shows that there are 7 amino acid substitutions 

(shown in red) required to change the Udorn sequence used in the 2RLF structure into 

E195: V28A, S31N, L43T, S50C, F54R, E56K and H57Y. These amino acid 

substitutions were manually entered for each chain of the tetramer to make the 

sequence for E195 M2. Following this, it was necessary to refine this model using a 

process known as minimising. This minimises the energy of the protein using force 

fields to find the most favourable state. The minimisation process can result in different 

conformations based on the solvent selected; octanol was selected as it provides a 

good mimic of the amphipathic environment of the cell membrane (Karle et al., 1998). 

The resultant 3D structure is shown in Figure 3.1C, alongside the published 2RLF 

structure (Figure 3.1B) and an overlaid image of both (Figure 3.1D). There was strong 

alignment between the two structures, with an alignment score of 0.225 and a root 

mean square deviation (RMSD) of 2.370 Å. Figure 3.1A highlights four residues in 

orange that are important for compound binding; residues 31 and 37 form part of the 

lumenal binding site (Stouffer et al., 2008), whilst residues 41 and 44 are part of the 

peripheral binding pocket (Schnell & Chou, 2008). The position of these four residues 

are highlighted in the 2RLF structure and the E195 M2 homology model (Figure 3.2A). 

In the 2RLF structure residue 31 was a serine, but has been replaced by an asparagine 

in the homology model, to represent the rimantadine resistant pH1N1 sequence. The  
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Figure 3.1 Sequence and structure of the conductance domain of M2 from 

A/Udorn/307/1972 (H3N2) (Udorn, 2RLF) and pH1N1 A/England/195/2009 (H1N1) 

(E195) M2 homology model. 

Structures of conductance domain of M2 from A/Udorn/307/1972 (H3N2) (Udorn, 

2RLF)  (green) and pH1N1 A/England/195/2009 (H1N1) (E195) (residues 23-46 light 

grey and 47-60 dark grey). A) Primary structure residues 23-60 of the M2 from of 2RLF 

and E195, in orange key residues (S31, H37, W41 and D44), in red the seven changes 

made between 2RLF and the E195 M2 homology model. B and C) Secondary structure 

depicted using cartoons for α-helices, for 2RLF and E915 M2 homology model, 

respectively. D) Overlaid structures. Dr Jayakanth Kankanala generated the homology 

model and Dr Richard Foster overlaid the structures.  

A 

B 
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CD structure of PDB 2KIH had a S31N mutation (Pielak et al., 2009), however the lack 

of ligand bound to the tetramer meant this structure was not chosen. Pielak and 

colleagues report that the N31 mutation perturbs the packing of the helices and, as 

such, both disrupts the lipid-facing peripheral binding site indirectly and is less stable 

overall (Pielak et al., 2009). 

The backbone structure at position 31 remains unchanged between 2RLF and the 

E195 M2 homology model and the amide group of asparagine protrudes in similar 

direction to the hydroxyl group (Figure 3.2A). The carboxyl group of residue D44 of the 

2RLF structure was rotated outwards, away from the lumenal space and this angle was 

maintained in the E195 M2 homology model (Figure 3.2A). It was with residues H37 

and W41 where the greatest divergence was seen; these are residues with large ring 

structures that project into the channel lumen and are known to play a role in proton 

sensing and gating, respectively (Wang et al., 1995) (Tang et al., 2002). In the 2RLF 

structure the H37 side chains stick out from the α-helices at an almost perpendicular 

angle, with the imidazole ring towards the adjacent chain (Figure 3.2B and C). In the 

case of the histidine residues of the E195 M2 homology model, their position was less 

consistent between chains, with the imidazole group of the H37 from chain C 

protruding into the lumenal space more than the others (Figure 3.2B and D). The S31N 

polymorphism may have implications on the configuration of H37 residues, due to the 

looser packed helices at the C-terminal of the channel (Pielak et al., 2009). Likewise 

the indole ring of W41 from the 2RLF structure was angled downwards and sits 

towards the previous chain and the lumenal space (Figure 3.2B and C). In the E195 M2 

homology model the indole rings of chains A and C protruded into the centre of the 

channel opening (Figure 3.2B and D), narrowing the lumenal diameter at this location. 

 

3.2.1 Defining lumenal and peripheral binding regions  

Having generated the E195 M2 homology model based on the 2RLF structure of M2 

(Figure 3.1C), “clip files” were generated for each of the two proposed binding sites. 

These clip files were then used to concentrate compound docking to specific regions of 

the model. Residues implicated in the binding of amantadine (Stouffer et al., 2008) or 

rimantadine (Schnell & Chou, 2008) at the lumenal and peripheral binding sites, 

respectively, were used as the basis for selection of residues for the clip files and 

depicted in Figure 3.3. 

The lumenal binding site concentrated on residues lining the pore, namely residues 27, 

30, 31 and 34 (Stouffer et al., 2008) and residue 33 at the N-terminus of CD peptide, 

with the clip file containing residues from all chains (Chain A: V27, N31 and I33. Chain   
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Figure 3.2 Positions of key residues within the conductance domain of M2 from 

A/Udorn/307/1972 (H3N2) (Udorn, 2RLF) and pH1N1 A/England/195/2009 (H1N1) 

(E195) M2 homology model. 

2RLF (green) and E195 M2 homology model (grey). A) Overlay of 2RLF and E195 M2 

conductance domains (residues 23-60) shown as cartoon, with residues 31, 37, 41 and 

44 shown as sticks. Top down view of H37 and W41 residues as sticks, B) overlay of 

2RLF and E195 M2 homology model, C) 2RLF and D) E195 M2 homology model.   

A B 

C 

D 
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B: V27, A30 and I33. Chain C: V27, A30 and I32. Chain D: V27, N31 and G34). The 

peripheral site clip file contained only residues from two adjacent chains (Chain A: 

W41, I42 and R45 and Chain D: I39, L40, W41, T43, D44 and F48), including aa 40-45 

found to interact with rimantadine (Schnell & Chou, 2008). 

The position of residues that form the two clip files are shown in Figure 3.3A and Figure 

3.3B. The lumenal binding site (magenta) side chains were predominantly pore facing 

(Figure 3.3A and Figure 3.3C), whereas the peripheral site (cyan) side chains bridged 

between the adjacent chains (Figure 3.3A) and were seen on the external surface of 

the tetramer (Figure 3.3B). Rotating the tetramer through 90˚ further demonstrated that 

the residues of the lumenal binding site spanned all four chains and centred around the 

visible pore (Figure 3.3C), whilst the peripheral binding site was concentrated between 

two chains (Figure 3.3D). 

 

 In silico prediction of the binding preferences for 3.3

adamantane compounds 

Two adamantane compounds M2WJ332 and compound D (Figure 3.4), have 

previously been shown to target M2 and reduce virus titre in culture. M2WJ332 was 

identified during a program of testing adamantane analogues against influenza A 

(Wang et al., 2013b), where it was seen to cause a reduction in titre of an amantadine 

resistant (N31) strain of IAV (A/WSN/1933 (H1N1)). Compound D was first studied as a 

potential inhibitor of the p7 viroporin of HCV (Foster et al., 2011), before being shown 

to have efficacy against pH1N1 E195 (Foster, unpublished).  These two compounds 

were chosen to test the ability of the E195 M2 in silico homology model system to 

distinguish between binding at the two proposed binding sites. 

 

3.3.1 In silico docking of adamantane compounds to the E195 M2 

homology model 

Compound D and M2WJ332 were drawn using the “2D Sketcher” function in Maestro. 

Each of the two resultant structures was then converted using the ligand preparation 

“LigPrep” function into a three dimensional (3D) structure, that was energy minimised 

and which maintained chirality. The LigPrep file containing the 3D structures and the 

two clip files were then used in eHiTS (SymBioSys Inc.) to predict binding to the E195 

M2 homology model. eHiTS docking and scoring software provides a “statistically  
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Figure 3.3 Binding sites residues in the E195 M2 homology model. 

A) E195 M2 homology model depicted as a cartoon, with binding residues as lines. 

Transparent surface representations of the homology model, with binding sites shown 

as mesh B), with aerial views of binding sites C) lumen and D) periphery. 

Transmembrane residues (23-46) (light grey), additional conductance domain residues 

(47-60) (dark grey). Lumenal (magenta) and peripheral (cyan) binding site residues are 

coloured by element.  

A B 

C D 
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derived empirical scoring function” (Zsoldos et al., 2006), coined an “eHiTS score”.  

Through its novel algorithm eHiTS identifies rotatable bonds within ligands, which it 

then removes leaving a collection of rigid fragments, for which thousands of poses are 

generated and scored. The software then rebuilds the compound using different 

combinations of the fragment poses and the individual scores of each fragment 

combined to give a score entire ligand (Zsoldos et al., 2006). The eHiTS scores are 

arbitrary, but can give an indication of a predicted log10 IC50 value; scores are negative 

and the further from zero the more potent the compound is predicted to be, due to a 

greater number or stronger interactions with the target protein. 

 

3.3.2 Analysis of docking scores and poses of adamantane compounds 

M2WJ332 and compound D are both predicted to bind at both of the proposed binding 

sites (Figure 3.5 and Figure 3.6). eHiTS scores for M2WJ332 were -3.992 and -3.430 

for the lumenal and peripheral binding sites, respectively and for compound D they 

were -3.841 and -2.949. It was not possible to directly compare the eHiTS scores at the 

two sites and determine if binding at one site was more probable or favourable. The 

reasons behind this are two-fold; firstly the peripheral binding site is made up of 

residues from two adjacent amino acid chains, whereas the lumenal binding site can 

include residues from all four chains. Therefore, compounds may have the ability to 

bind with a greater number of residues and, as such, improve their score. Secondly, in 

nature, IAV M2 exists in a membrane, meaning the external portions of the helices of 

the TM domain are in a hydrophobic environment and some of the additional residues 

that make up the conductance domain are also likely to be lipid facing. In the E195 M2 

homology model, the external environment is octanol and as such compounds binding 

at the peripheral site are likely to encounter a hydrophobic penalty during the in silico 

docking that would not be present in nature.  

Examining the docking poses of the compounds at each site using Pymol software 

revealed that both bind at the lumenal binding site with the cage-like structure of the 

adamantane group closest to the N-terminal opening of the channel (Figure 3.5A and 

Figure 3.6A), as is the case for amantadine in PDB 3C9J (Stouffer et al., 2008), 

whereas in the published structure of M2WJ323 the cage is deepest within the channel 

(Wang et al., 2013b). Both compounds formed at least one hydrogen bond with residue 

N31 at this site (Figure 3.5B and Figure 3.6B). As depicted in Figure 3.5B, M2WJ332 

extended beyond N31, towards the N-terminus, with V27 being the most proximal 

residue to the adamantane group, but no additional polar interactions were predicted 

using Pymol. 
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Figure 3.4 Structure of adamantane containing compounds M2WJ332 and 

compound D. 

Shorthand formulas of adamantane containing compounds (A) M2WJ332 ((3S,5S,7S)-

N-{[5-(thiophen-2-yl)-1,2-oxazol-3-yl]methyl}tricycle[3.3.1.1~3,7 ~ ]decan-1-aminium) 

(Wang et al., 2013b) and (B) compound D (2-(1-adamantyl)-3H-imidazo[4,5-c]pyridine) 

(Foster et al., 2011), previously reported to target M2 of rimantadine resistant strains of 

Influenza A viruses (Foster, unpublished; Wang et al., 2013b).  

A B 
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A      B 

 
 
 

Figure 3.5 In silico docking poses of adamantane containing compound 

M2WJ332 to the E195 M2 homology model based upon the published structure 

PDB 2RLF. 

A) Adamantane compound M2WJ332 was docked against the E195 M2 homology 

model and is predicted to bind to both of the proposed binding sites. Hydrogen bonds  

(yellow dashed lines) between M2WJ332 and the protein or solvent at the B) lumenal 

and C) peripheral binding site are shown. M2 conductance domain tetramer depicted 

as cartoons, residues 23-46 (transmembrane) light grey and 47-60 dark grey. 

M2WJ332 (blue) and labelled amino acids are depicted as sticks.  

 

  

C 
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A      B 

 

 

Figure 3.6 In silico docking poses of adamantane containing compound D to the 

E195 M2 homology model based upon the published structure PDB 2RLF. 

A) Adamantane containing compound D was docked against the E195 M2 homology 

model and is predicted to bind to both of the proposed binding sites. Hydrogen bond 

(yellow dashed lines) between compound D and the B) lumenal and C) peripheral 

binding site are shown. M2 conductance domain tetramer depicted as cartoons, 

residues 23-46 (transmembrane) light grey and 47-60 dark grey. Compound D (yellow) 

and interacting amino acids are depicted as sticks.  

  

C 
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At the peripheral binding site only compound D was predicted to make a hydrogen 

bond to D44 of the protein (Figure 3.6C). M2WJ332 was in close proximity to a D44 

residue (Figure 3.5C), but was not predicted to partake in any hydrogen bonding. The 

entirety of compound D docked around the external portion of the proposed peripheral 

binding site between the two chains (Figure 3.6A and C). However, M2WJ332 docked 

between the two chains, with the adamantane cage in a similar locality, but the 

thiophene (sulphur containing) group extended inwards towards the pore (Figure 3.5A 

and C). In this instance the homology model was not able to discriminate binding of 

these adamantane compounds at each site. The common feature between these two 

compounds is the adamantyl group, essentially a hydrophobic hydrocarbon cage, 

which was not predicted to partake in any specific polar interaction with the protein 

(Figure 3.5 and Figure 3.6); it could be for this reason that both compounds were 

predicted to bind at both sites. If this hydrophobic cage was substituted for a 

hydrocarbon ring (e.g. with methoxyl or amine groups generating a pharmacophore 

able to make polar interaction with the protein), then it is hypothesised that the 

resultant specific interaction may lead to a preference for one site. For this reason it 

was decided that none of our novel compounds would contain this adamantyl group.  

 

 Unbiased screening for novel compounds targeting the 3.4

rimantadine resistant M2 ion channel of pH1N1 influenza 

Traditionally, searches for inhibitors of rimantadine resistant M2 have focussed on 

analysing analogues of the licensed adamantane antivirals (Kolocouris et al., 2014; 

Wang et al., 2013a; Wang et al., 2013b; Wu et al., 2014b). However, one of our 

strategies was to move away from this class of molecule. Instead, open access small 

molecule libraries were utilised to provide a wide range of structurally diverse scaffolds. 

 

3.4.1 High throughput docking using eHiTs 

An open access small molecule library, ChemBridge Diversity Set, containing over 

45,000 compounds was selected for the docking. Using the LigPrep function of 

Maestro, over 80,000 conformers were generated and subsequently docked against 

the two clip files defining the lumenal and peripheral binding regions of the E195 M2 

homology model (section 3.2.1), using eHiTS software. Each conformer had an eHiTS 

score generated for each of the two proposed binding sites. 
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3.4.2 Attrition 

It was necessary to cut down the results to a number feasible for in vitro testing, via a 

process of attrition. eHiTS scores were used to rank the results and the top 1000 at 

each site were taken forward. In addition to eHiTS score, manual analysis of “drug-like” 

properties including those outlined in the “rules of five” (Lipinski et al., 2012), were 

taken into account. Finally predicted binding poses were examined and any 

compounds seen to be present at both sites were eliminated.  

As a result of this process a list of compounds that are predicted to bind one site, but 

not the other was generated. Compounds L1-7 and P1-6 were identified as candidates 

for further investigation, for the lumenal and peripheral binding sites, respectively. 

Compound structures, molecular weights (MW) and eHiTS binding scores are detailed 

in Table 3.1 and Table 3.2. 

 

3.4.3 Specific interactions between unbiased compounds and the E195 

M2 ion channel, predicted by eHiTS 

PyMol was used to visualise the predicted docking pose of each of the predicted 

lumenal (Figure 3.7) and peripheral (Figure 3.8) binders and to identify polar contacts 

(depicted by yellow dashed lines) between the compounds and the protein or 

surrounding solvent. Residues N31, G34, H37 and L38 at the lumenal binding site and 

R45, F48 and K39 at the peripheral binding site were seen to make polar contacts. 

Predicted lumenal binders were seen to dock into the homology model in proximity to 

N31 (Figure 3.7). In the majority of cases, they did not extend into the channel further 

than residue G34, but L6 was shown to interact with residue L38. Predicted lumenal 

compounds L2, L4 and L6 participated in polar interaction with the lumenal binding site 

(Figure 3.7), whereas L1, L3, L5 and L7 only made polar contacts to the solvent. The 

docking of peripheral binders was concentrated in the pocket between R45, F48 and 

K39 (Figure 3.8). A common feature in P compounds was a “linker”, a linear stretch of 

atoms linking larger cyclic or aromatic components. The predicted polar interactions of 

P5 (assessed via PyMol) exclusively involved this linker region and in compounds P1 

and P4, polar contacts were found for this linker region and other functional groups 

(Figure 3.8). Compounds P4 and P6 both contain sulphonamide groups that were 

involved in polar interactions with R45. Neither P2, nor P3 were predicted to participate 

in any polar contacts. eHiTS scores take into account many more types of interaction 

than those identified using PyMol and it was the eHiTS score that had the biggest 

influence on selection of compounds for subsequent testing in biological experiments.  
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Figure 3.7 Predicted docking pose and polar interactions identified between 

predicted lumenal binders and the lumenal binding site of the E195 M2 homology 

model. 

Polar contacts (yellow dashed lines) were identified between novel non-adamantane 

compounds and the M2 tetramer of the E195 M2 homology model and/or the 

surrounding solvent. Compounds (L1-L7) and residues either shown to participate in 

polar contacts or in close proximity to the compounds are depicted as sticks and are 

coloured by element, with only polar hydrogens shown. 
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Figure 3.8 Predicted docking pose and polar interactions identified between 

predicted peripheral binders and the peripheral binding site of the E195 M2 

homology model. 

Polar contacts (yellow dashed lines) were identified between novel non-adamantane 

compounds and the M2 tetramer of the E195 M2 homology model. Compounds (P1-

P6) and residues either shown to participate in polar contacts or in close proximity to 

the compounds are depicted as sticks and are coloured by element, with only polar 

hydrogens shown.  
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Compound 
ID 

Compound 
structure 

Molecular 
Weight 

eHiTS 
Score 

L1 

 

 

396.468 -5.138 

L2 

 

 

467.606 -4.988 

L3 

 

 

384.435 -4.827 

L4 

 

 

389.407 -5.233 

L5 

 

 

390.439 -5.108 

L6 

 

 

404.466 -4.805 

L7 

 

 

401.423 -4.603 

 

Table 3.1 Predicted lumenal binders. 

Details of compound ID, 2D structure, molecular weight (Da) and eHiTS scores for 

binding at the proposed lumenal binding site of the E195 M2 homology model.  
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Compound 
ID 

Compound 
structure 

Molecular 
Weight 

eHiTS 
Score 

P1 

 

 

347.371 -4.211 

P2 

 

 

414.530 -4.785 

P3 

 

 

384.567 -5.427 

P4 

 

 

391.450 -4.421 

P5 

 

 

438.506 -4.308 

P6 

 

 

487.582 -4.122 

 

Table 3.2 Predicted peripheral binders. 

Details of compound ID, 2D structure, molecular weight (Da) and eHiTS scores for 

binding at the proposed peripheral binding site of the E195 M2 homology model.  
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 Biased compound selection 3.5

In addition to this unbiased compound screen, a biased approach was employed. The 

premise was that, by limiting a search to compounds with similar molecular shape and 

volume to a known inhibitor of the M2 channel, we could enrich our screen. Compound 

D was chosen as the basis of the Rapid Overlay of Chemical Structure (ROCS) 

(OpenEye Scientific) search. This was due to preliminary data showing effects against 

pH1N1 ‘flu (Figure 4.2D) and the lack of a linker. Our in silico data showed compound 

D had the potential to bind to both the lumenal and peripheral binding sites (Figure 

3.6), hence theoretically refinements of the structure could be made to allow specific 

binding at one or other of the sites. The ChemBridge Diversity Set (accessed January 

2014) was searched, and the top 1000 results from the library (which did not include 

any adamantane containing compounds), were docked against the clip files described 

in section 3.2.1 using eHiTS. The poses were also re-scored using a second docking 

programme (SPROUT (SimBioSys Inc.) (performed by Dr Katie Simmons). 

 

3.5.1 Compound attrition 

A protocol for reducing the number of compounds taken forward for in vitro testing was 

established. This was done individually for the two binding sites. Attrition began by 

looking for agreement between the docking scores from eHiTS and SPROUT; the 

difference between the two scores was calculated and the 25 % of compounds with the 

greatest difference were eliminated. Secondly, an arbitrary cut off for eHiTS score was 

set at ≤ -4.5 (predicted IC50 10-100 µM), leaving 552 compounds for the peripheral site 

and 244 at the lumen. At this point, 16 compounds were disregarded from the 

peripheral list as they had a MW < 225 daltons (Da) and were likely to be of too low a 

molecular weight to demonstrate selectivity; there were no compounds in the lumenal 

list with MW < 225 Da. 

Compounds were then assessed for non-covalent interactions made with the M2 

binding site. A default tolerance of 4 Å was set for interaction distances, adjustments of 

this distance could result in increased or decreased interactions including: 

 Dipole-dipole interactions – weak interactions between polar groups, when the 

alignment and attraction of the molecules reduces the potential energy. 

 Hydrogen bonds  – a strong form of dipole-dipole interaction that occurs when a 

hydrogen atom covalently bonded to a strongly electronegative atom (donor) 
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such as oxygen, nitrogen or fluorine, is in close range of another 

electronegative atom with a lone pair of electrons (acceptor). 

 Salt bridges – contain a hydrogen bond and an electrostatic interaction, and as 

such are stronger than hydrogen bonds alone. They occur between two ionised 

groups, typically involving amino acids arginine, lysine, aspartic acid, glutamic 

acid or histidine. Protons migrate from a carboxylic acid to an amine.  

 π-π stacking – is a non-covalent interaction occurring between two aromatic 

rings, with p-orbital electrons. 

 π-cation interactions – are non-covalent interactions that occur between the 

face of an electron rich group, such as an aromatic ring or ethylene, and an 

adjacent cation. 

After all interactions were manually noted for each compound, those compounds with 

fewer than 2 or 3 interactions for the peripheral and lumenal binding site, respectively, 

were eliminated. This left 360 lumenal and 194 peripheral compounds. Dipole-dipole 

interactions were only seen at the lumenal binding site. These interactions are weaker 

than all of the other interactions taken into account. Compounds at the lumenal binding 

site have the capability of binding to all four chains, as opposed to the peripheral 

compounds having a maximum of two chains to interact with. For these reasons, there 

was a requirement for more interactions per compound at the lumenal binding site. In 

addition, peripheral binding compounds can be subject to a hydrophobic penalty, if 

exposed to the octanol environment outside of the membrane. 

At this stage, compounds which remained on the lists for both binding sites were 

discounted for further study, as they would not be suitable for investigating preferential 

binding. The remaining compounds were then assessed for “drug-like” properties, 

including potential to form covalent bonds to the protein, potential for formation of 

reactive metabolites and toxicity, those falling short were eliminated from further 

investigation. 

The number of compounds remaining at this stage still exceeded the number desirable 

to take forward into in vitro screening. Hence, compounds for each site were ranked on 

their eHiTS score divided by molecular weight (eHiTS/MW). Compounds with the high 

eHiTS/MW are more efficient binders and consequently have a better potential for 

optimisation to drugs. The top 20 compounds at each site were selected and those that 

were available were purchased from ChemBridge. Details of nomenclature, MW and 

docking scores are listed in Table 3.3 and Table 3.4 for predicted lumenal (DL prefix) 

and peripheral (prefix DP) binding compounds, respectively. 
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 ID MW 
eHiTS 
Score 

SPROUT 
score 

eHiTS/MW 

DL1 249.313 -4.694 -5.980 -0.019 

DL2 285.346 -5.111 -6.930 -0.018 

DL3 285.346 -5.095 -6.520 -0.018 

DL4 277.283 -4.782 -5.410 -0.017 

DL5 329.79 -5.586 -7.250 -0.017 

DL6 296.713 -4.942 -4.900 -0.017 

DL7 300.405 -4.982 -6.030 -0.017 

DL8 299.377 -4.899 -6.640 -0.016 

DL9 292.725 -4.735 -5.980 -0.016 

DL10 304.349 -4.848 -6.640 -0.016 

DL11 325.795 -5.163 -6.940 -0.016 

DL12 296.395 -4.678 -5.350 -0.016 

DL13 294.335 -4.591 -5.570 -0.016 

DL14 339.181 -5.290 -6.160 -0.016 

DL15 332.742 -5.183 -6.760 -0.016 

DL16 341.458 -5.301 -6.110 -0.016 

DL17 354.409 -5.481 -6.580 -0.015 

Table 3.3 DL compound details and binding scores. 

Details of novel compounds, with similar structure to compound D, predicted to bind 

exclusively to the lumenal binding site of the E195 M2 homology model. Compound 

nomenclature (ID), molecular weight (MW) and their predicted binding scores (eHiTS 

score and SPROUT score) to the lumenal binding site and eHiTS score divided by MW 

(eHiTS/MW). Structures of all DL compounds can be found in Appendix Table A.6. 
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ID MW 
eHiTS 
Score 

SPROUT 
score 

eHiTS/MW 

DP1 234.258 -5.179 -5.780 -0.022 

DP2 234.262 -5.173 -5.550 -0.022 

DP3 238.294 -5.230 -5.200 -0.022 

DP4 211.22 -4.583 -4.770 -0.022 

DP5 251.353 -5.411 -6.750 -0.022 

DP6 215.276 -4.580 -5.210 -0.021 

DP7 251.309 -5.345 -5.790 -0.021 

DP8 256.305 -5.435 -5.930 -0.021 

DP9 235.286 -4.986 -6.500 -0.021 

DP10 246.269 -5.159 -6.220 -0.021 

DP11 231.258 -4.815 -5.870 -0.021 

DP12 271.345 -5.627 -5.720 -0.021 

DP13 223.279 -4.623 -5.760 -0.021 

DP14 297.401 -6.157 -7.250 -0.021 

DP15 236.234 -4.886 -5.240 -0.021 

DP16 224.263 -4.610 -5.990 -0.021 

DP17 239.234 -4.901 -6.050 -0.020 

DP18 224.287 -4.590 -5.710 -0.020 

DP19 226.324 -4.598 -6.090 -0.020 

Table 3.4 DP compound details and binding scores. 

Details of novel compounds, with similar structure to compound D, predicted to bind 

exclusively to the peripheral binding site of the E195 M2 homology model. Compound 

nomenclature (ID), molecular weight (MW) and their predicted binding scores (eHiTS 

score and SPROUT score) to the peripheral binding site and eHiTS score divided by 

MW (eHiTS/MW). Structures of all DP compounds can be found in Appendix Table A.6.  
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3.5.2 Analysis of specific interactions between compounds and residues 

in the M2 tetramer 

During the process of attrition (section 3.4.2), a number of interactions between 

compound and protein were analysed. A summary of the different types of interaction 

and the residues and chains involved for each of the tested compounds are detailed in 

Appendix Table A.1 and Table A.2, with binding poses and interactions for DL1, DL3, 

DL7, DL11, DP9 and DP14 depicted in Figure 3.9, Figure 3.10 and Figure 3.11.  

The binding poses of compounds DL1, DL3, DL7, DL11, DP9 and DP14 were 

visualised in PyMol (Figure 3.9). Identification of polar contacts, using a heuristic 

technique and default PyMol settings for distance (3.6 Å), predicted the direct polar 

interaction of DP9, via a hydrogen bond, to residue W41 of the protein. Manual 

analysis of the eHiTS data also identified this interaction (Figure 3.11). All of the DL 

compounds were predicted to participate in weak dipole-dipole interactions with the M2 

tetramer (Figure 3.10), these were not illustrated in PyMol (Figure 3.9).  

The docking poses of DL1 and DL11 showed that they bound near the neck of the 

channel, with the lower portion of their structures in the locality of N31 (Figure 3.9). 

Looking at the 2D interaction maps the binding site for DL1 solely and DL11 

predominately consisted of N31 residues (Figure 3.10). This was in comparison to DL3 

and DL7 that docked further down the channel close to H37 (Figure 3.9) and both 

compounds participated in π-π interactions with the H37 from chain C (Figure 3.10).  

Compounds DP9 and DP14 had similar docking poses that spanned between two 

adjacent helical chains, below residue W41 (Figure 3.9), with which they both 

interacted; DP9 via a hydrogen bond and DP14 via π-π interactions (Figure 3.11). 

Residue W41 was the most N-terminal amino acid within the M2 tetramer that either of 

these DP compounds interacted with. The most C-terminal residue was also common 

between DP9 and DP14, with both making π-π interactions with F48. Both compounds 

also made π-π interactions with R45, in addition DP14 also made a π-cation interaction 

with this residue (Figure 3.11). 

The lumenal binding site consisted of all four chains (Figure 3.10) and polar residues 

from all chains showed a potential for dipole-dipole interactions with the compound, but 

π-π interactions and hydrogen bonds were predicted between DL compounds and 

chain C and D, respectively. DL3 and DL7 (Figure 3.10) interacted with M2 via π-π 

interactions with H37 from chain C, whilst DL12 interacted with the N31 residue of 

chain D via a hydrogen bond (Appendix Table A.1). 
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Figure 3.9 In silico docking poses of biased compounds in the E195 M2 tetramer 

homology model. 

Docking poses of predicted lumenal binders DL1, DL3, DL7 and DP11 and peripheral 

binders DP9 and DP14, with polar contacts shown (yellow dashed lines). 3D structures 

of compounds are shown as sticks (salmon) and the M2 tetramer as a cartoon (grey) 

with selected residues represented as sticks, stick representations are coloured by 

element.  
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Figure 3.10 Predicted interactions between DL compounds and the lumenal 

binding site of the E195 M2 homology model. 

2D structures of DL1, DL3, DL7 and DL11 and the polar residues (blue circles) of the 

M2 tetramer they interact with are shown. π-π interactions (green lines) to the M2 

tetramer are highlighted. Residues are labelled with the three letter code, chain and 

residue number. 
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Figure 3.11 Predicted interactions between DP compounds and the peripheral 

binding site of the E195  M2 homology model. 

2D structures of DP9 and DP14 and residues (circles) of the M2 tetramer they interact 

with are shown. π-π stacking (green lines), π-cation (red lines) and hydrogen bond 

(dashed magenta lines) interactions are highlighted. Amino acids involved in 

interactions with compounds are coloured as being either hydrophobic (lime green), 

negatively (blue) or positively charged (red), they are labelled with the three letter code, 

chain and residue number. 
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At the peripheral binding site there were only two chains that made up the binding site 

(Chains A and D). However, a wider number of residues were predicted to be involved 

in interactions, W41, D44, R45 and F48, compared to only N31 and H37 at the lumenal 

binding site. As seen for DL compounds at the lumenal binding site, π-π interactions 

and hydrogen bonds were identified for DP compounds, but additional π-cation 

interactions and salt bridges were predicted. π-cation interactions were the most 

common form of interaction predicted between DP compounds and the peripheral 

binding site, with only DP8 and DP9 not predicted to interact using them (Figure 3.11). 

Salt bridges were only predicted to involve residue D44 from chain D and hydrogen 

bonds to either residue W41 or R45 on chain A. 

 

 Analogues of first generation compounds 3.6

To investigate SAR for compounds L1, L4 and P6 an online search for analogues of 

was carried out using eMolecules software. Individually the 2D structures of each 

compound was constructed in the software, then a search carried out to identify similar 

compounds; each resultant structure was given a similarity score of between 0.8 and 

1.0, with 1.0 being identical to the input structure. In addition to this, details of suppliers 

and product codes were listed.  

Each parental compound returned numerous analogues. These were narrowed down 

by exclusively concentrating on compounds available from ChemBridge, the source of 

the compounds we had purchased previously. In cases where greater than four 

analogues were identified, Lipinski’s “rule of five” (Lipinski et al., 2012) and other 

analysis of “drug-like” qualities, were used to decide upon which to take forward. 

Analogues of L1 are denoted L1.1 – L1.4 and the same nomenclature are used for L4 

and P6 analogues. 

 

3.6.1  Prediction of ligand-protein binding modes using eHiTS 

In the original, unbiased in silico eHiTS screen (Section 3.4.1), all of the tens of 

thousands of compounds were docked against both the lumenal and peripheral binding 

sites. During the attrition process compounds present in the top 1000 (ranked by eHiTS 

score) for both sites were eliminated. The aim was to identify novel compounds with a 

specific preference for one site, before assessing their activity against the M2 peptide 

and E195 virus. As a result of this attrition L1 and L4 were predicted to bind in the 
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lumenal binding site of the E195 M2 homology model and P6 at the peripheral binding 

site.  

Likewise, analogues of unbiased compounds were docked against both sites. 

However, in contrast to the original, unbiased screen, the docking poses and eHiTS 

scores for analogues were analysed at both sites (Table 3.5). This was done in order to 

assess whether changes in chemical structure between analogues affects interactions 

or binding poses at a particular site, potentially altering the binding specificity. As 

discussed previously (section 3.3.2), as eHiTS scores cannot be directly compared 

between sites, it is not possible to determine the preferred binding site of an individual 

compounds from the docking scores. However, binding site preferences were to be 

tested experimentally and correlated back to the in silico docking scores and poses. 

 

3.6.2 Analysis of predicted docking poses and interactions of L1, L4 and 

P6 analogues with the lumenal binding site of the E195 M2 

homology model 

No hydrogen bonds were shown in the docking pose of L1 in the lumenal binding site 

of the E195 M2 homology model (Figure 3.7). This was also the case for all four of its 

analogues (Figure 3.12B), for which polar contacts only with solvent were observed 

using PyMol. The 2D interaction maps also showed a lack of hydrogen bonds between 

L1 analogues and the tetramer (Figure 3.12). Analogue compounds L1.1 and L1.2 

retain the napthyl ring seen in L1 and only differ by the removal of one or other of the 

methoxy groups at the other end of the molecule. However, the predicted binding 

poses varied greatly. Like L1, L1.2 still had the napthyl ring further down the channel 

towards H37, whereas L1.1 had the napthyl ring towards the neck of the channel, in 

proximity to N31 (Figure 3.12). The orientation of L1.3 had the sulphur atom above the 

adjacent aromatic ring (Figure 3.12B), as opposed to L1 where it was underneath 

(Figure 3.7). For L1.4 the molecule was inverted with the aromatic with two methoxy 

groups now deeper in the channel (Figure 3.12B) than the sulphur atom.  

Compound L4 docked into the lumen with its ester group closest to the neck of the 

channel (Figure 3.7), whilst L4.3, which lacks the aromatic ring with an ester group, 

docked even closer to the neck of the channel. The two aromatic rings of L4.3 were sat 

vertically in the channel (Figure 3.13B), whereas for L4 these ring were essentially in 

the same horizontal plane. Neither L4, nor L4.3 was predicted to make any hydrogen 

bonds with the lumenal binding site (Figure 3.13). L4.4 only lacks this ester group, not 

the aromatic ring and was seen in PyMol to form direct interactions to the N31 residue 
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Compound ID CB ID 
eHiTS score 

Lumen Periphery 

L1.1 6607593 -3.682 -3.113 

L1.2 6598617 -3.152 -3.112 

L1.3 6945470 -2.797 -2.784 

L1.4 7642465 -3.519 -2.707 

L4.1 6302982 -3.615 -3.958 

L4.2 7999011 -3.942 -3.400 

L4.3 5128188 -4.033 -3.333 

L4.4 7749703 -3.038 -3.483 

P6.1 6479640 -4.919 -4.900 

P6.2 6470103 -3.275 -4.542 

P6.3 5732197 -4.546 -4.097 

P6.4 5861836 -1.803 -3.551 

 

Table 3.5 Docking analysis at the lumen and periphery of the E195 M2 homology 

model, of L1, L4 and P6 analogues. 

Four analogues each of L1, L4 and P6 were docked against the proposed lumenal and 

peripheral binding sites of the E195 M2 homology model, using eHiTS software. eHiTS 

scores for both lumenal and peripheral binding sites are listed alongside compound 

nomenclature. 
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Figure 3.12 Predicted interactions between analogues of L1 and the lumenal 

binding site of the E195 M2 homology model. 

A) 2D structures of L1.1, L1.2, L1.3 and L1.4 and the residues (circles) of the M2 

tetramer they interact with are shown. Polar interactions (to cyan circled residues). 

Residues are labelled with the three letter code, chain and residue number. B) Docking 

poses of compounds L1.1-4 (green) within the lumenal binding site of M2 (grey). 

Selected residues represented as sticks, stick representations are coloured by element 

and polar contacts (yellow dashed lines) to the protein or solvent highlighted.   
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Figure 3.13 Predicted interactions between analogues of L4 and the lumenal 

binding site of the E195 M2 homology model. 

A) 2D structures of L4.1, L4.2, L4.3 and L4.4 and the residues (circles) of the M2 

tetramer they interact with are shown. Polar interactions (to cyan circled residues). 

Residues are labelled with the three letter code, chain and residue number. B) Docking 

poses of compounds L4.1-4 (green) within the lumenal binding site of M2 (grey). 

Selected residues represented as sticks, stick representations are coloured by element 

and polar contacts (yellow dashed lines) to the protein or solvent highlighted.   
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of chain D (Figure 3.13B). Despite its structural similarity to L4, the binding pose of this 

compound also varied greatly from that observed for L4. The aromatic ring was still in 

proximity to N31 residues, but the other end of the molecule was docked higher in the 

channel close to residue V27 (Figure 3.13B), as opposed to between I33 and H37 as it 

was for L4 (Figure 3.7). The central aromatic group of L4 was found in the region of 

residue G34 in the lumenal binding site. For compound L4.1 this aromatic group was 

the portion of the molecule closest to the neck of the channel at V27 (Figure 3.13B). Of 

the four L4 analogues, L4.2 was the only one that is predicted to form a hydrogen bond 

to the lumenal binding site of M2, interacting directly with N31 (Figure 3.13).  

There was no data supporting that P6 docked in the lumenal binding site, as it did not 

feature in the top 1000 eHiTS scores for that site, during the original screening. 

However, it was possible to establish likely docking poses for its analogues at this site. 

Analogues P6.3 and P6.4 were predicted to form specific π-π interactions with H37 in 

the lumenal binding site (Figure 3.14A), with P6.3 seen to also have polar contacts with 

I35 (Figure 3.14B). In the case of P6.4, it was the aromatic group attached to the 

sulphur atom that participated in the π-π interaction, yet this was not the case for P6.3 

(Figure 3.14A). On the other hand, P6.1 and P6.2 were only predicted to make weak 

dipole-dipole interactions with residues N31 and H37 of E195 M2 (Figure 3.14). 

 

3.6.3 Analysis of predicted docking poses and interactions of L1, L4 and 

P6 analogues with the peripheral binding site of the E195 M2 

homology model 

Despite L1 not being predicted to bind at the peripheral binding site, all of the L1 

analogues were predicted to make polar contacts with D44 (Figure 3.15B) at the 

peripheral binding site, using PyMol. In addition L1.1 was predicted to directly interact 

with R45. The 2D interactions map did not predict L1.3 interacting with the peripheral 

binding site by strong polar interactions (Figure 3.15A), contrary to what PyMol 

predicted (Figure 3.15B).The predicted polar interactions seen in the docking pose of 

L1.1 were seen to be hydrogen bonds to residues D44 and R45 (Figure 3.15A). The 2D 

interaction map of L1.1 showed it also made π-π stacking and π-cation interactions to 

residue R45 (Figure 3.15A). Analogue L1.2 also interacted with the protein by π-π 

stacking and π-cation interactions with R45, as well as π-π stacking to F48 and a 

hydrogen bond to W41 of chain A (Figure 3.15), not to D44 as predicted in the docking 

pose (Figure 3.15B). Focussing on the 2D interaction map, L1.4 was predicted to 

interact with F48 from chain D via π-π stacking interactions (Figure 3.15) and to D44 

via a hydrogen bond, as highlighted in the docking pose (Figure 3.15B).   
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Figure 3.14 Predicted interactions between analogues of P6 and the lumenal 

binding site of the E195 M2 homology model. 

A) 2D structures of P6.1, P6.2, L4.3 and P6.4 and the residues (circles) of the M2 

tetramer they interact with are shown. Polar interactions (to cyan circled residues). 

Residues are labelled with the three letter code, chain and residue number. B) Docking 

poses of compounds P6.1-4 (green) within the lumenal binding site of M2 (grey). 

Selected residues represented as sticks, stick representations are coloured by element 

and polar contacts (yellow dashed lines) to the protein or solvent highlighted. 
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Figure 3.15 Predicted interactions between analogues of L1 and the peripheral 

binding site of the E195 M2 homology model. 

A) 2D structures of L1.1, L1.2, L1.3 and L1.4 and the residues (circles) of the M2 

tetramer they interact with are shown (hydrophobic - lime green, negatively - blue or 

positively charged - red). π-π stacking (green lines), π-cation (red lines) and hydrogen 

bond (dashed magenta lines) interactions are highlighted. B) Docking poses of 

compounds L1.1-4 (green) within the peripheral binding site of M2 (grey). Selected 

residues represented as sticks, stick representations are coloured by element and 

polar contacts (yellow dashed lines) to the protein or solvent highlighted.  
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Analogue L4.1 was predicted to form a single π-cation interaction with R45 (Figure 

3.16A), this was compared to all other L4 analogues which were predicted to partake in 

at least four direct interactions with the peripheral binding site. The binding pose of 

L4.1 indicated two polar contacts to the peripheral binding site, to W41 and D44 (Figure 

3.16B), neither were predicted in the 2D interaction map (Figure 3.16A). Residue D44 

was not involved in the polar interactions predicted in the 2D map of L4.2. Instead, 

residues R45 and F48 each interacted with the L4.2 via a π-π stacking interaction and 

R45 also by two π-cation interactions (Figure 3.16A). Analogue L4.3 was predicted to 

interact with three residues of the peripheral binding site; D44 via a hydrogen bond as 

predicted in the docking pose (Figure 3.16B), W41 via π-π stacking and R45 via a π- 

cation interaction and a salt bridge (Figure 3.16A). L4.4 was predicted to partake in 

three π-π stacking interactions, one with each of the residues W41, R45 and F48. 

Furthermore, a π-cation interaction with R45 was predicted (Figure 3.16A), in addition 

to the hydrogen bond to D44, as seen in the docking pose (Figure 3.16B). 

Of the three parental compounds, only P6 was predicted to dock into the peripheral 

binding site of the E195 M2 homology model during the original unbiased docking 

(Figure 3.8). Compound P6 was predicted to have direct polar contacts with R45, via 

an oxygen atom from a sulphonamide. A sulphonamide was present in all four of the 

analogues investigated. However, in the docking poses the sulphonamide was not 

predicted to interact with the peripheral binding site (Figure 3.17B). Of the four 

analogues, PyMol only predicted an interaction between the peripheral binding site and 

P6.4, via the D44 residue of M2 (Figure 3.17B). Whereas the 2D interaction map of 

P6.4 predicted interactions to residues R45 and F48, but not D44 (Figure 3.17A). 

Analogue P6.1 was predicted to partake in π-π stacking interactions with W41 residues 

from both chains A and D, and to F48 of chain D, alongside a π-cation interaction with 

R45 (Figure 3.17A). Both P6.2 and P6.3 were predicted to take part in a π-π stacking 

interaction with residue F48, with P6.2 making further interactions with W41 and R45 

(Figure 3.17A). 

Compared to the predictions for the lumenal binding site, at the peripheral binding site 

there was greater disparity between the predictions of the docking pose and polar 

contacts (PyMol) and the 2D interaction maps (Maestro). At the lumenal binding site 

the 2D interaction maps rarely indicated strong polar interactions with the protein, with 

most interactions seen to be weak dipole-dipole interactions. PyMol indicated that only 

three analogues, L4.2, L4.4 and P6.3, made polar contacts to residues of the lumenal 

binding site; 2D interaction maps also predicted L4.2 and P6.3 took part in interactions; 

additionally interactions were seen for P6.4, but not L4.4. 
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Figure 3.16 Predicted interaction between analogues of L4 and the peripheral 

binding site of the E195 M2 homology model. 

A) 2D structures of L4.1, L4.2, L4.3 and L4.4 and residues (circles) of the M2 tetramer 

they interact with are shown (hydrophobic - lime green, negatively - blue or positively 

charged - red). π-π stacking (green lines), π-cation (red lines) hydrogen bond (dashed 

magenta lines) and salt bridge (blue-red gradient line) interactions are highlighted. B) 

Docking poses of compounds L4.1-4 (green) within the peripheral binding site of M2 

(grey). Selected residues represented as sticks, stick representations are coloured by 

element and polar contacts (yellow dashed lines) to the protein or solvent highlighted. 
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Figure 3.17 Predicted interaction between analogues of P6 and the peripheral 

binding site of the E195 M2 homology model. 

A) 2D structures of P6.1, P6.2, P6.3 and P6.4 and residues (circles) of the M2 tetramer 

they interact with are shown (hydrophobic - lime green, negatively - blue or positively 

charged - red). π-π stacking (green lines), π-cation (red lines) and hydrogen bond 

(dashed magenta lines) interactions are highlighted. B) Docking poses of compounds 

P6.1-4 (green) within the peripheral binding site of M2 (grey). Selected residues 

represented as sticks, stick representations are coloured by element and polar contacts 

(yellow dashed lines) to the protein or solvent highlighted. 
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Strong interactions (π-π stacking, π-cation, hydrogen bonds and salt bridges) were 

predicted to all but one of the twelve analogues docked at the peripheral binding site 

(Figure 3.15, Figure 3.16 and Figure 3.17). This could be attributed to the fact that 

residues at this site were more likely to be charged or contain an aromatic ring. PyMol 

did predict that a larger number of the analogues were involved in polar contacts with 

the peripheral binding site, with the three analogues of P6 being the only compounds 

not seen to interact (Figure 3.17B). All of the interacting compounds were predicted to 

use D44, in some cases in addition to another residue, for polar contacts (Figure 

3.15B, Figure 3.16B and Figure 3.17B). However, the 2D interaction maps only 

corroborated hydrogen bonds to D44 in four of these nine analogues (Figure 3.15A, 

Figure 3.16A and Figure 3.17). 
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 Discussion 3.7

To reduce the number of compounds down to a realistic list for experimental testing, 

analysis of the in silico results was paramount. Both binding specificities and drug like 

qualities of the compounds were carefully examined prior to screening.  

The generation of an in silico homology model of E195 M2 based upon the published 

structure of the conductance domain of a Udorn H3N2 strain (Schnell & Chou, 2008) 

enabled virtual HTS of novel compounds against both of the proposed binding sites of 

M2. Two independent in silico screens were carried out and both identified non-

adamantane compounds that were predicted to interact specifically with residues of 

either the proposed lumenal or peripheral binding sites of the E195 M2 homology 

model. Analysis of analogue compounds revealed further information on these specific 

interactions and binding poses. 

The generation of homology models, when protein structural information is unavailable, 

is a relatively quick and inexpensive way to produce a 3D structure of a protein (Vyas 

et al., 2012; Wiltgen & Tilz, 2009) and has applications to drug discovery. The more 

homology between the template and target sequence the more reliable the model is 

predicted to be. There were 7 aa substitutions required to match the E195 sequence. 

Of these substitutions S31N was of the greatest importance, due to its role in 

rimantadine resistance (Hay et al., 1986); the bulkier side chain of asparagine has 

been associated with looser packing of the tetramer and disruption of the proposed 

peripheral binding site (Pielak et al., 2009). The effects of the S31N mutation on the 

proposed lumenal binding site are less dramatic, with slight constriction of the pore, but 

no overall impact on the structure of the channel pore (Pielak et al., 2009; Stouffer et 

al., 2008). Accordingly, the in silico minimisation of the resultant model lead to changes 

in the backbone structure of the tetramer (Figure 3.1) and caused the orientation of 

H37 and W41 side chains to alter (Figure 3.2).  

In addition to S31N, two further amino acid substitutions formed part of, or were in 

close proximity to, proposed binding sites. V28I is proximal to the lumenal binding site, 

and L43T is predicted to form part of the peripheral binding site. Replacing V28 with an 

isoleucine, another hydrophobic amino acid, did not greatly alter the structure of the 

channel or affect potential interactions with lumenal binding compounds. L43 forms part 

of the hydrophobic wall of the peripheral binding pocket (Schnell & Chou, 2008); 

replacing this with the polar residue threonine will potentially increase the size of the 

polar patch able to interact with peripherally targeted compounds. However, the 

compound docking analysed in this chapter did not identify any strong polar or 
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hydrophobic interactions between compounds and T43. The remaining four 

substitutions all lie to the C-terminus of residues reported to be involved in peripheral 

binding (Schnell & Chou, 2008) and the most C-terminal residue included in the clip file 

for this site. This does not exempt these changes from having effects upon compound 

binding, especially at the peripheral binding site. However, due to the limited availability 

of CD structures of the M2 tetramer, generation of a homology model and amino acid 

substitutions were unavoidable in the pursuit of a model for a structure-guided search 

for novel inhibitors. At the time of performing this study, all other CD structures 

deposited to the PDB lacked a ligand (Pielak & Chou, 2010; Pielak et al., 2009; 

Sharma et al., 2010), so 2RLF (Schnell & Chou, 2008) was deemed most appropriate 

to use. Providing some precedent of our choice of 2RLF as a template, other groups 

have also built pH1N1 swine influenza M2 homology models and undertaken in silico 

docking (Du et al., 2010; Tran et al., 2011). As with our investigation, Tran and 

colleagues took into account binding at both of the proposed sites of M2 (Tran et al., 

2011), whereas Du et al. concentrated on the peripheral site only (Du et al., 2010).  

Clip files were generated and used to specify the two proposed binding sites of M2 

(Section 3.2.1). The purpose of this was to concentrate docking to regions proposed as 

binding sites for amantadine and rimantadine, including residues seen to directly 

interact with the compounds (Schnell & Chou, 2008; Stouffer et al., 2008). This 

approach inherently applied bias to the docking, yet without this there was potential for 

compounds to dock to any region of the tetramer. This is including at the termini, which 

would not represent valid poses as in nature additional amino acids would exist at 

either end of the polypeptide chain. However, there is potential that the use of clip files 

could result in further, novel binding sites, and consequently compounds targeting 

these sites, being excluded from analysis. Docking tools such as AutoDock (Scripps), 

used in other docking studies of IAV M2 (Du et al., 2010; Tran et al., 2011), have 

minimised user input for defining a binding site, meaning that all potential sites are 

considered, and as such reduce bias (Goodsell & Olson, 1990), but both methods are 

valid and have identified novel inhibitors. Additionally, eHiTS has the capability of using 

large compound libraries in addition to a smaller targeted collection such as the 

analogues (Section 3.6.1), enabling clip files and docking parameters to remain 

constant throughout the project. 

The M2 tetramer has four potential peripheral binding sites (Schnell & Chou, 2008), 

one between each pair of adjacent chains. The E195 M2 homology model, like the 

2RLF structure does not have perfect four-fold symmetry,  such that concentrating the 

clip file on one particular site between only one pair of chains (A and D) may not have 

allowed for all potential docking poses. Undertaking in silico docking to each of these 
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four sites would have resulted in a larger data set, potentially with additional docking 

poses. However, it is likely that this would have been repetitive and due to this largely 

uninformative.  

Docking adamantane containing compounds M2WJ332 (Wang et al., 2013b) and 

compound D into the E195 M2 homology model (section 3.3) highlighted that the 

characteristic large hydrophobic cage-like structure is not predicted to make any polar 

contacts to the protein (Figure 3.5 and Figure 3.6). For this reason, instead of simply 

adding complexity or a second pharmacophore to this cage structure (Du et al., 2010; 

Wang et al., 2013a; Wang et al., 2013b), we wanted to test a more diverse range of 

structures. We started with an unbiased screen, to not put any restrictions on shape or 

chemical groups of compounds (Section 3.4). In addition we carried out a biased 

screen. This used adamantane compound D as a starting point, due to its predicted 

ability to bind to both sites weakly. Thus, we aimed to improve selectivity by carrying 

out divergent SAR and selecting compounds with similar shape and pharmacophore to 

compound D, but lacking the adamantane cage (Section 3.5). The unbiased screen 

gave rise to two specific, divergent series (DL and DP), both from a single starting 

compound. 

All compounds from the two large screens (Sections 3.4.1 and 3.5) were docked to 

both the lumenal and peripheral clip files and then during attrition those predicted to 

bind to both sites were eliminated during the analysis. For the unbiased screen the top 

1000 compounds at each site (ranked by eHiTS score) were included in the analysis; 

this reduced the number of compounds docking at both sites. Compared to the initial 

unbiased screen (Section 3.4.1), the number of compounds used in the biased screen 

was limited to 1000, a number more appropriate for a manual comparison and analysis 

of the docking. During the biased screen, in addition to eHiTS, a second docking tool 

was used and corroboration of the eHiTS and SPROUT scores provided an extra level 

of confidence in the in silico docking predictions. During the attrition of the biased 

screen, the dismissal of compounds remaining in the lists for both sites was carried out 

both after ranking by eHiTS score and manual assessment of interactions to the 

protein. This was done in order to select out compounds with a specific preference to 

one site or the other and as a result being capable of investigating the possibility of 

targeting the two proposed binding sites of the M2 tetramer independently.  

In the case of investigating the binding of L1, L4 and P6 analogues (Section 3.6.1), 

eHiTS scores were generated for both sites for each of the 12 analogues (Table 3.5). 

In silico docking scores can be compared between compounds within a single site, but 

cannot be used to compare binding of a single compound at each of the sites and as 
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such could not be used to predict if one binding site was more favourable. The intention 

of this docking was not to eliminate any compounds from biological testing, but to 

analyse if any changes in structure affected the predicted binding poses of compound. 

All compounds were assessed for their effects on CF release, mediated by TM and CD 

N31 M2 peptides (Figure 4.12 and Figure 4.13) and this experimental data was used to 

define binding preferences.  

Two programs were used to visualise and analyse docking of compounds to the E195 

M2 homology model. 2D interaction maps were generated in Maestro software using 

the data generated from the eHiTS docking, these illustrations depicted interactions 

between individual functional groups of the compound and specific residues of the 

protein. Weak dipole-dipole interactions are inferred by the presence of polar residues 

in proximity to the compound, whilst stronger interactions of π-π stacking, π-cation, 

hydrogen bonds or salt bridges are clearly labelled. In the case of the attrition of biased 

compounds (Section 3.5.1) it was these 2D maps that were used to assess the 

interactions between the compound and M2. In this work the primary function of PyMol 

software was in the visualisation of the most energetically favourable docking pose for 

each compound at a specific site. A feature of PyMol allows you to “find” “polar 

contacts” between the compound and the protein, as well as to the solvent, these are 

shown as yellow dashed lines in all of the docking poses (Figure 3.5, Figure 3.6 ,Figure 

3.9 and Figure 3.12-Figure 3.16). The two software programs inevitably have different 

parameters including distance, for predicting interactions. Additionally PyMol is more 

akin to looking for hydrogen bonds, whereas Maestro looks for a wider range of polar 

and hydrophobic contacts e.g. π-π stacking interactions. For this reason PyMol was 

used for visualising likely docking poses, whereas Maestro was relied upon as the 

source of interaction data.  

Another method available for in silico identification of novel inhibitors is molecular 

dynamic (Inamdar et al., 2014) simulation, which was first used in the 1970s 

(McCammon et al., 1977). Unlike homology models generated from published 

structures, proteins are not rigid structures. MD simulations allow for dynamic motions 

and conformations (Karplus & McCammon, 2002) and take into account the motion as 

a function of time. Inhibitors of drug-resistant M2 have been designed by MD 

simulations (Wang et al., 2011). The basis of the Wang et al. work was not the 

published CD structure 2RLF (Schnell & Chou, 2008), as used in this project and in the 

generation of other pH1N1 M2 homology models (Du et al., 2010; Tran et al., 2011). 

Wang and colleagues instead employed the X-ray crystallographic TM structure 3LBW 

(Acharya et al., 2010) and therefore investigation of the proposed peripheral binding 

site was not undertaken (Wang et al., 2011). The drug-resistance polymorphisms used 
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as the focus of the study was V27A, with identification of a series of spirane amine 

compounds found to be effective against WT, V27A and L26F peptides in a TEVC 

assay (Wang et al., 2011). Nevertheless, this class of compound were not seen to be 

effective against S31N M2, considered the most clinically relevant polymorphism.  

High-throughput identification of novel inhibitors does not necessarily require in silico 

studies. This is highlighted by the use of a yeast growth restoration assay (Balgi et al., 

2013), in which both adamantane derivatives and non-adamantane compounds were 

identified as potential M2 inhibitors. When expressed in yeast, M2 led to a reduction in 

yeast growth observed at 48 hours, that in the case of WT M2 could be restored by 

addition of amantadine (Balgi et al., 2013); employing the 384-well setup allowed for 

screening of over 200,000 compounds, with 21 active compounds identified. The initial 

screen was performed using WT M2, with hits then being used against S31N, V27A 

and L26F, none of which were able to inhibit the most prevalent S31N resistance 

polymorphism (Balgi et al., 2013); as such, these compounds  do not represent a 

significant improvement on licensed M2 antivirals.  

Through the utilisation of an in silico homology model, we have handpicked compounds 

for experimental investigation against drug-resistant N31 M2 from pH1N1 swine 

influenza. Predictions were made as to the preference in binding site and proposed 

efficacy, which needed to be tested. Assessment of effects on different M2 peptides in 

vitro, alongside antiviral efficacy can be used to validate or improve the methodology of 

the in silico work. 
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Chapter 4 

Screening novel compounds for 
activity against M2 in vitro and 

effects upon virus titre in culture 
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 Screening novel compounds for Chapter 4

activity against M2 in vitro and effects upon 

virus titre in culture 

 Introduction 4.1

M2 is the best characterised viroporin to date, with numerous studies of its function and 

inhibition being published since 1992, when electrophysiology studies in Xenopus 

laevis oocytes revealed its function as an ion channel (Pinto et al., 1992). In addition, 

electrophysiology studies have been instrumental in uncovering more about M2, 

including its activation by low pH (Pinto et al., 1992), preference for conducting protons 

(Balannik et al., 2010; Shimbo et al., 1996), the minimal functional unit for conductance 

(Ma et al., 2009) and key functional residues, including the H37 proton sensor (Wang 

et al., 1995) and the W41 gate (Tang et al., 2002). 

Alongside these studies, in vitro methods for assessing M2 ion channel activity and 

inhibition have been used; one advantage of in vitro methods over electrophysiology 

studies is that there is no influence of endogenous ion channels that are present in 

oocytes. Since the 1990s when planar lipid bilayers were first used to assess 

adamantane effects on proton conductance (Duff & Ashley, 1992), this system has 

been used to study many other viroporins including HIV-1 Vpu (Ewart et al., 1996), 

Alphavirus 6k (Melton et al., 2002), HCV p7 (Clarke et al., 2006; Griffin et al., 2003; 

Pavlovic et al., 2003; Premkumar et al., 2004) and Dengue M protein C-terminal 

peptide (Premkumar et al., 2005). Liposomes can be used in place of planar bilayers 

and resultant recordings can give an overview of channel populations, as opposed to 

single, or a handful of channels when analysed in bilayers. M2 conductance has 

previously been investigated in this way (Lin et al., 1997; Peterson et al., 2011; 

Schroeder et al., 1994). 

In addition to assessing ion conductance, liposomes can also be filled with self-

quenching dyes such as carboxyfluorescein (CF) (Blumenthal et al., 1977), which upon 

release into the external buffer, dilute and fluoresce, giving an indirect readout of ion 

channel activity. Originally used to assess the activity of melittin (Schwarz et al., 1992), 

a peptide found in bee venom, this system was adopted for studying viroporins in 2007 

when it was first used to study HCV p7 (StGelais et al., 2007). Following this, hRSV SH 

(Carter et al., 2010) and HPV-16 E5 (Wetherill et al., 2012) have also been shown to 

mediate a dose-dependent release of CF from liposomes.  
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The system does have its limitations. In the instance of M2, there is naturally selectivity 

for conducting protons, CF with a MW of 376.62 is undoubtedly much larger and more 

in scale with scale of M2 inhibitors. However, it has been demonstrated that the release 

of CF from liposomes mimics the activation and inhibition characteristic of viroporin 

channel activity. In the case of HCV p7 and HPV-16 E5, viroporin-mediated release of 

CF is enhanced at acidic pH (StGelais et al., 2007; Wetherill et al., 2012). Work in the 

laboratory had previously demonstrated that M2 peptides in this system are also pH 

activated (Figure 4.1) (Atkins et al., 2014) and responsive to inhibitors (Figure 4.2). 

Additionally, the lipid constituents of the liposomes used do not always best represent 

the environment in which the viroporin naturally occurs, with a viral envelope rich in 

cholesterol and sphingomyelin (Klenk et al., 1972). There has to be a balance between 

a lipid composition in which the viroporin can oligomerise and function and one that 

allows for stability to provide reproducibility within an assay system. In order to develop 

a HTS for analysing p7 inhibition Gervais and colleagues investigated different lipid 

compositions (Gervais et al., 2011). Optimisation of lipid composition of liposome was 

not carried out in this work, but may have resulted in improved stability and formation of 

channels better resembling their native state. Despite this the use of peptides to 

investigate the functional activity and inhibition of viroporins such as M2 is a valuable 

tool; the ability to incorporate specific mutations (such as those implicated in 

resistance), into the sequence can reveal more about mechanisms of action of 

compounds. It is, however, still important to demonstrate that the results can be 

replicated in the context of virus infection. For this reason, after each in vitro screen of 

compounds we ensured that effective compounds were tested in plaque assays, to test 

whether the reduction of M2 activity was translatable to a reduction in virus titre.  

The primary strain for our investigations was chosen to be E195 pH1N1, due to its 

prevalence in the population for a number of years following its emergence in the 2009 

pandemic. E195 also retains the common polymorphism conferring resistance to 

currently licensed M2 antivirals.  

Prior to studies presented herein, preliminary work had already begun to start 

optimising an M2 in vitro dye release assay, and to screen existing viroporin inhibitors 

against pH1N1 swine ‘flu. The liposome dye release assay was adapted to use M2 

conductance domain peptides. At neutral pH M2 is highly active, but as with M2 in the 

virion (Pinto et al., 1992), activity is enhanced by acidic pH (Figure 4.1). This method is 

also appropriate for testing inhibitors, validated by tests using the licensed M2 antiviral 

rimantadine. Wild-type E195 M2 is naturally rimantadine resistant due to presence of 

N31; testing a conductance domain peptide (N31 CD), demonstrated that the CF 

release was unaffected by the presence of rimantadine (Figure 4.2B). This was in  
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Figure 4.1 M2 mediates release of CF from liposomes is enhanced at acidic pH. 

An E195 M2 conductance domain peptide was assessed by end point fluorescence in 

buffers of decreasing pH. 62.5 µM S31 CD or solvent (5 % v/v MeOH). To re-solubilise 

carboxyfluorescein the pH was re-buffered to pH 7.4, liposomes were then removed by 

ultracentrifugation prior to fluorimetry (λex = 485 nm, λem = 520 nm). Data represents 

two separate experiments, with conditions repeated in triplicate within each experiment. 

Error bars represent standard error of the mean. Shown with permission from Ranjitha 

Tathineni and Dr Stephen Griffin. 
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Figure 4.2 E195 M2 conductance domain peptides maintain resistance to 

rimantadine, but are sensitive to novel adamantane derivatives, which also 

reduce E195 infectious virus titre. 

A) Molecular structures of rimantadine, compound D, H and J. B) Conductance domain 

peptides of wild-type E195 M2 (N31 CD, black) and the N31S mutant (S31 CD, green) 

result in release of CF from liposomes. Rimantadine (Rim, dashed lines) reduces the 

CF mediated release by the S31 peptide, but not the N31 peptide. C) Novel 

compounds all reduce N31 CD mediated CF release. D) E195 infectious virus titre is 

reduced by novel inhibitors, but not Rim. CF mediated release measured by fluorimetry 

(λex = 485 nm, λem = 520 nm) and recorded in real time. Liposomes alone (liposomes) 

and liposomes + 5 % v/v MeOH (solvent) were included as controls. Peptides used at 

10 nM (5 % v/v MeOH) and compounds at 40 µM (1 % v/v DMSO. Virus titres were 

established 24 hours post an infection of MOI 0.001. Error bars represent standard 

deviation, within one experimental repeat, DMSO and Rim in triplicate wells, D and H 

single well and J duplicate wells. Work performed by Dr Toshana Foster. 
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comparison to a rimantadine “sensitive” peptide (S31 CD), which when preincubated 

with 40 µM rimantadine induced a marked decrease in fluorescence (Figure 4.2B). 

Thus, despite not directly assessing M2 proton conductance, the dye release assay 

appeared to be capable of demonstrating specific inhibition of channel activity. 

Initial testing of compounds included a selection of adamantane derivatives, which had 

previously been tested against HCV p7 in vitro and infectious HCV in culture (Foster et 

al., 2011). Adamantane derivatives compounds D, H and J (Figure 4.2A) all resulted in 

a reduction in N31 CD mediated fluorescence (Figure 4.2C) and infectious virus titre 

compared to the DMSO control (Figure 4.2D). Preincubation of N31 CD peptide with 

compound D reduced fluorescence to a similar level as the solvent control, whereas 

compound H had the least dramatic effect on CF release but the fluorescence was still 

more than halved (Figure 4.2C).  

Concurrently, other groups were also investigating the effects of adamantane 

analogues on the replication of amantadine-resistant strains of IAV and found 

compounds effective against some S31N strains (Kolocouris et al., 2014; Wang et al., 

2013a; Wang et al., 2013b; Wu et al., 2014b). A number of studies have also 

investigated non-adamantane inhibitors of M2. Amine compounds have been found to 

target M2, but to date this class of compound have only been able to inhibit 

amantadine-sensitive and not amantadine-resistant strains of IAV (Hu et al., 2010; 

Zhao et al., 2011). Additionally, the spirene-containing compound, BL-1743 has been 

shown to be effective against IAV that is amantadine-sensitive, but ineffective against 

naturally occurring amantadine resistant strains (Tu et al., 1996). However, resistance 

to BL-1743 can be conferred by an I35T mutation, which does not result in amantadine 

resistance, supporting a different binding mode compared to adamantanes (Tu et al., 

1996). Spiran amine 8, a derivative of BL-1743, is effective against WT M2, as well as 

L26F and V27A amantadine-resistant mutants (Balannik et al., 2009). However, it is not 

effective against S31N the most prevalent polymorphism (Balannik et al., 2009). To our 

knowledge there are no reports of non-adamantane compounds that are effective 

against M2 containing N31. 

 

 Effects of adamantane derivative compound D on M2 in 4.2

vitro and in virus culture 

Both real-time traces and end point data demonstrated a dose-dependent increase in 

CF release mediated by E195 M2 from liposomes, with increasing concentrations of 
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N31 CD peptide (Figure 4.3). Unlike the preliminary studies which used 10 nM N31 CD 

peptide and resulted in approximately 12000 FU above liposome background (Figure 

4.2), when using the new E195 N31 CD peptide batch there was repeatedly 

background fluorescence, but comparable fluorescence readings above background 

were recorded. This increased background fluorescence could be attributed to different 

batches of lipids. A linear relationship between end point fluorescence readings and 

peptide concentration was observed up until 30 nM, when the increase in fluorescence 

slowed and there was no increase between 40 and 50 nM (Figure 4.3B). To allow for a 

larger window of effect and to remain within the linear range, initial inhibition studies 

were carried out using 25 nM peptide.  

The real-time traces showed that across all concentrations of peptide and controls, 

fluorescence values plateaued long before the final recorded time point (Figure 4.3A). 

The reproducibility of this maximum reading and the incomplete data for the 

exponential phase resulted in the decision to use the end point value as the primary 

readout from dye release experiments. Subtraction of the liposome alone reading was 

carried out to negate the effect of background fluorescence. To simplify the comparison 

between inhibition studies, these values were then normalised to the value for peptide 

+ DMSO, which was set 100 % relative CF release. At the highest concentrations of 

N31 CD the fluorescence readouts were less than those measured from Triton (Figure 

4.3A), confirming that liposomes are in excess of M2.  

Titrations of compound D were re-optimised for the new peptide batch (Figure 4.4). 

Inhibition was seen to be dose-dependent; however, at none of the concentrations 

tested was the reduction in CF release statistically significant, with p values of 0.082 

and 0.070 for 50 and 100 µM, respectively. Nonetheless at 100 µM compound D, CF 

release was reduced to almost 40 % of the control, whereas previously 40 µM resulted 

in the fluorescence readings being almost identical to that of the baseline solvent 

control (Figure 4.2C). This can likely be attributed to the higher concentration of peptide 

used in the second batch. Use of compound D enabled a direct comparison between 

peptide batches, with the second batch of N31 CD peptide used in all further work. 

No adverse effects on MDCK cellular metabolism were measured when 10 – 80 µM of 

either rimantadine or compound D were incubated with MDCK cells for 72 hours 

(Figure 4.5A). However, whilst rimantadine was unable to reduce the virus titre at 24 

hpi, 80 µM compound D resulted in a two log10 reduction in infectious virus titre (Figure 

4.5B). This was a greater reduction compared with when 40 µM was tested previously 

(Figure 4.2D).  
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Figure 4.3 N31 CD peptide mediated release of CF from liposomes occurs in a 

concentration dependent manner. 

A) CF release from liposomes, measured by fluorimetry (λex = 485 nm, λem = 520 

nm), was recorded in real time. Fluorescence readings for liposomes alone 

(liposomes), liposomes plus solvent (solvent, 5 % v/v MeOH) and Triton-X 100 (5 % 

v/v, Triton) were included as controls. The effects of between 10 and 50 nM of a 

pH1N1 CD peptide (N31 peptide), in 5 % v/v MeOH, were measured. B) End point 

values, calculated by subtraction of liposome only values. Data is from a single 

experiment, with conditions carried out in duplicate, error bars represent standard 

deviation. 
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Figure 4.4 N31 CD peptide activity is inhibited in a dose dependent manner by 

adamantane compound, D. 

Increasing concentrations of compound D (25, 50 and 100 µM, 1 % v/v DMSO) were 

preincubated with 25 nM N31 CD peptide (5 % v/v MeOH). CF release from liposomes 

was then measured by fluorimetry (λex = 485 nm, λem = 520 nm). End point values, 

with liposomes alone subtracted, then normalised to N31 + DMSO and relative CF 

release plotted. Error bars represent standard deviation of the mean, from duplicate 

wells of a single experiment.  
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B 

 

Figure 4.5 Compound D, but not rimantadine is capable of reducing the 

infectious virus titre of pH1N1 swine influenza. 

A) Effects of rimantadine and compound D on MDCK cellular metabolism were 

investigated via MTT assay over 72 hours, results were normalised against the 

appropriate DMSO control (0.2-0.8 % v/v). Error bars represent standard deviation 

across three or four wells, from one experimental repeat. B) E195 virus titre is reduced 

by compound D (D), but not rimantadine (Rim), 24 hours post an infection of MOI 

0.001. Error bars represent standard deviation over three wells, within one 

experimental repeat. Paired t-tests were carried out to assess statistical significance 

between DMSO and compounds (* = p ≤ 0.05) 

  

* 
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 Non-adamantane compounds are capable of inhibiting M2 4.3

in vitro and in virus culture 

The in silico docking of compound D was inconclusive (Figure 3.6), potentially due to 

the hydrophobic nature of the adamantane core. Moving away from adamantane 

containing compounds was seen as an important step in investigating the potential for 

two druggable binding sites on the E195 M2 ion channel. An unbiased in silico screen 

(Section 3.4) identified compounds predicted to bind exclusively to either the proposed 

lumenal or peripheral binding sites of E195 M2 (Figure 3.7 and Figure 3.8). These 

compounds did not contain the adamantane cage found in licensed antivirals 

amantadine and rimantadine, or experimental compounds such as compound D or 

M2WJ332 (Wang et al., 2013b). At the time of writing, non-adamantane compounds 

have been shown to be capable of inhibiting rimantadine-sensitive, as well as 

rimantadine-resistant L26F and V27A M2, but not S31N (Balannik et al., 2009; Hu et 

al., 2010; Tu et al., 1996; Zhao et al., 2011). The in vitro dye release assay was used to 

identify compounds capable of reducing the activity of rimantadine resistant N31 M2, 

prior to testing against full length virus in culture. 

 

4.3.1 Dose dependent effects of predicted lumenal and peripheral 

targeted compounds on N31 CD peptide 

Compounds were screened for their ability to reduce the channel activity of the E195 

conductance domain peptide (N31 CD). From thirteen unbiased compounds initially 

tested, seven caused a statistically significant, dose dependent reduction in M2 

mediated CF release from liposomes. This greater than 50 % hit rate, is higher than 

usually expected with screening, supporting our use of the in silico homology model 

and virtual HTS to enrich screening pools. Of the seven compounds, four compounds 

were predicted to bind at the lumen (Figure 4.6) and three were predicted to bind at the 

periphery (Figure 4.7). Data for the six compounds that did not result in a reduction in 

the channel activity of N31 CD can be found in the appendix (Figure A.1 and Figure 

A.2). 

Comparing the four predicted lumenal targeting compounds L1, L4, L6 and L7 (Figure 

4.6), L6 demonstrated the greatest effect on CF release with a 50 % reduction in 

relative CF release at 20 µM and 75 % reductions at 40 and 80 µM. Compound L1 did 

not demonstrate a typical dose response, with the value at 20 µM lower those at both 

of the higher concentrations tested. However, as the reduction in CF release was 

significant at all of the concentrations tested, L1 was taken forwards for testing against  
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.  

Figure 4.6 Does dependent inhibition of an E195 M2 conductance domain peptide 

by lumenally targeted compounds. 

Increasing concentrations of predicted lumenal targeting compounds L1, L4, L6 and L7 

(10, 20, 40 and 80 µM, 1 % v/v DMSO) were preincubated with 25 nM N31 CD peptide 

(5 % v/v MeOH). CF release from liposomes was then measured by fluorimetry (λex = 

485 nm, λem = 520 nm). Structures of compounds are shown alongside the data. End 

point values, with liposomes alone subtracted, then normalised to peptide + DMSO 

(N31 + DMSO) and relative CF release plotted. Error bars represent standard deviation 

of the mean, from duplicate wells of a single experiment. Paired t-tests were carried 

out, on raw values, to assess statistical significance between N31 + DMSO and each 

compound (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001,**** = p ≤ 0.0001). 
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Figure 4.7 Dose dependent inhibition of an E195 M2 conductance domain peptide 

by peripherally targeted compounds. 

Increasing concentrations of predicted peripheral targeting compounds P1, P4 and P6 

(10, 20, 40 and 80 µM, 1 % v/v DMSO) were preincubated with 25 nM N31 CD peptide 

(5 % v/v MeOH). CF release from liposomes was then measured by fluorimetry (λex = 

485 nm, λem = 520 nm). Structures of compounds are shown alongside the data. End 

point values, with liposomes alone subtracted, then normalised to peptide + DMSO 

(N31 + DMSO) and relative CF release plotted. Error bars represent standard deviation 

of the mean, from duplicate wells of a single experiment. Paired t-tests were carried 

out, on raw values, to assess statistical significance between N31 + DMSO and each 

compound (* = p ≤ 0.05, ** = p ≤ 0.01). 
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virus. Both L4 and L7 showed a dose-dependent effect of M2 mediated CF release. For 

L4 this effect became significant at 40 µM, whereas for L7 it was only the top 

concentration of 80 µM that was calculated to be significant, when compared to the 

DMSO control (Figure 4.6). Of the predicted peripherally targeted compound, P1, P4 

and P6 all exerted statistically significant effects at 40 µM, at this concentration P4 

resulted in the greatest reduction in CF release (Figure 4.7).  

 

4.3.2 Effect of compounds on cellular metabolism and virus titre 

Compounds seen to exhibit an inhibitory effect on channel activity in vitro (Figure 4.6 

and Figure 4.7) were then tested for effects on cellular metabolism via an MTT assay 

(Figure 4.8A). No adverse effects were seen after 72 hours, when using any of the 

compounds up to a concentration of 80 µM, so all were taken forward and their effects 

on virus replication in culture investigated. 

E195 virus plaque assays using 80 µM of the non-adamantane compounds were 

carried out, using compound D as a positive control. Virus titre at 24 and 48 hpi was 

compared to that of virus treated with DMSO (Figure 4.8B); at 24 hpi all compounds 

showed a statistically significant reduction in virus titre, but at 48 hpi any measured 

reduction was no longer a statistically significant, likely due to high levels of CPE. Apart 

from compounds P4 and P6, 80 µM treatment resulted in a greater than log10 drop in 

infectious virus titre 24 hpi (Figure 4.8B), with L1 having the greatest reduction of all 

compounds tested. 

 

 Assessing compound binding preferences in vitro via 4.4

differential inhibition of M2 peptides 

Hitherto, in vitro work solely used a N31 conductance domain peptide for assessing 

effects of novel inhibitors on M2 mediated CF release from liposomes (Figure 4.6 and 

Figure 4.7). Use of an S31 conductance domain (S31 CD) peptide should provide 

evidence pertaining to the effect of compounds on a rimantadine-sensitive strain of 

IAV. Furthermore, the N31 transmembrane (N31 TM) peptide (aa 18-46) lacks a 

portion of the peripheral binding site (Figure 3.3). Thus peripherally targeted 

compounds should preferentially inhibit the N31 CD peptide, compared to the N31 TM 

peptide, whilst lumenally targeted compounds should exert similar effects on both 

peptides.  
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Figure 4.8 Novel compounds reduce E195 infectious virus titre but do not have 

adverse effects on cellular metabolism. 

A) Effect of increasing concentrations of novel non-adamantane compounds on MDCK 

cellular metabolism after 72 hours, measured via MTT assay. Results were normalised 

against the appropriate DMSO control (0.2-0.8 % v/v). Error bars represent standard 

deviation across three or four wells, from one experimental repeat. B) E195 infectious 

virus titre is reduced by novel compounds at 24 hours post an infection of MOI 0.001, 

but at 48 hpi this effect is not significant. Data shown is the mean of three wells from a 

single experimental repeat, but is representative of two experimental repeats. Error 

bars represent standard deviation across three wells. Paired t-tests were carried out to 

assess statistical significance compared to DMSO (* = p ≤ 0.05, ** = p ≤ 0.01). 

B 

 

A 

 



117 
 

To date, there has been no direct comparison in terms of binding of compounds to or 

inhibition of the two peptides. As a consequence, the controversy over the site and 

mode of action of M2 inhibitors has remained. Transmembrane peptides have been 

used in a number of structural studies, where drug binding was observed in the lumen 

(Cady et al., 2009; Stouffer et al., 2008; Wang et al., 2013b; Wu et al., 2014b). To date 

there is only one drug bound M2 tetramer structure that utilised the conductance 

domain peptide (Schnell & Chou, 2008), where four molecules of rimantadine were 

bound at the periphery. In the context of a TM channel secondary, low affinity binding 

of amantadine was observed at a peripheral site (Cady et al., 2010), in addition to the 

lumenal binding site, following lipid saturation. 

To compare between CD and TM peptides, it was necessary to determine the specific 

activity of each; fresh stocks of N31 CD and S31 CD were purchased, alongside the 

new N31 TM peptide synthesis. Increasing concentration of each peptide (10-80 nM for 

CD peptides and 40-320 nM for TM peptide) were tested in the in vitro dye release 

assay. Both N31 CD and S31 CD peptides had comparable fluorescence readouts 

across all concentrations tested, whilst N31 TM had reduced fluorescence at equivalent 

concentrations (Figure 4.9). As mentioned previously, the degree of CF release from 

liposomes, measured by fluorimetry, was lower with the new synthesis of N31 CD 

peptide (Section 4.2), for this reason it is not possible to compare between the two data 

sets. In peptide comparison studies, 40 nM CD peptides and 320 nM TM peptide were 

used when testing inhibitors, as these reproducibly gave comparable fluorescence 

readings. In the case of CD peptides 40 nM was well within the linear range (Figure 

4.9), meaning liposomes were in excess; this cannot be confirmed for the N31 TM 

peptide as 320 nM was the highest concentration tested, but as this represented an 

equivalent CF release it is unlikely to have reached saturation. 

The E195 M2 is naturally resistant to rimantadine as it contains N31. The E195 M2 CD 

peptide showed a reduced response to rimantadine, compared to an S31 equivalent, in 

the in vitro dye release assay (Figure 4.2) and this result was reproduced using higher 

concentrations of the second batch of M2 peptides (Figure 4.10A). A statistically 

significant and dose responsive reduction in channel activity, compared to the DMSO 

control, was observed when incubating the S31 CD peptide with rimantadine, but no 

significant reduction in N31 CD peptide activity was measured. Due to the increased 

concentration and subsequently increased CF release mediated by the second batch 

peptides, it was also necessary to increase the concentration of rimantadine to see an 

effect. Importantly, statistically significant effects and greater reductions in CF were 

commonly seen at much lower concentrations for novel non-adamantane compounds  
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Figure 4.9 An M2 transmembrane domain peptide has reduced activity compared 

to conductance domain peptides. 

CF release from liposomes, measured by fluorimetry (λex = 485 nm, λem = 520 nm), 

was recorded in real time for increasing concentrations of three M2 peptides (5 % v/v 

MeOH). N31 and S31 conductance domain peptides (N31 CD and S31 CD) were 

tested alongside an N31 transmembrane peptide (N31 TM). End point values, 

calculated by subtraction of liposome only values are shown. Triton-X 100 (5 % v/v, 

Triton), which lyses liposomes was used as a positive control. Data is from a single 

experiment carried out in duplicate, error bars represent standard deviation. Paired t-

tests were carried out, on raw values once liposome background was subtracted, to 

assess statistical significance between the solvent control and each concentration of 

peptide (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001). 
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Figure 4.10 M2 peptides can exhibit differential sensitivity to compounds. 

Effect of compounds on M2 meditated CF release, measured by fluorimetry (λex = 485 

nm, λem = 520 nm), was recorded. End point values, calculated by subtraction of 

liposome only values and normalised to the peptide + DMSO are plotted. A) Effect of 

preincubation (for 1 hour) of increasing concentrations of rimantadine (1 % v/v DMSO) 

on activity of 40 nM conductance domain peptides (N31 CD and S31 CD, 5 % v/v 

MeOH). Data is from one duplicate experiment. B) Effect of M2WJ332 on activity of 

320 nM transmembrane (TM) and 40 nM conductance (CD) domain N31 peptides (5 % 

v/v MeOH). Data is the average of two separate duplicate experiments. Error bars 

represent standard deviation. Paired t-tests were used to determine statistical 

difference between peptide + DMSO and each concentration of compound (* = p ≤ 

0.05). 
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(Figure 4.6 and Figure 4.7), hence there was improved potency with novel compounds 

compared to rimantadine. 

M2WJ332 has been shown to inhibit N31 M2 in electrophysiology studies and plaque 

assay using a H3N2 N31 IAV strain (Wang et al., 2013b). NMR studies have shown it 

bound within the lumen of the M2 TM domain tetramer (PDB 2LY0). This study used a 

TM domain structure, but full length M2 in their electrophysiology and virus culture 

work. As our in silico docking was unable to determine the preferred binding site 

(Figure 3.5), it was decided to test the binding site preference of M2WJ332 utilising the 

in vitro dye release assay, by comparing CD and TM peptides. Surprisingly, when 

preincubated with either N31 CD or N31 TM peptides M2WJ332 demonstrated a 

preferential inhibition of the N31 CD peptide. CF release mediated by N31 CD was 

reduced with increasing concentrations of M2WJ332 (Figure 4.10B) and with 

comparable potency to novel non-adamantane compounds (Figure 4.6 and Figure 4.7), 

whereas the N31 TM peptide was unaffected. This data suggests M2WJ332 has a 

functional preference for the peripheral binding site, present in its entirety in the CD 

peptide, and in direct contrast to the published NMR structure (PDB 2LY0) (Wang et 

al., 2013b).  

 

 Dissecting binding preferences and improving potency of 4.5

novel non-adamantane compounds 

The in silico unbiased screen (Section 3.4) selected novel compounds, including those 

capable of inhibiting N31 M2 in isolation during in vitro assays (Figure 4.6 and Figure 

4.7). To our knowledge, these were the first non-adamantane compounds able to 

reduce infectious titre of a rimantadine-resistant virus N31 strain (Figure 4.8). Following 

the demonstration that compounds can have different effects on the two M2 peptides 

(Figure 4.10), predicted lumenal binders L1 and L4, alongside predicted peripheral 

binder P6 were assessed for their ability to reduce activity of the N31 TM versus N31 

CD peptides. The hypothesis stood that compounds binding at the peripheral binding 

site would  exert greater effects on the CD peptide compared to the TM peptide, as a 

portion of the peripheral binding site is absent from the TM peptide (Figure 3.3); as 

such the TM peptide was considered to have a “partial” peripheral binding site. 

The effects of unbiased compounds L1, L4 and P6 on N31 CD peptide (Figure 4.6 and 

Figure 4.7) were reproduced. All three compounds showed a dose dependent 

reduction in CF release that was significant compared to the DMSO control above 20 
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µM (Figure 4.11) and in the case of L1 was also significant at 10 µM, the lowest 

concentration tested. The reduction in relative CF release was much improved 

compared to measurements for rimantadine against the S31 peptide; novel compounds 

resulted in a greater than 50 % reduction at 40 µM (Figure 4.11), this degree of 

reduction was not reached even when using 200 µM rimantadine against S31 M2 

(Figure 4.10A). Likewise at 40 µM, M2WJ332 did not result in even a 50 % reduction in 

CF release mediated by N31 CD (Figure 4.10B), despite it being effective in virus 

culture, supporting that improvement is achievable by diverging away from 

adamantane derivatives.  

Both of the compounds predicted to be lumenal binders by in silico docking (Figure 

3.7), L1 and L4, exerted similar effects on both N31 CD and TM peptides across the 

concentration range tested (Figure 4.11). These data supported the binding of L1 and 

L4 at the lumenal binding site. Compound P6 was assigned as a peripheral binder 

based upon in silico docking (Figure 3.8). At 20 µM P6 significantly reduced N31 CD 

mediated CF release, but not that mediated by the N31 TM peptide (Figure 4.11). 

However, at higher concentrations P6 reduced, to a similar extent, the CF release by 

each peptide (Figure 4.11). This is compared to M2WJ332 which demonstrated a clear 

preference for the CD peptide (Figure 4.10B). We hypothesise, that an ability to inhibit 

the CD peptide at low concentrations and both peptides at higher concentrations, may 

suggest that P6 was a peripheral binder. At higher concentrations of compound, P6 

can interact with the partial peripheral binding site to still exert some effect. It cannot be 

ruled out that P6 does interact with the lumenal binding site, ambiguity warranted 

further investigation, via SAR analysis.  

 

4.5.1 Does peptide preference of unbiased compounds change with 

alterations in chemical structure? 

Limited SAR studies were carried out to investigate which chemical groups were 

important for activity and peptide preference of unbiased non-adamantane compounds. 

From the seven novel compounds shown to have an effect against E195 infectious 

virus titre (Figure 4.8B), three compounds were selected based upon the reproducibility 

of in vitro results, purity of compound (using Liquid Chromatography Mass 

Spectrometry (Dr Charlotte Revill), Appendix Figure A.3) and potential for SAR. Four 

analogues were selected for each of L1, L4 and P6 (Table 4.1) and screened at 40 µM 

for their effects on N31 CD and TM peptides. 
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Figure 4.11 Dose dependent effect of unbiased compounds on the activity of 

transmembrane (TM) and conductance domain (CD), E195 M2 peptides. 

Compound in 1 % v/v DMSO were preincubated with N31 peptides in 5 % v/v MeOH. 

Liposome subtracted end point data was normalised to the N31 + DMSO value, to 

assess effects on ion channel activity. Data shown is the average of three independent 

duplicate experiments. Error bars represent standard error between the means of thee 

experiment. Paired t-tests were used to determine statistical difference between N31 + 

DMSO and each concentration of compound (* = p ≤ 0.05, ** = p ≤ 0.01). 
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Analogues L1.1 and L1.2 only differ very slightly from the original compound structure, 

each lacking one of the methoxy groups present on the single benzene ring of L1 

(Table 4.1). These changes had little effect on the ability of the compounds to inhibit 

both CD and TM peptides (Figure 4.12). Compounds L1.3 and L1.4 were not able to 

significantly affect M2 mediated CF release (Figure 4.12) and both had more drastic 

changes to their chemical structures, notably the napthyl ring being replaced by a 

single aromatic ring. The predicted docking poses for L1.3 and L1.4 were also quite 

different from that of L1 (Figure 3.7 and Figure 3.12), which could also explain the loss 

of activity against E195 M2 peptides.  

None of changes introduced to L4 to generate analogues improved in vitro activity 

against either peptide (Figure 4.12). The benzyl ester of L4 was found to be important 

for activity, as when it was removed in L4.3 (a carboxylic acid, Table 4.1), there was 

complete ablation of inhibitory activity (Figure 4.12). Similarly, replacement of the ester 

for the amide in L4.1, also showed no effects upon M2 mediated CF release. However 

L4.4, which only lacked the ester group and not the aromatic ring, maintained its 

inhibitory activity against each of the peptides (Figure 4.12). In the 40 µM screen L4.2 

only significantly reduced the CF release mediated by the CD peptide (Figure 4.12), 

suggesting the chemical structural changes altered the binding site of the compound, 

from lumenal to peripheral. This was not predicted from in silico docking, where L4.2 

was the only one of the L4 analogues predicted to make a strong interaction with the 

lumenal binding site (Figure 3.16). 

Of the four P6 analogues, P6.4 was the only analogue to exert inhibitory effects on the 

M2 peptides, showing a statistically significant reduction in CF release mediated by 

both CD and TM peptides (Figure 4.12). It was perhaps not surprising that the other P6 

analogues failed to demonstrate activity, as they were quite structurally distinct from 

the parental compound. Compared to the parental compound that possessed a 

pyridine ring, in P6.4 this was replaced with a methoxybenzene group, this change was 

however predicted to quite dramatically change the predicted binding pose of the 

compound at the peripheral binding site (Figure 3.8 and Figure 3.17).  

To further investigate the potential changes in site preference, analogues L1.1, L1.2, 

L4.2 and P6.4 were tested at a range of concentrations against both N31 CD and TM 

peptides (Figure 4.13), to assess any concentration dependent effects. Both L1.1 and 

L1.2 both showed comparable dose dependent effects on both peptides (Figure 4.13), 

echoing what was recorded for L1 (Figure 4.11).  
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L1 L4 P6 

Original L1

 

Original L4 

 

Original P6 

 

 L1.1 

 

L4.1 

 

P6.1  

 
L1.2 

 

L4.2 

 

P6.2 

 

L1.3 

 

L4.3  
 

P6.3 

 

L1.4 

 

L4.4 
 

 
 

P6.4 

 

 Table 4.1 Structures of L1, L4, P6 and their analogues.  

2D representations of the molecular structures of L1, L4 and P6, alongside their 

respective analogues L1.1-L1.4, L4.1-L4.4 and P6.1-P6.4. Coloured circles represent 

groups or bonds that have been removed (red), altered (orange) or added (green). 
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Figure 4.12 Investigating effects of active compound analogues from original 

unbiased screen, on the activity of transmembrane (TM) and conductance 

domain (CD), E195 M2 peptides. 

Comparison of effects of the activity of two peptides, 40 nM N31 CD and 320 nM N31 

TM. Screen of four analogues for each compound at a single concentration, 

compounds in 1 % v/v DMSO were preincubated with peptide in 5 % v/v MeOH. 

Liposome subtracted end point value were normalised to N31 + DMSO. Compound ID 

taken forward to cell culture testing are underlined in red. Data is the average of three 

separate duplicate experiments. Errors bars represent standard error. Paired t-tests 

were used to determine statistical difference between DMSO and each concentration of 

compound (* = p ≤ 0.05, ** = p ≤ 0.01). 
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Figure 4.13 Dose dependent effects of unbiased compound analogues on the 

activity of transmembrane (TM) and conductance domain (CD), E195 M2 

peptides. 

Comparison of effects of the activity of two peptides, 40 nM N31 CD and 320 nM N31 

TM. Compounds in 1 % v/v DMSO were preincubated with peptide in 5 % v/v MeOH, 

liposomes subtracted end points were normalised to N31 + DMSO control. Data is the 

average of two separate duplicate experiments. Errors bars represent standard error. 

Paired t-tests were used to determine statistical difference between DMSO and each 

concentration of compound (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001). 
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In the 40 µM screen L4.2 had shown a preference for inhibiting N31 CD (Figure 4.12). 

However, this was not reproduced in the dose dependent experiments, where inhibitory 

activity is seen against both peptides, indicating lumenal binding. Similarly the inhibitory 

effects of P6.4 on both peptides in the single compound concentration screen were not 

reproduced. In the dose dependant experiment P6.4 only showed significant reduction 

in the activity of N31 TM (Figure 4.13). One explanation for this could be an ability of 

P6.4 to bind the partial peripheral binding site of the TM peptide. Alternatively the 

inhibitory effect of P6.4 might be due to differences in the tetramer conformation of the 

two peptides, with the TM channel being in a more open conformation due to the lack 

of stabilising helices.  

 

4.5.2 Do unbiased compound analogues have improved effects against 

E195 virus titre? 

Prior to assessing the effect of unbiased compound analogues on virus titre, the 

compounds were incubated with MDCK cells at concentrations of 20-160 µM for 48 

hours to determine any effect on cellular metabolism via MTT assay (Figure 4.14). Of 

the compounds tested, L4.2 was the only one to have an adverse effect on cellular 

metabolism and this was only evident at the lowest concentration tested (Figure 4.14), 

as such this was thought to be an artefact. There was an increase in relative OD550 with 

L1.1 and L1.2, we have not been able to determine why this is, but they are not thought 

to be toxic. This was determined by carrying out, in parallel to the MTT assay, an 

assessment on the effects of L1.1, L1.2 and L4.2 on cell confluency. At the 48 hour 

time point, instead of adding the MTT reagent, cell confluency was assesses using an 

IncuCyte® ZOOM (Essen BioScience). None of the cell monolayers were affected by 

the presence of compound (Appendix Figure A. 4). 

Re-optimisation of virus culture in Leeds demonstrated that experiments were more 

efficient with an increased MOI, as such the MOI increased ten-fold from 0.001 to 0.01. 

In order to make comparisons between previously tested compounds, it was necessary 

to test compound analogues alongside their parental unbiased compounds for effects 

on virus spread. Zanamivir, the licensed neuraminidase inhibitor, was included as a 

positive control in plaque assays, as pH1N1 swine ‘flu is sensitive to this antiviral 

(Dawood et al., 2009). The data shown in Figure 4.15 is only from one assay where 

each condition was performed in triplicate. These results are representative, further 

repeats can be found in the appendix (Figure A.5).  
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Figure 4.14 Analogues of L1, L4 and P6 do not exhibit adverse effects on MDCK 

cell metabolism. 

Effect of increasing concentrations of novel non-adamantane compounds on MDCK 

cell metabolism, measured via MTT. Results were taken after 48 hr and normalised 

against the appropriate DMSO control (0.4-1.6 % v/v). Error bars represent standard 

deviation of three or four wells. Paired t-tests were carried out, on raw values, to 

assess statistical significance between DMSO and each compound (* = p ≤ 0.05, ** = p 

≤ 0.01, *** = p ≤ 0.001).  
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Figure 4.15 Effect of unbiased compounds and their analogues on E195 virus 

titre. 

E195 virus titre is reduced by novel compounds at 24 hours post an infection of MOI 

0.01. Results are representative of at least three independent experiments. Error bars 

represent standard deviation over three wells, paired t-tests were carried out to assess 

statistical significance between DMSO and compounds (* = p ≤ 0.05).  
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As seen in initial experiments carried out at Imperial College London (Figure 4.8), L1 

and L4 both showed a significant reduction in virus titre, by at least a log10 reduction, at 

24 hpi (Figure 4.15). However, P6 did not cause a reduction in virus titre (Figure 4.15) 

and across all repeats modest or no reduction in virus titre was observed (Figure A.5). 

This could perhaps be attributed to the increased MOI of 0.01. 

The in vitro dye release assay was unable to detect any difference between the effects 

of L1 and two of its analogues, L1.1 or L1.2, on M2 mediated CF release (Figure 4.12 

and Figure 4.13). However, when tested alongside one another in culture, L1.1 showed 

a dramatic improvement in effect against E195 virus (Figure 4.15), with a 1-2 log10 

improvement compared to parental compound L1. It also was improved versus the 

licensed neuraminidase inhibitor zanamivir, which was used as a positive control. 

Analogue L4.2 showed no difference compared to L4, with both having statistically 

significant effects. The effects of P6.4 were more reproducible compared to parental 

compound P4, but the effects were not statistically significant when compared to the 

DMSO control (Figure 4.15). 

 

 Effects of compounds derived from a biased screen on M2 4.6

channel activity and E195 virus titre 

Compound effects on CD and TM N31 peptides were assessed by screening via the in 

vitro dye release assay, using a single concentration of 40 µM. Four of the 10 predicted 

lumenal binders, DL1, DL3, DL7 and DL11, reduced CF release mediated by both 

peptides. A further four, DL2, DL4, DL10 and DL12 reduced activity of TM peptide 

whilst either having no effect on CD peptide or causing “hyperactivation”. 

Hyperactivation, where there is an increase in relative fluorescence due to drug 

treatment, is an artefact that has previously been observed when using the dye release 

system (personal communication, Dr Stephen Griffin). The remaining two compounds, 

DL10 and DL17, had little effect on the CF release mediated by the TM peptide, but 

caused hyperactivation of N31 CD (Figure 4.16). Eighteen predicted peripheral binders 

were tested. Of these, only DP14 showed inhibitory effects against both peptides, 

whilst DP9 only showed effects on N31 CD (Figure 4.16). Many of the compounds also 

increased the relative CF release mediated by the N31 CD peptide, and others showed 

no effect on either peptide. 

From the in vitro screen, any compounds seen to exert inhibitory effects (without 

evidence of hyperactivation), were taken forward to assess their effects on MDCK cell  
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Figure 4.16 Effects of biased compounds on channel activity of transmembrane 

(TM) and conductance (CD) domain E195 M2 peptides in vitro. 

Comparison of effects of the activity two peptides, 40 nM N31 CD and 320 nM N31 TM, 

a single concentration screen of all compounds. Compounds in 1 % v/v DMSO were 

preincubated with peptide in 5 % v/v MeOH, liposome subtracted end points were then 

normalised to N31 + DMSO control. Compound ID taken forward are underlined in red. 

Data is average of one duplicate experiment, error bars represent standard deviation. 
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metabolism (Figure 4.17A). Except for DL3, compounds were seen to exert no adverse 

effects. These compounds were then taken forward into virus culture, with reduction in 

virus titre assessed at 24 hpi (Figure 4.17B). Both DL7 and DP9 showed reproducible 

reductions in virus titre across three experiments; two further repeats can be found in 

the appendix (Figure A.6). 

To ascertain more about the peptide preferences and potential binding of DL7 and 

DP9, these compounds were then tested at a range of concentrations against both N31 

peptides in vitro, (Figure 4.18). From the original 40 µM screen, the effect of DL7 was 

similar on both peptides suggested it to be a lumenal binder (Figure 4.16), this was 

reproduced. At highest concentrations DL7 had a comparable inhibitory effect against 

both peptides, but at the lower concentrations the effect was greatest against the CD 

peptide (Figure 4.18). The ability to inhibit both peptides comparably at high 

concentration was also observed for P6 (Figure 4.11), so this result could be attributed 

to DL7 having the ability to bind the partial peripheral site present in the TM peptide 

when the compound is at a high enough concentration. Predicted peripheral binder, 

DP9 had little effect on the N31 TM peptide at any concentration, yet there was a dose 

dependent reduction in N31 CD mediated CF release up until 40 µM, supporting the 

predicted binding preference and showing a similar profile to M2WJ332 (Figure 4.10B). 

Increasing the concentration of DP9 to 80 µM did not improve the effect (Figure 4.18).  

 

 Effect of non-adamantane compounds on S31 peptide 4.7

Although the majority of circulating strains of IAVs are resistant to amantadine and 

rimantadine, an assessment to determine if novel non-adamantane compounds can 

also inhibit rimantadine-sensitive M2 was undertaken. As it was not possible to use a 

recombinant, rimantadine-sensitive N31S virus (personal communication, Dr Ruth 

Elderfield, Imperial College London), due to local risk assessments not permitting the 

use of genetically modified influenza, an N31S peptide was utilised in isolation. N31 CD 

and S31 CD peptides have comparable dose dependent effects of CF release from 

liposomes (Figure 4.9). The majority of compounds tested exerted similar effects on 

both peptides (Figure 4.19), except for M2JW332 and DP9, where there was a greater 

reduction in CF release mediated by the N31 CD peptide. The effects of compounds 

L1, L1.1, L1.2, L4 and DL7 achieved statistical significance, compared to the DMSO 

control (p ≤ 0.05), yet this was not the case for L4.2, P6 and P6.4 which only achieved 

statistical significance against the S31 peptide. However, the data approached   
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A 

 
B 

 

Figure 4.17 Biased screen compounds reduce E195 virus titre, without affecting 

MDCK cellular metabolism. 

A) Effect of increasing concentrations of novel non-adamantane compounds on MDCK 

cell growth, measured via MTT. Results were taken after 48 hr and normalised against 

the appropriate DMSO control (0.4-1.6 % v/v). Error bars represent standard deviation 

of three or four wells. B) Effects of compounds on virus titre 24 hpi with virus added at 

an MOI of 0.01, data shown is of one experiment in triplicate, but is representative of 3 

experimental repeats (see Appendix Figure A.6). Paired t-tests were carried out, on 

raw values, to assess statistical significance between DMSO and each compound (* = 

p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001).   
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Figure 4.18 Dose dependent effects of biased screen compounds on CF release 

mediated by transmembrane (TM) and conductance (CD) domain E195 M2 

peptides in vitro. 

Comparison of effects of the activity two peptides, 40 nM N31 CD and 320 nM N31 TM. 

DL7 and DP9 in 1 % v/v DMSO were preincubated with peptide in 5 % v/v MeOH, 

liposome subtracted end point values were normalised to N31 + DMSO. Data is the 

average of two independent duplicate experiments. Errors bars represent standard 

error. Paired t-tests were used to determine statistical difference between N31 + 

DMSO and each concentration of compound (* = p ≤ 0.05, ** = p ≤ 0.01). 
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Figure 4.19 Comparison of compound effects against WT (N31) and mutated 

(S31) conductance domain M2 peptides activity in vitro. 

Comparison of effects of the activity two peptides, 40 nM N31 CD and S31 TM. 

Compounds in 1 % v/v DMSO were preincubated with peptide in 5 % v/v MeOH, 

liposome subtracted end point values were normalised to peptide + DMSO. Data is the 

average of two independent duplicate experiments, errors bars represent standard 

error. Paired t-tests were carried out, on raw values, to assess statistical significance 

between M2 + DMSO and each compound (* = p ≤ 0.05). 
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significance for compounds L4 and L4.2 (p = 0.051 and 0.074), indicating further 

experimental repeats may have improved variability.  

 

 Assessing potency of novel effective compounds 4.8

Thus far, compounds were tested against E195 virus at a single screening 

concentration of 80 µM (Figure 4.8B, Figure 4.15 and Figure 4.17B), a value similar to 

that used by other groups (Balannik et al., 2009; Wang et al., 2013b). However, these 

results do not give a true indication of compound potency. In order to determine 

whether single compounds show promise as the basis of future therapies, IC50 values 

were determined. Compounds L1.1, DL7 and DP9 were selected primarily based upon 

reproducible effects in virus culture experiments (Figure 4.15 and Figure 4.17B). Virus 

was preincubated with compounds at a range of concentrations, spanning from 80 nM 

to 80 µM. After 30 minutes virus-compound mixtures were then used in a one hour 

infection, 24 hpi supernatants were serially diluted to establish the resultant infectious 

virus titre. 

Virus titre was calculated as an average over three wells and converted to a 

percentage of DMSO control. Data was inputted into GraphPad (Prism), which was 

used to fit a sigmoidal curve (Figure 4.20) and calculate IC50 values (Table 4.2). 

M2WJ332, L1.1 and DL7 all had complete sigmoidal curves, so an accurate IC50 value 

could be calculated. All compound IC50s were in the low micromolar range. Despite 

having very similar IC50s, the 95 % confidence intervals varied between the 

compounds, with M2WJ332 having the narrowest (0.720 to 1.94) and L1.1 having the 

largest range (0.154 to 11.44). The confidence interval for L1.1 would likely have been 

reduced by the presence of a data point between 0.25 and 2.5 µM, between which the 

IC50 was calculated. On the other hand DP9 was not as potent against E195 virus and 

in order to establish a reliable IC50 value it would have been necessary to extend the 

concentrations beyond 80 µM. However, it was possible to say that the IC50 was 

greater than 25 µM, but below 80 µM. 

As the calculated “top” and “bottom” of the curves varied between the compounds 

(Table 4.2), addition analysis was carried out for M2WJ332, L1.1 and DL7, where the  

top and bottom of the curves were forced to 100 and 0 %, respectively (Table 4.3). A 

slight increase in the IC50 values occurred when setting the new limits, but this also 

allowed for a more accurate calculation and comparison of IC90 values between 

compounds. As depicted from the titration of the compounds (Figure 4.20) and  
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Figure 4.20 IC50 curves for novel M2 inhibitors against the E195 swine influenza. 

Half log10 increments from 80 nM to 80 µM of novel compound were preincubated with 

E195 virus at an MOI of 0.01, prior to a one hour infection. The infectious supernatant 

at 24 hpi was titred via plaque assay; resultant titres were normalised to DMSO. Each 

condition was performed in triplicate wells in one experimental repeat. Error bars 

represent one standard deviation. GraphPad software was used to fit a sigmoidal IC50 

curve to the data.  
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Compound 
Calculated 
IC50 (µM) 

Top of curve 
(relative virus 

titre %) 

Bottom of 
curve (relative 
virus titre %) 

95 % confidence 
interval 

M2WJ332 1.183 94.38 17.55 0.720 to 1.94 

L1.1 1.325 104.2 4.445 0.154 to 11.44 

DL7 1.482 102.5 17.11 0.626 to 3.51 

DP9 1372 99.97 -991.0 - 

 

Table 4.2 Calculated IC50 values for novel M2 inhibitory compounds against E195 

swine influenza. 

Half log10 increments from 80 nM to 80 µM of novel compound were each preincubated 

with E195 virus at an MOI of 0.01, prior to a one hour infection. GraphPad (Prism) 

software was used to fit a sigmoidal curve and determine IC50 values. 

 

Compounds IC50 (µM) IC90 (µM) 

M2WJ332 1.668 20.54 

L1.1 1.470 3.54 

DL7 2.287 11.74 

 

Table 4.3 Calculated IC50 and IC90 values for novel M2 inhibitory compounds 

against E195 swine influenza. 

Half log10 increments from 80 nM to 80 µM of novel compound were each preincubated 

with E195 virus at an MOI of 0.01, prior to a one hour infection. GraphPad (Prism) 

software was used to fit a sigmoidal curve, with the top and the bottom of the curves 

set to 100 and 0 %, respectively, and determine IC50 and IC90 values.  
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previous 80 µM experiments (Figure 4.15), at higher concentrations L1.1 treatment 

results in a greater reduction in virus titre than the other compounds tested. This is also 

seen in the calculated IC90 values, where there is a greater spread compared to IC50 

values, with the M2WJ332 IC90 five times that of L1.1. 
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 Discussion 4.9

Novel non-adamantane compounds have been identified that affected M2 in isolation 

during in vitro assays, but also significantly reduced the infectious titre of rimantadine-

resistant N31 IAV, which has not previously been demonstrated. In addition, through 

development of an in vitro assay utilising both N31 CD and TM peptides, distinct 

functional preferences were observed: compounds with an ability to inhibit CF release 

mediated by both peptides were denoted as lumenally targeted compounds whereas 

those with a preferential inhibition of the CD peptide were denoted as peripherally 

targeted compounds. Our data support the presence of two distinct binding sites on the 

M2 tetramer, both of which can be targeted separately with novel compounds. 

Activation by protons has been shown to be required for the activity of M2 (Pinto et al., 

1992). This is achieved in acidic pH when a third H37 residue becomes protonated, pKa 

= 6.3 (Hu et al., 2006). As a result the gating residue W41 is rotated (Tang et al., 

2002), permitting conductance. M2 has also been shown to have a preference for 

conducting protons (Balannik et al., 2010; Shimbo et al., 1996); despite this M2 in 

liposomes was able to allow release of anionic CF in a dose dependent manner (Figure 

4.3) (Aschi et al., 2008). This release occurred at neutral pH, but was enhanced by 

acidic conditions (Figure 4.1). However, acidic pH quenches CF fluorescence (Massou 

et al., 2000; StGelais et al., 2007) and so it is necessary to readjust the buffer to neutral 

pH. As such experiments required additional manipulation, so we chose to carry out 

assays at neutral pH.  

Previous viroporin studies, including those from our laboratory, using the CF dye 

release assay, have presented data as real time traces (Carter et al., 2010; Foster et 

al., 2011; StGelais et al., 2007; Wetherill et al., 2012) and calculated initial / reaction 

rates (StGelais et al., 2009; StGelais et al., 2007; Wetherill et al., 2012). The real time 

traces provide a lot of information, including the maximum fluorescence reading, an 

indication of the rate of the reaction and the time taken, or whether a plateau of 

fluorescence is reached. Initial / reaction rates provide a means of interpreting the 

kinetics of the reaction, where many complex factors are at play, including 

oligomerisation, membrane insertion and opening of the channel complex. There is 

some inconsistency concerning the data used in the calculation of rates, where either 

arbitrarily using the values for the initial 5 or 6 minutes (StGelais et al., 2009; StGelais 

et al., 2007) or defining the linear section of the curve (Wetherill et al., 2012). Whether 

the first experimental reading or a fluorescence reading of zero was used, in rate 

determination, can also have a great impact on the resultant calculated rate.  
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The in vitro activity of M2 peptides was much higher than other viroporins tested by dye 

release, including p7 and E5, which typically require a 37 ºC incubation to insert. As a 

result, nanomolar concentrations of M2 were used as opposed to 1 – 5 µM for other 

viroporins including p7 and E5 (StGelais et al., 2009; Wetherill et al., 2012). From the 

real time trace for M2 it was clear that it was not possible to capture the start of the 

reaction (Figure 4.3A), as the fluorescence value on the first reading was greater than 

the baseline of liposomes alone.  As such, any determination of initial rate would not 

have been accurate. As each well of the plate was read individually and not 

simultaneously, a delay of up to 45 seconds between the reading of the first well and 

the last, potentially having the greatest impact at the start of the reaction, so the 

decision was taken to look at end point values instead.  

Whilst adding increasingly complex functional groups to currently licensed (but not 

clinically useful antivirals), is helpful in respect to quickly identifying compounds with 

capabilities of effecting the growth of resistant virus stains (Wang et al., 2013b; Wu et 

al., 2014b), it does not contribute to answering the controversial mode of action 

questions that still exist around M2-adamantane binding. In silico docking gave 

predictions of the binding site preference of novel compounds and compounds were 

given a prefix of “L” or “DL” for predicted lumenal binders of the unbiased and biased 

screens, respectively. Similarly, prefixes “P” and “DP” were given to compounds 

predicted to preferentially bind to the peripheral binding sites. Compounds were chosen 

primarily upon in silico binding preference and selectivity, rather than necessarily their 

potency. Hence, compounds served as tools to further our understanding of M2 binding 

sites, and the mode of action for inhibitors, with the eventual aim of investigating 

potential combination therapies that may combat resistance.  

An in vitro method with the ability to discriminate between the two proposed binding 

sites was required. The use of two different N31 peptides allowed, for the first time, 

direct comparison of the TM and CD peptides, allowing differential effects of 

compounds binding at each site. In order to directly compare both peptides, it was 

necessary to establish concentrations of peptides that gave comparable activity. The 

CD has a higher activity compared to the TM domain that is the minimal unit required 

for activity of M2, in oocytes (Ma et al., 2009). Accordingly, titrations of the peptides 

revealed that for the same molar peptide concentration, CF release mediated by the 

TM peptide was significantly lower (Figure 4.9). Hence, peptides were normalised 

based upon activity, rather than concentration, as this likely reflects the number of 

inserted, functional channel complexes; 40 nM CD and 320 nM TM peptides were 

therefore used in inhibition studies. Whilst differences in peptide activity were not 

surprising based upon published data from oocytes, a number of factors may influence 
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this in vitro. The additional residues of the CD peptide form helices with amphipathic 

properties, which are seen to orientate perpendicular to the TM helices (Schnell & 

Chou, 2008; Sharma et al., 2010). This might allow interaction with the acidic lipids of 

the liposome, and so stabilise a more native form of the channel than is possible with 

the TM peptide (Sharma et al., 2010). Structural studies have also shown that the 

diameter of the pore at neutral pH is larger for the TM peptide (Schnell & Chou, 2008; 

Stouffer et al., 2008); this may conceivably affect the efficiency of oligomerisation and 

insertion into liposomes, as well as drug binding.  

Using the CD and TM peptide system, it was possible to assign several compounds as 

having a functional preference for one or other binding site, which has not previously 

been attempted. Despite there being a published structure of M2WJ332 bound within 

the lumen of an M2 tetramer (Wang et al., 2013b), M2WJ332 had a clear and 

reproducible functional preference for the peripheral binding site, demonstrated by a 

reduction in CF release mediated by the CD peptide (Figure 4.10B). By contrast, 

compounds L1 and L4 predicted by in silico docking to bind within the lumen (Figure 

3.7), exerted effects upon both peptides (Figure 4.11). The peptide used for the 2LY0 

structural study (aa 19-49) of M2WJ332 omitted a portion of the peripheral binding site, 

which was present in the CD peptide used in this study (aa 18-60). The omission of a 

portion of the peripheral binding site means that it was unlikely that the 2LY0 structure 

would be able to accommodate any peripheral binding. The electrophysiology data 

supporting the effects of M2WJ332 on M2 did not use a TM domain, but a full length 

M2 (Wang et al., 2013b). Consequently functional binding at a particular site was not 

conclusively demonstrated. 

Of the three unbiased compounds tested against both the CD and TM peptides, two 

were predicted lumenal binders (L1 and L4) and one a predicted peripheral binder (P6). 

In all studies, L1 and L4 exerted similarly significant effects on both peptides (Figure 

4.11 and Figure 4.12), providing experimental support for their predicted binding within 

the lumen (Figure 3.7). However, the functional preference of P6 was not as clear cut. 

When tested at single concentration P6 demonstrated preference for inhibiting the CD 

peptide, suggesting binding at the periphery (Figure 4.12). However, during titrations of 

P6, this effect was not maintained, with similar reductions in the activity of both 

peptides at the highest concentrations of P6 (Figure 4.11). This could be explained by 

the in silico docking prediction simply being incorrect and P6 binding at the lumen. 

Alternatively, another explanation could be that P6 binds at the periphery, as it is the 

case that when the CD peptide as used there was a reduction in CF release, but at 

sufficiently high concentrations is able to bind to the partial peripheral binding site of 

the TM peptide. An account of binding to a peripheral site in the context of a TM 
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peptide has been reported (Cady et al., 2010), when high compound concentrations 

have been used.  

From the biased screen of compounds identified by ROCS analysis of compound D 

(Section 3.5), many compounds were seen to affect CF release mediated by one or 

both peptides (Figure 4.16). Of these compounds one predicted lumenal (DL7) and one 

predicted peripheral (DP9) compound yielded reproducible and significant reductions in 

infectious E195 titre (Figure 4.17). In the 40 µM screen the predictions from in silico 

screening (Figure 3.9) held true and DL7 showed effects on both peptides, whilst DP9 

had a preference for affecting the ion channel activity of only the CD peptide (Figure 

4.16). Testing DL7 and DP9 across a range of concentrations, DP9 maintained a 

preference for the CD peptide (Figure 4.18). DL7, on the other hand, showed a 

preference of the CD peptide at low concentrations, but at 40 µM and above both 

peptides were affected to a similar extent (Figure 4.18). Following the reasoning 

discussed above for P6, compound DL7 could be considered as a peripheral binder, 

going against in silico predictions. Another possibility is that the primary binding site is 

within the lumen, but at high enough concentrations the peripheral site is also used, as 

suggested by Cady and colleagues for amantadine (Cady et al., 2010); the different 

peptides may also exist in slightly different conformations within the system, as has 

been described for structural studies. Additionally, from this data it cannot be ruled out 

that DL7 binds at a third, undefined site, not taken into account by using the predefined 

lumenal and peripheral clip files. With the data available confidence in the functional 

peptide preference of DL7 and DP9 is reduced. It must be reiterated that the 

comparison of compound effects on the peptides can only be used as a guide to their 

site preference, just as the in silico docking provided predictions. 

In some assays an increase in CF release was observed when compound was present. 

This hyperactivation could be attributed to the compound destabilising the liposomes, 

as seen for HMA, a published S31 M2 inhibitor (Balgi et al., 2013), which resulted in a 

dose dependent increase in fluorescence readout (Appendix Figure A.7A) and even 

caused release of CF without M2 present (Figure A.7B). An increase in CF release was 

also observed for M2WJ332, in the biased compound in vitro screen, with the N31 TM 

peptide (Figure 4.16). In this case, the increase was clearly not due to M2WJ332 

affecting the liposomes, as the same compound caused a reduction in fluorescence 

when incubated with the N31 CD peptide. It has been proposed that binding of 

rimantadine to the peripheral site of a closed tetramer makes it harder for the channel 

to open (Schnell & Chou, 2008). It could therefore be proposed that compound binding 

could also result in destabilisation of the closed channel structure, or stabilisation of the 

open structure, causing an increase in channel activity.  If M2WJ332 was able to bind 
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to the TM peptide, potentially at the partial peripheral site and cause a conformational 

change, meaning it remains in a more active configuration, this could explain the 

hyperactivation.  

The premise of using TM and CD peptides as an indication of binding preference relied 

on lumenal compounds being able to inhibit both peptides, with peripheral compounds 

having a preference of the CD peptide. Compounds preferentially or only inhibiting the 

TM peptide, may be caused by conformational changes as a result of binding at the 

peripheral site, locking the channel in an open conformation. However, compounds 

exhibiting this effect do not fit into our system of binding site prediction, so as a result 

were not taken forward.  

As cell death attributed to compound cytotoxicity could potentially be misinterpreted as 

CPE, cytotoxicity was investigated in isolation. Of all of the compounds tested, only 

L4.2 and DL3 were seen to cause a significant reduction in the MTT readout, compared 

to DMSO (Figure 4.14 and Figure 4.17A). For DL3 this occurred at 80 and 160 µM, and 

was accompanied by a visual disruption of the MDCK cell monolayer. For this reason 

DL3 was not taken forward. However, the reduction in cellular metabolism of L4.2, was 

only evident at the lowest concentration tested and was not accompanied by a cell 

death (Appendix Figure A. 4 and Figure A.8), so it was included for virus culture 

testing. 

A number of compounds resulted in an apparent increase in relative cellular 

metabolism, evident as an increase in relative OD550. Most notably, cells incubated with 

L1 at three out of the four concentrations tested had an OD550 measurement 

corresponding to at least a doubled relative metabolic rate. Analogues L1.1 and L1.2, 

at higher concentrations, also resulted in increased relative cell metabolism readouts 

(Figure 4.8A and Figure 4.14). Compounds did not affect the confluency of MDCK cells 

(Figure 4.14), measured using the IncuCyte® ZOOM both in parallel to the MTT assay 

(Appendix Figure A. 4), and measured on plaque assay producer plates (Appendix 

Figure A.8). It is known that some reducing compounds can interfere with MTT assays 

and lead to an increased absorbance. However, none of the compounds tested have 

strong acidic groups so this is unlikely to be the cause of the relative increase. There is 

the possibility that the compounds do have effects on cellular processes, such as 

autophagy. If treatment with compounds leads to an induction of autophagy, this could 

result in an MTT assay output that indicates an increase in metabolism.  

After cytotoxic compounds were eliminated from further study, remaining compounds 

were taken forward into virus culture experiments. Almost all were seen to exert 



145 
 

significant effects on titre. This unusually high hit rate could be attributed to our in silico 

screening and further refinement by dye release assay.  

Initial virus inhibition studies, using unbiased compounds, involved taking supernatant 

at 24 and 48 hpi (Figure 4.8B), where 100 µl of this virus containing supernatant was 

removed to infect fresh cells, to determine the virus titre. The 100 µl was replenished 

with fresh media containing 80 µM compound at the 24 hr time point. The significant 

reduction in virus titre observed at 24 hpi was not maintained at 48 hpi. This could in 

part be due to the compound being metabolised by the cells and a decrease in relative 

compound : virus ratio. It was also noted that at 48 hpi there was evidence of high 

levels of CPE, with subtotal destruction of the monolayer, with the assay now being 

non-linear due to a decrease in viable cells. The absence of CPE at the earlier 24 hpi 

time point suggested that the calculated titre was solely as a result of non-lytic viral 

release after a complete cycle of replication. As significant effects were observed at 24 

hpi, it was decided to only titre supernatants at this time point in subsequent plaque 

assays. 

Through both our unbiased and biased compound screens (Sections 3.4 and 3.5), we 

identified novel compounds capable of exerting similar effects on virus titre as 

M2WJ332 (Figure 4.15 and Figure 4.17B). Undertaking SAR analysis on effective 

compounds identified compound L1.1, which had improved antiviral effects in the 80 

µM screen, beyond those achieved with M2WJ332, or even the licensed antiviral 

zanamivir (Figure 4.15). This achievement is noteworthy, as this work was focussed on 

identifying compounds that could be used as tools to investigate the possibility of two 

druggable sites of M2, rather than simply finding highly potent compounds.  

It is difficult to compare our results to those for adamantane derivatives, seen to reduce 

infectious virus titre of N31 viruses (Wang et al., 2013a; Wang et al., 2013b), due to the 

different IAV strains, MOI and compound concentrations used. M2WJ332 was included 

in our IC50 analysis to aid comparison between potency of novel adamantanes and 

adamantane derivatives. Despite the calculated IC50 values of the novel compounds 

not demonstrating any improvement compared to the amantadine analogue M2WJ332 

(Figure 4.20), the IC90 value of novel compound L1.1  was calculated to more than a 

halflog10 lower than that of M2WJ332. This could demonstrate an improved ability to 

reach saturation. In the literature, where EC50 values have been established via plaque 

assay against N31 viruses, the strains used are typically not those currently circulating, 

but instead A/WSN/1933 (H1N1) (Wang et al., 2013a; Wang et al., 2013b). The best 

EC50 values for the adamantane compounds were 153 nM and 3.2 µM, compared to 

328 nM and 22.5 µM for adamantane against the WT S31 and S31N mutants, 
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respectively (Wang et al., 2013a; Wang et al., 2013b). A separate study used a pH1N1 

virus for its investigations of adamantane derivatives, with EC50 values for many 

compounds < 10 µM (Kolocouris et al., 2014). These compounds were also tested 

against two different N31 strains of IAV. In general compounds showed efficacy against 

A/Puerto Rico/8/1934 (H1N1), but not against A/WSN/1933 (H1N1) (Kolocouris et al., 

2014). This further highlights the need to test compounds against clinically relevant 

strains of IAV. 

The concept that M2 plays a role in maintaining the fusion competence of HA, as it is 

transported to the surface of an infected cell, was first demonstrated in H7 strains 

(Grambas & Hay, 1992; Sugrue et al., 1990). Despite pH1N1 HA not containing a 

multibasic cleavage site, it has recently been shown that M2 was required during HA 

biosynthesis (Alvarado-Facundo et al., 2015). Therefore, M2 inhibitors with activity 

against pH1N1 have the potential to affect not only virus entry, but also secretion. All 

investigations performed herein have assessed multicycle replication. A time of 

addition study in which compound was present during attachment/entry (pre-incubation 

and infection), replication (added 4-6 hpi) or throughout was unable to differentiate 

between the effects of compounds on entry and secretion (data not shown); this was 

attributed to allowing multiple cycles of replication to occur. Repeating this experiment, 

but looking at a single round infection would help to determine whether compounds 

affect virus entry and/or spread. Due to compounds abilities to reduce CF release from 

liposomes, their effect has been attributed to inhibiting the channel activity and related 

roles of M2 in the lifecycle. However, it has not been investigated whether compounds 

also effect the ion channel independent roles of M2, including those that result from 

interactions of M2 with endogenous proteins (Section 1.8.2) 

In summary, the in silico work predictions of compound binding, combined with the 

development of in vitro assays using the CD and TM peptide have allowed assessment 

of functional preferences for either the lumenal or peripheral M2 binding site. This has 

yielded novel, non-adamantane compounds capable of reducing the infectious titre of 

rimantadine-resistant pH1N1 swine ‘flu, with potency comparable or superior to 

published adamantane derivative M2WJ332. Additionally, our in vitro work supports the 

presence of two binding sites on the M2 channel complex. This gives rise to the 

tantalizing possibility of targeting these two sites using combination, as a means of 

improving antiviral effects and mitigating viral resistance. 
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  Cell culture investigations of Chapter 5

compound specificity 

 Introduction 5.1

From the original tens of thousands of novel non-adamantane compounds docked 

against the in silico E195 M2 homology model, a selection of compounds predicted to 

specifically bind to either the lumenal (Figure 3.7) or peripheral (Figure 3.8) binding site 

were taken forward into in vitro screening. Preliminary studies used an N31 CD peptide 

to identify compounds capable of affecting M2. Comparison with a second E195 N31 

peptide, spanning only the residues of the TM domain of M2, meant it was possible to 

functionally discriminate preferences for either a lumenal, or peripheral M2 binding site; 

such a direct comparison has not been attempted previously in the reported literature. 

Compounds with the ability to affect CF release mediated by both peptides were 

designated as lumenally targeted, whereas compounds that preferentially affected the 

CD peptide, containing the entirety of the peripheral binding site, were designated as 

peripherally targeted. These data support the presence of two binding sites on M2 that 

can be targeted independently of one another. In some cases more complex 

phenotypes were observed, such as with DL7 (Figure 4.18), which could perhaps be 

explained by potential binding to the partial peripheral binding site present in the TM 

peptides or to different conformations of the tetramer.  

To assess if an effect on M2 in isolation translated into a statistically significant 

reduction in E195 virus titre, compounds were tested at a single concentration and 24 

hpi infectious titres were calculated (Figure 4.15 and Figure 4.17B). This led to the 

identification of the first non-adamantane compounds with an effect on rimantadine-

resistant N31 IAV. Subsequently the potency of three novel non-adamantane 

compounds (L1.1, DL7 and DP9) and published adamantane M2 inhibitor M2WJ332 

(Wang et al., 2013b) was investigated, by means of determining their cell culture IC50 

(Figure 4.20). Functional preferences of these compounds, determined by in vitro 

assays, indicated that L1.1 was a lumenally targeted compound (Figure 4.13), whilst 

DP9 was peripherally targeted (Figure 4.18), supporting in silico predictions (Figure 

3.9). M2WJ332 also demonstrated a functional preference for peripheral binding 

(Figure 4.10B), in contrast to a previous TM peptide NMR structure, which supported 

lumenal binding (Wang et al., 2013b). Novel compound DL7 did not exhibit an obvious 

peptide preference, with differential effects depending on the concertation of 

compound. These could potentially be due to an ability to bind the partial peripheral site 
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present within the TM peptide at sufficiently high concentrations, or a difference in 

conformation of the channel between the two peptides. As a result the certainty of the 

predicted site of action for DL7 was diminished.  

Despite in vitro data supporting the presence of two binding sites, corroboration via 

virus culture data was highly desirable. We hypothesised that compounds targeting the 

two proposed sites of M2 could be used in combination, with synergistic effects when 

two compounds targeted different sites, but antagonistic effects when two compounds 

compete for the same M2 binding site. Secondly, selection of specific M2 drug 

resistance, at positions corresponding to predicted binding sites, would provide 

evidence to support a particular mode of action.  

 

 Drug combination assays 5.2

The use of drug combinations is widespread in the clinic, with longstanding application 

in the treatments of diseases including cancer (Devita et al., 1970; Frei et al., 1958) 

and HIV (Hammer et al., 1996). One aim of combinations is a reduction of the dose, 

and thereby related toxicities associated with specific drugs. However, another, 

perhaps most pertinent to the effective treatment of highly variable RNA viruses 

including HIV, is to minimise the risk and/or delay the onset of drug resistance. Like 

HIV, IAV viral replicase enzymes lack the proof-reading capability associated with 

cellular DNA polymerases; both viruses have very similar mutation rates (Sanjuan et 

al., 2010). In the 1990s the first antiretroviral therapy (ART) trials combining two 

nucleoside analogues were undertaken, yielding improved responses compared to 

either drug as a monotherapy (Hammer et al., 1996). One year later, the first HIV fixed-

dose combination therapy “Combivir”, combining two nucleoside analogues, lamivudine 

and zidovudine, in one pill, was licensed by the FDA. In the ongoing battle against 

resistance, it is now common for HIV ART to comprise a minimum of three drugs, from 

at least two separate classes. This usually consists of two nucleoside analogues, plus 

either a protease inhibitor, integrase inhibitor or a non-nucleoside reverse-transcriptase 

inhibitor (Williams et al., 2012).  

Currently no influenza combination chemotherapies are used in the clinic, but trials 

have been carried out. Combinations of M2 and NA inhibitors have been tested with no 

evidence of synergistic effects seen, but resistance was reduced (Ison et al., 2003; 

Morrison et al., 2007). Efficacy of an oseltamivir-zanamivir combination has also been 

assessed for its ability to combat resistance in patients, but resulted in a reduction in 
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clinical efficacy (Duval et al., 2010), thought to be linked to zanamivir being able to bind 

to the catalytic pocket, before oseltamivir is metabolised and adsorbed through the 

digestive tract. 

Additionally, double and triple drug combinations have been assessed for effects on 

influenza virus infections in vitro. Before NAI were discovered, combinations were 

carried out between M2 inhibitors and ribavirin, a synthetic nucleoside which inhibits 

viral RNA polymerases. It was found that, despite ribavirin having negligible effects in 

clinical trials, combination with either amantadine or rimantadine enhanced its antiviral 

activity in vitro (Hayden et al., 1980). Double combinations of an M2 inhibitor and a NAI 

have resulted in enhancements or additive effects against human strains of IAV 

(Govorkova et al., 2004; Ilyushina et al., 2006; Nguyen et al., 2010). Combinations 

using amantadine, oseltamivir and ribavirin have also been carried out (Hoopes et al., 

2011; Nguyen et al., 2010) and it was seen that triple combinations were more 

synergistic than any combinations of two compounds, even when tested against 

amantadine or oseltamivir-resistant IAV strains (Nguyen et al., 2010). Compared to 

single agents or double combinations, triple regimes were also better at hindering the 

development of resistance (Hoopes et al., 2011; Nguyen et al., 2010). 

Various potential outcomes exist when combining two or more compounds, which can 

depend on whether they target the same or different sites. “One-sided” effects, such as 

enhancement, can be determined by simply examining the change in percentage or 

fold changes in responses, yet the “mutual” effects of synergism and antagonism are 

determined by more complex means (Chou, 2006). The definition of the word synergy 

in the Oxford English Dictionary is “the interaction or cooperation of two or more 

organizations, substances, or other agents to produce a combined effect greater than 

the sum of their separate effects”. In biological and pharmacological terms the 

definition of synergy (Goldin & Mantel, 1957) and methods or algorithms for 

determining synergistic effects have not always been as clear (Greco et al., 1995). 

Essentially synergy is defined by a more than additive effect, whilst antagonism is a 

less than additive effect. As such, the definition of an “additive effect” is key to 

understanding both phenomena.  

In 1926, the term “isobole”, defining the connection of points of equal value (inhibition) 

on a graph with a line, was coined during investigation of the mathematics involved in 

combinations (Loewe & Muischnek, 1926). This laid the foundations for the Loewe 

additivity model, allowing interpretation of combinations of compounds as being 

synergistic, antagonistic or not interacting (additive). A second mathematical model for 

assessing combinations is the Bliss Independence model (Bliss, 1939). This does not 
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take into account non-linear dose responses and as such, its definition of an additive 

effect is inaccurate when there are interactions between drugs. The combination index 

(CI) method of analysing drug combinations (Chou, 2006; 2010), has evolved from the 

Loewe additivity model. The ability to assess effects of compounds with non-linear 

dose responses and its incorporation of this method into the “CompuSyn” software 

(ComboSyn, Inc.) means this method is widely used and prompted us to use this 

package for the analysis of the work presented herein. For each given combination of 

two compounds the software will calculate a CI. It is this value that is used to quantify 

the combination as synergistic (C I< 1), additive (CI = 1) or antagonistic (C I> 1) (Chou, 

2006). 

Here, combinations were utilised to infer binding preference, predicted by in silico 

docking and in vitro peptide preference. Testing the potential presence of two binding 

sites on M2, relied upon the premise that if compounds A and B bound to the same site 

they would effectively be in competition, and could result in additive or antagonistic 

effects. If compound A bound at site x and compound B at site y, there is the potential 

that the effects would be additive or synergistic, as the binding of compound A to site x 

would not affect the ability of compound B binding to site y and vice versa. Thus, we 

hypothesised that we would be able to discriminate preferences due to their relative 

synergistic, additive, or antagonistic effects, however, such a simple discrimination is 

unlikely. Interpretation of the results might be complicated by there being four sites at 

the periphery, not simply one. In addition, it is thought that lumenal inhibitors work by 

physically occluding the lumen of open channels, whereas peripheral inhibitors bind 

allosterically, stabilising the closed conformation (Pielak et al., 2009), As such it could 

be argued that it is not possible to simultaneously have inhibitors acting at different 

sites of M2. There is however evidence that does not fully support the differential 

binding preferences of lumenal and peripheral binding adamantanes. A structural study 

found that amantadine could bind simultaneously to the proposed lumenal and 

peripheral binding sites of an M2 tetramer, at neutral pH (Cady et al., 2010), It must be 

noted that structural studies can provide evidence of compound binding and this does 

not necessarily correlate to inhibition. If a compound was to bind at either site, but not 

result in inhibition of the channel, then this would antagonise the effects of other 

inhibitors competing for the same site. Depending on the relative potencies and kinetics 

of inhibition, two compounds effective at the same site when used in combination could 

result in one-sided effects, but antagonism is also a possibility. Finally, novel lumenal 

and peripheral compounds may not necessarily be able to simultaneously bind the 

same M2 tetramer, but amongst the population of M2 channels, present within a cell, it 

is unlikely that all would be entirely in one state. Therefore, the presence of a 
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compound able to bind open channels and a second able to bind closed channels 

should not be considered a disadvantage and could provide an advantage that might 

correspond to synergy.  

To allow assessment of synergism, single compounds also needed to be tested across 

the same concentration range, which extended both above and below the IC50 (Chou, 

2010). To analyse the data using CompuSyn software the relative virus titre (%) 

needed to be converted into an “effect”, on the scale of 0 to 1, with 0 indicating no 

change and 1 indicating complete inhibition; relative virus titre (%) was divided by 100 

and then subtracted from 1, e.g. 100 % relative virus titre = 0 effect, 75 % relative virus 

titre = 0.25 effect, 10 % relative virus titre = 0.9 effect. These values of “effect” were 

then manually inputted into CompuSyn, first for each compound in isolation, then for 

each of the nine combinations of concentration. Resultant CI values were then used to 

identify each combination as either synergistic, additive or antagonistic.  

Combination assays were plotted on 3D graphs, with the x-axis increasing 

concentrations of one compound, the y-axis increasing concentrations of the second 

compound and the z-axis for relative virus titre. The DMSO control was plotted at 

(0,0,100). The data was colour coded, increasing concentrations of single drug were 

shaded in darker shades of grey, synergistic combinations were green, additive 

combinations were orange and antagonistic combinations were red. Standard 

deviations, across three wells per condition, were calculated and a maximum error of 

21 % relative virus titre was determined. However, it is not possible to plot error bars on 

3D graphic representations in Excel 2010 (Microsoft Office) and as such none are 

shown on graphs. 

 

5.2.1 Combination of predicted lumenally, and peripherally targeted 

compounds 

The lumenally targeted compound L1.1 reproducibly exerted the most significant 

reductions in infectious virus titre (Figure 4.15 and Figure A.5) and had a low 

micromolar cell culture IC50 value (Figure 4.20). Thus, L1.1 was selected as the proof-

of-principle lumenally targeted compound for combination experiments. 

Of the novel non-adamantane compounds with statistically significant reductions in 

virus titre (Figure 4.15 and Figure 4.17B), only one (DP9) was classified as a peripheral 

binder based upon in vitro data (Figure 4.18). In virus culture, DP9 demonstrated a 

reduction in virus titre when used at a concentration of 80 μM (Figure 4.17B). However, 

the IC50 of DP9 could not be accurately calculated within the ranges tested (Figure 
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4.20), and so was ascribed as being 25 < IC50 < 80 μM. The adamantane analogue 

M2WJ332, contrary to the TM peptide NMR structural data (Wang et al., 2013b), 

demonstrated a functional preference for the peripheral binding site in vitro (Figure 

4.10B). The IC50 value calculated for M2WJ332 was much closer to that of L1.1 than 

that of DP9 (Figure 4.20), hence M2WJ332 was chosen alongside L1.1 for use in 

combination assays. 

To assess effects of each compound in isolation and in combination, the selection of 

compound concentrations was important. Available stocks of compound dictated that 

three concentrations, plus a DMSO control could be tested. Based upon IC50, the 

midpoint concentration was chosen as 1 μM, where a reduction in virus titre of 

approximately 50 % was expected; additionally 0.2 and 5 μM were chosen. Consistent 

with IC50 experiments, 1 μM M2WJ332 resulted in 56 % virus titre (Figure 5.1). 

However, L1.1 at 1 µM resulted in a virus titre of 72 %, only at 5 µM was the reduction 

greater than 50 % (Figure 5.1), fitting within the predicted confidence interval from 

previous titrations (Table 4.2). For both compounds in isolation there was little 

difference between the relative virus titres for 0.2 and 1 μM, but increasing the 

concentration to 5 µM led to more pronounced reductions in virus titre (Figure 5.1).  

Encouragingly, combinations of  compounds led to enhanced effects upon virus titre 

compared to that of single compounds at all concentrations tested (Figure 5.1), 

suggestive of at least additive effects. Analysis of CI values revealed that eight out of 

nine combinations were indeed synergistic, with only one, somewhat unexpectedly (1 

µM M2WJ332 plus 0.2 µM L1.1), being antagonistic (Figure 5.1). Combinations with 

less than 1.5 µM total combined compound concentration reduced virus titre to 40-55 

%, whereas those with total compound concentrations of 2 µM or above reduced virus 

titres to below 6 %. In four combinations titre was < 1 %, equivalent to a two-log10 

reduction, representing a significant improvement on either compound in isolation. All 

but one of the CI values indicated that the combination of L1.1 and M2WJ332 was 

synergistic, suggestive that the act at different sites and consistent with the presence of 

two binding sites on M2. 

 

5.2.2 Combination of two predicted peripherally targeted compounds 

We next tested the effects of combining two predicted peripherally targeted 

compounds. It was hypothesised that two peripheral binding compounds would 

compete and as such the result would likely be additive or antagonistic. However, there 

are four peripheral binding sites present on each M2 tetramer (Schnell & Chou, 2008)  
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Figure 5.1 Effect of predicted peripheral targeting M2WJ332 in combination with 

predicted lumenal targeted compound L1.1 on E195 infectious virus titre 24 hpi. 

M2WJ332 was preincubated in isolation or in combination with L1.1 at 0, 0.2, 1 and 5 

µM, with E195 virus at MOI 0.01, prior to a one hour infection. 24 hpi virus titre was 

determined by plaque assay, resultant titres were normalised to DMSO control (0 µM, 0 

µM). Each combination was carried out on triplicate wells and the titre was averaged 

across these and plotted. These average values were used for combination index (CI) 

analysis using CompuSyn software. Each combination point was given a CI value, this 

was used to colour the bars of the graph, synergistic (green) or antagonistic (red) 

combinations of compounds. Single compound data is shown in grey. 
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and it is not clear how many of these sites need to be occupied to achieve inhibition of 

channel activity and this has the potential to complicate interpretation of combination 

studies. 

Our hypothesis states that two compounds targeting the same site should result in 

additive or antagonistic effects. Four out of nine combinations of M2WJ332 and DP9 

were calculated to be antagonistic; in each case the addition of DP9 increased the 

virus titre compared to M2WJ332 in isolation (Figure 5.2), suggestive that the less 

potent DP9 competes with M2WJ332 and decreases its ability of reducing virus titre. 

However, the remaining five combinations resulted in a further decrease in virus titre 

compared to compounds in isolation; four conditions were synergistic and one was 

additive (Figure 5.2). Thus, whilst the combination of M2WJ332 and DP9 did not 

provide conclusive evidence to support that two peripherally targeted compounds might 

compete and result in antagonism, the average CI value across the nine combinations 

was 1, denoting an additive effect, which does not go against potential effects of two 

compounds acting at the same site. Interestingly, synergistic combinations occurred 

mainly at the lowest concentrations, whilst antagonistic combinations at the higher 

concentrations; thus, it was conceivable that a more complex explanation existed for 

these synergy profiles, potentially related to the presence of not one, but four 

peripheral binding sites or the differing potencies of the compounds. 

 

5.2.3 Can combination experiments resolve the preferred binding site of 

DL7? 

Thus far, combination experiments appeared generally consistent with our hypothesis. 

However, DL7 did not demonstrate a clear peptide preference in vitro. Compound DL7 

caused a similar inhibition of CD and TM peptides at 40 µM or above, but at lower 

concentrations a preferential effect upon the CD peptide was observed (Figure 3.3). 

We reasoned that combinations of DL7 with M2WJ332 or L1.1 could help elucidate its 

preferred binding site. Should DL7 target the lumen it would likely result in synergistic 

combinations with M2WJ332, but additive or antagonistic combinations with L1.1, and 

vice versa.  

Combinations of DL7 with L1.1 had an average CI value of  8.1, clearly demonstrating 

an overall antagonistic effect. These combinations led to unexpectedly low effects upon 

virus titre (Figure 5.3A), compared with previously determined IC50 values, despite 

testing across appropriate ranges (Table 4.2). Combinations involving the lowest 

concentration of DL7 showed no changes, in virus titre, when 0.2 or 5 µM L1.1 was 
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Figure 5.2 Effect of a combination of two predicted peripheral targeted 

compounds on E195 infectious virus titre 24 hpi. 

M2WJ332 and DP9 were preincubated in isolation or in combination at concentrations 

of 0, 0.2, 1 and 5 µM, with E195 virus at MOI 0.01, prior to a one hour infection. 24 hpi 

virus titre was determined by plaque assay, resultant titres were normalised to DMSO 

control (0 µM, 0 µM). Each combination was carried out on triplicate wells and the titre 

was averaged across these and plotted. These average values were used for 

combination index (CI) analysis using CompuSyn software. Each combination point 

was given a CI value, this was used to colour the bars of the graph, synergistic (green), 

additive (orange) or antagonistic (red) combinations of compounds. Single compound 

data is shown in grey. 
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Figure 5.3 Effect of combining DL7 with predicted lumenal compound L1.1 and 

peripheral compound M2WJ332, on E195 infectious virus titre. 

DL7 was preincubated with either A) L1.1 or B) M2WJ332 in combination at 0, 0.2, 1 

and 5 µM, with E195 virus at MOI 0.01, prior to a one hour infection. 24 hpi virus titre 

was determined by plaque assay, resultant titres were normalised to DMSO control (0 

µM, 0 µM). Each combination was carried out on triplicate wells and the titre was 

averaged across these and plotted. These average values were used for combination 

index (CI) analysis using CompuSyn software. Each combination point was given a CI 

value, this was used to colour the bars of the graph, synergistic (green), additive 

(orange) or antagonistic (red) combinations of compounds. Single compound data is 

shown in grey. 

 

A 

B 
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added, yet adding 1 µM L1.1 led to an increase (Figure 5.3A). Compound combinations 

involving 1 or 5 µM of DL7 resulted in improved effects on virus titre compared with 

either compound in isolation. However, only two of these combinations (1 µM DL7 with 

0.2 or 5 µM L1.1) were calculated to be synergistic. The remaining seven combinations 

of DL7 and L1.1 resulted in antagonistic effects, despite four of these combinations 

resulting in improved effects on virus titre compared to compounds in isolation. This 

further demonstrates how it is not possible to infer mutual effects by a simple 

comparison of resultant titres (Figure 5.3A). Our hypothesis stated that if DL7 was a 

lumenal binding compound it would result in an additive or antagonistic combination 

with L1.1. The overall strong antagonism calculated for the combination suggest that 

both compounds do bind at the same site (Figure 5.3A) and DL7 was originally 

selected as a lumenally targeted compound (Section 2.2.2.2). 

Combinations of DL7 with M2WJ332 also led to an overall antagonistic effect, with an 

average CI value of 1.1. Four of the nine individual CI values were synergistic, two 

were additive and three were antagonistic (Figure 5.3B). In all cases, the addition of 

M2WJ332 enhanced the effects of DL7 on virus titre (Figure 5.3B). However, this effect 

was “one-sided”; as the concentration of M2WJ332 increased above 0.2 µM, only one 

of the six conditions (5 µM M2WJ332 and 1 µM DL7) resulted in a decrease in virus 

titre compared to the equivalent concentration of M2WJ332 in isolation (Figure 5.3B). 

From the combination of DL7 with L1.1 antagonistic CI values suggested that the 

compounds compete for the binding site. However, unlike when L1.1 was used in 

combination with predicted peripheral targeted compound M2WJ332 (Figure 5.1), the 

combination of DL7 with M2WJ332 was not a clear synergistic interaction. The effects 

were synergistic at lower concentrations of M2WJ332, but became antagonistic and 

additive at higher concentrations (Figure 5.3B), similar to that seen when M2WJ332 

was used in combination with another predicted peripheral binder DP9 (Figure 5.2). It 

has not been possible to confidently assign DL7 as either a lumenally or peripherally 

targeted compound. It is possible that despite efforts to select specific compounds, DL7 

may bind to both sites or potentially another site altogether.  

 

5.2.4 Combinations of M2 and NA inhibitors 

Zanamivir, a licensed NAI, was used as a positive control in plaque assays when 

screening novel M2 inhibitors (Figure 4.15 and Figure 4.17B). A combination of two 

antivirals targeting different proteins and/or parts of the IAV lifecycle is a useful 

comparison to combinations of M2 inhibitor, plus combinations of novel M2 inhibitors 

with NAI could be highly clinically relevant. Previous combination experiments were 



159 
 

carried out using concentrations of compounds close to the calculated IC50 values in 

E195 virus culture (Table 4.2), so it was necessary to determine an IC50 for zanamivir. 

The published IC50 of zanamivir against pH1N1 is between 0.04 and 1.34 nM 

(Gubareva et al., 2010; Sheu et al., 2009). However, these values were determined 

using a chemiluminescent NAI assay, directly measuring NA enzyme activity, rather 

than viral infectivity via plaque assay, and also used a different pH1N1 isolate. The IC50 

calculated for zanamivir by E195 plaque assay was 122 nM (Figure 5.4), with a 95 % 

confidence interval of 3.9 – 404 nM.  

Combinations of L1.1 and zanamivir were assessed for their effects on E195 infectious 

virus titre. Previous combination studies involved two M2-targeted inhibitors with similar 

IC50 and analysis was scaled in the micromolar range. However, due to the IC50 value 

of zanamivir being over ten-fold lower than that of L1.1, analysis was initially done in 

terms of IC50  (0.2, 1 and 5), using the values calculated in GraphPad (L1.1 = 1.325 

µM, zanamivir = 0.12 µM). Subsequently CompuSyn analysis was also repeated using 

raw concentrations and no change in CI values was observed (Appendix Table A.3 and 

Table A.4). Overall there was a trend to synergism with eight combinations showing 

enhanced effects compared to each compound in isolation. This is consistent with 

zanamivir and L1.1 targeting different proteins of IAV; the average CI value was 0.9 

indicating slight synergism (Table 5.1). 

Both compounds achieved a greater than 50 % reduction in virus titre with the highest 

concentration tested (Figure 5.5). All five of the combinations containing one or both of 

the compounds at its top concentration, plus the combination of 0.12 µM zanamivir and 

1.325 µM L1.1, were calculated to be synergistic (Figure 5.5). The remaining three 

combinations, those with the lowest total compound concentrations (0.024 µM 

zanamivir with 0.265 or 1.135 µM L1.1 and 0.12 µM zanamivir with 0.265 µM L1.1), 

were antagonistic. Of all the combinations it was only the one involving the lowest 

concentrations of compound that did not result in an improved effect upon virus titre, 

compared to either in isolation (Figure 5.5). 

 

5.2.5 Further analysis of combination indexes 

None of the combination experiments undertaken involving M2 inhibitors resulted in 

exclusively synergistic or antagonistic effects. Instead the nine conditions within each 

experiments included both synergistic and antagonistic effects, and in some instances 

also examples of additive conditions. To generate a clearer picture of combination 
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Figure 5.4 Zanamivir IC50 determination against E195 virus. 

80 pM to 80 µM of zanamivir was preincubated with E195 virus applied to cells at an 

MOI of 0.01, prior to a one hour infection. The infectious supernatant at 24 hpi was 

titred via plaque assay, resultant titres were normalised to DMSO. Each condition was 

done in triplicate wells within the experiment, error bars represent standard deviation. 

GraphPad software was used to plot a sigmoidal IC50 curve to the data. 
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.  

 

Figure 5.5 Effect of novel M2 inhibitor L1.1 in combination with neuraminidase 

inhibitor zanamivir on E195 infectious virus titre 24 hpi. 

L1.1 and zanamivir (Zan) were preincubated in isolation or in combination at 

concentrations equivalent to 0, 0.2, 1 and 5 IC50(s), with E195 virus at MOI 0.01, prior 

to a one hour infection. 24 hpi virus titre was determined by plaque assay, resultant 

titres were normalised to DMSO control (0 µM, 0 µM). Each combination was carried 

out on triplicate wells and the titre was averaged across these and plotted. These 

average values were used for combination index (CI) analysis using CompuSyn 

software. Each combination point was given a CI value, this was used to colour the 

bars of the graph, synergistic (green), additive (orange) or antagonistic (red) 

combinations of compounds. Single compound data is shown in grey. 
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effects, two methods were used in an attempt to generate an overall score across the 

nine conditions. First by averaging the individual CI values, and the second utilising a 

published grading of CI values (Chou, 2006). 

An average of the nine CI values was made for each of the five combinations tested 

(Table 5.1). As observed from the individual CI values, overall the combination of the 

lumenal compound L1.1 with either peripheral compound M2WJ332 or NAI zanamivir 

was calculated to be synergistic, whereas in combination with DL7 it was antagonistic. 

These results support that L1.1 and DL7 bind M2 at an overlapping site, which differs 

to that bound by M2WJ332. Combinations of M2WJ332 with either DP9 or DL7, 

resulted in the most varied CI values (Figure 5.2 and Figure 5.3B). Averaging of CI 

values denoted the combination of M2WJ332 with another peripheral compound, DP9, 

as neither antagonistic, nor synergistic, but additive (Table 5.1).  

The scale for synergy is 0 to 1, whereas the scale of antagonism is 1 to infinity, 

resulting in the possibility of highly antagonistic CI values skewing any averaged 

results. Due to this fact, a semi-quantitative means of interpreting CI values was also 

used, based upon the definitions of slight, moderate, substantial, strong and very 

strong antagonism or synergy (Chou, 2006). Each of the nine combinations within an 

experiment were denoted on a scale from very strong antagonism (- - - - -, - 5) through 

nearly additive (+ -, 0), to strong synergism (+++++, +5) (Appendix Table A.5) (Chou, 

2006). An average of these taken, in order to eliminate the effect of very large CI 

values of antagonism (Table 5.2).  

Semi-quantitative analysis did not change the grading of the combinations of M2WJ332 

with either L1.1 or DP9, but resulted in a change from slight antagonism to nearly 

additive for its combination with DL7 (Table 5.2). The labelling of the combination of 

L1.1 with zanamivir remained as slight synergism.  However, the level of antagonism 

with DL7 was reduced from strong to moderate (Table 5.2). Taking all analyses into 

account, the combination of L1.1 with M2WJ332 was the most representative of 

synergy, with the combination of L1.1 with zanamivir also being synergistic. The 

combination of L1.1 with DL7 was demonstrated to be antagonistic. These results 

support the prediction that L1.1 binds the same site as DL7, which is different than the 

site of action of M2WJ332. The combination of M2WJ332 and DL7 would therefore be 

anticipated to be synergistic, however this was not clearly demonstrated and the semi-

quantitative analysis supported nearly additive effects. The results for M2WJ332 with 

DP9 also suggested a nearly additive effect of combination. 
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M2WJ332 

(P) 
L1.1       
(L) 

DP9       
(P) 

DL7        
(?) 

Zanamivir 
(NA) 

 

M2WJ332 
(P) 

 
0.7 

Synergism 

1.0 

Nearly 
additive 

1.1 

Slight 
antagonism 

 

 

L1.1       
(L) 

0.7 

Synergism 

 

 
 

8.1 

Strong 
antagonism 

0.9 

Slight 
synergism 

 

Table 5.1 Average combination indexes for compound combinations 

Detailed are the average values across the nine conditions for each of the five 

combinations of two compounds. The target of the compounds is given in parentheses, 

neuraminidase (NA), periphery (P) and lumen (L), or uncertain (?). 

 

 

 
M2WJ332 

(P) 
L1.1        
(L) 

DP9       
(P) 

DL7        
(?) 

Zanamivir 
(NA) 

 

M2WJ332 
(P) 

 
+++ 

Synergism 

+ - 

Nearly 
additive 

+ - 

Nearly 
additive 

 

 

L1.1       
(L) 

+++ 

Synergism 
  

- - 

Moderate 
antagonism 

+ 

Slight 
synergism 

 

Table 5.2 Average semi-quantitative grading of compound combination effects  

Semi-quantitative grading across the nine conditions for each of the five combinations 

of two compounds was then averaged. The target of the compounds is given in 

parentheses, neuraminidase (NA), periphery (P) and lumen (L), or uncertain (?).  
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 Generation of escape mutants to support predicted 5.3

compound binding 

Influenza A viruses readily mutate without external influences, due to the highly error 

prone polymerase (Drake, 1993; Parvin et al., 1986). In addition to spontaneous 

events, selective pressure from the use of antivirals can result in the selection of 

mutations. Amantadine was first licensed for prophylactic treatment of IAV in 1966, but 

prior to this resistance was selected in vitro (Cochran et al., 1965) and soon after 

additionally using  in vivo models (Oxford et al., 1970). Resistance was identified to be 

due to four main point mutations (V27A, A30T, S31N and G34A) in the M2 proton 

channel (Hay et al., 1985; Hay et al., 1986), and was first noted in clinical isolates in 

the late 1980s (Belshe et al., 1988; Pemberton et al., 1986). Known resistance 

polymorphisms all lay within the transmembrane domain of the channel and span three 

helical turns (Pielak et al., 2009; Schnell & Chou, 2008). However, this is too large a 

region for a single adamantane molecule to interact with all residues. 

Selection of oseltamivir-resistant mutants was first observed when volunteers were 

infected with H1N1 IAV (Gubareva et al., 2001); two of 54 volunteers had a H274Y 

mutation, conferring drug resistance. This polymorphism was also identified from 

human isolates of H1N1 in Europe during the winter of 2007/2008 (Lackenby et al., 

2008), whereas zanamivir resistance was seen in the clinic several years earlier when 

used for the treatment of IBV (Gubareva et al., 1998). 

The ability to identify potential resistance polymorphisms in vitro is widely applied in the 

field of influenza antiviral development; however, there is not one simple published 

method used for selection of resistant IAVs in cell culture. Some studies do not give a 

comprehensive description of their methodologies, whereas others are stricter. For 

example, to select NAI resistance, Colacino and colleagues state that viruses were 

passaged 6-8 times with increasing concentrations of inhibitor, until viruses were “able 

to replicate in normal inhibitory concentrations” of compound (Colacino et al., 1997). 

However, after three rounds of plaque purification, the method did result in the isolation 

of virus which phenotypically, and genotypically, represented a resistant variant with a 

single nucleotide polymorphism. A similar method was used in another study for 

generating NAI resistance (Renzette et al., 2014). In this case arbitrary log10 dilutions of 

the virus containing supernatants were made, when > 50 % CPE was observed. 

Similarly compound concentrations were increased with every passage, the first 

passage used a concentration equivalent to 1x median effective dose (ED50), the 

second passage 4x ED50, then two-fold increases for all subsequent passages 
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(Renzette et al., 2014). Virus titres were subsequently calculated and MOIs of 

additional passages were determined to be between 0.00001 and 0.1, with an average 

MOI of 0.04. 

A more rigorous approach was taken by Molla and colleagues. As above, serial 

passage with increasing concentrations of compound was conducted, in each instance 

waiting for the development of CPE (Molla et al., 2002). This was repeated 14-15 times 

prior to plaque purification. Unlike the previously described methods, titres of virus-

containing supernatants were calculated prior to continuation with the subsequent 

passage, in order to maintain an MOI of 0.05 pfu/ml (Molla et al., 2002).  

In vitro selection of resistant IAV variants had also been carried out using drug 

combinations (Hoopes et al., 2011). Two methodologies were used, one of fixed 

compound concentration and a second of increasing concentration. In the first method, 

a fixed concentration of individual or combinations of inhibitors was used in a total of 

five serial passages, with each passage lasting three days. Infectious virus titres were 

then established and a defined MOI used for subsequent infections (Hoopes et al., 

2011). The second methodology had a less stringent schedule; passage occurred 

when 50 % CPE was observed and an arbitrary 1:1000 dilution of supernatant was also 

made, alongside either 1, 2 or 4-fold increases in compound concentration (Hoopes et 

al., 2011). 

The methods described so far for cell culture selection of resistant IAVs focus on serial 

passage on virus. A separate method involved infection at a low MOI and incubation 

with compound, followed by daily inspection for CPE. When CPE was observed, virus 

was plaque purified with and without compound. This method has been used to 

generate rimantadine resistance from a susceptible strain (personal communication, Dr 

Anika Singanayagam, Imperial College London). Similar methodologies have been 

utilised for amplification of resistant clinical isolates (Tamura et al., 2013). 

 

5.3.1 Optimisation of M2 sequencing from vRNA within infectious cell 

culture supernatants 

The method of M2 sequencing was optimised for WT E195 virus stocks. E195 virus 

(106 pfu/ml) was clarified by centrifugation and vRNA isolated using a QIAamp Viral 

RNA Mini Kit (QIAGEN). SuperScript® III (SSCIII) was then used to reverse transcribe 

the vRNA into complementary DNA (cDNA), using a segment 7 specific primer 

(pH1N1_s7_fwd, Section 2.1.6). cDNA was subsequently amplified using the Phusion® 
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high fidelity polymerase (Phusion) (New England Biolabs) and E195 M2 specific 

primers (Section 2.1.6).  

Initially, a universal segment 7 primer, (Flu_s7_fwd, Section 2.1.6) was used to prime 

reverse transcription reactions. The resultant cDNA was then amplified using three 

different segment 7 specific forward primers (pH1N1_s7_fwd, Flu_s7_fwd and 

pH1N1_s7_F2, Section 2.1.6) and universal segment 7 reverse primer Flu_s7_R2. 

Amplification was carried out using three different annealing temperatures, to optimise 

conditions. After 35 cycles the reaction was stopped and each sample was then 

subjected to agarose gel electrophoresis.  

In seven out of the nine sample lanes, a single band was present at ~1000 bp (Figure 

5.6); E195 IAV segment 7 is 1003 bp (Figure 1.3). A no SSCIII, negative control was 

included for each of the primer pairs, with Phusion cDNA amplification at an annealing 

temperature of 48 ºC. All negative control lanes were empty, showing there was no 

non-specific amplification and no DNA contamination. The universal segment 7 primer 

(Flu_s7_fwd), with an annealing temperature of 48 ºC, was only able to amplify 

segment 7 at 48 ºC (Figure 5.6).  

 

5.3.2 Resistance selection following prolonged low MOI infection in 

presence of high compound concentrations 

One method used to produce escape mutants involves a low MOI, high compound 

concentration infection, harvesting the virus when CPE is observed. Flasks were 

checked daily for observable CPE. As no CPE was observed, in any of the flasks, at 24 

hpi, a 1 ml sample was removed and clarified. This was replaced with 1 ml of SF media 

containing 1 µg/ml TPCK and 80 µM compound or DMSO control. All flasks presented 

evidence of CPE at 48 hpi. The DMSO and rimantadine controls, plus the M2JW332 

flask all had > 50 %CPE. Using such a high concentration of M2WJ332, it would be 

expected that you would get suppression of virus; therefore this high level of CPE could 

be indicative of resistance. In the L1.1 flask < 20 % CPE observed at 24 hpi, so only 1 

ml of media was removed and replaced. The L1.1 flask showed > 50 % CPE at 72 hpi, 

so all virus containing supernatant was harvested and clarified at that time point. The 

24 and 48 hpi supernatant from all conditions, additionally the 72 hpi L1.1 supernatant 

were assessed for sequence changes by Sanger sequencing. All conditions maintained 

WT sequence across all time points. 
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Figure 5.6 Optimisation of forward primer and annealing temperature. 

An image of a 0.8 % agarose gel showing PCR amplified cDNA corresponding to 

segment 7 of E195 WT virus, alongside HyperLadder 1kb (L). cDNA was amplified 

using three annealing temperatures (48, 53 and 58 ºC) and three different forward 

primers pH1N1_s7_fwd (1), Flu_s7_fwd (2) and pH1N1_s7_F2 (3), included is a 

control (C) where no enzyme was present during the reverse transcription step 

previous to cDNA amplification.  
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5.3.3 Selection of resistance by serial passage in increasing 

concentration of compound 

Serial passage of virus is a second method for generating escape mutants. There are a 

number of parts of the methodology that can be varied, such as whether to set an 

arbitrary time point for serial passage or an observation of CPE, constant or increasing 

compound concentrations and blind passage or set MOI for each passage. Hitherto 

plaque assay titres had been calculated 24 hpi in presence of compound, including 

when establishing IC50 values for novel compounds (Figure 4.20). As there had 

previously been no CPE observed at this time point, but significant reductions in virus 

titre were evident (Figure 4.15 and Figure 4.17B), an arbitrary time point of 24 hours 

was selected for passage.  

Plaques form after 2-3 days of infection, meaning that, waiting to know the resultant 

titre after each drug treatment would mean 4 days between passages. Time restraints 

dictated that in order to carry out a large number of passages, the majority of serial 

passages were carried out blind (Figure 5.7), with an arbitrary 1/10th of the infectious 

supernatant used to infect fresh cells. Infectious virus titre was calculated at selected 

time points to allow the MOI to be re-normalised. In order to increase the selective 

pressure, it was decided to double the compound concentration in the media with every 

passage; once the screening concentration of 80 µM was reached this would be 

maintained for the rest of the experiment. Briefly, an initial MOI of 0.001, preincubated 

with 2.5 µM compound (zanamivir, rimantadine, M2WJ332, L1.1, DL7 and DMSO) was 

used for a one hour infection of MDCKs. Virus containing supernatant was removed 

and replaced with SF + compound + 1 µg/µl TPCK. 24 hpi infectious supernatant (SP-

1) was removed and used for the subsequent one hour infection, without preincubation 

with increased compound concentration. Supernatant not used for the infection was 

clarified, snap frozen and stored at – 80 ºC, as described in section 2.6.2. After the one 

hour infection, virus supernatant was replaced with SF + 1µ g/µl TPCK and double the 

previous concentration of compound. SP-x nomenclature was used to identify the 

different samples, with SP-1 the supernatant taken 24 hours after the initial infection, 

SP-2 the supernatant taken 24 hours after SP-1 infection, and so on, until SP-14 

(Figure 5.7). 

Virus titres were established for SP-6, SP-7 and SP-14, in the presence of all 

compounds. Samples SP-6 and SP-7 were from two consecutive passages in the 

presence of 80 µM compound. Virus titres of samples treated with DMSO, zanamivir 

and M2WJ332 were consistent between SP-6 and SP-7, with DMSO and zanamivir at 
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Figure 5.7 Schematic representation of samples generated via serial passage 

method. 

An initial infection of MDCK cells, using A/England/195/2009 (E195) was carried out in 

the presence of 2.5 µM of compound, at MOI 0.001, after 1 hr virus containing media 

was replaced with SF media containing 2.5 µM of compound and 1 µg/µl TPCK. 24 hpi 

1/10th of this infectious supernatant (SP-1) was used to infect fresh cells, after a 1 hr 

infection, it was replaced with SF media containing twice the previous concentration of 

compound and 1 µg/µl TPCK. This process was repeated, increasing compound 

concentration to a maximum of 80 µM which was then maintained for the rest of the 

experiment. The virus titres of SP-6 and SP-7 were determined in order to re-normalise 

the subsequent infection to a MOI of 0.001. Sample IDs underlined once were stored at 

4 ºC for at least 24 hr prior use, double underlined were clarified, snap frozen and then 

thawed prior to use and in green text have had the M2 protein sequenced. 
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104 pfu/ml and M2WJ332 at 105 pfu/ml (Figure 5.8). Between SP-6 and SP-7 the titre of 

the rimantadine treated virus increased by log10 (Figure 5.8), whereas there was a 

greater than log10 decrease in titre with L1.1 and DL7 treatments, with values of 103 

pfu/ml. This reduced titre meant there was not enough virus to carry out a MOI 0.001 

infection, so re-normalisation was carried out with SP-6 samples of L1.1 and DL7, 

whereas SP-7 was used for all other conditions. At the end of the experiment there was 

greater divergence in virus titres (Figure 5.8). The DMSO control had the highest titre, 

with zanamivir and DL7 also at 105 pfu/ml, whereas the titre for L1.1 was still low, at 

103 pfu/ml. The virus titres for rimantadine and M2WJ332 both decreased between SP-

7 and SP-14 to 104 pfu/ml. There was no general pattern in the change in virus titre 

from SP-6/7 to SP-14. 

Viral RNA was isolated at a variety of time points (Figure 5.7) and resultant M2 cDNA 

sequenced. Across all of the time points examined there were no observed changes in 

the nucleotide sequence of M2 for (the novel non-adamantane) compounds L1.1 and 

DL7, or the controls DMSO, zanamivir and rimantadine. A polymorphism corresponding 

to residue 27 of M2 was detected at the earliest time point sequenced (day 5), during 

incubation with M2WJ332. At days 6 and 7 this was still observed with GTC (Valine) 

still dominant over the GCC (Alanine) minor species (Figure 5.9). At days 10 and 14 

GCC was seen as the larger peak in the trace (Figure 5.9), suggesting that V27A was 

the dominant virus species. However, it should be noted that Sanger sequencing is not 

directly quantitative, making it unclear as to the precise composition of the viral 

population, for this reason samples have been sent for next generation sequencing 

(data not available at time of writing). 

 

5.3.4 Plaque purification 

The serial passage methodology described above (Section 5.3.3), resulted in 

generation of a mixed population for M2WJ332 treated virus (Figure 5.9); in order to 

isolate a single species the virus needed to be plaque purified. In this method virus 

containing supernatant was serially diluted and preincubated with compound prior to 

and during a one hour infection, which was then replaced with overlay media 

containing either the same concentration of compound, or DMSO. 

The input virus for plaque purification was the SP-5 samples for rimantadine, M2WJ332 

and L1.1 from the serial passage experiment. M2WJ332 and rimantadine were used at 

20 and 80 µM, whereas L1.1 was used at 5, 20 and 40 µM as it was found to form 

crystals in the agar overlay when used at 80 µM, DMSO controls were also included for   
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Figure 5.8 Virus titre of serial passage viruses samples SP-6, SP-7 and SP-14. 

E195 infectious virus titres were calculated via plaque assay on the 24 hpi 

supernatants of samples SP-6, SP-7 and SP-14 of the serial passage experiment. 

Error bars represent standard deviation over three wells. 
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Figure 5.9 M2WJ332 serial passage M2 sequence on days 5, 6, 7, 10 and 14.  

E195 virus was serially passaged with M2 targeted amantadine analogue M2WJ332. 

On days 5, 6, 7, 10 and 14 the vRNA was isolated from infectious supernatant and 

cDNA of segment 7 was sent for sequencing. A single nucleotide polymorphism at 

residue 27 (indicated by an arrow) was detected by ABI sequencing, at each time point. 
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each virus. Eight plaques from M2WJ332 at 20 µM and five plaques from L1.1 at each 

concentration (5, 20 and 40 µM), were picked 72 hpi and then the plates were fixed, 

stained and counted as normal. From this the titre was back calculated and relative 

virus titres plotted (Figure 5.10); input titres calculated from the DMSO controls were 9 

x104, 1.75 x105 and 8.75 x104 pfu/ml for rimantadine, M2WJ332 and L1.1 treatment, 

respectively. 

The agar plugs picked from the plates were incubated in SF media for 2 hours prior to 

infecting fresh cells, in the presence of compound. Media was harvested from cells 

when CPE was observed; for M2WJ332 this was 24 hpi and for L1.1 samples 48 hpi. 

The presence of rimantadine did not exert a selective pressure on the SP-5 

rimantadine virus (Figure 5.10), as E195 was inherently resistant; in fact the titre is 

slightly increased when rimantadine is present during the infection and in the overlay. 

The presence of either M2WJ332 or L1.1, with the corresponding serial passage virus 

samples, caused a reduction in relative virus titre, even at the lowest concentrations 

tested (Figure 5.10), suggestive of a selective pressure exerted by these compounds. 

From 20 µM M2WJ332 samples, CPE was observed in seven out of eight samples at 

24 hpi. In the presence of 40 µM L1.1 CPE was negligible in, whereas all samples from 

both 5 and 20 µM L1.1 displayed CPE at 48 hpi. Samples with observed CPE were 

clarified and taken forward for sequencing. All seven M2WJ332 virus samples were 

successfully isolated and segment 7 amplified as describe in Section 5.3.3. Sample 2 

was selected for the initial sequencing, as it had the highest cDNA concentration. Both 

the forward and reverse primers, used for sequencing, confirmed that there was a 

single virus isolate present and that this contained the V27A polymorphism (Figure 

5.11), in contrast to the mixed population seen in the serial passage experiments 

(Figure 5.9). The remaining six M2WJ332 samples also contained a single V27A 

population), demonstrating that the protocol was suitable for the selection of a 

potentially resistant variant from a mixed population. No sequence changes, in M2, 

were seen from four of the 20 µM and all five of the 5 µM L1.1 plaque purification 

samples. 
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Figure 5.10 Effect of different concentrations of compound included in the 

overlay during plaque purification on E195 infectious virus titre. 

SP-5 virus samples from viruses exposed to sequential treatment with rimantadine, 

M2WJ332 and L1.1 were preincubated with between 0 and 80 µM of the same 

respective compounds prior to a one hour infection. Compound was also added to the 

agar overlay. Resultant plaques were counted and normalised to the DMSO control for 

each virus. 
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Figure 5.11 Plaque purification of M2WJ332 treated E195 virus.  

E195 virus was serially passaged with increasing concentrations of M2 targeted 

amantadine analogue M2WJ332. The day 5 sample (SP-5) was used in a plaque 

purification protocol using 20 µM M2WJ332 during infection and in overlay media. 

Individual plaques were picked and virus bulked up in the presence of 20 µM 

compound, vRNA was isolated from infectious supernatant and cDNA of segment 7 

was sent for sequencing. The virus isolate was seen to be a single population with, 

compared to WT, a single nucleotide polymorphism at residue 27 (indicated by an 

arrow) detected by ABI sequencing, using both forward and reverse primers. 
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 Discussion 5.4

Through a process of virtual screening and in vitro testing, novel compounds predicted 

to target either the lumenal or peripheral binding site of the rimantadine-resistant N31 

M2 proton channel were identified. Virus culture experiments, in which two M2 

inhibitors were combined, supported the presence of two binding sites on the tetramer. 

In vitro established peptide preferences (Figure 4.10B, Figure 4.13 and Figure 4.18) 

were used to select compounds for combination studies. Synergistic effects were 

observed when a lumenal and a peripheral compound were combined (Figure 5.1). 

Whereas, two lumenally targeted compounds, predicted to bind at the same site, 

showed antagonistic effects, likely arising due to competition (Figure 5.2). Potential 

resistant variants were readily selected against predicted peripheral binding 

adamantane derivative M2WJ332 (Figure 5.9 and Figure 5.11). However, no resistance 

mutations were detected for novel non-adamantane compounds, whether predicted to 

bind either the peripheral or lumenal binding sites.  

It had previously been reported that M2 and NA inhibitors can be used in combination 

to produce synergistic effects (Govorkova et al., 2004; Ilyushina et al., 2006; Nguyen et 

al., 2010). We have shown that novel non-adamantane compounds can achieve 

synergy with a licensed NAI, against rimantadine-resistant N31 IAV (Figure 5.5). This 

shows that such combinations could still be clinically relevant, despite widespread 

resistance to amantadine and rimantadine.  

Combinations of predicted lumenal compound L1.1 and peripheral compound 

M2WJ332 resulted in synergy in eight out of nine conditions tested (Figure 5.1), this 

trend to synergy supports the differential predicted binding preferences determined by 

in vitro experiments (Figure 4.10B and Figure 4.13). Combinations of zanamivir and 

L1.1, and DL7 and L1.1, resulted in a vast majority of combinations favouring synergy, 

or antagonism, respectively (Figure 5.3A and Figure 5.5).  

The combination of M2WJ332 and novel compound DP9, both predicted, based upon 

in vitro peptide preference, to bind to the periphery of the M2 tetramer, resulted in an 

overall additive effect (Figure 5.2). These compounds are not seen be in direct 

competition and result in antagonism. A possible reason for this could be linked to 

there being four peripheral binding sites present on the M2 tetramer; it is unknown how 

many of these four sites are required to be bound by drug in order to inhibit the activity 

of the channel. It may be that more than one site needs to be occupied, or even all 

four. If there are not enough molecules of single compound, to occupy all the required 

number of binding sites, it could theoretically be complemented by the addition of a 
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second compound, explaining the additive behaviour. Once at concentrations where 

the threshold required for inhibition is reached, i.e. sites are saturated, any further 

addition of compounds might interfere and result in antagonism. Another scenario, in 

which two peripherally targeted compounds do not directly compete, might be that the 

level of activity of M2 is reduced more by each additional binding site that is occupied 

by compound, in which case the kinetics of each compound, including on-rates and off-

rates, needs to be taken into account. This would comprise follow on studies, such the 

NMR studies to be undertaken as part of a collaboration with Dr Jason Schnell at the 

University of Oxford. 

Where possible the concentrations used during cell culture combination experiments 

were based upon previously calculated IC50 values (Figure 4.20 and Figure 5.4), as it 

was recommended to use concentrations that gave both less than and more than 50 % 

effect for CI analysis (Chou, 2010). The IC50 of DP9 could not be accurately 

determined, without increasing the concentration above 80 µM. Unlike the combination 

of L1.1 and M2WJ332, with similar calculated IC50 values, it was not considered 

appropriate to use equal concentrations for both compounds. Instead a top 

concentration of 80 µM was used for DP9 and IC50 adjusted concentrations used for 

M2WJ332, with five-fold dilutions for each. In accordance with previous experiments 

(Table 4.2), the concentration of DP9 required to cause a 50 % reduction in virus titre 

was between 16 and 80 µM (Figure 5.2). However, in this experiment as little as 0.23 

µM of M2WJ332 reduced virus titre to below 50 % (Figure 5.2). This concentration was 

below the calculated 95 % confidence intervals for M2WJ332 IC50 (Table 4.2), 

demonstrating that in this particular experiment the effects of M2WJ332 were more 

potent. The resultant CI values may have been affected by the lack of data resulting in 

less than a 50 % effect. More rigorous determination of IC50 could have gone some 

way to alleviate this, along with combination experiments containing more than three 

concentrations of each compound. However, limited compound stocks dictated that this 

was not possible during this study, but future work should take this into consideration.  

Thus far, virus culture experiments supported not only the presence of two binding 

sites on the M2 tetramer, but additionally supported the in vitro peptide preferences for 

novel compounds (Figure 4.10B, Figure 4.13 and Figure 4.18). One compound which 

did not demonstrate a clear peptide preference was DL7 (Figure 4.18), which was 

selected as a predicted lumenal binding compound from the biased in silico screen 

(Figure 3.9). Combinations of DL7 with either lumenal compound L1.1, or peripheral 

compound M2WJ332 were carried out to assess if a preferred binding site could be 

indicated. Moderate to strong antagonism was calculated for the combination of L1.1 

and DL7 (Figure 5.2A and Table 5.1 and Table 5.2). The addition of a second 
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compound did not result in additive effects, despite there being an improved effect on 

virus titre in some instances, supporting that they competed for the same lumenal 

binding site.  

Unlike the combination of L1.1 with M2WJ332, which was calculated to be synergistic 

(Figure 5.1 and Table 5.1 and Table 5.2), DL7 in combination with M2WJ332 did not 

result in a clear demonstration of synergy, that might have been predicted for a lumenal 

and peripheral compound combination (Figure 5.3B). Instead, a broad range of CI 

values were calculated, for which average effects of slight antagonism or nearly 

additive were deduced (Table 5.1 and Table 5.2). This could in part be attributed to the 

expectation that lumenal and peripheral binders act on different forms of the channel, 

for example if DL7 stabilises the closed channel, then M2WJ332 will be unable to 

access and inhibit the lumen. When either 1 or 5 µM M2WJ332 was used in 

combination with DL7,  all but one of the conditions resulted in an increase in virus titre 

compared to the equivalent concentration of M2WJ332 in isolation (Figure 5.3B). At 

equivalent concentrations M2WJ332 exerted a greater effect on virus titre compared to 

DL7 (Figure 5.3B), despite previous results indicating a similar IC50 values for both 

compounds (Table 4.2). As observed previously, the effect of M2WJ332 was 

heightened compared to the calculated IC50 (Figure 5.2). Whereas, DL7 had a 

lessened effect (Figure 5.3A), but this is within expected experimental variation. As 

seen in all other combination assays using M2WJ332, at concentrations of 5 µM of 

above the resultant relative virus titre is below 5% (Figure 5.1, Figure 5.2 and Figure 

5.3B).  

Taking into account the published grading scale (Chou, 2006) and the average CI 

values calculated (Table 5.1), the antagonism of M2WJ332 and DL7 was “slight”; 

whereas, for L1.1 and DL7 it was “strong”, therefore the relative antagonism of DL7 

with L1.1 was greater than it was with M2WJ332. The main binding site for DL7 might 

be the lumen, however in addition, DL7 might have a low affinity for the peripheral 

binding site, such as that described by Cady and colleagues for amantadine (Cady et 

al., 2010). This could explain why some antagonism was seen between DL7 and 

M2WJ332 despite the high level of antagonism with L1.1. Bearing in mind all of these 

interpretations, it is most likely that DL7 binds primarily at the same site as L1.1 and 

can therefore be considered to be a lumenal binding compound. We cannot discount 

the possibility DL7 binds at a third site, separate from those at which L1.1 and 

M2WJ332 are acting, or that the compounds are effective against different 

conformations of the M2 tetramer. In addition to its role as proton channel, different 

domains of M2 have been implicated with assembly and budding of virions and 

virulence (section 1.8.2). Despite DL7 and other novel compounds showing dose 
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dependent effects in the CF dye release assay, it cannot be discounted that it causes a 

reduction in virus titre due to interrupting M2s interaction with other proteins. Through 

structural studies, to be carried out in collaboration with Dr Jason Schnell, we aim to 

gain a better insight into the binding of these novel compounds to a pH1N1 M2 CD 

tetramer.  

Another means of validating drug binding is selection of resistance. A method utilising 

serial passage of virus and increasing concentrations of adamantane analogue 

M2WJ332 (Wang et al., 2013b) was able to select mutant virus with a single nucleotide 

polymorphism in M2, V27A (Figure 5.9), which was subsequently plaque purified into a 

single virus isolate (Figure 5.11). Experiments to test the comparative sensitivity of this 

dual resistant (V27A/S31N) and the WT E195 (N31) virus to M2WJ332, have not yet 

been carried out, due to limited compound stocks and time constraints. It is therefore 

not possible to confirm that the V27A polymorphism does specifically confer resistance 

to M2WJ332. Nonetheless, during the plaque purification protocol, where the input 

contained a mixed population of both WT and V27A virus and M2WJ332 was present 

during infection and in the overlay media, all resultant isolates were found to contain a 

single species, V27A. This suggests that there was a selective pressure as a result of 

incubation with M2WJ332 and that the fitness cost of this mutation was low, with this 

polymorphism seen in nature. The use of a peptide containing the V27A mutation could 

also provide useful information on the effects this has on compound sensitivity.  

As the polymorphism identified after incubation with M2WJ332 is also known to be 

associated with resistance to licensed adamantanes (amantadine and rimantadine), it 

suggests that the diversity between binding modes for these analogues is limited. It 

would be interesting to test the A/Puerto Rico/8/1934 (H1N1) strain, which naturally has 

V27A and S31N and was first detected in the human population before adamantanes 

were licensed. Strains such as this in nature would not be expected to be responsive to 

M2WJ332, and potentially other similar compounds that produce a V27A resistance 

polymorphism. Divergent chemical series, distinct from adamantanes may therefore 

generate alternative selective pressures, which may have a higher genetic barrier 

compared to V27A or S31N. 

Long before the first report of binding of adamantane compounds at the peripheral site 

(Schnell & Chou, 2008), an allosteric mode of inhibition had been deliberated (Pinto & 

Lamb, 1995; Tosteson et al., 1994). S31N and V27A mutations lead to destabilisation 

of the M2 tetramer structure (Pielak et al., 2009), which was proposed to cause 

instability at the peripheral site and a reduced binding affinity, further supporting this 

mode of action for adamantanes. However, the V27A mutation has also been 
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suggested to reduce the potential for hydrophobic contacts for compounds bound 

within the lumen (Pielak & Chou, 2010). M2WJ322, which has been classified as a 

peripheral binding compound, due to in vitro peptide preference (Figure 4.10B) and 

combination experiments in virus culture (Figure 5.1 and Figure 5.2), selected a V27A 

polymorphism. V27A lies within the lumen and as such this provides support for an 

allosteric method of inhibition and drug resistance for M2WJ332. 

The same treatment regime that resulted in a V27A mutation, with increasing 

concentrations of M2WJ332, was carried out in parallel for novel non-adamantane 

compounds L1.1 and DL7, but no change from WT M2 sequence was observed. The 

lack of detection of any nucleotide changes in the M2 sequence for these compounds 

could be due to a number of factors. The sequencing method used may not have been 

able to detect a minor mutant population in a WT background, potentially resolvable via 

deep sequencing strategies. In the case of both serial passage with increasing 

concentration and low MOI, high compound concentration methodologies, the 

sequencing results presented are only for segment 7 and the M2 protein. As it has 

been demonstrated that the 2009 pH1N1 virus HA requires M2 during its trafficking to 

the cell surface (Alvarado-Facundo et al., 2015), even after deep sequencing of M2 it 

would not be possible to definitively say that treatment with novel non-adamantane 

compounds had not generated escape mutants. In collaboration with Prof. Wendy 

Barclay (Imperial College London), SP-5 and SP-14 samples, as well as some of the 

plaque purified isolated, will have their matrix and HA proteins deep sequenced.   

The serial passage methodology could be responsible for the lack of selection of 

resistant variants, as after each 24 hour incubation the resultant virus used to infect 

new cells was not preincubated with fresh compound, unlike the initial infection. As 

such only residual compound in the media was present during entry. As it is the entry 

step that would be most affected by M2 inhibitors (Davies et al., 1964b; Kato & Eggers, 

1969), lack of replenishment during this stage of the lifecycle may have resulted in 

reduced selective pressure, with a population of WT virus being able to infect and 

initiate replication. This carryover of WT virus, which could possess a replicative 

advantage compared to any resistant variants, would subsequently have been 

amplified by PCR; in hindsight preincubation should have taken place for the best 

chance of observing sequence changes. Although, the precedent of amantadine and 

our experience of M2WJ332 shows this is unique to novel compounds, indicative of 

higher genetic barrier to resistance. Additionally, plaque purification was employed to 

address the issue of mixed viral populations (Section 2.8.2), and allowed the 

successful isolation of V27A variants for M2WJ332 (Figure 5.11). This further 

demonstrated that the protocol applied could select and isolate escape mutants. Once 
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again, a comparison of L1.1 sensitivity between WT E195 and L1.1 plaque purified 

isolate might give an indication on whether escape mutants had been generated. 

As discussed previously, ambiguity surrounding the binding specificity of adamantane 

analogues (Section 3.3) meant novel chemical series investigated in this project moved 

away from this class of molecule. Removal of the hydrophobic adamantane cage might 

alter predicted binding modes. Alternatively, novel compounds could make a larger 

number or more extensive interactions with the M2 tetramer. This could mean that they 

require a more extreme change in the protein sequence to disrupt interactions, such as 

mutation of multiple residues, as opposed to the single polymorphisms required to 

confer adamantane resistance (Hay et al., 1985; Hay et al., 1986). It is possible that the 

rate of reversion to WT could be increased, due to increased fitness cost of the 

mutation, or the removal of selective pressure during the entry step in the serial 

passage procedure used. 

Depending upon the nature or severity of amino acid changes necessary to disrupt 

binding, there could exist a higher genetic barrier to resistance for novel non-

adamantane compounds compared with M2WJ332. As a result the frequency at which 

resistance to a drug, or class of drugs develops could be reduced (Luber, 2005). Novel 

compounds may have a different binding mode to adamantanes and resistance might 

be caused by mutations in different residues or could require a combination of 

polymorphisms. DL7 was selected for in vitro testing due to its predicted lumenal 

binding (Figure 3.9). It was predicted to partake in a π-π stacking interaction with H37 

(Figure 3.10), a highly conserved residue due to its importance in channel activation 

(Wang et al., 1995). Like its parental compound, L1.1 demonstrated an ability to affect 

both peptides in vitro supporting lumenal specificity (Figure 4.13). Combination assays 

provided further support that L1.1 and M2WJ332 act at different sites (Figure 5.1) and it 

is also likely that DL7 acts at the same site as L1.1 (Figure 5.3). If M2WJ332 is acting 

via an allosteric binding mechanism (Schnell & Chou, 2008; Tosteson et al., 1994), but 

novel compounds bind the lumen, then it could be expected that this different binding 

mode would require different mutations to confer resistance. However, the controversy 

of amantadine and rimantadine binding is yet to be solved and as such it cannot be 

determined whether V27A mutations affect lumenal or peripheral binding of 

adamantanes.  

During the plaque purification experiment, no reduction in virus titre was observed 

following rimantadine treatment (Figure 5.10), whereas both M2WJ332 and L1.1 

caused a concentration dependent decrease in infectious virus titre. At equivalent 

molar concentrations of compound, L1.1 caused a greater reduction in titre, suggesting 
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the virus was more sensitive (Figure 5.10), it is also a possibility that V27A that enters 

the cells could have reverted to V27. It must also be noted that the input titres were not 

equivalent, with the SP-5 M2WJ332 titre almost double that of either L1.1 or 

rimantadine (Section 5.3.4). Consistent with sequencing data (Figure 5.9), this 

suggests that at day 5 a minor population already existed that was resistant to 

M2WJ332, resulting in higher infectious virus titres. The reduction in the virus titre of 

the M2WJ332 SP-14 sample (Figure 5.8) does not fit with the theory of increased titres 

for resistant viruses, analysis of the virus titre of the samples between SP-7 and SP-14, 

especially those after the renormalisation, might shed light on why this was the case. 

There are several known resistance mutations associated with the licensed 

adamantane inhibitors of M2 (Hay et al., 1985; Hay et al., 1986), all caused by a single 

nucleotide polymorphism. The V27A mutation generated due to serial passage of the 

E195 (N31) virus with M2WJ332 (Figure 5.9 and Figure 5.11) is one of these known 

polymorphisms. Dual amantadine resistance mutations have been identified, where a 

single isolate has both S31N and V27A polymorphisms; most isolates have been from 

swine, but dual mutations have also been identified at low frequencies in sequences 

from human isolates, including A/Puerto Rico/8/1934 (H1N1), but more frequently in 

strains circulating since 2000 (Durrant et al., 2015; Furuse et al., 2009; Garcia & Aris-

Brosou, 2014). Recombinant IAVs with single and dual V27A/S31N mutations have 

been generated (Abed et al., 2005), which in plaque assays has increased sensitivity to 

amantadine, relative to viruses containing one mutation in isolation. This suggests that 

the dual mutation virus is actually a less resistant virus strain, with the mutation not 

being synergistic with respect to resistance. However, the dual mutation also resulted 

in higher mortality rates in experimentally infected mice (Abed et al., 2005), suggesting 

the strain does not have decreased fitness or virulence. It would be informative to test 

the potency of novel compounds against a dual mutant, but additionally a S31, V27A 

recombinant virus. Adamantane analogues have previously been identified as dual 

inhibitors of sensitive and resistant strains (Wang et al., 2013a; Wu et al., 2014b) and 

M2WJ332 has already been shown to be effective against both N31 and S31 CD 

peptides (Figure 4.19). Further testing of M2WJ332 against a recombinant E195 N31S 

virus would reveal if this compound could potentially be used against both rimantadine-

sensitive and resistant strains. In addition, repeating the serial passage selection 

process using a recombinant E195 N31S virus might reveal if the V27A polymorphism 

is sufficient to cause resistance or potentially identify other resistance polymorphisms. 

With an increase in the prevalence of IAVs with dual resistant V27A/S31N 

polymorphisms (Furuse et al., 2009), novel M2 inhibitors would ideally be active 

against strains containing both polymorphism. A comparison of the sensitivity of WT 
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E195 and the V27A isolates, from plaque purification using M2WJ332 (Figure 5.11), to 

compounds  L1.1, DL7 and DP9, could give an indication of whether the novel non-

adamantane compounds could be effective against naturally occurring dual resistant 

strains. Additionally, using the dual resistant virus, as the basis of serial passage 

experiments, might allow selection of resistance against novel inhibitors not observed 

with WT E195. As discussed for M2WJ332, no experiment testing the sensitivity of the 

plaque purified L1.1 virus compared to WT E195 has been carried out, with time and 

compound stocks being limiting factors. 

Looking at the prolonged infection experiments, where a low MOI was combined with a 

high compound concentration, there were no detectable sequence changes under any 

of the conditions (Section 5.3.2), although the planned deep sequencing may be able 

to reveal a minor resistant population. It can be concluded, at least in the case of 

M2WJ332 treatment, that the selective pressure on the virus was reduced in 

comparison to the serial passage experiments, in which resistance was detected 

(Figure 5.9). This was despite a higher concentration of M2WJ332 being used, than 

was required to cause sequence change in the serial passage experiment. It has not 

been investigated how long it takes for cellular catabolism to diminish the compound 

concentration in the media. Catabolism would decrease the effective concentration of 

M2WJ332, alleviating the selective pressure, compared to serial passage experiments 

with daily replenishment of compound. 

During early experiments where MDCK cells were established as a cell line for 

investigating IAV infection in culture, a single replication cycle was measured to take 

between 8 and 10 hours (Gaush & Smith, 1968). However, a study looking at the time it 

takes infected MDCK cells to produce progeny virus revealed that this is somewhat 

dependent on input MOI (Abdoli et al., 2013). Higher MOIs correlated to faster 

detection of progeny virus; the highest MOI tested was 1 and the lowest 0.0001, with 

virus detectable at 5 and 24 hpi, respectively (Abdoli et al., 2013), after a one hour 

infection. They stated that an MOI of 0.01 was best for monitoring virus in MDCK cell 

culture, as unlike higher titres no unabsorbed virus is detectable at early time points 

and progeny virus was detectable at 8 hpi (Abdoli et al., 2013). The MOI used in this 

method of generating escape mutants (MOI = 0.001), should mean that progeny virus 

will be released around 12 hpi (Abdoli et al., 2013). 

If the half-life of compounds in MDCK cells is shorter than 12 hours then it could be 

assumed that, using a prolonged infection setup, the effect of compounds on progeny 

virus will be reduced. As the experiment progresses and the effective drug 

concentration in the media is further diminished and the number of rounds of infection 
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increases, there will become a point where subsequent rounds of infection will occur 

under reduced selective pressure. The first observation of CPE was at 48 hpi in the 

DMSO and rimantadine controls, as well as treatment with M2WJ332 (Section 5.3.2), 

but was delayed with L1.1 treatment. This might suggest that L1.1 has a longer half-life 

than M2WJ332, consistent with repeated observation that an 80 µM treatment with 

L1.1 had greater effects of infectious virus titre 24 hpi (Figure 4.13), despite similar 

potencies during in vitro dye release assays. All plaque assay experiments have 

examined multicycle replication and compounds were preincubated with virus and 

included in the media. Without dedicated time of addition and single round infection 

studies, it is therefore difficult to assess whether compound effects are due to a 

reduction in virus adsorption and entry during the one hour infection, or if effects are 

also linked to the role of pH1N1 M2 in protection of HA (Alvarado-Facundo et al., 

2015).  

It must also be considered that the kinetics of the compounds, for example the 

reversibility of the inhibition and whether compounds bind the open, closed or both 

forms of the channel, are likely to play a part in the effects on infectivity. These factors 

have not been directly investigated in this work and as such effects can only be 

speculated on. Amantadine was first reported to be more effective against the closed 

form of channel (Wang et al., 1993), consistent with the neutral pH, at which the 

majority of M2 tetramer structures with ligands bound are solved (Table 1.4). However, 

it was later demonstrated adamantanes can also inhibit in acidic conditions of pH 5.0 

(Hu et al., 2007b); the 3C9J structure solved at pH 5.3 still predicts amantadine binding 

(Stouffer et al., 2008). NMR binding experiments involving novel compounds, under 

different conditions, could provide evidence of the preferred conformation of M2, for 

binding. Investigations of reversibility have not been carried out for novel compounds, 

but there has been some investigation into the reversibility of the effects of amantadine 

and rimantadine on IAVs. However, there are inconsistent findings, from being 

incomplete reversibility (Kato & Eggers, 1969) to readily reversed (Skehel et al., 1978).  

In summary, the synergistic effects of predicted lumenal and peripheral binding M2 

inhibitors provide evidence of the presence of more than one druggable binding site on 

the tetramer. There is also the potential for novel M2 inhibitors to be used in 

combination therapy with licensed NAIs, potentially providing a means to help combat 

antiviral resistance. A common rimantadine-resistance polymorphism was readily 

selected via serial passage with adamantane compound M2WJ332 and was isolated in 

all samples after plaque purification. However, under the same conditions, no 

mutations were detected within the M2 sequence with novel compounds, indicating the 
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potential that new classes of compound have a different mode of action or higher 

barrier to resistance. 
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Chapter 6 

Reconciliation of in silico work  

and final discussion  
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 Reconciliation of in silico work and Chapter 6

final discussion 

 Reconciliation of in silico work 6.1

In silico homology models and compound docking studies have significant limitations, 

with output predictions that must be experimentally tested. The E195 M2 homology 

model was used to identify compounds with a predicted preference for either the 

proposed lumenal or peripheral binding site (Figure 3.7, Figure 3.8 and Figure 3.9), and 

many of these predictions were supported by functional peptide preferences upon 

testing in vitro (Figure 4.11 and Figure 4.18). More importantly, compounds were also 

able to reduce the infectious titre of E195 virus in culture (Figure 4.15 and Figure 

4.17B) and use of compounds in combination supported the presence of two druggable 

sites on M2 (Section 5.2). Computational analysis of drug combination experiments 

revealed that treatment of virus with M2WJ332 and L1.1 resulted in synergistic effects 

(Figure 5.1), consistent with them targeting different binding sites. Despite this, further 

in silico work was carried out to assess whether the system used could have been 

improved. 

As previously mentioned (Section 3.2) the 2RLF structure (Schnell & Chou, 2008), 

based upon  A/Udorn/307/1972 (H3N2) M2 CD tetramer, was selected for the basis of 

our homology model. This was due to its inclusion of residues attributed to both 

proposed lumenal and complete peripheral binding sites, as well as the presence of a 

ligand. Our 2RLF-based E195 M2 homology model was first used during the initial 

unbiased screen (Section 3.4). It was also used in the subsequent studies including 

analogues (Section 3.6) and biased in silico screening (Section 3.5), to allow 

comparisons between the compounds from each screen. 

One method used to validate our octanol homology model was to re-dock rimantadine, 

the original ligand from the 2RLF structure (Schnell & Chou, 2008), using the peripheral 

clip file. Rimantadine was predicted to bind to the peripheral site of the pH1N1 M2 

homology model (Figure 6.1B), the resultant eHiTS score of -2.587 showed the binding 

was lower affinity than the novel unbiased predicted lumenal binders (Appendix Table 

A.6). The docking pose of rimantadine to the homology model closely reflected what 

was seen in the original NMT structure, with the methyl group predicted to make polar 

interactions with D44 (Figure 6.1C) as seen for 2RLF (Schnell & Chou, 2008). 

However, additional contacts with residues R45 and W41, seen via NMR were not  
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Figure 6.1 Comparison of predicted rimantadine docking to E195 homology 

model and the original 2RLF structure. 

A) The 2RLF NMR structure (H3N2), with a single rimantadine ligand shown. B) The 

E195 homology model of M2 with predicted peripheral binding rimantadine, C) zoomed 

in on peripheral site, showing D44 as a stick and predicted polar contacts as yellow 

dashed lines. 
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identified from the docking pose, as discussed in Section 3.2 W41 residues in the 

homology model are rotated towards the lumen, further away from the peripheral 

binding pocket, so this may attribute for the lack of further interactions between 

rimantadine and M2 at this site.  

 

6.1.1 Membrane minimised E195 M2 homology model 

The original E195 M2 homology model (Figure 3.1B), based upon the published 

structure 2RLF (Schnell & Chou, 2008), was minimised in an octanol environment. 

Although this has the ability to mimic the membrane bilayer, upon reflection it was 

thought it might have been more appropriate to use a true membrane environment. For 

this reason the same homology model was then re-minimised in a membrane 

environment, with a lipid bilayer spanning the TM residues (Figure 6.2A). The two 

models were overlaid, using the “superposition” tool in Maestro (Figure 6.2B). There 

was high complementarity between the two 3D models, with an alignment score of 

0.119 and a RMSD of 1.721 Å. These scores are better than those when overlaying the 

2RLF published structure with the octanol minimised homology model (Section 3.2), 

suggesting that there is little difference between the two 2RLF-based E195 M2 

homology models. The position of the C-terminal aliphatic helices have altered slightly 

(Figure 6.2B), with them being shifted towards the membrane interface in the 

membrane minimised structure, potentially due to interactions of the protein with the 

lipids and stabilising the tetramer (Sharma et al., 2010). 

The original unbiased in silico screen identified compounds L1-7 and P1-6 as 

preferentially binding to the lumenal and peripheral binding sites, respectively. These 

compounds were docked against the 2RLF-based E195 membrane minimised model, 

using new clip files. Comparing the eHiTS scores for P1-6 docked against the 

peripheral binding site of each model (Table 6.1), the values are all the more negative, 

translating to a decrease in predicted log IC50. This can be explained by the fact that 

with the tetramer now spanning a lipid membrane the peripheral binding site was now 

recognised as a hydrophobic region as opposed to in the octanol environment, when a 

hydrophobic penalty would have been applied to molecules docking at this site. 

Additionally, any interactions between the lipid membrane and the aliphatic helices in 

the membrane minimised model, bringing them into closer proximity, might result in 

slight changes in the shape of the peripheral site. These changes could strengthen 

interactions already predicted in the octanol minimised model, or permit additional 

interactions not seen previously, due to the reduced distances between atoms. 
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Figure 6.2 Structures of the A/Udorn/307/1972 (H3N2) 2RLF-based 

A/England/195/2009 (H1N1) (E195) M2 homology models minimised in either 

octanol or membrane environments.  

The original E195 M2 conductance domain homology model was energy minimised in 

an octanol environment, it was subsequently re-minimised in a membrane 

environment. Cartoon representations of the A) membrane minimised E195 M2 

homology model and B) an overlay of the two models (octanol – grey and membrane – 

yellow). 
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Compound 
ID 

eHiTS Score 

Octanol Membrane 

L1 -5.138 -2.882 

L2 -4.988 -3.631 

L3 -4.827 -4.655 

L4 -5.233 -5.899 

L5 -5.108 -6.782 

L6 -4.805 -7.561 

L7 -4.603 -4.873 

P1 -4.211 -5.500 

P2 -4.785 -5.341 

P3 -5.427 -7.503 

P4 -4.421 -8.414 

P5 -4.308 -8.703 

P6 -4.122 -8.358 

 

Table 6.1 Comparison of the binding of unbiased compounds to the 

A/England/195/2009 (H1N1) (E195) M2 homology model minimised in an octanol 

environment and a lipid membrane.  

The 2RLF-based E195 M2 homology model was energy minimised in both an octanol 

and a lipid membrane environment, the eHiTS scores, representing binding energy are 

compared for unbiased compounds at both sites, L and P compounds at the lumenal 

and peripheral binding sites respectively.  
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For P2, this was a modest change of less than a log10; whereas, for the others the 

change was greater and in the case of P5 and P6 values have gone from the range of 

– 4 to – 8, equating to a change in IC50 from 10-100 µM to 1 – 10 nM. The range of 

scores was much smaller for the octanol minimised model, whereas with the 

membrane minimised model the scores spanned 3log10, with an improved score not 

clearly correlating to improved activity in either dye release or virus culture experiments 

(Figure 4.7 and Figure 4.8B). Out of these predicted peripheral binding compounds, in 

vitro peptide preference was only investigated for compound P6. It was seen that at 20 

µM and above, P6 was able to significantly reduce CF release mediated by the longer 

CD peptide, but unlike M2WJ332 which showed no significant effects against the TM 

peptide (Figure 4.12B), above 40 µM P6 did cause a significant reduction CF release 

by the TM peptide (Figure 4.13). These data indicated that P6 is a peripheral binder 

that at high concentrations can exert effects at the partial peripheral site present when 

using the TM peptide. The improved eHiTS score of P6, in the membrane minimised 

E195 M2 homology model (Table 6.1), might reflect the favourable binding of P6 at this 

site, even if it is only partially intact. 

A clear trend between eHiTS scores for the two homology models was not apparent 

when looking at the lumenal binding site (Table 6.1). Of the seven L compounds three 

scores are increased, two decreased and two remain relatively unchanged. The most 

dramatic changes were for L1 which has eHiTS scores of -5.138 and -2.882 and L6 

with -4.805 and -7.561 from the octanol and membrane minimised models, 

respectively. These two compounds exerted similar reductions in infectious virus titre, 

when used at 80 µM (Figure 4.8). The two homology models had less variation at the 

N-terminal portion of the conductance domain, as such it could be expected that as a 

result the differences between binding would not be as pronounced compared to at the 

peripheral binding site. 

 

6.1.2 A homology model based upon a structure solved in a lipid 

environment 

Many of the M2 ion channel structures, including those that sparked the controversy 

over the drug binding site (Schnell & Chou, 2008; Stouffer et al., 2008), were solved in 

the presence of detergents that form “bilayer-like” environments. In the virion and 

during the IAV lifecycle M2 resides in lipid membrane, as such experimental structures 

solved in lipid bilayer environments are thought provide more native conformations of 

the tetramer (Cady et al., 2009; Sharma et al., 2010). An E195 M2 homology model 

based upon the PDB 2L0J (Sharma et al., 2010), solved in a lipid bilayer, was 
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generated to assess whether such a model could provide improved prediction of in vitro 

site preferences (Figure 3.1B and Figure 6.2B). 

The 2L0J-based E195 M2 homology model was minimised in an octanol environment, 

as it was seen that this provided a good mimic of the membrane environment (Section 

6.1.1). The 3D structures of 2L0J and its E195 M2 homology model are shown 

individually and overlaid in Figure 6.3, the alignment score between the two was 0.124 

and RMSD 1.520 Å. From the overlaid image (Figure 6.3C), the homology model 

structure TM helices are seen to be tilted further away from the vertical TM axis, 

compared to the original 2L0J structure. A second difference between the two 

structures is with the C-terminal aliphatic helices, where in the E195 M2 homology 

model they lie more perpendicular to the vertical TM axis. However, the right angle 

between the two helices of each of the four chains remains, suggesting this change 

was due to the tilt of the TM helices (Figure 6.3).  

Compared to the results of the overlay between 2RLF and the 2RLF-based E195 M2 

octanol homology model (Sections 3.2 and 6.1.1), there is better alignment between 

2L0J and its respective homology model. Both 2RLF and 2L0J structures used 

A/Udorn/307/1972 (H3N2) M2, so this difference cannot be attributed to the number of 

substitutions required to change the template to the target sequence. Consequently an 

overlay of the two octanol homology models was carried out, this produced an 

alignment score of 0.816 and a RMSD of 4.360 Å, suggesting there was not good 

agreement between the two homology models. These discrepancies bring into question 

the dependability of the predicted docking of novel compounds to the 2RLF E195 M2 

homology model. However, it must be reiterated that in silico docking was always seen 

as a prediction that needed to be tested experimentally, and it was seen that in vitro 

work largely supported docking predictions to the 2RLF homology model (Figure 4.11 

and Figure 4.16).  

In order to assess the predicted binding of novel compounds to the 2L0J-based E195 

M2 homology model clip files were generated for the two predicted binding sites and a 

selection of compounds were docked to each site. The resultant eHiTS scores are 

given in Table 6.2, alongside scores for the 2RLF-based E195 M2 octanol minimised 

homology model. In all instances, except for L4.4 at the lumenal binding site, the eHiTS 

score was less negative for the 2L0J-based homology model, denoting weaker binding 

interactions than determined for the 2RLF-based homology model (Table 6.2). The 

average eHiTS scores within each homology model varied little between the two sites, 

for 2L0J -2.73 and -2.77 and 2RLF -3.89 and -3.74 for lumenal and peripheral binding 

sites respectively.  



194 
 

A      B

 

   C 

 

Figure 6.3 Structures of the conductance domain of the 2L0J structure and 2L0J-

based A/England/195/2009 (H1N1) (E195) M2 homology model. 

The 2L0J structure was solved, in a lipid environment, using the conductance domain 

(aa 22-62) of A/Udorn/307/1972 (H3N2) M2. A/England/195/2009 (H1N1) (E195) 

homology was generated from 2L0J and minimised in an octanol environment. Cartoon 

representations of the A) 2L0J, B) 2L0J-based E915 M2 homology model (residues 22-

46 light grey and 47-62 dark grey) and C) an overlay of the two structures.   
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Compound 
ID 

eHiTS Score 

2L0J model 2RLF model 

Lumen Periphery Lumen Periphery 

M2WJ332 -3.06 -2.74 -4.55 -3.54 

L1.1 -2.47 -0.58 -3.68 -3.11 

L4 -3.05 -3.32 -5.23 - 

L4.2 -3.10 -2.84 -3.94 -3.40 

L4.4 -3.12 -3.16 -3.04 -3.48 

P6 -3.00 -3.60 - -4.12 

P6.4 -1.57 -2.81 -1.80 -3.55 

DL7 -2.99 -3.05 -4.98 - 

DP9 -2.24 -2.86 - -5.00 

 

Table 6.2 Docking scores for novel compounds at each of the two proposed 

binding sites of the 2L0J- and 2RLF-based E195 M2 homology models. 

The E195 M2 homology models based upon the 2L0J and 2RLF structures were 

energy minimised in an octanol environment and compounds docked against the 

proposed lumenal and peripheral binding sites. eHiTS scores are arbitrary scores 

generated based upon interactions with the protein, cases where docking was not re-

analysed are denoted by ‘-‘. 
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Against both homology models, L1.1 is predicted to have the weakest peripheral 

binding of all of the compounds investigated. However, when taking into account the 

eHiTS score, it is drastically worse for the 2L0J-based homology model, with a score of 

just -0.58, compared to -3.11 for the 2RLF-based homology model (Table 6.2). The in 

vitro peptide studies, where L1.1 significantly reduced CF release mediated by both the 

CD and TM peptides, support the predicted lumenal binding (Figure 4.15). 

Maestro analysis revealed all compounds made polar interactions to the peripheral 

binding site of the 2L0J-based homology model (Figure A.12, Figure A.13,  Figure A.14 

and Figure A.15). Those compounds which were docked to the peripheral site of the 

2RLF-based homology model also made polar interaction at this site (Figure 3.11, 

Figure 3.15, Figure 3.16 and Figure 3.17). Adamantane compound M2WJ332 is 

predicted to make a combination of hydrogen bonds, salt bridges, as well as π-π and 

π-cation interactions with residues D44, R45 and F48 to the 2RLF-based homology 

model (Figure A.15B). In addition to these residues, M2WJ332 is predicted to interact 

with residue Y52 in the 2L0J-based homology model (Figure A.12). Fewer interaction 

are predicted between M2WJ332 and the lumenal binding site, where both homology 

models predicted hydrogen bonds to N31 and a second interaction to either V27 or 

H37, for the 2L0J and 2RLF-based models, respectively (Figure A.9 and Figure A.15A). 

The 2LY0 structure published for M2WJ332 shows the compound interacting via 

hydrogen bonds to two of the N31 residues (Wang et al., 2013b). Only in the 2L0J-

based homology model are specific interactions predicted to the lumenal residue V27 

(Figure A.12), the residue for which a polymorphism was selected after serial passage 

with M2WJ332 (Figure 5.9). If the V27A polymorphism does confer resistance to 

M2WJ332, it is at the moment unclear if this would be due to disruption of the binding 

at the lumenal binding site or via allosteric effects on the peripheral binding site. The 

sidechain of alanine is less bulky than that of valine; therefore it is unlikely that this 

would obstruct compound binding. The V27A polymorphism could, in theory, decrease 

the number of interactions between a lumenal binding compound and the tetramer, but 

the NMR does not suggest it is important for binding (Wang et al., 2013b). However, it 

has been suggested that a V27A mutation can destabilise the tetramer bundle, 

affecting the proposed peripheral binding site and increase the channel opening (Pielak 

& Chou, 2010; Pielak et al., 2009). 

Biased compound DP9 was predicted to be a peripherally targeted compound from in 

silico docking to the 2RLF-homology model (Figure 3.11) and of the compounds 

analysed in this section it had the greatest eHiTS score at this site (Table 6.2). During 

in vitro dye release experiments DP9 demonstrated a preference for inhibiting the CD 

peptide (Figure 4.18). Low level effects on the TM peptide were seen at high 
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concentrations of DP9, this could perhaps be attributed to weaker binding to partial 

peripheral site present with the shorter peptide. Combination experiments in virus 

culture using DP9 and M2WJ332, another predicted peripheral binding compound, did 

not result in the predicted antagonistic effects (Figure 5.2). The reasons for the additive 

and synergistic effects of the combination have been discussed previously (Section 

5.4). When docked against the 2L0J-based homology model the score at the peripheral 

site was much reduced (-5.00 to -2.86), and it was no longer the best scoring 

compound at this site (Table 6.2). It is not possible to compare the scores for DP9 at 

both sites of the 2L0J homology model to determine a preferential binding site. 

However, of the compounds docked, DP9 has a below average eHiTS score at the 

lumenal binding site, as such it is unlikely that binding to this site is the cause of the 

effects seen in combination assays (Figure 5.2). 

Comparing between the two homology models, the 2L0J-based model predicted fewer 

interactions to the lumenal binding site for compounds DL7, L4.2 and P6.4 (Figure A.9, 

Figure A.10 and Figure A.11). In the case of DL7 and P6.4 in the 2RLF-based 

homology model a π-π stacking interaction was predicted for each compound to the 

lumenal binding site (Figure 3.10 and Figure 3.14), with no such interactions were 

predicted when docking to the 2L0J-based E195 M2 homology model (Figure A.9 and 

Figure A.11). Likewise, a hydrogen bond predicted to occur between L4.2 and the 

lumenal binding site of the 2RLF-based E195 M2 homology model (Figure 3.13), was 

not predicted when docking was performed against the 2L0J-based E195 M2 homology 

model (Figure A.10). 

In vitro dye release assay experiments were unable to define the site preference of the 

biased compound DL7 (Figure 4.18), which was selected as a lumenally targeted 

compound from in silico docking against the 2RLF E195 M2 homology model (Figure 

3.10). Combination assays were used in an attempt to determine the site preference of 

DL7 (Section 5.2.3). Although the combination with predicted lumenally targeted 

compound L1.1 was calculated to be antagonistic (Figure 5.3A), the effects combined 

with the predicted peripheral compound M2WJ332 were less clear (Figure 5.3B). On 

balance it was decided that DL7 was most likely a lumenally targeted compound, but 

the potential that it weakly binds more than one site, or binds another distinct site 

cannot be entirely ruled out (Section 5.4). When compared to the other compounds 

docked to the 2L0J-based homology model, at both sites, the eHiTS score for DL7 was 

roughly mid-table; this was compared to being the second best scoring compound at 

the lumenal site of the 2RLF-based homology model (Table 6.2). The intention of the 

biased screen was to use compound D as a starting point, to generate series of 

compounds with specific preference for either the lumenal or peripheral binding sites. 
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Despite these efforts, perhaps DL7 is an example where this specificity has not been 

completely achieved. It is possible that DL7 has a preference for the lumenal binding 

site, but also has an ability to weakly bind at the periphery, as described for 

amantadine in structural studies (Cady et al., 2010). 

 

6.1.3 Discussion 

The relative merit of the 2RLF-based E195 octanol-minimised M2 homology model was 

assessed, by generation of two additional homology models. Firstly, a model using the 

original homology model, but minimised in a membrane environment (Figure 6.2), with 

a second model based upon a structure of M2 solved in lipid bilayers (Sharma et al., 

2010) (Figure 6.3). The limited difference between the 2RLF-based homology models 

minimised in octanol or a membrane bilayer (Figure 6.2), demonstrated the good mimic 

the octanol environment provided. Although the conformation of M2 tetramers solved in 

lipid bilayers are thought to better resemble the native protein (Cady et al., 2009; 

Sharma et al., 2010), the use of the 2L0J as the basis of a homology model for E195 

M2 generally resulted in lower docking score compared to the original 2RLF-based 

E195 M2 homology model (Table 6.2). At the lumenal binding site fewer specific 

interactions between compounds and the protein were predicted (Figure A.9, Figure 

A.10 and Figure A.11). Taking this into account, alongside the observation that 

compounds identified by docking to the 2RLF-based E195 M2 homology model had 

significant effects against M2 peptides in vitro (Figure 4.6, Figure 4.7 and Figure 4.16) 

and reduced infectious titre of E195 in culture (Figure 4.15, Figure 4.17B and Figure 

4.20), justifies the use of the 2RLF-based homology model.  
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 Final discussion 6.2

Controversy over the drug binding site of M2 antivirals was highlighted by the 

simultaneous publication of two tetramer structures with adamantane compounds 

bound. One structure demonstrated lumenal binding of a single amantadine molecule 

(Stouffer et al., 2008) and the other four rimantadine molecules bound around the 

periphery of the channel complex (Schnell & Chou, 2008). As a consequence of the 

almost ubiquitous prevalence of M2-resistant strains, currently licensed adamantane 

based antivirals amantadine and rimantadine are no longer recommended for the 

treatment of IAV. Despite the urgent need for antivirals targeting resistant strains, there 

has been minimal investigation into the potential of the two proposed binding sites. 

This study has demonstrated the ability to target the lumenal and peripheral binding 

sites of pH1N1 “swine” influenza M2 independently, with specifically targeted 

compounds. These compounds are distinct from the licensed adamantanes and are the 

first such compounds to demonstrate an antiviral effect on a resistant strain containing 

the N31 polymorphism.  

In the absence of structural information of the pH1N1 M2, a homology model was 

generated in silico to allow for virtual high throughput screening of novel compound 

libraries. This model used the published structure 2RLF (Schnell & Chou, 2008) as a 

template and was able to investigate binding at both the lumenal and peripheral binding 

sites. 

An in vitro assay was developed to assess the functional preferences of novel 

compounds. By utilising two different peptides, one spanning only the transmembrane 

domain and a second, longer conductance domain peptide with additional C-terminal 

residues, it was possible to distinguish between lumenal and peripheral binding. Both 

TM and CD peptides contained the lumenal binding site, whilst only the CD peptide 

contained the entirety of the peripheral binding site and as such peripherally targeted 

compounds would preferentially inhibit only CD peptide. Distinct functional preferences 

were observed for many of the novel compounds, largely supporting in silico binding 

predictions. In addition, the adamantane derivative M2WJ332 (Wang et al., 2013b) was 

used in this experimental system and in contrast to structural data demonstrating 

lumenal binding, it exerted a functional preference for the peripheral binding site. 

Despite novel compounds being selected purely on having an in silico preference for 

one or other binding site, we were able to identify compounds with substantial efficacy 

against pH1N1 in culture, that is comparable to adamantane analogues and licensed 

NAI zanamivir. Compounds with functional preferences for either the lumenal or 
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peripheral binding sites, both had appreciable IC50 values and as such were exploited 

in combination studies. 

A combination of predicted lumenally targeted compound L1.1 and peripherally 

targeted M2WJ332 resulted in synergistic effects on the infectious titre of pH1N1. 

Conversely, a combination of L1.1 with a second predicted lumenally targeted 

compound resulted in antagonistic effects, likely due to competing for the same binding 

site. These data not only provided support for the presence of two druggable sites, but 

also demonstrated the potential for exploiting both with the potential to help combat 

resistance. Further to this, novel compound L1.1 was shown to have synergistic effects 

when used with zanamivir, signifying a possible clinical application of combination 

therapies. 

Due to the high prevalence of adamantane resistance in circulating strains, caused by 

a number of single polymorphisms, it was decided to try and select resistance to novel 

compounds. Adamantane compound M2WJ332 is effective against rimantadine-

resistant N31 strains of influenza, but resistance to this compound was readily selected 

and identified to be caused by a second known rimantadine resistance polymorphism 

(V27A). Even before adamantane compounds were first used V27A/S31N dual mutants 

existed (Furuse et al., 2009), further demonstrating the limited fitness cost these 

changes have on IAVs and emphasising the necessity to move away from adamantane 

compounds. Conversely, under the same conditions, no M2 sequence polymorphisms 

were detected for novel non-adamantane compounds, indicating a potential higher 

genetic barrier to resistance with novel compound classes. 

In summary, non-adamantane compounds identified via a rational, structure-guided in 

silico docking regime have been shown to be efficacious against rimantadine-resistant 

pH1N1 swine flu. The presence of two druggable sites and subsequently the benefit of 

targeting both sites in combination have been demonstrated. Work using recombinant 

viruses or purified V27A/S31N isolates is desirable to supplement these data. In 

addition, deep sequencing M2 and HA is being undertaken (Imperial College London), 

to further investigate the mode of action and resistance to compounds. Shortly, this 

work will also be supplemented by structural information on the binding of novel 

compounds, with Dr Jason Schnell (University of Oxford) undertaking NMR studies 

using a pH1N1 system. These findings have the potential to pave the way for drug-

discovery programmes, using novel compound classes targeting the two sites of M2, in 

a bid to combat antiviral resistance.   
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Appendix 

Appendix A Supplementary Data 

ID 
eHiTS 
Score 

Dipole-dipole π-π H Bond 

N31 H37 H37 N31 

DL1 -4.694 ABD - - - 

DL2 -5.111 AB AD - - 

DL3 -5.095 CD BCD C - 

DL4 -4.782 ACD - - - 

DL5 -5.586 ACD - - - 

DL6 -4.942 ACD CD - - 

DL7 -4.982 AC ABCD C - 

DL8 -4.899 BCD CD - - 

DL9 -4.735 CD BC - - 

DL10 -4.848 AC BCD - - 

DL11 -5.163 ABD C - - 

DL12 -4.678 ACD CD - D 

DL13 -4.591 BD CD - - 

DL14 -5.290 CD BC - - 

DL15 -5.183 ACD C - - 

DL16 -5.301 BCD BCD - - 

DL17 -5.481 B AD - - 

  

Table A.1 Interactions between DL compounds and the lumenal binding site of 

the E195 M2 homology model. 

List of interactions between unbiased compound and the M2 lumenal binding site. Each 

interaction has a type (polar / π-π / hydrogen (H) bond), residue (N31 / H37) and chain 

(A / B / C / D) detailed. 
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ID 
eHiTS 
Score 

Salt 
bridge 

π-cation π-π H Bond 

D44 R45 F48 W41 R45 F48 W41 R45 

DP1 -5.179 D A D - - D - - 

DP2 -5.173 - A - - - D - - 

DP3 -5.230 - AA - - - - - - 

DP4 -4.583 - AA - - - - - - 

DP5 -5.411 D A - - - - - - 

DP6 -4.580 D A - - - - - - 

DP7 -5.345 D AA - - - - - - 

DP8 -5.435 - - - D A - A - 

DP9 -4.986 - - - A - D A - 

DP10 -5.159 - A - - - D - - 

DP11 -4.815 - A - A - - - A 

DP12 -5.627 - A - A - D - - 

DP13 -4.623 - A - - - D - - 

DP14 -6.157 - A  D AA D - - 

DP15 -4.886 - A - - A D - - 

DP16 -4.610 - A - - A - A - 

DP17 -4.901 - A - - - - A - 

DP18 -4.590 D AA - - - - - - 

DP19 -4.598 D - D A - - - - 

 

Table A.2 Interactions between DP compounds and the peripheral binding site of 

the E195 M2 homology model. 

List of interactions between unbiased compound and the M2 peripheral binding site, 

between chains A and D. Each interaction has a type (salt bridge / π – cation / π-π / 

hydrogen (H) bond), residue (W41 / D44 / R45 / F48) and chain (A / D) detailed. (AA, 

denotes two interactions of the same kind to one residue and chain). 
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[Zan] (IC
50

) [L1.1] (IC
50

) Effect CI 
0.2 0.2 0.11765 1.61056 
0.2 1.0 0.43137 1.40759 
0.2 5.0 0.96324 0.44305 
1.0 0.2 0.49020 1.12490 
1.0 1.0 0.72549 0.92395 
1.0 5.0 0.94314 0.72235 
5.0 0.2 0.93824 0.69035 
5.0 1.0 0.94706 0.70560 
5.0 5.0 0.99539 0.19121 

 

Table A.3 Combination Indexes calculated for the combination of zanamivir and 

L1.1 when calculated using IC50 concentrations. 

 
 

[Zan] (uM) [L1.1] (uM) Effect CI 
0.0242 0.265 0.11765 1.61159 
0.0242 1.325 0.43137 1.40874 
0.0242 6.625 0.96324 0.44329 
0.12 0.265 0.49020 1.12256 
0.12 1.325 0.72549 0.92382 
0.12 6.625 0.94314 0.72283 
0.6 0.265 0.93824 0.69275 
0.6 1.325 0.94706 0.70795 
0.6 6.625 0.99539 0.19219 

 
 

Table A.4 Combination Indexes calculated for the combination of zanamivir and 

L1.1 when calculated using micromolar concentrations. 
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Figure A.1 Effect of predicted lumenal binding compounds on CF release 

mediated by an E195 N31 CD peptide. 

Increasing concentrations of predicted lumenal targeting compounds L2, L3 and L5 

(10, 20, and 40 µM, 1 % v/v DMSO) were preincubated with 25 nM N31 CD peptide (5 

%v/v MeOH). CF release from liposomes was then measured by fluorimetry (λex = 485 

nm, λem = 520 nm). End point values, with liposomes alone subtracted, then 

normalised to peptide + DMSO (N31 + DMSO) and relative CF release plotted. Error 

bars represent standard deviation of the mean, from duplicate wells of a single 

experiment.   
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Figure A.2 Effect of predicted peripheral binding compounds CF release 

mediated by an E195 N31 CD peptide.  

Increasing concentrations of predicted peripheral targeting compounds P2, P3 and P5 

(10, 20, 40 and 80 µM, 1 % v/v DMSO) were preincubated with 25 nM N31 CD peptide 

(5 %v/v MeOH). CF release from liposomes was then measured by fluorimetry (λex = 

485 nm, λem = 520 nm). End point values, with liposomes alone subtracted, then 

normalised to peptide + DMSO (N31 + DMSO) and relative CF release plotted. Error 

bars represent standard deviation of the mean, from duplicate wells of a single 

experiment.  
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Figure A.3 Assessment of L1, L4, P1 and P6 compound purity. 

Compound purity was assessed via Liquid Chromatography Mass Spectrometry 

analysis and carried out by Dr Charlotte Revill.  
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Figure A. 4 Effect of compound analogues on MDCK cell confluency after a 48 

hour incubation. 

Effect of increasing concentrations (20, 40, 80 and 160 µM) of novel non-adamantane 

compounds on MDCK cell confluency. Measurements were made after 48 hr, using the 

IncuCyte® ZOOM. Error bars represent standard deviation of four wells within one 

experiment.   
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Figure A.5 Effect of L1, L4, P6 and selected analogues on infectious E195 virus 

titre.  

E195 infectious virus titre is reduced by novel compounds at 24 hours post an infection 

of MOI 0.01, each graph represents data from an independent experiment. Error bars 

represent standard deviation over three wells.  
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Figure A.6 Effect of biased compounds on E195 virus titre. 

E195 infectious virus titre is reduced by novel compounds at 24 hours post an infection 

of MOI 0.01, each graph represents data from an independent experiment. Error bars 

represent standard deviation over three wells.  
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Figure A.7 Effect of HMA on the CF release mediated by an E195 N31 CD peptide.  

Increasing concentrations of HMA (1 % v/v DMSO) were preincubated with A) 25 nM 

N31 CD peptide or B) solvent control (5 %v/v MeOH). CF release from liposomes was 

then measured by fluorimetry (λex = 485 nm, λem = 520 nm). End point values, with 

liposomes alone subtracted. For the experiment testing the effect of HMA against M2 

these results were then normalised to N31 + DMSO and relative CF release plotted. 

Error bars represent standard deviation of the mean, from duplicate wells of a single 

experiment. 
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Figure A.8 MDCK cell confluency is unaffected by MOI 0.01 with 80 µM novel 

compound over 24 hours.  

After the initial 24 hour infection at MOI 0.01, with compounds present at 80 µM, the 

producer plate was fixed (4 % PFA). Cell confluency was measured using the 

IncuCyte® ZOOM. Error bars represent standard deviation of three wells within one 

experiment.  
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Figure A.9 Predicted interactions between compounds M2WJ332, DL7 and DP9, 

and the lumenal binding site of the 2L0J E195 M2 homology model. 

2D structures of M2WJ332, DP9 and DL7 and residues (circles) of the M2 tetramer 

they interact with are shown. Amino acids involved in interactions with compounds are 

coloured as being either hydrophobic (lime green) or polar (light blue), they are labelled 

with the three letter code, chain and residue number and hydrogen bond (magenta 

lines) interactions are highlighted.   
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Figure A.10 Predicted interactions between novel compound L4 and its 

analogues L4.2 and L4.4 and the lumenal binding site of the 2L0J E195 M2 

homology model. 

2D structures of L4 and its analogues L4.2 and L4.4, and polar residues (light blue 

circles) of the M2 tetramer they interact with are shown.   
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Figure A.11 Predicted interactions between novel compounds P6, P6.4 and L1.1, 

and the lumenal binding site of the 2L0J E195 M2 homology model. 

2D structures of P6, P6.4 and L1.1, and residues (circles) of the M2 tetramer they 

interact with are shown. Amino acids involved in interactions with compounds are 

coloured as being either polar (light blue) or positively charged (red), they are labelled 

with the three letter code, chain and residue number. 
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Figure A.12 Predicted interactions between compounds M2WJ332, DL7 and DP9, 

and the peripheral binding site of the 2L0J E195M2 homology model. 

2D structures of M2WJ332, DP9 and DL7 and residues (circles) of the M2 tetramer 

they interact with are shown. π-π stacking (green lines), π-cation (red lines) and salt 

bridges (blue and red lines) interactions are highlighted. Amino acids involved in 

interactions with compounds are coloured as being either hydrophobic (green), 

negatively (blue) or positively charged (red), they are labelled with the three letter code, 

chain and residue number.  
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Figure A.13 Predicted interactions between novel compound L4 and its 

analogues L4.2 and L4.4 and the peripheral binding site of the 2L0J E195 M2 

homology model. 

2D structures of L4 and its analogues L4.2 and L4.4, and residues (circles) of the M2 

tetramer they interact with are shown. π-π stacking (green lines), π-cation (red lines) 

and hydrogen bond (magenta lines) interactions are highlighted. Amino acids involved 

in interactions with compounds are coloured as being either hydrophobic (green), 

positively (red) or negatively charged (blue), they are labelled with the three letter code, 

chain and residue number.  
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Figure A.14 Predicted interactions between novel compounds P6, P6.4 and L1.1, 

and the peripheral binding site of the 2L0J E195 M2 homology model. 

2D structures of P6, P6.4 and L1.1, and residues (circles) of the M2 tetramer they 

interact with are shown. π-π stacking (green lines) and π-cation (red lines) interactions 

are highlighted. Amino acids involved in interactions with compounds are coloured as 

being either hydrophobic (green), positively (red) or negatively charged (blue), they are 

labelled with the three letter code, chain and residue number. 
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Figure A.15 Predicted interactions between M2WJ332 and the lumenal binding 

and peripheral binding sites of the 2RLF E195 M2 homology model. 

2D structure of M2WJ332 and residues (circles) of the M2 tetramer the compound 

interacts with at the A) lumenal and B) peripheral binding site are shown. Hydrogen 

bonds (magenta lines), π-π stacking (green lines), π-cation (red lines) and salt bridge 

(blue and red lines) interactions are highlighted. Amino acids involved in interactions 

with compounds are coloured as being either polar (light blue), hydrophobic (green), 

positively (red) or negatively charged (blue), they are labelled with the three letter code, 

chain and residue number.  
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Appendix B Recipes 

B.1 Carboxyfluorescein (CF) buffer 

50 mM CF, 10 mM HEPES (pH 7.4) and 107 mM NaCl 

B.2 Liposome assay buffer 

10 mM HEPES (pH 7.4) and 107 mM NaCl 

B.3 Cell culture media 

Dulbecco’s modified eagles medium (DMEM), 10 % v/v fetal calf serum (FCS), 1x non-

essential amino acids (NEAA), 1 Uml-1 Penicillin and 0.5 mg Streptomycin 

B.4 Freezing media 

DMEM, 20 % v/v FCS and 10 % DMSO 

B.5 Serum free (SF) media 

DMEM, 1x NEAA, 1 Uml-1 Penicillin and 0.5 mg Streptomycin 

B.6 Overlay media 

Modified eagles medium (MEM), 0.3 % v/v BSA (fraction V), 2.8 nM L-Glutamine, 0.2 

% v/v NaHCO2, 14 mM HEPES, 0.001 % v/v Dextran, 0.1x Penicillin and 0.1x 

Streptomycin 

B.7 Viral RNA extraction buffers 

B.7.1 Lysis buffer (AVL) 

Composition unknown (confidential). Component guanidine isothiocyanate denatures 

the proteins and inactivates the virus, whilst with the addition of carrier RNA stabilises 

vRNA 

B.7.2 Wash buffer 1 (AW1) (concentrate) 

Composition unknown (confidential), suspected to contain 1M Guanidine Hydrochloride 

B.7.3 Wash buffer 2 (AW2) (concentrate) 

Composition unknown (confidential), contains sodium azide as a preservative 

B.7.4 Elution buffer (AVE) 

RNase free water containing 0.04% sodium azide as a preservative 
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B.8 5x Superscript III (SSCIII) first strand buffer 

250 mM Tris-HCl (pH 8.3), 375 mM KCl, 15 mM MgCl2 

B.9 PCR purification buffers 

B9.1 Binding buffer (PB) 

Composition unknown (confidential), suspected to contains 30 % isopropanol and 5 M 

guanidine hydrochloride 

B9.2 Elution buffer (PE) 

Composition unknown (confidential), suspected to be 10 mM Tris-HCl pH 7.5 and 80% 

ethanol 

B.10 50x Tris-acetate-EDTA (TAE) 

2 M Tris base, 5.7 % v/v glacial acetic acid, 50 mM EDTA 
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Appendix C Description and semi-quantitative analysis of 

compound combinations  

 

Range of CI values Description Graded symbols 

< 0.10 Very strong synergism +++++ 

0.10-0.30 Strong synergism ++++ 

0.30-0.70 Synergism +++ 

0.70-0.85 Moderate synergism ++ 

0.85-0.90 Slight synergism + 

0.90-1.10 Nearly additive + - 

1.10-1.20 Slight antagonism - 

1.20-1.45 Moderate antagonism - - 

1.45-3.3 Antagonism - - - 

3.3-10 Strong antagonism - - - - 

>10 
Very strong 
antagonism 

- - - - - 

 

Table A.5 Interpretation of combination index values. 

Combination index (CI) values have been attributed to a scale of synergism and 

antagonism and also a semi-quantitative scale. Adapted from (Chou, 2006).  
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Appendix D Summary of compound effects 

ID, 
CB ID 

Structure 
L / 
P 

eHiTS 
score 

In vitro activity (40 µM) Virus culture 

N31 
CD 

N31 
TM 

S31 
CD 

80 µM 
IC50 
(µM) 

Rim, 
- 

 

L -2.487 

73.3 D - 56.6 E 100 - 

P -2.925 

HMA, 
- 

 

- - >100A - - - - 

D, 
5354112 

 

L -3.841 

53.5 E - - 

10-1 F 

- 

P -2.949 10-2 

H, 
5680218 

 

L -3.593 

79.2 A - - 10-2  F - 

P -3.000 

M2WJ332, 
- 

 

L -3.992 61.9 B >100 B 

85.0 10-1 - 10-2 1.183 

P -3.430 58.4 C 99.0  C 

L1, 
6622092 

 

L -5.138 

37.9 A - 

45.6 

10-1 F 

- 
 

31.8 B 19.8 B 
10-1 - 10-2 

24.4 C 21.7 C 

L2, 
6553988 

 

L -4.988 >100A - - - - 

L3, 
5523006 

 

L -4.827 >100A - - - - 

L4, 
7636415 

 

L -5.233 

59.9 A - 

50.7 

10-1 F 

- 38.0 B 44.6 B 
100 – 10-2 

42.4 C 44.0 C 
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L5, 
5561699 

 

L -5.108 >100A - - - - 

L6, 
5525030 

 

L -4.805 26.2 A - - 10-1 F - 

L7, 
7774661 

 

L -4.603 95.0 A - - 10-1 F - 

P1, 
7267124 

 

P -4.211 52.9 A - - 10-1 F - 

P2, 
5739630 

 

P -4.785 >100A - - - - 

P3, 
5114273 

 

P -5.427 >100A - - - - 

P4, 
7612059 

  

P -4.421 25.3 A - - 10-0 F - 

P5, 
5565578 

 

P -4.308 >100A - - - - 

P6, 
6424106 

 

P -4.122 

73.0 A - 

75.6 

10-1 F 

- 50.2 B 75.8 B 
100 – 10-2 

35.4 C 45.5 C 

L1.1, 
6607593 

  

L -3.682 32.8 B 22.0 B 

41.8 101 – 10-3 1.325 

P -3.113 34.5 C 23.7 C 

L1.2, 
6598617 

 
 

L -3.152 26.3 B 18.2 B 

19.9 10-1 – 10-2 - 

P -3.112 25.0 C 13.2 C 

L1.3, 
6945470 

 

L -2.797 

61.8 B 85.4 B - - - 

P -2.784 
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L1.4, 
7642465 

 
L -3.519 

77.8 B 84.4 B - - - 

P -2.707 

L4.1, 
6302982 

 
L -3.615 

>100 B >100 B - - - 

P -3.958 

L4.2, 
7999011 

 
L -3.942 47.2 B 84.5 B 

60.1 100 – 10-1 - 

P -3.400 62.6 C 68.2 C 

L4.3, 
5128188 

 

L -4.033 

>100 B >100 B - - - 

P -3.333 

L4.4, 
7749703 

 

L -3.038 

51.0 B 69.3 B - - - 

P -3.483 

P6.1, 
6479640 

 

L -4.919 

>100 B >100 B - - - 

P -4.9 

P6.2, 
6470103 

 

L -3.275 

93.8 B >100 B - - - 

P -4.542 

P6.3, 
5732197 

 

L -4.546 

>100 B >100 B - - - 

P -4.097 

P6.4, 
5861836 

 

L -1.803 37.7 B 34.3 B 

66.3 100 – 10-1 - 

P -3.551 65.4 C 32.6 C 

DL1, 
5315243 

 

 

L -4.694 72.2 B 75.2 B - 100 - 

DL2, 
5923305 

 

 

L -5.111 >100 B 72.8 B - - - 

DL3, 
5631260 

 

L -5.095 78.7 B 50.5 B - - - 
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DL4, 
9033942 

 

L -4.782 >100 B 74.1 B - - - 

DL5, 
5676101 

 

L -5.586 - - - - - 

DL6, 
9119119 

 

L -4.942 >100 B 51.8 B - - - 

DL7, 
5712740 

 

L -4.982 

19.5 B 15.0 B 

31.3 10-1 – 10-2 1.482 

23.5 C 28.7 C 

DL8, 
5213091 

 

L -4.899 - - - - - 

DL9, 
5215423 

 

L -4.735 - - - - - 

DL10, 
5737287 

 

L -4.848 >100 B 99.0 B - - - 

DL11, 
7640329 

 

L -5.163 35.0 B 16.2 B - 100 – 10-1 - 

DL12, 
7229212 

 

L -4.678 93.4 B 69.0 B - - - 

DL13, 
6631391 

 

L -4.591 - - - - - 

DL14, 
5401629 

 

L -5.290 - - - - - 

DL15, 
6872928 

 

L -5.183 - - - - - 



255 
 

DL16, 
7361170 

 

L -5.301 - - - - - 

DL17, 
6690543 

 

L -5.481 >100 B >100 B - - - 

DP1, 
6449207 

 

P -5.179 >100 B 90.6 B - - - 

DP2, 
30091343 

 

P -5.173 98.8 B 70.0 B - - - 

DP3, 
21992432 

 

P -5.230 >100 B 63.9 B - - - 

DP4, 
7916732 

 

P -4.583 93.4 B >100 B - - - 

DP5, 
5141622 

 

P -5.411 90.4 B 90.5 B - - - 

DP6, 
5120994 

 

P -4.580 95.0 B 85.6 B - - - 

DP7, 
5121141 

 

P -5.345 >100 B 97.7 B - - - 

DP8, 
7547759 

 

P -5.435 84.8 B 95.0 B - - - 

DP9, 
5107631 

 

P -4.986 

74.2 B 95.9 B 

97.4 10-1 – 10-2 > 25 

65.8 C >100 C 

DP10, 
65195788 

 

P -5.159 >100 B >100 B - - - 
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Table A.6 Summary of compound data. 

DP11, 
78296026 

 

P -4.815 - - - - - 

DP12, 
7750337 

 

P -5.627 >100 B 91.6 B - - - 

DP13, 
5175182 

 

P -4.623 >100 B 92.9 B - - - 

DP14, 
5108039 

 

P -6.157 32.7 B 16.7 B - 100 - 

DP15, 
9059508 

 

P -4.886 >100 B 70.0 B - - - 

DP16, 
5302843 

 

P -4.610 87.2 B 87.1 B - - - 

DP17, 
9207910 

 

P -4.901 >100 B 86.7 B - - - 

DP18, 
5760804 

 

P -4.590 >100 B >100 B - - - 

DP19, 
5356162 

 

P -4.598 >100 B 95.7 B - - - 
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A summary of data generated during in vitro in vitro dye release experiments and 

plaque assays for novel compounds, alongside previously identified adamantane or 

amiloride derivatives. The compound ID and ChemBridge (CB) ID are listed where 

appropriate, along with the molecular structure. Where established the eHiTS scores 

achieved when docking the compound against the 2RLF-based E195 M2 homology 

model lumenal (L) or peripheral (P) binding site is stated. Dye release data are given 

for each peptide, as a percentage relative to the DMSO control. Different experiments 

are denoted by superscripts: ‘A’ - 25 nM N31 peptide screens, ‘B’ - 40 µM screen, ‘C’ - 

compound titration. In the case where a higher concentration of compound was used 

these results are denoted by ‘D’ - 200 µM compound, 40 nM peptide or ‘E’ - 50 µM 

compound, 25 nM peptide. Plaque assay screening data are given as scientific notation 

changes relative to the DMSO control. Results marked with ‘F’, denote they were 

carried out at Imperial College London using a MOI of 0.0001. Compound IC50 results 

are given in µM. When there is no experimental data this is denoted by ‘-‘. 

 


