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ABSTRACT 

Chapter 1 refers to the description of the basic features for influenza A virus 

replication, with emphasis on the function of influenza A M2. 

In Chapter 2, is described the structure of influenza A matrix 2 (M2) wild type 

(WT) proton protein channel, which is an archetypal ion channel. It is the target 

of the antiviral drugs amantadine and rimantadine. A number of methods were 

used to understand structural and functional features of this channel included 

neutron diffraction, electrophysiology, solution NMR spectroscopy, solid state 

NMR (ssNMR) spectroscopy, X-ray crystallography etc during an adventure of 

three decades with a lot of controversies.  

The experimental structure of influenza A M2(22-46) transmembrane domain 

(M2TM), the pore of the M2 protein channel, was solved in 2000 and X-ray 

structures of its complexes with amantadine, rimantadine etc were published by 

2018. Till now basic characteristics of the influenza A M2 conductance domain 

(CD) protein M2CD or M2AH including M2TM and the amphipathic helices (46-

62) have been also solved using ssNMR. 

The basic features of the experimental biophysical methods used in this PhD 

thesis, i.e. Differential Scanning Calorimetry (DSC), X-ray scattering at small and 

wide angles (SAXS/WAXS) and ssNMR are discussed in Chapter 3.  

Aminoadamantane drugs, e.g. amantadine and rimantadine, are lipophilic amines 

that bind to membrane embedded influenza A WT M2 protein. In Chapter 4, are 

investigated the comparative perturbation effects exerted by the influenza M2 WT 

protein inhibitors amantadine and it’s spiro[pyrrolidine-2,2'-adamantane] variant 

AK13 to membrane bilayers using biophysical methods and molecular dynamics 

(MD) simulations. This is a work performed in close collaboration with Professor’s 

Thomas Mavromoustakos and Professor’s Costas Demetzos groups as well as 

Dr Barbara Sartori and Professor Heinz Amenitsch.  

The experimental biophysical methods used included, DSC, X-ray scattering and 

ssNMR. All three experimental methods pointed out that the two analogs 

perturbed drastically the DMPC bilayers with AK13 to be more effective at high 

concentrations. At high ligand concentrations AK13 was tolerated in lipid bilayers 

while Amt was crystallized. This is an important consideration in possible 



 

 

formulations of these drugs as it designates a limitation of aminoadamantane 

drug incorporation.  

MD simulations provided details about the strong interactions of the drugs in the 

interface region between glycerol backbone and lipophilic segments. The two 

drugs form hydrogen bonding with both water and sn-2 carbonyls or phosphate 

oxygens. Such localization of the drugs explains their strong perturbing effect 

evidenced by all biophysical methodologies applied. 

In Chapter 5, is described our work to investigate the interactions of M2TM WT 

with bilayers. This is a work performed in close collaboration with Professor 

Thomas Mavromoustakos, Professor Costas Demetzos, groups as well as Dr 

Barbara Sartori and Professor Heinz Amenitsch. The M2TM peptide was 

synthesized by Professor Thedoros Tselios group. We focused on (a) the 

characterization of changes in bilayer organization from changes in micromolar 

concentrations of M2TM WT without or with aminoadamantane (Aamt) ligands, 

and from changes in Aamt ligand structure included with M2TM, (b) exploring 

how common biophysical methods can be applied to identify the membrane 

perturbations effected by the protein without or with the ligand. 

A variety of biophysical methods, including DSC, SAXS/WAXS, MD simulations, 

and one-dimension (1D) ssNMR, were used to study two micromolar 

concentrations of M2TM without or with a small excess of amantadine or its spiro-

pyrrolidine analogue, AK13, in DMPC bilayers. 

DSC and SAXS showed that at a low micromolar M2TM concentration, two lipid 

domains are observed, which likely correspond to M2TM boundary lipids and bulk 

lipids. At a higher M2TM concentration, only one domain is identified, indicating 

that all of the lipids behave as boundary lipids.  

1H and 31P ssNMR showed that M2TM in either apo or drug-bound form spans 

the membrane, interacting strongly with lipid acyl chain-tails and the phosphate 

groups of the polar head surface. The 13C ssNMR experiments allowed the 

inspection of excess drug molecules and the assessment of their impact on the 

lipid head group region. 

According to SAXS, WAXS, and DSC, in the absence of M2TM both 

aminoadamantane drugs exert a similar perturbing effect on the bilayer at low 



 

 

concentrations, i.e., mole fractions (relative to lipid) of x=0.05-0.08. At the same 

concentrations of the drug when M2TM is present, the amantadine and, to a 

lesser extent, AK13 cause a significant disordering of chain-stacking. This 

different effect between the two drugs is likely due, according to the MD 

simulations, to the preference of the excess of the more lipophilic AK13 to locate 

closer to M2TM. In contrast, amantadine perturbs the lipids through the stronger 

ionic interactions of its ammonium group with phosphate groups (compared with 

the buried ammonium group in AK13) and influences the formation of two lipid 

domains. The preference of AK13 to concentrate inside the lipid may contribute 

to its six-fold higher binding affinity (compared to amantadine) if drug binding 

occurs from the lipid by way of a path between the transmembrane helices. 

The results showed that DSC and SAXS are useful methods to detect changes 

in membrane organization caused by small changes in M2TM or 

aminoadamantane drug concentration and structure and that WAXS and MD 

simulations can suggest details of ligand topology.  

Water-mediated interactions play key roles in drug binding. In protein sites with 

sparse polar functionality, a ligand-based only approach is often viewed as 

insufficient to achieve high affinity and specificity. In Chapter 6, are showed that 

small molecules, i.e. amantadine and rimantadine, can enable potent inhibition 

by targeting key waters using as example the M2 WT proton channel of influenza 

A which is the target of the antiviral drugs amantadine and rimantadine. This is a 

work performed in close collaboration with Professor William DeGrado and 

Associate Professor Jun Wang groups. Structural studies of drug binding to the 

channel using X-ray crystallography have been limited due to the challenging 

nature of the target, with the first crystal structure solved in 2008 limited to 3.5 Å 

resolution. We described crystal structures of amantadine bound to M2 in the 

Inwardclosed conformation (2.00 Å), rimantadine bound to M2 in both the 

Inwardclosed (2.00 Å) and Inwardopen (2.25 Å) conformations, and a spiro-

adamantyl amine inhibitor bound to M2 in the Inwardclosed conformation (2.63 Å). 

These X-ray crystal structures of the M2 proton channel with bound inhibitors 

reveal that ammonium groups bind to water-lined sites, formed by two layers of 

waters close to Ala30 and Gly34, respectively, observed in the X-ray structures, 

that are hypothesized to stabilize transient hydronium ions formed in the proton-



 

 

conduction mechanism. Furthermore, the ammonium and adamantyl groups of 

the adamantyl-amine class of drugs are free to rotate in the channel, minimizing 

the entropic cost of binding. The MD simulation reproduced perfectly the X-ray 

structures of cautiously tuned. These drug-bound complexes provide the first 

high-resolution structures of drugs that interact with and disrupt networks of 

hydrogen-bonded waters that are widely utilized throughout nature to facilitate 

proton diffusion within proteins. 

The V27A mutation confers amantadine resistance to the influenza A M2 WT 

proton channel and is becoming more prevalent in circulating populations of 

influenza A virus. In Chapter 7, is described our collaborative work with DeGrado 

and Wang groups to solve M2TM V27A structure in complex with a spiro-

adamantyl amine inhibitor bound to M2(22-46) V27A and also to M2(21-61) V27A 

in the Inwardclosed conformation using X-ray crystallography and MD simulations. 

The spiro-adamantyl amine binding site is nearly identical for the two crystal 

structures. Compared to the M2 WT with valine at position 27, we observed that 

the channel pore is wider at its N-terminus as a result of the V27A mutation and 

that this removes V27 side chain hydrophobic interactions that are important for 

binding of amantadine and rimantadine. The spiro-adamantyl amine inhibitor 

blocks proton conductance in both the WT and V27A mutant channels by shifting 

its binding site in the pore depending on which residue is present at position 27. 

Additionally, in the structure of the M2(21-61) V27A construct, the C-terminus of 

the channel is tightly packed relative to the M2(22-46) construct. We observed 

that residues Asp44, Arg45, and Phe48 face the center of the channel pore and 

would be well-positioned to interact with protons exiting the M2 channel after 

passing through the His37 gate. However, the orientation of AHs after residue 48 

did not reproduce the almost vertical orientation as regards the M2TM, that found 

by Professor Tim Cross experimentally with ssNMR experiments. The MD 

simulations of the M2(22-46) V27A - spiro-adamantyl amine complex predicted 

with accuracy the position of the ligands and waters inside the pore in the X-ray 

crystal structure of the M2 V27A complex. 

The influenza A M2 wild type proton channel is the target of the anti-influenza 

drug rimantadine. Rimantadine has two enantiomers, though most investigations 

into drug binding and inhibition have used a racemic mixture. ssNMR experiments 



 

 

by Professor Tim Cross have shown significant spectral differences that were 

interpreted to indicate tighter binding for (R)- vs. (S)- rimantadine. However, it 

was unclear if this is due to the specific condition of the ssNMR experiments (i.e. 

close to 0 oC), correlates with a functional difference in drug binding and inhibition 

and we undertook to investigate this in collaboration with Professor DeGrado, 

Associate Professor Jun Wang and Professor Jon Essex. Thus, in Chapter 8, 

using X-ray crystallography, we have determined that both (R)- and (S)-

rimantadine bind to the M2 pore with slight differences in the hydration of each 

enantiomer. However, this did not result in a difference in potency or binding 

kinetics, as we measured similar values for kon, koff, and Kd in electrophysiological 

assays and EC50 values in cellular assays. We concluded that the slight 

differences in hydration we observed in the X-ray structures for the (R)- and (S)-

rimantadine enantiomers were not relevant to drug binding or channel inhibition. 

To further explore the effect of the hydration of the M2 pore on binding affinity, 

the water structure was evaluated by waters titration calculations Grand 

Canonical Monte Carlo simulations as a function of the chemical potential of the 

water. Initially, the two layers of ordered water molecules between the bound drug 

and the channel's gating His37 residues mask the drug’s chirality. As the 

chemical potential becomes more unfavorable and the waters from the two layers 

were removed from the M2 pore, the drug translocated down to the lower water 

layer, towards the His37 at the C-terminus of M2TM, and the interaction becomes 

more sensitive to chirality. These studies suggested the feasibility of displacing 

the upper water layer (toward the N-end close to Ala30) and specifically 

recognizing the lower water layers by novel chiral drugs. 
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1. CHAPTER 1 
Influenza A/M2 Protein Structure and Function 

1.1 Influenza A virus 

Influenza A virus is a species of the genus Alpha influenza virus of the virus family 

Orthomyxoviridae with enveloped virion and contains a segmented single-

stranded negative-sense RNA genome (-)RNA. The virus particles or virions are 

usually spherical with diameter of 100 nm or are filamentous with a length of 

reaching 300 nm [1-3] and are surrounded by an envelope. The viral envelope is 

a lipid bilayer which accommodates two types of surface or spike glycoproteins, 

the hemagglutinin (HA) and the neuraminidase (NA), which are the two main 

surface antigenic determinants of the virus, anchored in lipid raft domains, as well 

as the transmembrane protein matrix-2 (M2), not tightly associated with lipid rafts. 

[3-5] The matrix-1 (M1) protein is underneath the membrane and the virion core 

(see Figure 1.1).  

 

 

Figure 1.1: Structure of an influenza A virus particle. [6] 

 

The HA protein is responsible for the attachment of the virus to neuraminic acid 

of the host cellular receptors and the penetration of the virus into the cells. The 

NA protein functions through an enzymatic cleavage of neuraminic acid from cell 

surface receptors and is crucial for releasing newly formed virions from infected 

cells. [5, 7] M2 protein forms a homotetramer, functioning as a proton-selective 

ion channel, playing a critical role in the early phase of infection leading to the 

virus uncoating through HA conformational change and release of the viral 
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ribonucleoproteins (vRNPs) from M1 protein at low pH as well as virus budding. 

[7-9] The virion core consists of negative stranded viral RNAs (vRNAs) 

incorporated in helical vRNPs, nucleoprotein (NP), as well as lower quantities of 

nuclear export protein (NEP) and the heterotrimeric RNA-dependent RNA 

polymerase complex (3P complex) formed by three polymerase subunits (PB1, 

PB2, PA). [2, 3, 5, 7] vRNPs is comprised by eight viral RNA (vRNA) segments 

(PB2, PB1, PA, HA, NP, NA, M and NS genes) encoding the viral proteins. [5, 

10]  

 

1.2 Infection and replication cycle of influenza A virus 

Regardless of the cell type, the first step of the infection pathway is the 

attachment of the viral HA glycoprotein to terminal sialic acid (SIA) in 

glycoproteins and glycolipids on the surface of the target cell (see Figure 1.2). [4]  

 

 

Figure 1.2: The infection process of influenza A virus cycle. A/M2 protein channel acidifies the 

virion with concomitant uncoating of the viral RNA. [11] 

 

Subsequently to the virus attachment, virus enters cell by receptor-mediated 

endocytosis, then moves from endocytic vesicles to early endosomes and finally 

to late endosomes. Inside late endosomes the viral HA is activated through a pH-

dependent conformational change, uncovering the fusion peptide, which is 
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responsible for fusion by attaching to the endosomal membrane and releasing 

viral genes. [12, 13] The M2 ion channel acidifies the interior of the virus particle, 

resulting in the dissociation of M1 from the viral ribonucleoproteins (vRNPs). [12] 

Uncoated vRNPs are released through the fusion pore into the cytosol and then 

imported into the host cell nucleus, serving as templates for genome transcription 

and replication processes from host cell replicases. [13, 14] After replication of 

the viral genome, synthesis of viral mRNAs and translation of more than ten 

different viral proteins, an assembly of the new virions at the host cell surface 

occurs. [4] The HA and NA glycoproteins as well as M2 protein are positioned to 

lipid rafts resulting in plasma membrane deformation and M2 mediated 

membrane scission initiating virus budding. Viral glycoprotein NA cleaves SIA, 

preventing virus aggregation at the cell surface and mediate release of newly 

synthesised virions from infected cells. [15] 

 

1.3 Biochemical and functional role of A/M2 protein 

The M2 protein ion channel of influenza A (Α/Μ2) has received much attention in 

recent years due to virus increased drug resistance caused by mutant strains and 

genetic reassortment. Influenza A/M2 protein plays key roles during the early and 

late stages of the virus life cycle. The A/M2 protein forms a membrane-spanning 

homotetrameric and it is acid-activated proton selective channel. [16-21] When 

the virus enters the infected cell by endocytosis, the influenza M2 channel is 

activated in response to the lowered pH of the endosome, resulting in proton 

transport into the virus interior, which triggers the dissociation of the viral RNA 

from M1 protein and the fusion of the viral and endosomal membranes. After 

these events the viral RNA is released to the cytoplasm and replicated by the 

host cell. [17, 22, 23] In later stage of virus replication, the M2 protein maintains 

the high pH of the trans-Golgi network and thus prevents the premature 

conformational change of HA at low pH which triggers the HA-induced fusion. 

[24] As mentioned before, M2 protein also effectes plasma membrane 

deformation and membrane scission, which is needed for virus budding. 
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The A/M2 protein is a 97-residue single-pass membrane homotetrameric protein. 

It contains a short unstructured N-terminal extracellular domain (residues 1-21) 

which is highly conserved and suggest to assists M incorporation into the virion 

[25], a single transmembrane (TM) domain (residues 22-46), and a long C-

terminal intracellular tail (residues 47-97) which interact with the M1 protein. [26, 

27]  

The channel activity is associated with a single TM helix that as a tetramer forms 

a pore, which is interrupted by the H37xxxW41 sequence in the C-terminal half 

of the TM helix (see Figure 1.3), a characteristic motif for influenza proton 

channels. It is the unique chemistry of these four H37xxxW41 moeties of M2 

tetramer that accounts for acid activation, proton selectivity and gating of the 

channel. [28]  

 

 

Figure 1.3: The amino acid sequence and functional domains of the C50S M2 protein from 

influenza A virus. The 22 amino acids of N-terminal domain have an unknown function but could 

induce tetramer stabilization via inter-chain disulfide bond formation of Cys17 and Cys19. The 
amino acids 23–46 form a TM helix, with the signature H37xxxW41 motif located in the C-

terminal domain, amino acids 47–62 form an amphipathic helix (AH). The TM and AHs tetramer, 
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produce the channel properties of the full-length protein. [29] The structure (PDB ID 2L0J) of 

this conductance domain, characterized and refined in liquid crystalline lipid bilayers, [30] is 

shown in spacing-filling mode for the sidechains of three chains and as a yellow ribbon for the 
fourth chain. Some of the key residues are labeled. The C-terminal 35 amino acids bind the M1 

protein. [31] 

  

The transmembrane domain of A/M2 protein (A/M2TM) comprises the pore of the 

proton channel. The A/M2TM is the minimal construct needed for tetramerization, 

selective proton transport and amantadine binding since the rate of conductance 

of the A/M2TM domain and the inhibition by Amt correspond to those of the full-

length protein. [29, 32-35] Aminoadamantane (Aamt) class of antiviral drugs such 

as, amantadine or 1-aminoadamantane (Amt) and rimantadine or α-methyl-1-

adamantane-methalamine (Rim) (see Figure 1.4), inhibit M2 wild type (WT) 

proton by blocking proton conductance mediated through A/M2TM. [36]  

 

 

Figure 1.4: Structures of amantadine (Amt) and rimantadine (Rim). 

 

In M2TM domain, histidine 37 (His37) is the proton-conducting residue of the 

channel [37] and Trp41 is the channel-gating residue. [38] The open state of the 

channel is a result of the low pH in the viral endosome, when the imidazole rings 

of the four His37 residues are protonated causing opening of channel by 

electrostatic repulsion and destabilization of helix-helix packing. The His37 tetrad 

is located near the center of the channel acting as a pH sensor and control the 

activation of the channel at pH lower than 6.0, leading ultimately to the unpacking 

of the influenza viral genome and to pathogenesis. [39] His37 is a filter conducting 

selectively only protons rather than other cations and serves as a shuttle that is 

sequentially protonated and deprotonated as an excess proton transits the 

activated channel. Inside the pore, ordered waters form continuous hydrogen-
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bonding networks that span the pore from the Val27 tetrad to His37 and transport 

protons. [40, 41] Under basic conditions the imidazole ring of the His37 residues 

at Nδ1 are deprotonated and the Trp41 side chains, C-ward from His37, effectively 

block proton flow by forming hydrogen bonding interactions with imidazoles of 

His37 (see Figure 1.4). [42] Thus, Trp41 tetrad form a pH-dependent gate that 

prevent proton flow through the pore. [35, 38] The cooperativity between the 

protonation state of the His37 tetrad and conformations of the protein backbone 

and Trp41 side chains is critical for the pH dependent activation mechanism of 

the channel which allows proton transport only from the N-end to the C-end 

direction. [30, 43, 44]  

While the function of the N-terminal 22 amino acids is not well characterized, the 

C-terminal 35 amino acids are associated with binding the M1 protein. The 

structure for neither of these terminal segments are known for M2 from Influenza 

A (AM2), but the C-terminal segment of the Influenza B M2 protein (BM2), which 

has no sequence homology with the counterpart of AM2, has been characterized 

as well as a complex with the M1 protein. [45] Between the TM helix and the M1-

binding segment of M2 is an amphipathic helix (AH, residues 47–62) that is 

located in the membrane inner interface and is important for viral budding. [46] It 

is thought that this amphipathic helix induces membrane curvature required for 

viral budding that arises from raft-like domains rich in cholesterol and 

sphingomyelin. [27, 47] The amphipathic helix appears to have a cholesterol 

recognition amino acid consensus motif indicative [48] of a cholesterol binding 

site, and Cys50 in the amphipathic helix is known to be palmitylated (see Figure 

1.3), a post-translational modification that is sometimes found to accompany 

cholesterol binding. [49] The combination of the TM and amphipathic helices, 

known as the conductance domain, in synthetic lipid bilayers appears to contain 

all of the residues and interactions with the environment necessary for achieving 

the detailed conductance properties of the native protein in oocytes. [29] 

According to functional studies the C-terminal domain is crucial for a stable 

tetramer formation, [33, 50] native-like conductance [51] and sensitivity to 

rimantadine. [52] Thus, M2AH comprises the functional core of M2. 
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2. CHAPTER 2 
Influenza A/M2 Protein Structure 

2.1 Experimental M2 protein structures by different biophysical methods 

More than a dozen high-resolution structures of the influenza A M2 protein using 

X-ray crystallography, solution and solid-state NMR spectroscopy as well as 

structural data from infrared spectroscopy, have been obtained and elevate the 

mechanistic understanding of the M2 protein to atomic level and glean a 

considerable understanding of the influence of membrane mimetic environments 

on membrane protein structure. [53, 54] Additionally, because of the different 

sample requirements of these techniques, the structures were solved in different 

membrane mimetic media, making M2 protein channel a valuable case for 

understanding how conformation of a membrane protein is affected by the 

membrane-like environment. [16, 54] 

An assortment of these structures is shown in Figure 2.1 and Table 2.1 presents 

detailed information about the samples and the methods of characterization as 

well as some key structural features. Even though these structures are not of the 

full-length protein, there has been considerable structural and functional 

validation of the constructs and of the use of synthetic lipid bilayers as models of 

the native membrane environment. As a result, there are numerous important 

ramifications for the structures of helical membrane proteins determined in a wide 

range of detergent-based membrane mimetics that are being deposited in the 

Protein Data Bank (PDB).  
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Figure 2.1: Various M2 protein structures 
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Table 2.1: Information for various M2 protein structures 

PDB ID Construct Environment pH X-ray or 
NMR 

Drug Helix tilt 
(º)a 

1MP6 [55] 

(2002) 

Ser22-

Leu46 
DMPC bilayer 7.0 ssNMR  38 

1NYJ [56] 

(2003) 

Ser22-

Leu46 
DMPC bilayer 7.0 ssNMR  38 

2H95 [57] 

(2006) 

Ser22-

Leu46 
DMPC bilayer 8.8 ssNMR Amt in pore 

30 N; 21 

C 

2KQT [58] 

(2009) 

Ser22-

Leu46 
DMPC bilayer 7.5 ssNMR Amt in pore 

32 N; 18 

C 

2L0J [30] 

(2010) 

Ser22-

Gly62 
(C50S) 

DΟPC/DOPE 

bilayer 
7.5 ssNMR  

32 N; 22 

C 

3BKD [34] 

(2007) 

Ser22-

Leu46 

(I33SeM) 

OG/PEG 

bilayer-like 
7.3 

X-ray 

(2.05Å) 
 33 

3C9J [34] 

(2008) 

Ser22-

Leu46 

(G34A) 

OG/PEG 

bilayer-like 
5.3 

X-ray 

(3.50Å) 
Amt in pore 36 

3LBW [43] 

(2010) 

Pro25-

Leu46 

(G34A) 

OG/PEG 

bilayer-like 
6.5 

X-ray 

(1.65Å) 
 

32 N; 17 

C 

2RLF [50] 

(2007) 

 

Arg18-

Lys60 

(C50S) 

DHPC 

micelles 
7.5 

solution 

NMR 

Rim in external 

site 
16 

2KWX [59] 

(2010) 

Arg18-

Lys60 

(V27A, 

C50S) 

DHPC 

micelles 
7.5 

solution 

NMR 
 15 

2LJC [60] 

(2011) 

Arg18- 

Gly52 
(C19S) 

DHPC 

micelles 
7.5 

solution 

NMR 
Rim in pore  

4QKC [40] 

(2014) 

Ser22-

Leu46 

LCP 

crystallization 
5.5 

X-ray 

(1.10Å) 
  

4QK7 [40] 

(2014) 
Ser22-

Leu46 

LCP 

crystallization 
8.0 

X-ray 

(1.10Å) 
  

4QKL [40] 

(2014) 
Ser22-

Leu46 

LCP 

crystallization 
8.0 

X-ray 

(1.71Å) 
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4QKM [40] 

(2014) 
Ser22-

Leu46 

LCP 

crystallization 
5.5 

X-ray 

(1.44Å) 
  

5JOO [41] 
(2016) 

Ser22-

Leu46 

LCP 

crystallization 
5.5 

X-ray 

(1.41Å) 
  

5TTC [41] 
(2016) 

Ser22-
Leu46 

LCP 
crystallization 

8.0 
X-ray 

(1.40Å) 
  

6BKL [61] 
(2017) 

Ser22-

Leu46 

LCP 

crystallization 
4.5 

X-ray 

(2.00Å) 
Rim in pore  

6BOC [61] 
(2017) 

Ser22-

Leu46 

LCP 

crystallization 
3.5 

X-ray 

(2.00Å) 
Rim in pore  

6BMZ [61] 
(2017) 

Ser22-

Leu46 

LCP 

crystallization 
7.0 

X-ray 

(2.63Å) 

spiroadamantyl 

amine in pore 
 

6BKK [61] 
(2017) 

Ser22-

Leu46 

LCP 

crystallization 
5.6 

X-ray 

(2.00Å) 
Amt in pore  

6NV1 [62] 
(2019) 

Ser22-
Leu46 

(V27A) 

LCP 
crystallization 

7.5 
X-ray 

(2.50Å) 
spiroadamantyl 
amine in pore 

 

a Tilt angles were calculated using residues 23 to 46 for the TM helix or using residues 23 to 32 

and 35 to 46 separately for the N-terminal and C-terminal halves when a kink near Gly34 is 

apparent. Fewer residues were used when terminal residues were either missing or not helical; 

these exceptions were: 2H95, starting at residue 24 and ending at residue 43; and 2KQT and 

3C9J, both starting at residue 24; 2H95 and 3LBW each had two residues added at the N-

terminus, by modeling after 2KQT and 2L0J, respectively. SeM, selenomethionine; OG, 

octylglucoside; PEG, polyethylene glycol; Amt, amantadine; Rim, rimantadine. 

 

2.2 Early models of M2: 1980-2000 

Even before the first experimental structure for the M2TM domain was 

determined, molecular modeling was used, [63] in conjunction with experimental 

restraints such as from cysteine scanning or site-directed infrared dichroism [64-

68], and solid-state NMR (ssNMR) spectroscopy [55, 57, 68-71] to build structural 

models. [63, 65, 66, 72]  

Before the availability of high-resolution structures, the binding site of Amt and 

Rim has been predicted from the location of drug resistance mutations by Hay, 

who was the first to suggest M2 as the target of Amt, Lamb and Pinto [12, 73] 

Most of the residues in certain positions, i.e. Val27, Ala30, Ser31 and Gly34, were 
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predicted to face the channel interior leading to the correct hypothesis that the 

drugs bind inside of the channel. 

Using mutagenesis analysis these early models also suggested that adamantyl 

ring of Amt or Rim is located within the M2TM pore (see Figure 2.2) a hydrophobic 

pocket formed predominantly by the side chains of Val27 and Ala30 blocking the 

transport of proton flow mediated through M2 pore. [12]  

 

 

Figure 2.2: Schematic illustration of Amt complexed inside the lumen of A/M2TM and 

interacting with the pore-lining residues Val27, Ala30, Ser31 and Gly34. The Amt-M2TM 
complex is inside lipid bilayers. [63]  

 

Initially, the small size of M2 membrane protein made it difficult to crystalize and 

obtain high-resolution structures. However, a long struggle solution NMR 

technology demonstrated the capability of tackling oligomeric channel-like 

membrane protein systems. [74] Similarly, solid state NMR (ssNMR) advances 

resulted in spectrum resolution similar to solution NMR but in native membrane 

environment for these proteins. 

The first study using ssNMR which examined the M2TM in hydrated 

dimyristroylphosphotidylcholine (DMPC) lipid bilayers was published in 1997 by 

Cross and used isotopically labelled peptide samples and mechanically aligned 

between thin glass plates to obtain orientational constraints. Molecular frame was 

also constrained with respect to the magnetic field, by utilizing 15N chemical shifts 

from single site labelled samples. These constraints were applied to the peptide 
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resulting in a uniform α-helix, and a tilt of the helix with respect to the bilayer 

normal to be 33 ± 3ο. Since the orientation about the helix axis was determined 

within an error of ± 30o, it indicated that the packing of this tetrameric protein is in 

a left-handed four-helix bundle. It was suggested that only hydrophilic residues 

can align to the channel axis when the tilt angle is so large. [69]  

 

2.3 First structures of M2 in protein data bank: 2000-2010 

The first M2 protein structures in the PDB were deposited in 2002 by Cross of the 

TM helix monomer and tetramer at pH 7.0 showing a left-handed helical bundle 

with Val27, Ser31, Gly34, His37, and Trp41 lining the pore i.e. PDB ID 1MP6 and 

1NYJ respectively (see Figure 2.1), [56, 75] and are based on high resolution OS 

ssNMR spectroscopy of the polypeptide backbone in synthetic lipid bilayers. The 

helix tilt of 38º was greater than previously envisioned based on cross-linking 

studies [64] and MD simulations. [72] However, the helix tilt and rotation angles 

of the four-fold symmetric helices were consistent with site-directed infrared 

dichroism results from a few labeled sites. [65] Over the years considerable MAS 

spectral results were published supporting the TM helical structure, Amt binding 

site, and confirming which residues are facing the pore. [76, 77]  

In 2007 the structure of the same construct in the presence of the antiviral drug 

amantadine at pH 8.8 (PDB ID 2H95) [57] was published by Cross and 

orientational constrains were obtained using the nuclear spin relaxation data and 

polarization inversion spin exchange at the magic angle (PISEMA) experiments 

[78] on uniformly and selectively labeled aligned samples. Through comparative 

CP-MAS spectra between the apo-protein and the complex the influence of Amt 

binding was monitored. [57] In the presence of Amt inside M2TM pore the 

structural or sample heterogeneity is reduced, i.e. the structural stability is 

enhanced. [57] Thus, the spectra showed that both the polypeptide backbone 

and His37 side chain are more constrained and stabilized in the presence of Amt. 

The dynamics and structural plasticity are essential for the functional complexity 

of the M2 ion channel opening, gating and proton conduction. According to the 

PISEMA experiments results the primary structural influence of drug binding was 

to induce a kink in the TM helix just C-ward of what was presumed to be the 

binding site of Amt, at Gly34. The kink in the monomer between two helical 
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fragments have 21o and 31o tilt angles with respect to membrane normal, i.e the 

kink had only a small effect on the tilt of the N-terminal portion of the helix, but 

reduced the tilt of the C-terminal portion to 21o. In the MD simulations of the M2 

TM domain starting from both the 2002 ssNMR structure in the absence of a drug 

molecule i.e PDB 1NYJ (see Figure 1.6A) [56] and the 2007 ssNMR structure in 

the presence of amantadine (PDB 2H95), [57] the packing of the helix bundle 

tightened, resulting in a distinct reduction in the pore size, in line with the more 

recent ssNMR and X-ray crystal structures (see Figure 2.1D,F). Moreover, the 

Val27 sidechains were found to extend into the pore to form a constriction, 

leading to the proposition of a secondary gate. [79] This secondary-gate 

configuration of Val27 from a structure measured in the most realistic 

representation of the lipid environment has been confirmed in all recent 

structures.  

Moreover, the protonation of His37 of M2TM inside lipid bilayers was titrated by 

Cross in 2007 in the absence and presence of Amt as a function of pH, using 15N 

cross-polarization magic-angle spinning (CP-MAS) NMR spectroscopy. The 

effect of Amt binding on the His37 side-chain motion was studied by comparing 

the CP for the His37 15Nδ1 signal with and without Amt. It was found that the 

binding of Amt drastically lowers the His37 pKa values by three orders of 

magnitude compared with the initial pKa of His37 in A/M2TM apo-protein and that 

the His-HisH+ dimer does not form in the presence of Amt [23, 80]. Furthermore, 

this perturbation of the His37 pKa is consistent with the suggestion that the 

ammonium group of Amt points toward the C-terminus of the channel (see Figure 

2.7). Thus, Amt’s influence on the chemical properties of His37 tetrad can 

contribute to inhibit proton conductance, more than just Amt molecule sterically 

blocking A/M2TM pore. The lack of His-HisH+ dimer when Amt is present 

suggests that low-barrier His-HisH+ hydrogens bonds are needed to transport 

protons through water network inside the pore.  

In 2008 the first X-ray crystal structures of the M2TM was solved by DeGrado in 

β-octylglucoside detergent, showing a tetrameric left-handed bundle (consistent 

with the ssNMR structures) both in the absence i.e., PDB ID 3BKD (see Figure 

2.1C) and presence of amantadine i.e., PDB ID 3C9J, at pH 7.3 and 5.3, 

respectively. [34] The former had a 2.05 Å resolution and a I33M mutation while 
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the latter structure had a 3.5 Å resolution and the stabilizing mutation G34A. [34, 

43] Both structures solved at pH 7.3 or 5.3 were almost identical and it was 

unclear if the crystal structure corresponded to the closed or the open state based 

on pH.They appeared to be significantly perturbed by the membrane mimetic 

environment, as evidenced by the severe splaying of the TM helices and, in the 

case of PDB ID 3BKD, the presence of octylglucoside and polyethylene glycol in 

the pore and the interhelical interface. Thus, while the helices are tightly 

assembled at the N-terminal domain, they adequately splay outward at an 

average tilt of c.a. 35o at the C-terminal domain resulting in a wide open channel 

at the C-terminus end - where Trp41 indoles from 1,3-TM helices are on average 

9.5 Å apart - with no obvious structural features that support proton opening. They 

adopted the inwardopen conformation. The wide opening of the channel seems to 

be inconsistent since that structure was determined at pH 7.3, which in principle 

favors the closed channel conformation.  

The same G34A mutant at pH 6.5 without drug and using a smaller construct (25-

46) was characterized in 2010 i.e PDB ID 3LBW (see Figure 2.2 D) presenting a 

better packed tetrameric structure, with no detergent in the pore or interhelical 

interface. [34, 43] The backbone structure of PDB ID 3LBW is very similar to the 

TM helical bundle of 2L0J characterized in lipid bilayers (Ca RMSD of 0.6 Å for 

P25-W41), but the H37xxxW41 sidechain conformations are different (see Figure 

2.4). Due to the relatively low resolution of 3.5 Å in the X-ray structure PDB ID 

3C9J the presence of the Αmt inside the pore was considered ambiguous. An 

electron density on the axis of the pore adjacent to Ser31 was interpreted as 

bound Amt molecule. The relatively low resolution 3.5 Å of the crystal structure is 

insufficient for unambiguous identification of small molecules such as Amt, having 

a maximum diameter of the roughly spherical adamantyl cage ~ 3.4 Å. Therefore, 

the structure was questioned by Chou who suggested for Amt an external position 

and an allosteric mechanism of channel inhibition as described next.  
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Figure 2.3: Conformations of the H37xxxW41 quartet in the ssNMR structure 2L0J [30] and X-

ray structure 3LBW, shown in both side and top views. (a) The dimer of dimers conformation in 

2L0J was [43] refined by QM/MM calculations based on significantly downfield-shifted 

imidazolium 15Nδ1 and 15Nε2 resonances, obtained in lipid bilayers, that indicated strong 

imidazole-imidazolium hydrogen bonds at pH 7.5. [23] (b) The fourfold symmetric conformation 
in 3LBW was from the TM domain in an octylglucoside and polyethylene glycol preparation at 

pH 6.5. Both structures show the Trp41 residues forming a basket as a gate for proton 

conductance.  

 

Also, in 2008 the first solution NMR structure of M2 was determined in 

dihexanoylphosphatidylcholine (DHPC) micelles, providing the first structure of 

the conductance domain i.e. PDB ID 2RLF (see Figure 2.1E). In this structure, 

based on NMR NOE, Trp41 is essentially locked in the closed channeland the 

indole amine of one subunit is within hydrogen bonding distance of the Asp44 

carboxyl carbon of the adjacent subunit. The two residues can form an 

intermolecular hydrogen bond that stabilizes the channel gate in the closed 

conformation (see Figure 2.3). The sidechain of Arg45 is also in the vicinity for 

forming inter subunit salt bridge with Asp4, confirming the increased pH-

modulated activity of channels like M2 in which asparagine has replaced Asp44 

[50, 81] This structure had the surprising result that the antiviral drug rimantadine 

did not bind in the pore but to an external site on each chain of the tetramer, 

facing what would be the viral membrane inner interfacial region (see Figure 

2.3Β). The authors suggest that drug binding has the effect of stabilizing the 



 

 
57 

closed state of the channel for NMR structure determination, with Rim binding at 

a lipid-facing pocket near the C-terminal side of the channel domain. The 

ammonium group of Rim is in contact with the polar sidechain of Asp44 and 

possibly with Arg45, according to observation of independent inter-molecular 

NOEs between Rim and a lipid-facing pocket at position 44. The polycyclic 

hydrocarbon cage of the drug forms hydrophobic interactions with Ile42 from one 

TM helix and Leu40 and Leu43 from the adjacent helix. For long time there was 

a debate, about the relevance of this biding site to channel inhibition. [82] 

However, the solution NMR structure was measured using a 200-fold excess of 

Rim in which ligand molecules due to the large excess can reach and form ionic 

hydrogen bonding interactions with Asp44 but this cannot define this position as 

a specific binding site. Additionally, the amphipathic helix is not positioned in the 

membrane interface (see Figure 1E,F), but formed a separate water-soluble four-

helix bundle that was completely H/D exchangeable. The latter observation was 

in contrast to H/D exchange results from the full-length protein in lipid bilayers.  

Amphipathic helices that interact with the lipid interfacial region take advantage 

of the steep dielectric and water concentration gradients between the 

hydrophobic core and lipid headgroup region. [83] This is also where the largest 

feature of the lateral pressure profile is located and where curvature and scission 

is effected by AHs of M2. In detergent micelles these gradients and the lateral 

pressure profile are much weaker. The curvature of the monolayer surface 

weakens the propensity of amphipathic helices to interact with the detergent 

interfacial region. In 2010 a drug resistant mutant (V27A) of the conductance 

domain was characterized in the same DHPC micelles i.e., PDB ID 2KWX (see 

Figure 2.1G). On the other hand, the solution NMR structure of the V27A mutant 

i.e. PDB ID 2KWX (see Figure 2.1G) had the amphipathic helices interacting with 

the detergent interfacial region, with the same helix rotation, but somewhat 

different helix tilt, lateral position, and depth compared with the structure obtained 

in the bilayer environment i.e. 2L0J; (see Figure 2.1F). 
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Figure 2.4: (a) Schematic illustration of M2 ion channel activation. At high pH, the TM helices 

are packed tightly and the Trp41 gate is locked through intermolecular interactions with Asp44. 

At low pH, protonation of the His37 imidazoles destabilizes the TM helix packing, resulting in the 

hydration of the channel pore, and proton conductance. The C-terminal base of the tetramer 
and N-terminal disulfide bonds keep the channel from completely disassembling. For clarity, 

only two of the four monomers are shown. [50]. (b) Structure of M2 ion channel showing the left-

handed packing of the TM helices, right-handed packing of the AH helices and the sidechains of 

residues His37 and Trp41. Rim (red) is located near the Asp44. 

 

In 2010 the TM domain structure in the presence of perdeuterated Amt was later 

refined by Hong with MAS ssNMR-derived distance measurements at pH 7.5 

between helices as well as between the helices i.e., PDB ID 2KQT (see Figure 

2.1B). [58] In the PDB ID 2KQT structure of 2010, refined from PDB ID 2H95, the 

pore was identified as the primary drug binding site (see Figure 2.1B). [58]The 

external drug-binding site appeared to be in conflict with a variety of studies, 

including stoichiometry experiments, [84] but with the 2010 ssNMR structure for 

the conductance domain (PDB ID 2L0J) it was realized that, when the 
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amphipathic helix binds to the membrane interface, the potential drug binding site 

suggested by the solution NMR structure becomes occluded by two hydrophobic 

amino acids. [30] This time [82]the amphipathic helix was found to bind in the 

lipids interfacial region. In 2011 Chou came around with a rimantadine-bound 

structure of an AM2-BM2 chimera for the TM domain, showing the drug in the 

pore (PDB ID 2LJC). [60] The controversy regarding the drug binding site now 

seems firmly settled on the pore site. 

In 2010 the structure of the M2 conductance domain M2AH was characterized by 

OS ssNMR at pH 8 and refined by restrained MD simulations in the same explicit 

lipid bilayer showing a dimer of dimer structure compared to the fourfold 

symmetric homotetramer i.e. PDB ID 2L0J (see Figure 2.1(F). [30] The TM helical 

bundle was more tightly packed than in the original 2002 structure (see Figure 

2.1A,F).The amphipathic helices were positioned in the membrane interface with 

the hydrophobic residues facing into the lipid hydrophobic region and the 

numerous charged residues (dominated by lysine and arginine residues) 

interacting with the lipid headgroups (see Figure 1.3). Furthermore, the Ser50 

residue (replacing the native Cys50) is positioned so that its hydroxyl is at a level 

in the bilayer consistent with the glycerol backbone of the lipids, an appropriate 

position for palmitylation. 

It now seems clear that the TM helices in the inwardclosed conformation form a 

tetrameric structure similar to the 2002 structure i.e. PDB ID 1NYJ (see Figure 

2.1A), but with somewhat tighter packing and somewhat larger tilt angles for the 

helices relative to the pore axis (32º for the N-terminal half; Table 2.1), as 

visualized in the recent ssNMR and X-ray structures i.e. 2L0J and 3LBW (see 

Figure 2.1F,D). In both of the solution NMR structures i.re. 2RLF and 2KWX (see 

Figure 2.1E,G), the TM helices in DHPC micelles have much smaller tilt angles 

(16º and 15º, respectively) relative to the pore axis. The result is that the 

secondary gate formed by the Val27 residues, first identified through MD 

simulations, [79] appears to be more tightly shut than when the helices are tilted 

at a 32º angle as in 2L0J and 3LBW. In the native membrane the protein and 

membrane environment are likely to be mutually involved in determining the 

hydrophobic dimension of the protein. Detergent micelles are much more 

adaptable to the hydrophobic dimension presented by the membrane protein than 
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a lipid bilayer. Consequently, while Amt and Rim bind to M2 in the pore when it 

is in the virion or in DMPC bilayers (see below discussion for PBD ID 2KQT, these 

drugs do not bind to WT M2 in the pore when it is in DHPC micelles (as in PDB 

ID 2RLF) because of the small helix tilt angles that close the secondary gate too 

tightly for the drug to enter. This emphasizes the need for membrane mimetics 

that are similar to the native membrane in restraining the membrane protein 

structure. [85] So although the orientational restraints from ssNMR do not define 

all of the sidechain conformations in the TM helices, the precision in determining 

the tilt of the helices is 2º, i.e. it is equivalent to the precision in a high-resolution 

X-ray structure, but with the sample for the ssNMR structure in a native-like 

bilayer environment. Of course, detergent-based crystals can also produce 

native-like structures, as in 3LBW (see Figure 2.1D). 

As mentioned, the 2010 PDB ID 2KQT structure suggests that Amt is inside the 

pore between V27 secondary gate and His37 sensor. The adamantyl ring of Amt 

is located in the lumen of the four-helix bundle of M2TM within a hydrophobic 

pocket formed predominantly by the side chains of pore-lining residues Val27 and 

Ala30. [57, 64, 79, 86] Elucidation of the ammonium group direction shed light on 

the exact mechanism by which drug binding inhibits M2 proton channel which 

eventually can facilitate the design of new inhibitors. [87] The ammonium group 

at pH 8 was determined using 13C-labeled M2TM reconstituted in lipid bilayers 

and in DMPC liposomes, with methyl-deuterated Rim (see Figure 2.5). 13C-2H 

rotational-echo double-resonance NMR experiments showed that the amino 

pointed to the C-terminus of the channel, i.e. toward His37, with the methyl group 

close to Gly34. 

The proximity of the methyl group to the Gly34 backbone suggests for the higher 

affinity of Rim to M2 compared to Amt [88] as a result of better space filling of the 

drug in the channel and dehydration by the additional hydrophobic methylene and 

methyl groups. Rim binds inside the pore with the molecular axis of adamantyl 

roughly parallel to the bilayer normal at stoichiometric drug concentration. 
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Figure 2.5: Schematic of CD3-Rim structure in the pore, with the polar amine pointing toward 

the C-terminus of the ion channel. Methyl group of CD3-Rim is in vicinity of Gly34 residues. [87] 

 

 

2.4 Experimental structures of M2: 2011-2021 

 

The conformational states of the conductance domain occur when the C-terminus 

is either largely closed or open to the viral interior, inwardclosed and inwardopen 

respectively. The Inwardclosed conformation has been characterized through 

solution NMR [50, 89], ssNMR [30, 90] and X-ray crystallography [43]. The 

Inwardopen state, is an intermediate that accumulates at high protonation i.e., +3 

or more, of the His37 tetrad.  

Hong continues previous experiments by Cross and showed using ssNMR that 

both closed (inwardclosed or Cclosed) and open (inwardopen or Copen) conformations 

of M2TM equilibrate at any pH differing in the percentage of existence (see Figure 

2.6). [91-94] Without the presence of the C-terminal region (residues 47-60), i.e. 

the AH domain, TM helixes are unable to assemble into stable tetramer in closed 

state at high pH = 7.3, hence the crystal structure PDB ID 3C9J obtained at pH 

5.5 could represent an intermediate of channel opening state. NMR resonances 

of the AH domain showed that it is unaffected by the pH indicating that the C-

domain base of the tetramer remains intact possibly to preserve the overall 

tetrameric state of M2 when the open state destabilizes the TM helixes. [95] 

Variety in helix-helix packing arrangements, can be changed partially in the 

intermediate states of channel opening. 
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Figure 2.6: (a) Equilibration between inwardclosed (Cclosed) and inwardopen (Copen) conformations. (b) 

Evidence from ssNMR. [92] 

 

Additionally after initial experiments in 2009, Hong in 2011 performed ssNMR 

experiments examining the influence of lipid bilayer composition on the 

conformational equilibrium with respect to Amt’s binding to the pore, using DMPC 

and two virus mimetic membranes containing varying amounts of cholesterol, 

sphingomyelin and glycerophospholipids (eg POPC, POPS), M2TM and the fully 

functional cytoplasmic helices construct M2AH(21-61) [85, 96]. Interestingly, 

when M2AH(21-61) was reconstituted into virus-mimetic membrane containing 

30% cholesterol, chemical shift perturbation wasn’t observed for pore-lining 

residues, in contrast with M2TM which exhibited drug-induced chemical shift 

changes in the same membrane. Reduction of the cholesterol level and the use 

of unsaturated phospholipids shifted the conformational equilibrium of M2TM 

completely to the bound state but not in the case of M2AH(21-61).These 

experiments revealed that virus mimetic membranes shift the conformation 

equilibrium of the longer M2 construct to the unbound state, because of the small 

helix tilt angles that close the secondary gate too tightly for the drug to enter, 

while retaining the bound conformation of the shorter M2TM. The results showed 

the role of AHs in modulating the TM helixes conformation to facilitate or weaken 

drug binding to the channel pore, likely by interacting with cholesterol. Even 

though the detergent environment differs from the virus-mimetic membranes, the 
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cytoplasmic AHs may be affected by DHPC micelles in like a manner, causing an 

alteration in packing of TM helixes and drug binding abolishment as detailed 

previously in Section 2.2. [85] The findings imply that the amphipathic helix, 

together with cholesterol modulates the ability of the TM domain to bind Amt, 

establishing the M2 protein interaction with the lipid membrane and small-

molecule inhibitors in a complex fashion. [85]  

Experiments in DMPC bilayers also confirmed further the drug binding site and 

shed light further to the previous discrepancy about the type of inhibition 

mechanism, i.e. occlusion or allosteric inhibition, showing that the surface binding 

site was populated only by excess drugs from the membrane side, whereas the 

first equivalent of drug bound the N-terminal pore with much higher affinity. [58, 

86, 97] Additionally, direct 13C-2H REDOR distance data of drug-complexed 

M2(21-61) in DMPC bilayers showed unambiguously that Amt binds Ser31 inside 

the pore, similar to M2TM in the same membrane, with the amphipathic helixes 

just shifting the drug-binding equilibrium more toward the unbound state 

compared to M2TM. In this study is established the pharmacologically relevant 

drug-binding site in the TM pore of the fully functional M2AH(21-61). 

In 2012 the 13C MAS resonances of the TM helix of the conductance domain were 

substantially assigned and multiple distance restraints observed, confirming the 

2010 ssNMR structure PDB ID 2L0J. [98] In addition, the first MAS spectra of the 

full-length M2 protein have been obtained, [99] showing that the conformations 

of the TM helices are the same in the conductance domain and in the full-length 

protein. In addition, MAS spectra of the full-length protein directly observed in 

Escherichia coli membranes has been obtained where the protein was inserted 

into the membrane via the cellular machinery and was never exposed to 

detergents. [99] Once again the spectra were the same as that observed for the 

full-length protein that had been isolated from E. coli, purified in detergents and 

reconstituted into synthetic lipids. This provided excellent validation for the 

structure obtained in synthetic lipid bilayers. 

It is widely accepted that the open (inwardopen) i.e. active state of the channel 

requires a hydrated pore for conducting protons because the hydrophilic residue 

31 and His37 are in a great distance inside the TM to relay protons in the absence 

of water molecules. Water-protein chemical exchange has been investigated in 
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M2 primarily through 1H-15N heteronuclear correlation (HETCOR) experiments. 

[90, 100, 101] 

In most recent and remarkable studies, using lipid cubic phase (LCP) 

crystallization techniques, DeGrado solved [102] the structure of a waters wire by 

obtaining a high resolution (1.10 Å) cryogenic (100 K) and at room temperature 

crystallographic structures of M2TM at low (pH 5.5) (PDB ID 4QKC) and high pH 

(pH 8) (PDB ID 4QK7) in the inwardopen conformation (see Figure 2.7). Only c.a.16 

water molecules [40] are placed at a given time inside the 16.8 Å of the lumen 

path, which spans between the channel entrance Val27 and His37. Pore-lining 

carbonyl groups are well situated to stabilize hydronium via second-shell 

interactions involving bridging water molecules. At pH 8, a clathrate-like structure 

is observed below Val27 and is anchored by hydrogen bonds to the main chain 

carbonyls facing the pore, but the water layer connecting to the hydrated His37 

residues has become too diffuse to be seen clearly in the electron density. At pH 

5.5, the water density in most of the pore is diffuse and a fully connected hydrogen 

bond network cannot be observed. Two additional structures were determined at 

273 K at high pH (PDB ID 4QKL) and low pH (PDB ID 4QKM) to 1.71 Å and 1.44 

Å resolution, respectively. The room temperature crystallographic structures 

indicate that water becomes increasingly fluid with increasing temperature and 

decreasing pH, despite the higher electrostatic field. 

In order to visualize the solvent in the pore of the channel at room temperature 

while minimizing the effects of radiation damage, DeGrado collected data to a 

resolution of 1.4 Å using an X-ray free-electron laser (XFEL) at three different pH 

conditions: pH 5.5, pH 6.5, and pH 8.0 (see Figure 2.7). Data were collected [41] 

on the Inwardopen state, which is an intermediate that accumulates at high 

protonation of the His37 tetrad. At pH 5.5, a continuous hydrogen-bonded 

network of water molecules spans the vertical length of the channel, consistent 

with a Grotthuss mechanism model for proton transport to the His37 tetrad. This 

ordered solvent at pH 5.5 could act to stabilize the positive charges that build up 

on the gating His37 tetrad during the proton conduction cycle. The number of 

ordered pore waters decreases at pH 6.5 and 8.0, where the inwardopen state is 

less stable. 
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As shown in Figure 2.7, water wires inferred from crystallographic water positions 

from the 1.10-Å resolution cryo-crystal structures form a continuous network of 

water wires within the N-terminal half of the pore leading to the gating His37 

residue, with some positional changes in the waters between the two pH 

conditions. Continuous water wires span 16.8 Å of the channel pore. In room 

temperature waters are less ordered, i.e. structures have fewer ordered waters 

and no longer form a continuous path leading to His37; in the low-pH structure, 

the waters do not form ordered networks at all and instead appear fluid-like. 

The various crystallographic structures of the Inwardopen state are in good 

agreement with ΜD simulations by Voth that quantitatively explain experimental 

conductance curves. [103]  
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Figure 2.7: (top) Low-pH (pH 5.5) structures of M2TM under cryogenic synchrotron (PDB ID 

4QKC, 1.10-Å, left), room temperature XFEL (PDB ID 5JOO, center), and room temperature 

(PDB ID 4QKM, 1.44-Å) synchrotron (PDB ID 4QKM, right) diffraction conditions. (top)The front 
helix of each tetramer has been removed; waters are modeled as spheres, with red spheres 

representing full-occupancy waters and light and dark blue spheres as half-occupancy waters in 

alternate-occupancy networks. Waters within hydrogen-bonding distance of each other are 

connected by sticks. The number of ordered waters decreases moving from left to right across 

the figure. (bottom) Electron density for the pore solvent network (blue mesh) is shown to a 

contour of 0.5 σ. The largest amount of ordered density is present in the cryogenic synchrotron 

data collection condition. The volume and shape of the solvent density for the room temperature 
structures collected using XFEL and synchrotron sources are similar. (bottom) High-pH (pH 8.0) 

structures of M2TM under cryogenic synchrotron (PDB ID 4QK7, 1.10-Å, left), room temperature 

XFEL (PDB ID 5TTC, center), and room temperature synchrotron (PDB ID 4QKL, 1.71-Å, right) 

diffraction conditions. (top) Waters are shown as spheres (red, full occupancy; light and dark 

blue, half-occupancy); potential hydrogen bonds are shown as sticks. (bottom). Electron density 

for the pore solvent network (blue mesh) is shown to a contour of 0.5 σ. The largest amount of 

ordered solvent electron density is observed under cryogenic diffraction conditions; the volume 

and shape of the solvent density for the two room temperature conditions are similar. [41] 

 

 

In 2016 the differential binding of Rim enantiomers to influenza M2 full protein 

(M2FL) was studied. M2FL was reconstituted in 1,2-dimyristoyl-sn-glycero-3-

phosphocholine/1,2-dimyristoyl-sn-glycero-3phospho-(1’-rac-glycerol) 

(DMPC/DMPG) at a protein to lipid ratio of 1:30. Until this research, antiviral 

activity and protein-ligand interactions of Rim in complex with M2 proton channel 

of influenza A virus, have always been evaluated as a racemic mixture of the 

drug. The characterization of protein-ligand interactions at atomic level for each 

enantiomer separately is crucial for identifying potential stereospecific Rim 

binding interactions to the M2 proton channel, aiding the design of novel 

inhibitors. Cross using 13C-2H rotational echo double resonance ssNMR observed 

isotropic chemical shift changes at -10 ºC suggesting the differential binding of 

the Rim enantiomers to the proton channel. Cross group performed position 

restrained MD simulations satisfying distance restrains form 13C-2H spectra and 

suggest (R)-Rim to form a complex of higher stability with M2FL [104] but no 

unrestrained MD simulations that support the differential complex formation of the 

Rim enantiomers was not performed. 
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Eventually, the most direct evidence of a pore binding site came from 

crystallographic study of the M2TM in the presence of Amt. [34] Till 2010 decade 

high-resolution structural studies of M2 bound to inhibitors and particularly with 

high resolution to examine the critical role of water in drug binding were limited to 

3.5 Å resolution. 

Ordered water molecules arranged in wires inside the channel play a role in 

conduction of protons through M2 pore. Water-mediated interactions play key 

roles in drug binding. The mentioned structures show that small molecules can 

enable potent inhibition by targeting key waters. [34] In 2018 DeGrado and 

Kolocouris [61] demonstrate structures of Amt bound to M2TM in the inwardclosed 

conformation (2.00 Å), Rim bound to M2TM in both the inwardclosed (PDB ID 6BKL; 

2.00 Å) and inwardopen (PDB ID 6BOC; 2.25 Å) conformations and a spiro-

adamantyl amine inhibitor bound to M2TM in the inwardclosed conformation (PDB 

ID 6BMZ; 2.63 Å) (see Figure 2.8). The four X-ray crystal structures of M2TM ion 

channel with bound inhibitors reveal that ammonium group is directed toward 

His37 and binds to water-lined sites that are hypothesized to stabilize transient 

hydronium ions formed in the proton-conduction mechanism. In particular, as 

supported by MD simulations the ammonium group is stabilized through three 

hydrogen bonds with proximal waters comprising the Ala30 layer, followed by the 

Gly34 water layer and the His37 tetrad. Placement of the drug within the pore the 

hydrophobic adamantyl cage of the above adamantyl-amine molecules displace 

waters near Val27 and disturbs M2 water network which is essential for proton 

transport. [61] The hydroxyl of Ser31 forms an internal hydrogen bond to a 

peptidic carbonyl of Val27 increasing the effective hydrophobicity of the 

environment. [61] These drug-M2TM complexes provide the first high resolution 

structures of drugs that interact with and disrupt networks of hydrogen-bonded 

waters that are widely utilized throughout nature to facilitate proton diffusion 

within proteins. Moreover, the entropic cost of binding is minimized due to 

capability of the symmetric ammonium and adamantyl groups of the adamantyl-

amine class of drugs freely rotate inside the channel. [61, 105, 106] Crystal 

structures define similar modes of drug binding in the inwardclosed and the 

inwardopen form. 300-ns MD simulations of the M2TM with the three adamantyl-

amine drugs predict with accuracy the position of the ligands and waters inside 
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the pore in the X-ray crystal structure of the M2 complexes. Further details will be 

discussed in Chapter 7. 

 

 

Figure 2.8: X-ray crystal structures of the M2 proton channel bound to drugs and inhibitors. The 

channel is a homotetramer, but here the front and back monomers have been removed to show 

the contents of the channel pore. Hydrogen bonds are shown as yellow dashes. The layer of 

waters forming H-bonds to Ala30 carbonyls ("Ala30 layer") is shown as red spheres; the layer of 

waters forming H-bonds to Gly34 carbonyls ("Gly34 layer") is shown as purple spheres. Top, left 

to right: a. M2 bound to rimantadine in the Inwardclosed state; PDB ID 6BKL, 2.00 Å resolution, 

monomer subunits F and H; b. M2 bound to amantadine in the Inwardclosed state; PDB ID 6BKK, 
2.00 Å resolution, monomers B and D; c. M2 bound to spiro-adamantyl amine in the Inwardclosed 

state; PDB ID 6BMZ, 2.63 Å resolution, monomers B and D. Bottom, left to right: d. M2 bound to 

rimantadine in the Inwardopen state; PDB ID 6BOC, 2.25 Å resolution, monomers B and D; e. 

Previously solved structure of M2 in the Inwardopen state at pH 5.0 in the absence of bound 

drug,31 PDB ID 5JOO, 1.41 Å resolution. [61] 
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The V27A mutation confers adamantane resistance to the influenza A M2 proton 

channel and is becoming more prevalent in circulating populations of influenza A 

virus. In 2020 DeGrado and Kolocouris used X-ray crystallography to solve 

structures of a spiro-adamantyl amine inhibitor bound to M2(22-46) V27A and 

also to M2(21-61) V27A in the Inwardclosed conformation (see Figure 2.9). [62] A 

spiro-adamantyl amine binding site is nearly identical for the two crystal 

structures. Compared to the M2 WT with valine at position 27 the channel pore 

is wider at the N-terminus as a result of the V27A mutation and this removes V27 

side chain hydrophobic interactions that are important for binding of amantadine 

and rimantadine. The spiro-adamantyl amine inhibitor blocks proton conductance 

in both the WT and V27A mutant channels by shifting its binding site in the pore 

depending on which residue is present at position 27. Additionally, in the structure 

of the M2(21-61) V27A construct, the C-terminus of the channel is tightly packed 

relative to the M2(22-46) construct. Residues Asp44, Arg45, and Phe48 face the 

center of the channel pore and would be well-positioned to interact with protons 

exiting the M2 channel after passing through the His37 gate. A 300 ns molecular 

dynamics (MD) simulation of the M2(22-46) V27A - spiro-adamantyl amine 

complex predicts with accuracy the position of the ligands and waters inside the 

pore in the X-ray crystal structure of the M2 V27A complex. Further details will be 

discussed in Chapter 7. 

 

 

Figure 2.9: Mechanism of adamantane drug resistance in the V27A mutant channel and 

mechanism of dual inhibition by spiro-adamantyl amine. Front and back monomer helices have 

been removed to clearly show the contents of the channel pore. Pink spheres correspond to 

waters that form hydrogen bonds with the Ala30 carbonyls, and red spheres correspond to 

waters forming hydrogen bonds with Gly34 carbonyls. Newly determined structure of M2(22−46) 
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V27A bound to a spiro-adamantyl amine inhibitor (PDB entry 6NV1, monomer chains B and D), 

M2(22−46) WT bound to amantadine (PDB entry 6BKK, chains B and D), and M2(22−46) WT 

bound to spiro-adamantyl amine (PDB entry 6BMZ, chains B and D) from left to right, 
respectively. When spiro-adamantyl amine binds to the V27A channel (PDB entry 6NV1), the 

ammonium group of the inhibitor localizes to the same position as the ammonium of 

amantadine in the WT structure (PDB entry 6BKK). The adamantyl group is positioned higher in 

the channel pore, occupying the extra space created by the Val27 to Ala mutation. In the 

previously determined structure of the spiro-adamantyl amine inhibitor bound to the WT channel 

(PDB entry 6BMZ), the adamantyl group of the inhibitor binds lower in the channel pore, and the 

four waters in the Ala30 layer are displaced. For the spiro-adamantyl amine-bound structures, a 
network of one or two layers of hydrogen-bonded waters is formed depending on whether Val or 

Ala is present at position 27. [62] 

 

In 2021 the structure of each of the enantiomer of Rim with M2TM was also 

published and the binding free energy of water layers in the complexes was 

evaluated through Monte Carlo simulations. Further details will be discussed in 

Chapter 7. 

 

2.5 Characterization of the H37xxxW41 Quartet – Mechanism of proton 
transport 

The heart of the M2 proton conductance capability is in the H37xxxW41 sequence 

that is the signature motif for Influenza proton channels (see Figure 2.3). [28] 

The stability of the Inwardopen and Inwardclosed states is defined by the degree of 

protonation of His37 near the C-terminal region of the pore and the small 

energetic difference between them assures switching between states during the 

transportation mechanism. A “recycling step” between different protonation states 

is a key step at the conductance mechanism implies that the protein undergoes 

conformational changes (assigned to Trp41 and Val27) during transport which 

have to be reset before the next proton can be transported (see Figure 2.10). 

[107]  
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Figure 2.10: M2’s proton conduction rate is 100–1000 s–1, more than 2 orders of magnitude 
slower than the histidine-water proton-exchange rate. [41] 

 

There were two debated proton transport mechanisms. The first suggests that 

the proton is transferred through the breaking and reforming of H-bonds between 

two pairs of His37 dimers [23, 30], the second that individual His37 residue 

shuttles protons through imidazole ring reorientations and exchanging protons 

with water without the process of forming intermonomer His37 H-bonds [90, 100] 

(see Figure 2.11).  
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Figure 2.11: Two possible hydrogen bonding partnerships in the His37 tetrad of the M2 proton 

channel. (a) One of two pairs of His37 residues showing the low-barrier hydrogen bond model, 

in which the proton is transferred through the breaking and reforming of the intermonomer 

imidazole-imidazolium hydrogen bonds between His37 residues (b) the water-His37 hydrogen 

bonding model, in which the His37 shuttles protons through imidazole ring reorientations and 

exchanging protons with water. [108] 

 

Thus, an early favored model posits that protonation of His37 residues leads to 

their repulsion, creating an open pore with a continuous water wire for proton 

conduction. [72, 109-111] The proton conductance calculated from such a model 

was 3x108 protons per second. However, conductance measurements, 

especially more recent ones using liposome preparations, place the conductance 

at the level of 3x102 protons per second. [18, 30, 112-115] The six orders of 

magnitude discrepancy casts doubt on this gating model. 

The crystal structure with PDB ID 3LBW shows a four-fold symmetric inwardopen 

structure for the His37 sidechain even though the sample was prepared at pH 

6.5. Consequently, this structure presumably with two or three charges on the 

histidine tetrad does not provide an explanation for the cooperativity in proton 

binding, the enhanced stability of the tetramer at pH 6.5 nor the exchange 

broadening of the His37 resonances. It was realized that much more work is 

needed to characterize not only the dynamics, but also the pH-dependent 
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conformational states of the H37xxxW41 quartet so that the functional 

mechanism of M2 can be refined. 

The arrangement of histidine side chains in influenza A M2 tetramer determines 

their pKa values, which define pH controlled proton conduction critical to the virus 

lifecycle. The pKas of the histidines were first characterized by Cross [23] with 

the surprising finding that two of the His37 residues of this tetrad in the middle of 

the bilayer environment had higher affinity for protons than His residues on the 

surface of water soluble proteins. These two high proton-affinity pKa values for 

the M2 tetramer were both 8.2. In comparison, the His37 residue in the M2 

monomeric TM helix in detergent micelles is about 1.5 pH units lower at 6.8. The 

latter value is similar to that of a water-exposed histidine. The identical value of 

the first two pKas of the M2 histidine tetrad further suggests cooperative proton 

binding. That is, the first protonation results in a structural change that facilitates 

the second protonation. It is known that M2 becomes activated at a pH of 

approximately 6.5. [37] The third pKa for the histidine tetrad determined in the 

bilayer environment was approximately 6.3, [23] consistent with this third proton 

being the charge responsible for activating the proton channel. A fourth pKa was 

suggested in this study to be below pH 5. 

Therefore, from the set of His37 pKas one can conclude that the tetramer stability 

increases as the pH is lowered from 9.0 to 6.5 and then decreases as the pH is 

further lowered. This is exactly what was observed by DeGrado and Pinto, the 

pH dependence of the tetramer stability calculated from the set of observed His37 

pKas was in quantitative agreement with their measurement. [29] As noted by 

these authors it might seem counterintuitive that placing two charges in close 

proximity (within ~ 6 A°) in a low dielectric environment should increase the 

stability of the tetramer. Based on the appearance of imidazolium 15Nδ1 and 15Nε2 

resonances that are significantly downfield-shifted, similar to model imidazole-

imidazolium spectra, Cross proposed [23] that the His37 residues formed a pair 

of imidazoleimidazolium hydrogen bonded dimers, which would significantly 

enhance tetramer stability. [30] In addition, the strong hydrogen bonds could 

disperse each charge over two rings, thereby reducing the charge-charge 

repulsion that could be anticipated. The exchange broadening of the resonances 

suggests His37 sidechain dynamics (see below). 
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This model was proposed originally by DeGrado and Pinto in 1997 [66], i.e. that 

His37 tetrad relays the proton from one side of the membrane to another. 

Quantum mechanics/molecular mechanics (QM/MM) calculations on the 

H37xxxW41 quartet, constrained by the backbone structure of 2L0J, were carried 

out to investigate the plausibility and provide atomic details of this model. [30] 

These calculations first confirmed that the doubly protonated His37 tetrad can 

form a stable dimer of dimers configuration (see Figure2.9). Interestingly, unlike 

imidazole-imidazolium crystals, where the two imidazole rings sharing a proton 

are perpendicular to each other, the two His37 sidechains forming a dimer within 

the confines of the backbone structure are nearly coplanar. The QM/MM 

calculations further showed that a dimer can receive a proton from a hydronium 

ion from the N-terminal side of the pore, and pass it onto a water molecule on the 

C-terminal side of the pore via a 45 change in the His37 v2 torsion angle and 

relaxation of the His37 Ca-Cb-Cc angle if the Trp41 primary gate is open. 

Until 2010 the dimer (or pair) of dimers symmetry appeared to be associated with 

just the His37 sidechain. Griffin group showed in 2010 that this symmetry also 

extended to multiple backbone sites in studies of the conductance domain by 

MAS spectroscopy in POPC bilayers above the gel to liquid crystalline phase 

transition temperature. [116] They also observed a similar doubling of specific 

backbone resonances of the conductance domain in DPhPC bilayers. Cross 

confirmed these results in MAS spectra of DOPC bilayer preparations below the 

phase transition temperature. [98] A model for the subtle conformational 

difference originating at His37 has been suggested by Cross (see Figure 2.12).19 

The Ca-Ca separation in an imidazole-imidazolium dimer appears to be slightly 

larger than the Ca-Ca separation between His37 residues in different dimers. 

That is, in a pair of dimers configuration, the four His37 Ca atoms form a rectangle 

with short distances between the dimers and longer distances within the dimers. 

Since the dimers appear to interconvert slowly based on the exchange 

broadening observed in the His37 titration, [23] this could explain the MAS 

spectra showing that the dimer of dimers symmetry extends throughout much of 

the TM domain. 
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Figure 2.12: The structure of the HxxxW quartet in the histidine-locked state. (a) Top view of 

the tetrameric cluster of H37xxxW41 (His37 as sticks and Trp41 as spheres). Note the near-

coplanar arrangement of each imidazole-imidazolium dimer that forms a strong hydrogen bond 
between Nδ1 and Nε2. In each dimer, the remaining Nε2 interacts with the indole of a 

Trp41 residue through a cation-π interaction. The backbones have four-fold symmetry, as 

defined by the time-averaged NMR data. (b) Side view of one of the two imidazole-imidazolium 

dimers. Both the intraresidue Nδ1-H-O hydrogen bond and the interresidue Nε2-H-Nδ1 strong 

hydrogen bond can be seen. The near-linearity of the interresidue hydrogen bond is obtained at 

the expense of a strained Cα-Cβ-Cγ angle (enlarged by ~10°) of the residue on the left. [30] 

 

M2 spectra dramatically vary depending on the M2 constructs and lipids used in 

sample preparation. For instance, a set of two resonances for His37 was 

observed in the conductance domain M2AH, i.e. M2(22-62) in DOPC/DOPE lipids 

[98] and M2(18-60) in POPC and DPhPC, [116-119] as well as the M2FL protein 

in Escherichia coli membranes, [99] suggesting that the His37 tetrad exhibits a 

dimer of dimer conformation. However, the M2(22-62) in viral-envelope-mimetic 

lipid membranes shows a single set of His37 resonances and did not bind 

amantadine. [90] 

The 1H-15N HETCOR spectra from either the M2FL in DOPC/DOPE [101] or the 

truncated M2 protein Μ2ΤΜ in viral-envelope-mimetic lipid membranes [100] 
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show correlations between water and His37 imidazolium nitrogen. These results 

indicate that water molecules are involved in proton conductance, although their 

interpretations yielded different conductance mechanisms. A direct measurement 

of the water−protein chemical exchange may shed light onto how the water with 

hydronium ions interacts with the protons in the His37 tetrad. [95, 120] In an 

elegant ssNMR study Hong in 2018 the protein 13C-detected water 1H T2 

relaxation measurements show that channel water relaxes an order of magnitude 

faster than bulk water and membrane-associated water, indicating that channel 

water undergoes nanosecond motion in a pH-independent fashion. These results 

connect motions on three timescales to explain M2’s proton-conduction 

mechanism: picosecond-to-nanosecond motions of water molecules facilitate 

proton Grotthuss hopping, microsecond motions of the histidine sidechain allow 

water-histidine proton transfer, while millisecond motions of the entire four-helix 

bundle constitute the rate-limiting step, dictating the number of protons released 

into the virion. [92] 

In 2020 Loren showed by applying MAS ssNMR in samples of M2(18-6) in 1,2-

diphytanoyl-sn-glycero-3-phosphatidylcholine bilayers at pH 7.8 that the 

imidazole rings are hydrogen bonded even at a pH of 7.8 in the neutral charge 

state. An intermolecular 8.9 ± 0.3 Hz JNN hydrogen bond is observed between 

H37 Nε and Nδ recorded. This interaction could not be detected in the drug-bound 

sample (see Figure 2.13). 
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Figure 2.13: Chemical shift changes in the histidine side chain upon addition of the drug Rmt of 

and (H)NH spectra with 25 ms (gray) or 200 ms (black) in spectra showing the 15N exchange 

during the water suppression. A 3−5 ppm change is observed in the drug-bound spectrum (red), 
and no JNHN J-coupling was observed. Instead, the imidazole NH peaks are broadened, and the 

peaks at 9 ppm are in exchange. The (H)NH spectra were acquired at 250 K. [121] 

 

Cross applied spin-locking of the 1H magnetization along the magic angle in 

samples of His37-labeled M2FL (pH 6.2) in DOPC/DOPE liposomes, to supress 

the 1H spin diffusion such that water−protein chemical exchange process was 

monitored indirectly by dipolar-dephased 15N signals through polarization transfer 

from 1H. [108] Figure 2.11(A) shows a model for the water−protein exchange 

process for the His37 NH bonds at the heart of the His37 tetrad. The “initial” NH 

protons in the His37 tetrad are colored green and blue for the His C−D pair. The 

hydronium ion is attracted by the non-protonated Nδ1 site resulting in both His37 

residues in a dimer becoming charged. The hydronium ion based proton is 

colored red. These two imidazolium residues conformationally rearrange, due to 

charge repulsion with the newly protonated Nδ1+H site oriented toward the pool 

of externally exposed waters, whereas the original Nε2+H and the newly formed 

Nε2+H are both exposed to waters of the viral interior. The return of the His 

Nδ1+H proton to the waters of the viral exterior results in a futile cycle, while the 

absorbance of either His Nε2+H protons by waters of the viral interior results in a 

successful transport of a proton across the membrane. If the proton in the original 

imidazole-imidazolium H-bond is reabsorbed by water (right-hand path), the 

imidazolium donates its H-Nδ1 proton to reform the same His37 C−D pair with an 

imidazolium-imidazole H-bond utilizing a π state. This proton rapidly rearranges 

crossing the H-bond barrier to form a τ-charge H-bonded pair, back to the starting 

state. This model confirms that hydronium ions are in exchange with protons in 

the His37 NH bonds at the heart of the M2 proton conduction mechanism, with 

an exchange rate on a sub-ms scale with an exchange constant of c.a. 1750 s−1 

for pH 6.2 at −10 °C. 
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3. CHAPTER 3 
Biophysical Methods 

3.1 Solid-state NMR spectroscopy 

Solid-state (ssNMR) spectroscopy is an atomic level method to determine the 

chemical structure, 3D structure and dynamics of solids and semi-solids. [122] It 

is necessary to understand and classify compounds that would not work well in 

solutions such as powders and complex proteins or study crystals too small for a 

different characterization method i.e., X-ray crystallography. [123] 

SsNMR spectroscopy is a type of nuclear magnetic resonance spectroscopy, 

characterised by the presence of anisotropic interactions. Generally, in NMR 

spectroscopy the resonance frequencies of a nuclei spin depend on the strength 

of the applied magnetic field at the nucleus. The nuclear spin interactions and the 

effects of magnetic fields and radiofrequency pulses on nuclear spins in solid 

state NMR are the same as in liquid state NMR, but the sample is solid instead 

of solution or liquid. [122] The interactions that essentially influence the resulting 

spectra in solution state NMR are chemical shift and J-coupling i.e. spin-spin 

splitting. The 1H-13C dipole-dipole couplings and chemical shift anisotropy (CSA) 

interactions, are averaged in solution-state NMR due to the rapid tumbling of the 

molecules in solution. These interactions depend on the orientation of the 

molecules, relative to the magnetic field direction. However, in solids e.g. a media 

with no or little mobility, molecules do not tumble thus the direction matters. So 

anisotropic local fields or interactions in ssNMR have significant influence on the 

behaviour of nuclear spins, resulting in much broader peaks compared to 

solution-state NMR. [123] 

The basic principle of NMR consists of measuring the nuclear shielding, which 

can also be seen as the electron density of a particular element. Nuclear shielding 

is affected by the chemical environment, as different neighbouring atoms will 

have different effects on nuclear shielding, for instance electronegative atoms will 

tend to decrease shielding and vice versa. The oscillatory response of nuclei with 

non-zero spins in a magnetic field to resonant excitation by radiofrequency 

irradiation. [122] When atoms containing non-zero nuclear spins are placed in an 

external magnetic field, the degeneracy of the nuclear spin states is lifted, leading 
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to energy difference ΔE (see Figure 3.1). Commonly used elements are 1H, 13C, 
19F, 31P, 29Si, because in the presence of a magnetic field the spin state splits. 

[123] 

 

 

Figure 3.1: Spin state splitting as a function of applied magnetic field. [123] 

 

A spin state of ½ is split into two spin states and in general the number of spin 

states increases proportionally with the spin state. A spin of 1 will have three spin 

states, 3/2 will have four spin states and so on. However, in higher spin states 

the difficulty to accurately read NMR results is increased due to confounding 

peaks and decreased resolution, making the ½ spin states preferred. The 

radiofrequency (E) is described by the equation below, where μ is the magnetic 

moment, a property intrinsic to each individual element. This constant can be 

derived from the equation below, where γ is the gyromagnetic ratio, a 

fundamental property associated with each isotope, Bo is the strength of the static 

magnetic field, h is Planck’s constant and I is the spin. [123] 

𝐸 = 𝜇𝐵!𝐻! 

𝜇 = 𝛾ℎ+𝐼(𝐼 + 1)1"/$ 

Radiofrequency can be substituted for hv, leading to a new equation, which can 

be solved for the NMR resonance frequency (v). Using the resonance frequency, 

the expected chemical shift (δ) may be computed. 

ℎ𝑣 = 𝜇𝐵!𝐻! 

𝛿 =
+𝑣!%&''()'* − 𝑣('+'(',-'1

𝑣&.'-/!0'/'(
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Expected chemical shift or delta (δ) is observed in ppm and gives the distance 

from a set reference. Delta is directly related to the chemical environment of the 

particular atom i.e., the NMR transition frequencies are sensitive to the electron 

distribution around the nucleus, which shields the nucleus from applied magnetic 

field. Low field or high delta indicates that an atom is in environment which 

induces less shielding than in a high field or low delta. Thus, NMR frequencies 

reveal the chemical structure of the sample. [124, 125]  

As mentioned above, the most notable difference between solid and solution 

NMR spectroscopy occurs from the state of the samples. In solution molecules 

rotate rapidly while those in a solid are fixed in a lattice. Different peak readings 

will be produced depending on the orientation of the molecules in magnetic field, 

because chemical shielding depends upon the orientation of a molecule causing 

chemical shift anisotropy. Therefore, the effect of the chemical shielding also 

depends upon the orientation of the molecule with respect to the spectrometer. 

In solutions these counteracting forces are balanced out due to randomization of 

the molecular movements, but in solid samples the molecules are fixed. If the 

chemical shielding is not determined accurately neither will the chemical shifts 

(δ). [123] 

Another issue with solid samples are dipolar interactions which can be very large 

in solid samples causing linewidths of tens to hundreds of kilohertz to be 

generated. Dipolar interactions are tensor quantities, which demonstrate values 

dependent on the orientation and placement of a molecule in reference to its 

surroundings. The molecules themselves are fixed and evenly spread apart, but 

this does not apply for the nuclei. Closer nuclei display greater dipolar interactions 

and vice versa, creating the noise seen in spectra of NMR not adapted for solid 

samples. Dipolar interactions are averaged out in solution samples because of 

randomized movement and spin state repulsions by molecular motion. However, 

in solid state these interactions are not averaged and become a third source of 

line broadening. [122] 

The application of NMR spectroscopy to rigid or semi-rigid solid samples spans 

an inexhaustible variety of systems, like membrane proteins and amyloid fibrils in 

biochemistry. In solids, the orientation dependence of NMR frequencies causes 

powder patterns for each nuclear spin. In most cases, this anisotropic contribution 
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needs to be removed to obtain site-resolved spectra. Thus, magic angle spinning 

(MAS) was developed, to counteract chemical shift anisotropy and dipolar 

interactions. The description of dipolar splitting and chemical shift anisotropy 

interactions depends on the geometric factor (3cos2θ-1). 

𝐷𝑖𝑝𝑜𝑙𝑎𝑟	𝑠𝑝𝑙𝑖𝑡𝑡𝑖𝑛𝑔 = C+𝜇! 8𝜋D 1 E𝛾1𝛾2 𝑟12$D F (3 cos$ 𝜃34 −1) 

𝜎44 = σN + 1 3D O𝜎33 (3 cos$ 𝜃34 −1) 

If this factor is decreased to 0, then line broadening due to chemical shift 

anisotropy and dipolar interactions will disappear. Therefore, solid samples are 

physically spun around an axis that is tilted by 54.74o from the static magnetic 

field [126, 127], effectively allowing solid samples to behave similarly to 

solutions/gases in NMR spectroscopy. Standard spinning rates range from 12kHz 

to an upper limit of 35kHz, where higher spin rates are necessary to remove 

higher intermolecular interactions. Because MAS averages out the information 

rich anisotropic chemical shift and dipolar interactions, many radiofrequency 

pulse sequences have been designed to selectively reintroduce the desired spin 

interactions while retaining spectral resolution. Such multi-pulse and 

multidimensional experiments are the basis of many modern solid-state NMR 

experiments. [124, 128] 

In NMR spectroscopy multiple radiofrequency pulses can be applied with specific 

timings, phases and amplitudes to manipulate the nuclear magnetic moments in 

order to obtain the structural information of interest. The first, and simplest 

experiment that is conducted during the analysis of most samples is 1D MAS 

experiment involving either direct excitation of the nuclear spin or cross 

polarization from protons (CPMAS). [127, 129] CPMAS is the principal 

experiment for 1H-rich organic compounds because it enhances the signal 

sensitivity of a rare and low γ nucleus X i.e., any nucleus other than 1H, by 

transferring magnetization from the abundant and high γ protons. 1H decoupling 

is applied during X-nucleus detection to enhance spectral resolution. 1D CPMAS 

spectra show one peak for each chemically distinct site. [122]  
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3.2 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a versatile technique and has been 

used to study hydrated phospholipid membranes. [130-133] Among 

thermoanalytical techniques, DSC is the most applicable in research and drug 

development process. It is used for determining the thermal effects of a variety of 

materials, including biologically relevant systems that are characterized by an 

enthalpy change by the temperature range. [133] In pure lipids, DSC can 

accurately determine the phase transition temperatures and the associated 

enthalpies, and therefore systematically can be strudied how chemical structure 

of lipids translates into thermodynamic properties. In addition to determining the 

physical properties of pure lipids, the miscibility and phase behaviour of lipid 

mixtures can also be determined. It is suitable technique to monitor the 

interactions that take place among the drug delivery systems of liposomes and 

the potential bioactive molecules that are incorporated inside them. Moreover, it 

is considered to be a useful tool to characterize the thermal behaviour of lipid 

bilayers in the absence and presence of drugs and to highlight parameters, such 

as the cooperativity between the lipids and the guest molecules, e.g. drugs, 

providing a prediction of the behaviour of potential future drug delivery liposomal 

platforms. [134] Furthermore, the combination of DSC with other methods, such 

as molecular dynamic simulations, Raman spectroscopy and X-ray scattering can 

reveal valuable information, such as the conformational changes of the molecule 

inserted in the core of the lipidic bilayers. [134-141] 

DSC provides accurate information, quickly and easy, about both physical and 

energetic properties of a material. DSC measures the difference in heat flow 

between sample and related reference against time or temperature, while 

programming the sample temperature under specific atmosphere conditions. 

[142] There are two kinds of calorimetric technics, the first one is heat flux DSC, 

where sample and reference are heated in the same furnace and a difference of 

temperature (ΔΤ) is measured. Successively, the signal is converted to a power 

difference by the calorimetric sensitivity. The second one is power-compensated 

DSC, where both the sample and reference are heated in two independent 

heaters, while the electrical power (ΔP = d(ΔQ/dt), requested to maintain close 

to zero the difference of temperature between sample and reference, is measured 
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in real time. [143] DSC measures the heat flow going into or being released by a 

material, that means that the heat capacity at constant pressure (Cp) can be 

calculated. Heat capacity units are caloC-1 or JoC-1. It measures the amount of 

heat input (q) required to raise the temperature of a specimen by one degree 

Celsius while at constant pressure. Heat capacity is usually normalized by 

dividing the specimen heat capacity by the numbers of grams, to get the heat 

required to raise one gram of specimen by one degree Celsius. This corresponds 

then to the specific heat capacity Cp. If desired the heat capacity can be 

normalized by the number of moles. Heat capacity is defined by the equation 

below, where T is the temperature and q is the heat input. [133] 

𝐶. = (𝜕𝑞 𝜕𝑇⁄ ). 

If the temperature changes from To to T1, the enthalpy of reaction (ΔH) is  

𝛥𝐻 = V 𝐶.𝑑𝑇
5!

5"
 

Usually, ΔT is small and Cp is independent of temperature between To and T1. 

The integral thus reduces to 

𝛥𝛨 = 𝐶.(𝑇" − 𝑇!) = 𝐶.𝛥𝑇 

Generally, the energy flux is associated with a transition or reaction and is 

graphed as a heat flow along the ordinate, while the temperature or time is the 

abscissa. In DSC curve, the endothermic peak is associated with absorption of 

energy, while the exothermic peak implies release of energy from the sample. 

The verse of the picks depends on the sign of the heat flow. [133, 143] 

Phospholipids and especially glycerophospholipids, are a lipid group with a large 

variety of distinctive molecules. Phospholipid molecules have amphiphilic 

properties, since their structure consist of specific hydrophilic and hydrophobic 

regions, influencing greatly their physicochemical behaviour. They belong to the 

double-chain amphiphiles and are the building blocks of all biological 

membranes. The sn-1 and sn-2 positions of glycerol residue is esterified with fatty 

acids of varying degrees of unsaturation and numbers of carbon atoms. The sn-

3 position of glycerol is etherified to the phosphate and the phosphate is also 

esterified to an alcohol that determines the phospholipid. [133, 144] 
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In aqueous media phospholipids can form a bilayer structure or lamella (L) 

resembling biological membranes therefore are used to study the thermotropic 

behaviour of such systems. Since they belong to the lyotropic liquid crystalline 

state, they exhibit extensive polymorphism. This polymorphism behaviour is 

related to the transition of biological membranes from gel to liquid crystalline 

phase, producing their functionality. The main transition of phospholipid bilayers 

when thermal energy is added occurs between the gel to fluid lamella (L) state 

i.e. ordered to disordered, affecting the van der Waals interactions between 

hydrocarbon chains, increasing their mobility. The provided amount of energy is 

associated with the phase transition of phospholipids and with the conformation 

properties of the phospholipids, which affect the stability of the system. The 

changes of enthalpy are associated with the thermal energy added, and the 

phase transitions of phospholipids formed bilayers from the gel to liquid crystalline 

state are related to the decrease of the hydrophobic van der Waals interactions 

between lipid acyl chains. The enthalpy of this transition is calculated using 

calorimetric techniques and measured as enthalpy per mol of phospholipid. [133] 

DSC has been extensively used to study the thermotropic behaviour of 

phospholipid bilayers, which act as a model of biological membranes. [131] The 

reason for studying the transition changes of the phospholipid bilayers by 

measuring the changes of enthalpy (ΔHcal) during the transition process is an 

extremely important issue for investigating not only biological phenomena but to 

rationally design lipid drug carries based on their thermal behaviour. These 

enthalpy changes correspond to changes of the heat capacity (Cpmax) of 

phospholipids during the transition process from gel to the liquid crystalline phase 

(see Figure 3.2). [133] 
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Figure 3.2: Schematic presentation of the alignment of acyl chains in a saturated phospholipid 

such as DMPC to form a double layer of molecules. [133] 

 

The cooperativity of the molecules during the transition process is crucial 

concerning the melting behaviour of the material. However, the phospholipid 

hydrocarbon acyl chain of DMPC is thermodynamically transit from an all trans 

conformation in the gel state to a disordered state that contains several gauche 

conformations resulting in a transition to a liquid crystalline phase. The van der 

Waals hydrophobic interactions of acyl chains of DMPC is reduced, due to the 

endothermic behaviour of the material, which increases the intramolecular and 

intermolecular lipid acyl chain motions. [131] The gel to liquid crystalline transition 

of pure phospholipids appears as a sharp peak, due to favourable van der Waals 

interactions of lipid acyl chain, resulting in high cooperativeness of the molecules 

(see Figure 3.3). [133] 
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Figure 3.3: DSC thermogram with the characteristic thermodynamic parameters provided by 
the DSC technique. [133, 134] 

 

There are several characteristic temperatures which can be used to describe 

DSC. The onset temperature (Tonset) is the temperature that is constructed by the 

intersection of the baseline tangent with the tangent of the leading edge of the 

endotherm or exotherm of a transition. The peak temperature (Tm) is the 

temperature represented by the apex of the peak. Where the peak transition 

returns to the baseline may be referred to as the recovery or endset temperature 

(Tendset). The temperature that corresponds to the half of the enthalpy change 

during the transition is T1/2 while ΔT1/2 is the width of the transition at half peak 

height (see Figure 3.3). [133, 145] The phenomena that take place during heating 

process are the following: The glass transition or Tg is a transition that occurs in 

amorphous or semicrystalline materials. Around Tg, Cp undergoes a quasi-

discontinuous change from a lower value to higher value i.e. it does not change 

sharply but happens over a broad range in temperature, depending on the 

molecular structure of the material. If an amorphous material tends to crystallize 

or a semicrystalline material does not crystalize to the limit of its ability when 

cooled, it is possible to see crystallization during the heating. Crystallization 

appears as an exothermic peak, with the crystallization temperature Tc always to 
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occur between Tg and melting temperature Tm. Crystallization only occurs in 

samples that can crystallize and in samples that are not already crystallized, but 

potentially can. The highest temperature peak in a DSC thermogram is often the 

melting transition. Melting is a first order endothermic peak, which means that it 

requires heat. For small molecules, the peak is very sharp, while for larger 

molecules such as polymers and lipid bilayers the melting transition is broad. The 

area under a melting transition curve is the total amount of heat absorbed during 

the melting process. Further peaks can be attributed to loss of solvent molecules, 

e.g., evaporation which is mostly endothermic, and to endothermic or exothermic 

chemical reactions, among them decomposition. [133] 

The thermodynamic changes of lipid bilayers as a function of phase transitions 

after a drug is incorporated into lipid bilayers, and how these changes could be 

related to the interaction of the drug with the lipid carrier affecting the drug 

bioavailability, have been extensively studied. The modifications on the ordered 

lipidic structure of phospholipid bilayers, when they interact with a drug are 

observed. These are due to interactions either with the lipophilic part of a 

phospholipid, resulting in greater thermotropic changes in Tm, or with polar head 

region, resulting in an abolition of transition, i.e. pre-transition peak, at 13.3 oC 

when DMPC is used as the phospholipid. [146-148] 

 

3.3 Small and wide-angle X-ray scattering 

Small angle X-ray scattering (SAXS) is a well-established and versatile 

biophysical method for the analysis of nanoscale structures and dimensions and 

their shapes. The materials can be solid, or liquid and they can contain solid, 

liquid or gaseous domains of the same or another material in any combination. 

This makes it ideal for studying the overall shape and structural transitions of 

biological macromolecules in solution. The SAXS method is accurate, non-

destructive and usually requires a minimum of sample preparation. Normally, X-

rays are sent through the sample, i.e. transmission mode, and every particle that 

happens to be inside the beam will send out its signal. Thus, the average 

structure of all illuminated particles in the bulk material is measured. When 

combined with wide angle X-ray scattering (WAXS), complementary information 

about the atomic structure can be obtained. In principal nanoscale systems, e.g., 
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membrane proteins inside lipid bilayers can be studied with real space imaging 

or reciprocal space scattering techniques. X-ray scattering makes use of the 

variation of a sample’s electron density to generate contrast, providing reciprocal 

space data. A spatial variation of electron density at nanometer length scales will 

scatter an X-ray beam to low angles while in the atomic scale will scatter to high 

angles. SAXS is therefore a technique to study material structures at large 

distances or small angles. [149, 150] 

At the individual practice level, SAXS is an immensely powerful tool to determine 

an object’s size, size distribution, shape and surface structure. [149, 151, 152] 

The definition of particle in SAXS has a broad meaning, thus it has been used to 

study variety of particles such as aerosols, micelles, MLVs, minerals etc. [153, 

154] The definition of a particle for SAXS can be unified under a broader concept 

of morphology, meaning that it is not the composition of the material but its 

structure that is used to classify particulate and nonparticulate systems. [149] 

Only in two cases the SAXS method requires standards. The first one is when 

the sample to detector distance is not known. Then a reference sample of known 

structure is measured to calibrate the scattering angles. The second is when the 

density of a number of particles or their mean molecular weight must be 

determined. Then the experimental intensities must be scaled by the intensity 

from a standard sample, such as water.  

SAXS beamlines are typically equipped with multiple types of detectors. This 

includes a two-dimensional (2D) area detector and at least two beam monitors, 

m1 and m2 (see Figure 3.4). The upstream beam monitor (m1) is used to correct 

for any variation of incoming flux, while the downstream monitor (m2) is typically 

mounted on the beamstop and is used to normalize the transmittance of the 

sample. The 2D area detector is used to collect the angle resolved SAXS signal 

that is elastically scattered i.e. that is without any change in wavelength, by the 

sample. Standard calibrants should be measured each time the setup is changed, 

including silver behenate to determine sample to detector distance, and glassy 

carbon or water to determine the absolute intensity. [149, 155-157] 
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Figure 3.4: Schematic representation of the optical components of the 12ID-B SAXS beamline. 

[149] 

 

Once the scattering signal is collected on the 2D detector, multiple data correction 

procedures may be performed, depending on the type of detector used e.g., dark 

current subtraction, image distortion, linearity correction and flat filed correction. 

Next, the position of each pixel on the SAXS image is converted into the 

scattering angle 2θ or the scattering vector q, where the modulus is 𝑞 =

4𝜋 sin (𝜃) 𝜆⁄ , and λ is the wavelength of the X-ray, with the choice of an 

appropriate coordinate system. This conversion is accomplished using 

experimental parameters that include the sample to detector distance (SSD) and 

the pixel size of the detector. For an image that is isotropic along the azimuthal 

direction, polar coordinates are typically used. This is applicable to most 

nanoparticle systems in solution, as they are typically randomly oriented and 

therefore have isotropic scatterings. The 2D images are then azimuthally 

averaged to give a one dimensional (1D) scattering curve. When the image is no 

longer isotropic along the azimuthal direction, it may be represented in other 

coordination systems such as Cartesian or ellipsoidal polar, depending on the 

orientation of the nanostructures. [158, 159]  

In SAXS experiments, the count value on a pixel of the 2D detector (J) or the 1D 

averaged data is typically normalized by the value of the second beam monitor 

(m2) located downstream of the sample where counts on both detectors are 

collected for a given exposure time. The data I contains a background signal that 

originates primary from air, the beamline optics including the X-ray windows, and 

the sample cell. This contribution can be removed by subtracting the scattering 
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intensity of the empty container (Icell) from that of the sample in the same 

container (Isample/cell). [149] 

𝐽
𝑚$

≡ 𝐼 

𝐼6789:; = 𝐼6789:;/<;:: −	𝐼<;:: 

The units of I arbitrary, but it is a quantity proportional to the number of X-ray 

photons arriving at a particular pixel of the 2D detector. It is therefore possible to 

convert I into absolute intensity units by using a known absolute intensity 

calibration sample such as glassy carbon or water. [149, 155-157] When the 

background subtracted intensity I for a standard sample with thickness ds at given 

scattering angle is Is, and its precalibrated absolute intensity is =>
=?#

, the intensity 

of a sample in absolute units, =>
=@

, is given by the equation below, where d is the 

thickness of the sample and the differential cross section =>
=@

 is given in units of 

cm-1. This equation makes use of the value of the first monitor located upstream 

of the sample, m1. In this case m1S is the monitor value obtained when the 

standard sample is measured. When it is not necessary to describe scattering 

intensity in absolute units I(q) is used instead of =>
=@
(𝑞). [149] 

dΣ
d𝛺

(𝑞) =
dΣ
dΩA

𝑑A𝐼(q)𝑚"A

𝑑𝐼A𝑚"
 

The determination of the absolute scattering intensity of nanoparticle systems 

allows to obtain the concentration of nanoparticles. This information can be used 

in a variety of experiments such as determining molar extinction coefficients and 

the porosity of a sample. [149] 

As it is known the functionality of biological membranes strongly depends on the 

geometrical and chemical properties of the amphiphilic molecules that constitute 

the membrane walls. Membrane parameters such as electron density profile or 

the flexibility are important parameters to know because the functionality of the 

membrane depends on them. The permeability or the tendency to reorganize into 

micelles, lamellar stacks or vesicles strongly depends on the internal 

arrangement of the molecules in the bilayers. The presence of pharmaceuticals 

or a change in the temperature can modify the inner structure of the membranes, 
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and therefore the investigation of membrane structure is important for creating 

drug delivery strategies. Phospholipid-bilayer membranes such as POPC, DPPC 

and DMPC can be studied with the SAXS method to obtain their electron density, 

thickness, repeat distance of lamella and stacks, number of layers, packing and 

flexibility parameters. [149] 

 

3.4 Molecular dynamics simulations 

 

Molecular dynamics (MD) simulations are performed aiming at understanding the 

evolution of the system through time based on the intramolecular and 

intermolecular interactions of the studied system. Using MD simulations the 

position rN = (r1,r2,...rN) and velocity uN = (u1,u2,...uN) of each of the N atoms of 

the system through time can be calculated using a convenient potential V(rN) and 

integration of the Newtonian equations motion. [160] 

𝑚3𝑎3 = 𝐹3(𝑡) =O𝐹B

C

3DB

  

𝑑𝑝3(𝑡)
𝑑𝑡 = −

𝜕𝑉(𝑟3 , . . . , 𝑟C)
𝜕𝑟3

 

and the equation can be transformed to the following one 

𝑑$𝑟3(𝑡)
𝑑𝑡$ = −

1
𝑚3

𝜕𝑉(𝑟3 , . . . , 𝑟E)
𝜕𝑟3

 

For this purpose, we calculate the forces Fi acting on each atom i from the other 

atoms N-1 atoms of the system using the applied potential of the system 

according to equation above. Numerical integration through a convenient 

integration algorithm leads to the complete set of momentums pN or equally 

velocities uN and positions rN (3N atomic coordinates) i.e. the trajectory of the 

system (see Figure 3.5) after a time step Δt if the velocities and positions and 

know in time t 

𝑟"(𝑡), . . . , 𝑟C(𝑡) → 𝑟"(𝑡 + 𝛥𝑡), . . . , 𝑟C(𝑡 + 𝛥𝑡)	

𝑝"(𝑡), . . . , 𝑝C(𝑡) → 𝑝"(𝑡 + 𝛥𝑡), . . . , 𝑝C(𝑡 + 𝛥𝑡) 
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At t=0 arbitrary velocities uN can be assigned according to the temperature T of 

the system according to the equation below 

O
𝑚3𝑣3$

2

C

3F"

=
3
2𝑁𝑘G𝑇 or	

𝛥𝑇 =
1
2O

2
3
𝑚3𝑣3$

𝑁𝑘G

C

3F"

  

 

and coordinates correspond to an experimental or potential energy minimized 

protein structure, using a steepest-descent or conjugate gradient algorithm. Time 

step or integration step Δt is in the range of 1 fs = 10-14 s in atomistic simulations.  

 

 

Figure 3.5: Accurate (in blue) trajectory of one atom of a N-atoms system and approximate 

trajectory (in red) the resulted after integration of the Newtonian equation of motions. Read 
arrows follow the accurate trajectory depending on the size of the time step and the accuracy of 

the potential energy V(rN) describing the forces between the atoms. Time step is always the 

same but the size Δp can be significantly changed after a time step. 

 

A common integrator is the Verlet [160] algorithm which is based on the two 

equations below  

𝑟(𝑡 + 𝛥𝑡) = 2𝑟(𝑡) − 𝑟(𝑡 − 𝛥𝑡) + 𝑎(𝑡)(𝛥𝑡)$ 

𝑣(𝑡) =
𝑟(𝑡 + 𝛥𝑡) − 𝑟(𝑡 − 𝛥𝑡)

2𝛥𝑡
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Periodic boundary conditions (PBCs) are a set of boundary conditions which are 

used for approximating a large (or infinite) system by using a small part called 

a unit cell. The geometry of the unit cell satisfies perfect two-dimensional tiling, 

and when an object passes through one side of the unit cell, it re-appears on the 

opposite side with the same velocity. The large systems approximated by PBCs 

consist of an infinite number of unit cells. In computer simulations, one of these 

is the original simulation box, and others are copies called images. During the 

simulation, only the properties of the original simulation box need to be recorded 

and propagated. The minimum-image convention is a common form of PBC 

particle book keeping in which each individual particle in the simulation interacts 

with the closest image of the remaining particles in the system. [160] 

A flow scheme for MD simulations is presented in Figure 3.6. 

 

 

Figure 3.6: The flow scheme for the molecular dynamics simulations applied. 
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The potential energy function in MD simulations, is a set of equations that 

estimate the total potential energy of the system. It contains energetic terms that 

are associated with the angle values and the bond lengths deviation from their 

equilibrium values and terms that described the non-bonded interactions of the 

system (Coulomb and van der Waals interactions). Several parameters are used 

for the equilibrium values of bond lengths, angles, bond, angle and dihedral 

potential constants etc. and atom types that describe the connectivity of the 

atoms in the molecules. The set of equations, parameters and atom-types is 

known as force field. During the improvement of a force field the equations remain 

the same but the parameters set is changed. For example, the functional form of 

the OPLS 2005 and Amber force field are shown in equations below, respectively. 

𝑉EE = 𝑉&/('/-H + 𝑉%',* + 𝑉/!(&, + 𝑉)*I + 𝑉'J 	

= O 𝑈(

(	%!,*&

+ O 𝑈L

%	1,MJ'&

+ O 𝑈/

/	*3H'*(1J&

+OO𝑈,!,N%!,*'*

 b

B

1

3

 

𝑉EE(OPLS) = O
𝑘(
2 (𝑟 − 𝑟eq)$

(	%!,*&

+ O 𝑘L(𝜃 − 𝜃eq)$
%	1,MJ'&

+ O q
𝑉"
2 (1 + 𝑐𝑜𝑠 𝜑) +

𝑉$
2 (1 + 𝑐𝑜𝑠 2𝜑) +

𝑉O
2 (1 + 𝑐𝑜𝑠 3𝜑)

/	*3H'*(1J&

+
𝑉P
2 [(1 + 𝑐𝑜𝑠 4𝜑)u +OOv

𝑞3𝑞B
εrij

+4εij w
𝜎ij
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Q
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1
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𝑉EE(Amber)= O
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r bonds
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2
[1+cos(nφ-γ)]

t dihedrals

+OOv
𝑞3𝑞B
εrij

+4εij w
𝜎ij

12

𝑟ij12 −
𝜎ij
Q

𝑟ijQ
xy

 b

B

1

3

 

 

 

The principle of the free energy perturbation (FEP) method [161] coupled with 

MD simulations for sampling has been well described in many references while 
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the calculation of relative protein-ligand binding free energy of alchemical 

transformations relies on the thermodynamic cycle and has also been explained 

in literature. [162, 163] In theory, the free energy is a state function, and thus the 

free energy difference between states is independent of the path that connects 

them. Briefly, a thermodynamic parameter λ that smoothly connects states 0 and 

1 through a λ-dependent potential U(rN; λ), such that U(rN; 0) = U0(rN) and U(rN; 

1) = U1(rN). The transformation is broken down into a series of M steps 

corresponding to a set of λ values λ1, λ2, ..., λM ranging from 0 to 1, such that 

there is sufficient phase space overlap between neighboring intermediate λ 

states. For the sampling of λ states MD simulations are applied. FEP method 

computes the free energy change of transformation 0→1 from the following 

equation, known as the Zwanzig equation [164, 165]. 

𝛥𝐺R→" = ⟨𝐺⟩" − ⟨𝐺⟩R = −𝑘G𝑇 𝑙𝑛�𝑒N(U!NU")/W$5�R 

The difference of ΔG between two λ values is according to equation below: 

⟨𝐺⟩XYdλ − ⟨𝐺⟩X = 𝑘G𝑇 𝑙𝑛�𝑒(U%&dλNU%)/W$5�X 

A linear extrapolation between states can be applied for the construction of V1(rN; 

λ)  

𝑉(𝑟C; 𝜆) = 𝑉R(𝑟C; 𝜆) + λΔ𝑉(𝑟C; 𝜆) = 𝑉R + 𝜆(𝑉" − 𝑉R) 

𝛥𝑉(𝑟C; 𝜆) = 𝑉(𝑟C; 𝜆) − 𝑉R = 𝜆(𝑉" − 𝑉R) 

Softcore LJ and Coulomb term potentials [166] have also been described 

according to equations below in order to avoid penetration of atoms close to the 

end points 0,1. 

𝑈(𝑟C; 𝜆) = 𝑈RAZ(𝑟C; 𝜆) + 𝜆Δ𝑈RAZ(𝑟C; 𝜆)

= 	𝑈RAZ(𝑟C; 𝜆) + 𝜆 E𝑈"AZ(𝑟C; 1 − 𝜆) − 𝑈RAZ(𝑟C; 𝜆)F 

Relative binding free energies between pairs of ligands ΔΔGligand 0 → 1(ΔG0,1) were 

calculated according to equation below based on ΔG obtained for the 

transformations of the ligands in the bound and the solvated state, respectively, 

ΔGligand,0→1(b) and ΔGligand,0→1(s) (see thermodynamic cycle in Figure 3.7) 

𝛥𝛥𝐺ligand,0→1 = 𝛥𝐺0 − 𝛥𝐺1 = 𝛥𝐺ligand,0→1(𝑏) − 𝛥𝐺ligand,0→1(𝑠) 
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Figure 3.7: Thermodynamic cycle for the calculation of relative free energies of binding applied 

to alchemical tranformations. ΔG0, ΔG1 are the free energies of transfer of 0 and 1 from the 
aqueous phase (unbound state) to the bound state, respectively. ΔG0,1(s) and ΔG0,1(b) are the 

free energy differences of the mutation of ligand 0 into ligand 1 in aqueous solution, and bound 

to the protein respectively. 

 

BAR method calculates the free energy difference between neighboring 

intermediate states using equation below 

Δ𝐺X→XY"=− ln
〈𝑤exp(−𝛽𝑈XY")〉X
〈𝑤exp(−𝛽𝑈XY")〉XY"

 

where w is a function of G(λ) and G(λ+1) and β=kB/T. The equation is solved 

iteratively to give the free energy change of neighboring states ΔG(λ → λ+1), 

which via combination yield the overall free energy change. BAR method has 

been shown to minimize the variance in the calculated free energies, by making 

more efficient use of the simulation data. [167, 168] 
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4. CHAPTER 4 
Comparative Perturbation Effects Exerted by the Influenza M2 
Protein Inhibitors Amantadine and the Spiro[pyrrolidine-2,2'-

adamantane] Variant AK13 to Membrane Bilayers Studied Using 
Biophysical Methods and MD Simulations 

4.1 Introduction 

As it is established, binding of aminoadamantane derivatives [89, 94, 169, 170] 

inside the ion channel pore of the A/M2TM [34, 53, 58, 171] blocks proton 

conduction [17, 73] and in that way preventing a continuation of the viral life cycle 

and abrogating pathogenesis [12, 39]. Simulations and experimental biophysical 

studies for the Aamt - M2TM complexes [57, 58, 172-180] have been performed 

in a lipid environment for the investigation of the essential molecular interactions 

and conformational changes. It was found that DMPC is an optimal membrane 

bilayer for this system compared to other lipids or glycerophospholipids [85, 181]. 

The interaction of Amt with DMPC bilayers have also been studied by Li et al. 

using ssNMR and 12.6 ns MD simulations to Amt in DMPC bilayers [182] and 

showed that when the neutral Amt is incorporated in these bilayers it adopts a 

single preferred orientation and localization. The long axis of Amt is in an average 

parallel to the bilayer normal, the amine group interacts with glycerol backbone 

and much of the fatty acyl chain is wrapped underneath the drug, as indicated by 

the experimental and MD computational results. The lipid orientation changes 

upon drug binding as characterized by the anisotropy of 31P chemical shielding 

and 14N quadrupolar interactions and by the MD simulations [182]. Duff et al. 

applied neutron and X-ray diffraction experiments to study the interactions of Amt 

with 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (POPC) bilayers. They 

found out that uncharged Amt had two populations, one that was nearly at the 

bilayer center and one at the water/bilayer interface [183]. Subczynski et al. 

performed EPR studies on DMPC, POPC and distearoylphosphatidylcholine 

(DSPC) liposomes, demonstrating that Amt distributes deep in the acyl chain 

equally in the gel and liquid crystalline lipid phases [184] simulation performed by 

a Potential of Mean Force (PMF). Chew et al. [185] using POPC bilayers 

concluded that Amt interacts considerably with head-groups and orients in such 
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way that the tricyclodecane moiety is in contact with the lipid acyl chains and the 

amine group with the glycerol oxygens. [186] Suwalsky et al. [187] used 

Differential Scanning Calorimetry (DSC), fluorescence and scanning electron 

microscopy (SEM) to study the effects of Amt on DMPC and dimyristoyl 

phosphatidylethanolamine (DMPE) as well as on human erythrocytes. DMPC 

bilayers were affected more considerably than DMPE bilayers, indicating that the 

charged amine [188-191] of Amt affects phosphate oxygens and its lipophilic part 

alters the acyl chain regions in both the gel and liquid crystalline phases. The 

morphological changes observed to erythrocytes were concentration dependent 

and attributed to the fact that Amt mostly interacts with DMPC which is located 

preferentially in the outer layer of the human erythrocyte membrane. [187] 

Gu et al. found that, at biological pH 7.4, the Amt and Rim molecules are mostly 

protonated in water and at the lipid water interface, can bind favourably to lipid 

bilayers at the lipid-water interface. It has been calculated [192] that when 

lipophilic aminoadamantane drugs interact with the membrane bilayer their 

binding to the lipid-water interface is favoured with an energetic stabilization of -

9 kcal/mol if the solvent-bound state is assigned to zero. The drugs may become 

easily deprotonated once inside the lipid bilayer, which would facilitate the 

transport of the drug molecules across membranes at exceptionally low energy 

cost. Based on their results as well as drug absorption and concentration studies 

in vivo, it is believed that, once administered to the human body, the drugs may 

easily enter infected cells, such as the cells in the respiratory system, as shown 

by Hayden et al., by crossing cell membranes to reach viral particles inside the 

cell.  

To seek understanding experimentally the lipid bound state for two ligands, in this 

research project were examined the comparative effects of Amt and AK13 on 

DMPC bilayers (see figure 4.1) using ssNMR, small-angle and wide-angle X-ray 

scattering (SAXS and WAXS), and DSC as well as MD simulations for 500 ns. 

Spiro[pyrrolidine-2,2'-adamantane] AK13 is an A/M2 WT blocker [176] which 

includes an additional carbon adduct compared to Amt. AK13 is more lipophilic 

compared to Amt and exhibits a higher affinity to A/M2TM according to the ITC 

results. The ITC experiments which were performed by titrating the receptor 

A/M2TM tetramer with aminoadamantane ligands in dodecyl phosphocholine 
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(DPC) solutions showed that Kd(AK13) is 0.62 μΜ and Kd(Amt) is 2.17 μΜ [174]. 

Compared to Amt, AK13 exhibited similar or much higher antiviral efficacy against 

A/WSN/33-M2-N31S (H1N1) or Ishikawa [170] influenza A virus respectively.  

 

 

Figure 4.1: Structures of Amt and the aminoadamantane derivative AK13 and of DMPC 
phospholipid. 

 

It is evident that drug action involved a system in lipid bilayers. For this reason 

details studies were initiated to seek drug:membrane perturbation information. 

 

4.2 Material and methods 

 

Amt (Mw = 187.7) was purchased from Merck Schuchardt OHG - Hohenbrunn, 

Germany and DMPC (Mw = 677.9) from Avanti Polar Lipids, Inc, Alabaster, 

Alabama, USA. AK13 (Mw = 227.8) was re-synthesized in our lab according to a 

previously reported procedure [169]. 

 

 

Samples were prepared by dissolving weighted amounts of dry DMPC lipid with 

Amt or AK13 in methanol. The mixture was then evaporated at room temperature 
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under a gentle stream of argon and thereafter placed under vacuum for 24 hours 

to form a thin lipid film on the bottom of glass vials. The obtained mixtures were 

then fully hydrated at pH=7.8 with a buffer consisting of Na2HPO4· 2H2O and 

NaH2PO4· H2O to achieve multilamellar vesicles (MLVs). The drug concentration 

in the sample film was progressively increased to study the perturbation of drug 

and its presence in the lipid bilayers, both at low concentrations i.e., x=0.05 (5 

mol%) and x=0.08 (8 mol%), as well as at high concentrations, i.e. x=0.20 (20 

mol%) and x=0.50 (50 mol%). 

 

 

DSC thermograms of the MLVs were obtained by utilizing a DSC822e Mettler-

Toledo calorimeter (Schwerzenbach, Switzerland), calibrated with pure indium 

(Tm=156.6°C). Sealed aluminum 40 μL crucibles were used as sample holders. 

The systems under investigation were MLVs composed of DMPC and Amt or 

AK13 in various molar concentrations of drug as described above. Initially, around 

5 mg of dried sample were weighted and placed in a crucible, followed by 

hydration with 5 μL of phosphate buffer, sealing of the crucible and subsequent 

5-min vortexing. Then, each prepared sample was left to equilibrate for a 15-min 

period prior to measurement. The reference for the measurement of every sample 

was an empty aluminum crucible. Two heating-cooling cycles were performed 

until reproducibility of the sample was achieved. The temperature range used 

was from 10 to 40 οC and the scanning rate 2.5 oC/min. Before each cycle, the 

samples were equilibrated at a constant temperature of 10°C for 10 minutes. The 

calorimetric data obtained (characteristic transition temperatures Tonset,m/s and 

Tm/s, enthalpy changes ΔHm/s and widths at half peak height of the Cp profiles 

ΔT1/2,m/s) were analyzed using Mettler-Toledo STARe software. The transition 

enthalpy for DMPC is expressed as KJ/mol and is considered positive during an 

endothermic process. 

 

 

1H magic-angle spinning (1H MAS), 13C cross polarization/magic-angle spinning 

(13C CP/MAS) and 31P static ssNMR spectra were recorded on a Varian 600 MHz 
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VNMRS spectrometer equipped with a 3.2 mm HX MAS probe. Larmor 

frequencies for 1H, 13C, and 31P nuclei were 599.53, 150.77, and 242.70 MHz, 

respectively. In the 1H MAS NMR experiment samples were spun with rotation 

frequency of 5 kHz, protons were excited with a 90-degree pulse of 2.3 ms, 

repetition delay was 5 s, and 4 scans were co-added. In the 13C CP/MAS 

experiment the polarization was transferred from protons to carbon nuclei in a 5 

ms CP block (using RAMP on the proton channel), repetition delay between 

scans was 2 s, and number of scans was 2000. Static 31P Hahn-echo NMR 

spectra were obtained using a 90-degree pulse of 1.8 ms, a 180-degree pulse of 

3.6 ms, and an inter-pulse delay of 50 ms. Repetition delay was 5 s and 1000 

scans were co-added. During acquisition of the 13C CP/MAS and 31P static 

signals, high-power proton decoupling was employed. The 1H and 13C chemical 

shift axes were referenced to tetramethylsilane, and the 31P chemical shifts were 

reported relative to the phosphorus signal of 85% H3PO4.  

 

 

SAXS experiments were carried out at the Austrian SAXS beamline (Elettra 

Sincrotrone Trieste, Italy). [186] Two-dimensional Pilatus3 1M and Pilatus 100k 

detectors (Dectris Ltd, Baden, Switzerland) were used to collect SAXS and 

WAXS scattering pattern, respectively. For SAXS, the sample to detector 

distance was 1048 mm. The X-ray wavelength was 0.154 nm at a photon energy 

of 8 keV, covering a q-range between 0.095 to 7.74 nm-1, where q is the length 

of the scattering vector defined by q = 4π/λ sin(θ/2), with λ the wavelength and 

2θ the scattering angle. For WAXS, the covered angular range corresponded to 

a q-spacing between 8.7 and 18.7 nm-1. Silver behenate CH3(CH2)20COOAg, with 

a d-spacing value of 5.838 nm and p-bromobenzoic acid were used as calibration 

standards to obtain respectively the angular scale of the SAXS and WAXS 

measured intensity. The 2D images were integrated to 1D scattering functions 

with Fit2D [193], and analyzed with IGOR pro (Wavemetrics, Inc., Lake Oswego, 

OR) to calculate when possible the characteristic lattice distance. The samples 

were loaded in a dedicated sample holder specially designed for gel samples and 

thermostated with a water bath (temperature stability ±0.1 °C, Unistat CC, Huber, 

Offenburg, Germany). The static measurements were done at 15 °C and 35 °C, 
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acquiring 15 frames of 20 s, with 2 s delay between each frame. The samples 

were equilibrated for few minutes before exposure. The bilayer model used and 

its applications was recently presented [194, 195].  

 

 

4.2.6.1 GROMACS 

All MD simulations were performed with package GROMACS 5.1.4 package 

[196]. A bilayer of 256 DMPC molecules was placed in an orthorhombic box and 

was simulated in the full-atom representation using the CHARMM 36 force field 

[197, 198], in contact with a water phase of 7271 and 7259 water molecules for 

Amt and AK13 systems respectively, described by the TIP3P model. [199] The 

water phase extends to approximately 14 Å alongside each side of the 

membrane. Periodic boundary conditions were applied (90.6 x 90.6 x 74.0 Å3). 

The equilibrated structure of the DMPC bilayer was constructed through the 

CHARM-GUI program [200], a web-based graphical user interface to generate 

various molecular simulation systems and input files to facilitate and standardize 

the usage of common and advanced simulation techniques. The topologies of 

both Amt and AK13 were acquired by the SwissParam server program [201] that 

provides topology files in GROMACS format, based on Merck molecular force 

field (MMFF) [202] in a functional form that is in compatibility with the CHARMM 

force field. All simulations were performed in the NPzAT ensemble with a constant 

area per lipid, A, equal to 0.64 nm2/lipid, whereas the equations of motion were 

integrated using the leap-frog algorithm, with a time step equal to 2 fs. 

Temperature was kept constant at 323 K using the Berendsen thermostat [203] 

with a coupling time constant equal to 0.1 ps whereas the Berendsen barostat 

[203] was used in order to maintain the pressure at 1 bar. The temperature of 323 

K was used in MD simulations in order to ensure that the membrane state is 

above the phase transition temperature of 297 K for DMPC lipids [204]. Long-

range electrostatic interactions were treated with the particle mesh Ewald (PME) 

method [205, 206] while Coulomb and Lennard–Jones interactions were 

calculated using a 10 Å cut-off radius. The system was initially energy-minimized 

using the steepest descent method and after that the MD simulation was started, 

since the membrane was pre-equilibrated through the CHARM-GUI module 
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[200]. Two systems were created where the ligand, Amt or AK13, in its neutral 

form, that has been suggested to be the permeant form [182] within lipid bilayers, 

was randomly positioned in the water phase in order to examine its trajectory and 

distribution over the aqueous and lipid phases.  

 

4.2.6.2 AMBER 

The MD simulations of the Amt and AK13 with DMPC lipid bilayers were 

conducted with Amber 12 package [207, 208] according to the following 

procedure. The aminoadamantanes were embedded in the center of DMPC lipid 

bilayers including 60 lipid molecules in an orthorhombic box. Each bilayer was 

then solvated in a 30 Å layer of TIP3P water model [199]. To neutralize each 

system Na+ and Cl- ions were added in the water layer and also to reach the 

experimental salt concentration of 0.150 M NaCl. Each system’s number of atoms 

was approximately 20000. The bilayers as well as their solvation were 

constructed using "System Builder" panel of Desmond software package [209] 

and converted to pdb format compatible to Lipid14. Subsequently, the systems 

were processed with the LEaP program of the AmberTools14 [210] package, to 

prepare Amber parameter topology file and initial coordinate files for each 

system. Amber ff14SB forcefield parameters [211] were applied to the protein, 

lipid14 [212] to the lipids and TIP3P to the water molecules. For the ligands, the 

atomic charges, were calculated using PARM10 parameters [213], and the 

standard AMBER RESP protocol generated the partial charges. After a short 

energy minimization and a 10 ns equilibration in the NVT ensemble, 500 ns NPT 

simulations was performed on the ligand-membrane systems using the CPU 

implementation of the AMBER 12 code [210]. In particular, 5000 steps of energy 

minimization using the steepest descent method were followed by 5000 steps of 

minimization using the conjugate gradient method [214]. The system was heated 

at constant volume for 10 ps from 0 K to 100 K using the Langevin dynamics [215] 

and applying restraints on the lipid with a force constant of 10 kcal/molÅ2. The 

restraints were removed and the temperature was smoothly raised to 310 K 

during 100 ps with a Langevin collision frequency of γ = 1.0 ps-1, and anisotropic 

Berendsen regulation [203], with constant pressure of 1 atm and time of 2 ps. The 

same weak restraint of 10 kcal/molÅ2 was maintained on lipid bilayers. The 
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above-mentioned equilibration was followed by 500 ns NPT simulation, with 

constant pressure of 1 atm and periodic boundary conditions in three dimensions 

were applied. The SHAKE algorithm [216] constrained all bonds involving 

hydrogen and for the integration of equations of motion a time step of 2 fs was 

applied. Structural data was recorded every 5 ps. The particle mesh Ewald 

method (PME) was employed to treat all electrostatic interactions with a real 

space cutoff of 8 Å. Long-range analytical dispersion correction was applied to 

the energy and pressure. Langevin thermostat [215] was utilized to maintain 

constant temperature, with a collision frequency of γ = 1.0 ps-1. Pressure was 

regulated with anisotropic Berendsen method [203], with constant value at 1 atm 

and relaxation time of 1.0 ps. For structural analyses, snapshots of the two 

systems were created with VMD [217]. The analysis of the trajectories were 

accomplished with PTRAJ and CPPTRAJ [218]. As in the GROMACS MD 

simulations, both systems had the aminoadamantane molecules in their 

permeant neutral form [182]. 

 

4.3 Results and discussion 

 

The effect of increasing molar concentrations of Amt on the thermotropic 

behaviour of DMPC MLVs is depicted in Figure 4.2 (left), while in Table 4.1 the 

values of the respective thermodynamic parameters for the thermal transitions 

are listed. DMPC bilayers alone exhibit a sharp high-enthalpy transition centered 

at 23.4 °C and a broad low-enthalpy transition centered at 13.3 °C. These values, 

as well as their respective transition enthalpies are in agreement with previous 

studies [204]. The membrane incorporation of various amounts of Amt up to x=0.2 

molar concentration resulted in the following effects. The secondary gel-to-rippled 

phase transition did not appear, which indicates the interaction of the drug 

molecules with the phospholipid polar heads, affecting their mobility. The main 

transition temperature was found significantly lower (ca 3 °C), while the peak 

width increased to twice the initial value. However, the transition enthalpy 

remained unaffected or even increased, which means that the transition 

effectiveness of the lipids is nevertheless the same. These results indicate 

fluidization, or increase of trans:gauche isomerization, of the membrane and loss 
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of cooperativity between the phospholipids, where the formation of domains with 

different transition temperatures close to the peak temperature is evident 

(especially in the cooling runs that are not presented herein) [219]. In the case of 

Amt x=0.5, the thermodynamic parameters of the main transition remain closer 

to those of neat DMPC bilayers, compared with the lower molar ratios, with the 

exception of the enthalpy value, which was found considerably increased. As Tm 

is decreased and ΔT1/2,m is increased in respect to DMPC bilayers the ΔΗ 

increase may reflect the strong Amt interactions with lipid bilayers or a possible 

induced partial interdigitation. Such effects can organize the system and explain 

the higher amount of energy required for the transition to the liquid crystalline 

state as reflected by the increased enthalpy. The interactions of Amt with DMPC 

polar head groups are expected, since the amino group (pKa = 10.17) is 

protonated. In the study of Suwalsky et al., the effect of Amt on DMPC and DMPE 

MLVs and especially on the polar head groups of the bilayers were not as 

profound. This may due to the fact that the drug was added to the suspension 

post preparation, while in the present study, the drug was present during the 

evaporation of methanol and phospholipid self-assembly [187]. As a result, the 

packing and orientation of the molecule inside the lipid membrane varies 

significantly between the two cases. In the latter case Amt effects an enhanced 

packing of the phospholipids and has stronger interactions with the polar head 

groups. 

The effects of AK13 on the thermotropic behaviour of DMPC MLVs, is presented 

in Figure 4.2 (right), and the corresponding transition parameter values are given 

in Table 4.1. The thermal effects of AK13 resemble those of Amt, except for x=0.5 

molar concentration. At this high concentration, AK13 showed a complicated 

broad peak which clearly contains more components. This more profound 

thermal effect may be explained by the formation of different domains. On top of 

these pronounced effects, the ΔΗ value, which is the amount of energy required 

for transition and is related with the membrane interchain interactions, resembles 

the case of Amt x=0.5. This means that while the organization of the membrane 

is altered, affected by the presence of new drug-induced domains, the amount of 

energy required for DMPC phase to transit has been distributed to these various 

domains [220]. 
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Figure 4.2: DSC heating curves of DMPC: Amt (left) and DMPC : AK13 (right) MLVs with 

different drug molar concentration: (a) x=0.0 (b) x=0.05, (c) x=0.08, (d) x=0.2 and (e) x=0.5. 

 

 

 

4.3.2.1 Gel phase 

1H MAS: The gel, ripple and liquid crystalline phases of DMPC fully hydrated 

bilayers are well established in the literature [221]. The 1H NMR high-resolution 

spectrum of DMPC fully hydrated bilayers shows that at 15 ºC DMPC exists in 

the gel phase and includes only eminent peaks around 3.0 and 4.5 ppm attributed 

to the hydrogens of the head-group (see Figure 4.3, bottom). 

The effects of Amt in DMPC bilayers at the gel phase (15 ºC) using four 

concentrations are shown in Figure 4.3 (left). When a low concentration of the 

drug is incorporated (x=0.05), the peak of DMPC bilayers attributed to N(CH3)3 is 

shifted to the lower field by 0.1 ppm (see Table 4.2). This difference will be 

considered as real; all through the ssNMR experiments as it is repeatable. 

Increase of Amt concentration (x=0.2) results in the appearance of new peaks in 

the region 3.3-3.7 ppm and a broad peak covering the region 0.0-2.6 ppm. Such 

peaks are evident in DMPC bilayers alone at high temperature of 30 oC (see 

Figure 4.6) and are attributed to the alkyl chains and head-group regions. It is 

evident that Amt causes fluidization at this concentration. This result is in a perfect 

agreement to DSC data reported by Suwalsky et al. [187]. The authors found that 

upon the addition of Amt, the thermotropic phase behaviour of DMPC bilayers 
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changed; they observed a gradual diminishing of the pre-transition phase 

temperature peak and both pre-transition and phase transition temperatures 

shifted to the lower ones [187] at ca 3.1 ppm. Such thermal behaviour was also 

shown in our described results. Interesting, the two peak the spectrum of DMPC 

bilayers alone present the two possible conformations of the headgroups leading 

to two conformational isomers [221]. The presence of the Amt provides 

preference to only one isomer. This result is also in agreement with DSC data 

(Figure 4.2) which showed that Amt abolished the pre-transition which is 

associated with head-group effects. 

At the highest concentration used (x=0.5), a complex pattern of peaks in the 

region 1.0-2.5 ppm is observed. As this pattern at the highest temperature of 

DMPC bilayers is not identical, it signifies that some of the peaks can be attributed 

to the drug. Indeed, the high resolution 1H NMR spectrum of Amt shows peaks in 

this region (see Table 4.2). Thus, at this high concentration, the drug molecule 

shows its appearance, as enough concentration is added to fall in the sensitivity 

of the NMR spectrometer. The overly broad peak ranging in the region 1.0-2.5 

ppm may indicate that drug is immobilized in lipid bilayers due to its strong 

exerting interactions. At this highest concentration, the complex peak of DMPC 

bilayers at 3.1 ppm is shifted and appears as a broad peak at the lower field (3.4 

ppm).  

The effects of AK13 in DMPC bilayers at the gel phase (15 ºC) using four 

concentrations is shown in Figure 4.3 (right) for comparison reasons. As it can be 

observed, AK13 affects similarly the DMPC bilayers, thus increasing the 

fluidization of DMPC bilayers and shifting the peaks at lower field by 0.2-0.3 ppm. 

Indeed, similarly to Amt, at the highest concentration, AK13 1H NMR peaks are 

observable in the region 1.0-2.5 ppm (see Table 4.3). The only difference in the 

spectra of DMPC:AK13 in respect to DMPC:Amt is that the former does not show 

identical chemical shifts of the head-group protons at x=0.2 (see Table 4.3) but 

resonates at lower field, i.e. 3.3 ppm vs 3.1 ppm in DMPC bilayers alone or 

DMPC:Amt (x=0.2), suggesting possibly the higher perturbation of AK13 to 

DMPC bilayers. 

 



 

 
108 

 

Figure 4.3: 1H MAS NMR spectra of DMPC bilayers with and without the Amt (left) or AK13 

(right) at 15 ºC. 

 

13C CP-MAS: The 13C CP-MAS NMR spectra showing the effects of Amt in DMPC 

bilayers at the gel phase (15 oC) using four concentrations are depicted in Figure 

4.4 (upper eight spectra). At the lowest concentration and in accordance with 1H 

NMR spectra, Amt only causes shift changes of the DMPC bilayers towards lower 

field (see Table 4.4). When the concentration is increased (x=0.20) not only a 

further shift towards the lower field [187] of the resonances is observed, but also 

three additional new peaks were observed, attributed to Amt (see Table 4.5) in 

accordance to its 13C high resolution spectrum. Of special interest is the observed 

peak of DMPC at ~ 60.1 ppm which decreases significantly in intensity when Amt 

(x=0.2) is present. Similarly, the carbonyl peak of DMPC at ~ 174 ppm decreases 

in intensity when Amt is present. This is evidence that Amt affects lipids glycerol 

backbone and polar head. Indeed, MD simulations reported in the literature 

showed that this is possible [185]. This result was also confiremed with MD 

simulations for 500 ns which will be discussed in the next session. Using the 

highest concentration of x=0.5, peaks attributed to Amt are of higher intensity 

signifying further incorporation of the drug. 

AK13 exerted similar effects at high concentrations as Amt and new peaks 

appeared at a concentration x=0.08 due to the presence of the drug (see Table 

4.5). A different effect between Amt and AK13, which is only observable in 13C 

NMR spectra, is localized at the carbonyl. Incorporation of Amt shifts the DMPC 

bilayers carbonyl peaks to the lower field as it is shown with the three lowest 
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concentrations. When its highest concentration is incorporated, the chemical shift 

of DMPC bilayers containing Amt lowers and approaches that of DMPC bilayers 

alone. In contrast, AK13 shifts the DMPC bilayers peaks at lower field at all 

concentrations. At the higher concentrations of x=0.08 and 0.2, the chemical shift 

of DMPC bilayers with AK13 decreases and is almost identical to that of DMPC 

bilayers alone. At the highest concentration of x=0.5 the chemical shift again 

increases. This signifies that the two molecules perturb the carbonyl region 

significantly.  
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Figure 4.4: 13C CP-MAS NMR spectra of DMPC bilayers without and with Amt (upper two parts) 

or AK13 (lower two parts) at 15 oC. Peaks attributed to the drugs are marked with an asterisk. 

 

Of paramount importance is the fact that at the highest concentration Amt almost 

abolishes the carbonyl peak and AK13 completely indicating a strong fluidization 

effect at this region. As will be analysed in the next section, this is in accordance 

with MD simulations.  

31P: The effects of Amt and AK13 incorporated in DMPC bilayers on the 

phosphate group resonance at ~ -20 ppm are shown in the static 31P powder 

spectra (Figure 4.5). The narrow peaks in the 31P spectra between 0-10 ppm 

correspond to the phosphate groups of the buffer solution. It is evident that the 

two molecules at x>0.05 cause increase in the difference in the components of 

the shielding tensor σΙΙ-σΙ values. Especially, at the highest concentration of x=0.5 

both molecules significantly affect the head group of the lipids as they increase 

considerably the σΙΙ-σΙ value of DMPC bilayers. This may signify a different 

distribution of the two molecules in the lipid bilayers as the concentration of the 
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drug increases. Thus, at the low concentrations, the molecules are mostly 

embedded deep in the lipid bilayers, but as the concentration is increased, the 

lipophilic host segment is saturated more drug molecules are oriented and 

positioned at the phosphate group. Some reports for Amt suggest that it is 

localized in the phosphate region [185]. The obtained data do agree with these 

findings if high concentration of drug is considered.  

 

 

Figure 4.5: 31P NMR spectra of DMPC bilayers without and with the Amt (left) or AK13 (right) at 

15 ºC. 

 

4.3.2.2 Liquid crystalline phase 

1H MAS NMR: The effects of Amt in DMPC bilayers at the liquid crystalline phase 

(35 oC) using the same four concentrations as in the gel phase are shown in 1H 

MAS NMR spectra (see Figure 4.6, left). Identical effects of the molecule as in 

the gel phase are observed also in the liquid crystalline phase. In summary, at 

low concentration Amt causes only chemical shift changes to lower field (Table 

4.7). At higher concentrations not only further chemical shift changes to lower 

field are observed but also the presence of drug is eminent. The same effects are 

observed also with AK13 (see Figure 4.6, right) but noteworthy when the highest 

concentration of AK13 is used, overly broad peaks are observed showing that 

drug is intercalated strongly in DMPC bilayers causing immobilization. 
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Figure 4.6: 1H MAS NMR spectra of DMPC bilayers without and with Amt (left) or AK13 (right) 

at 35 oC. Peak attributed to the drug is marked with an asterisk. 

 

13C CP-MAS: The same emerging picture is observed with 13C CP-MAS data 

(Figure 4.7) confirming that the two molecules are intercalated in the polar region 

of the lipid bilayers independently of the lipid mesophase state. Thus, they are 

equally well distributed at low and high temperatures in the lipid bilayers and exert 

their fluidizing effect. Only, when the highest concentration of AK13 is used, very 

broad peaks are observed, showing that drug is intercalated strongly in DMPC 

bilayers causing immobilization; this effect was already observed at the gel phase 

but in the liquid crystalline phase it is more pronounced. In addition, at this highest 

concentration, upfield shifts are observed for all peaks of DMPC bilayers (Table 

4.8). As with the gel phase, the highest concentration of Amt almost abolishes 

the carbonyl peak and AK13 completely indicating a strong fluidization effect at 

this region. As will be explained in the next section this is in accordance with MD 

simulations.  
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Figure 4.7: 13C CP-MAS NMR spectra of DMPC bilayers without and with (upper two parts) Amt 

or AK13 (lower two parts) at 35 oC. Peaks attributed to the drugs are marked with an asterisk. 

 

31P: 31P spectra of Amt or AK13 incorporated in DMPC bilayers at 35 oC are 

shown in Figure 4.8. As expected σΙΙ-σΙ values are smaller than those recorded 

at 15 oC, as expected, since lipid bilayers are in the liquid crystalline phase. The 
31P spectra at liquid crystalline phase show that drugs affect this region by 

increasing the breadth (σΙΙ-σΙ) at all concentrations (Table 4.6). This increase is 

pronounced at the highest concentration in accordance with gel phase. These 

results show that at liquid crystalline phase the drugs are localized in the upper 

segment of the lipid bilayers exerting amphipathic interactions, in agreement with 

the MD simulations, as it will be described below. 
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Figure 4.8: 31P NMR spectra of DMPC bilayers without and with Amt (left) or AK13 (right) at 35 

ºC. Peaks attributed to the drugs are marked with an asterisk. 

 

 

 

4.3.3.1 Gel phase 

SAXS patterns of DMPC bilayers without and with Amt at 15 oC (gel phase) are 

shown in Figure 4.9 (left). D-spacing of DMPC bilayers is calculated to be 66.4 Å, 

close to the value 64.9 Å reported by Janiak et al. at 20 oC [222]. As it can be 

observed at low drug concentrations up to (x=0.09) membrane bilayers are 

disordered as shown by the increase of the FWHM of the diffraction peaks. D-

spacing is increased probably due to the water absorption by the amine group of 

the drug [188-191]. At higher concentrations (x=0.4 and x=0.5) the periodicity of 

the membranes is lost, meaning that the bilayers are not regularly stacked 

anymore, and probably form unilamellar vesicles. Similar conclusions can be 

derived with AK13 at the same conditions (Figure 4.9, right). Such behaviour is 

also induced by the highly lipophilic cannabinoid analogue AMG3 [223]. 
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Figure 4.9: SAXS patterns collected at 15 °C from DMPC pure, and in presence of increasing 

concentrations of Amt (left) and AK13 (right). Drug concentrations increase from bottom to top 

in the graphics. Data were shifted vertically for clarity. 

 

The corresponding WAXS patterns collected from DMPC bilayers without and 

with Amt are shown in Figure 4.10 (left). The chain packing d-spacing for the 

various preparations shows only small deviations (4.23-4.20 Å) from that of 

DMPC bilayers (4.23 Å) [222]. This indicates that lipid bilayers exist in the gel 

phase. At the higher concentration of Amt (x=0.4) few peaks which correspond to 

the crystalline state of Amt become visible, indicating that at 15 °C there is a 

saturation limit of the drug in the lipid bilayers. The crystallization of Amt is even 

more evident when the DMPC to Amt ratio is increased to x=0.5. Such behaviour 

is also observed with the highly hydrophobic irbesartan [224]. 

WAXS data collected from DMPC without and with AK13 are shown in Figure 

4.10 (right). Similarly, to what was observed in the presence of Amt, the chain 

packing d-spacing shows only small deviations (4.23-4.21 Å) from that of DMPC 

bilayers (4.23 Å). No peak due to the drug crystallization was visible even at x=0.5 

lipid to drug molar ratio, indicating that lipid bilayers can accommodate higher 

concentrations of this more lipophilic analogue.  

 



 

 
117 

 

Figure 4.10: WAXS patterns of DMPC without and with Amt (left) and AK13 (right), collected at 

15 °C. Drug concentration increase bottom to top in the graphics. Data are shifted vertically for 
clarity. Peaks with an asterisk indicate crystallization. 

 

 

4.3.3.2 Liquid crystalline phase 

Similar behaviour of Amt was observed regarding the SAXS patterns at 35 °C in 

the liquid crystalline phase, as shown in Figure 4.11, (left). The only difference in 

these spectra is that when the drug is incorporated in lipid bilayers a d-spacing of 

DMPC bilayers decrease is observed. This is eminent that Amt enhances 

trans:gauche isomerisation, a result that is in accordance with DSC data. AK13 

behaves similarly in the liquid crystalline state, as shown in the SAXS 

experiments (Figure 4.11, right).  

The only difference between the two samples is that AK13 did not decrease the 

d-spacing of DMPC bilayers but rather increased it as in the gel phase. This may 

indicate that amino group of AK13 absorbs also in the liquid crystalline phase 

water and consequently this probably hides the observed increase of 

trans:gauche isomerization and expected decrease of d-spacing.  
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Figure 4.11: SAXS patterns collected at 35 °C from DMPC pure, and in presence of increasing 

concentrations of Amt (left) and AK13 (right). Drugs concentration increase bottom to top in the 
graphics. Data were shifted vertically for clarity. 

 

WAXS experiments of DMPC with and without Amt (x=0-0.5) at the liquid 

crystalline state were also obtained (data not shown). At 35 oC the lateral d-

spacing of few samples ranges between 4.5-4.4 Å. The lateral d-spacing shows 

that at liquid crystalline phase preparations differ from that of DMPC which shows 

not such lateral d-spacing at this temperature. At the two highest concentrations 

Amt is crystallized as in the gel phase. This shows that crystallization is not 

temperature but rather concentration dependent. The WAXS experiments of 

DMPC with and without AK13 (x=0-0.5) in the liquid crystalline state at 35 oC 

show that the lateral d-spacings range between 4.5-4.4 Å. No crystallization is 

observed also in the liquid crystalline phase as in the gel phase.  

 

 

4.3.4.1 GROMACS 

The 500 ns MD simulations provide, at first, a clear view on the drug molecules 

orientation and topological site inside the DMPC bilayer, which is in good 

agreement with the PMF calculations earlier performed by Chew et al. [185] for 

Amt. Both drug molecules were placed initially in the water phase and after a 
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short period of time (ca 20 ns) entered the lipid bilayer as expected (Figure 4.12), 

since they are both hydrophobic neutral amines form. Particularly, as depicted in 

Figure 4.16 the density profiles clearly demonstrate that Amt and AK13 are 

located ca 10 Å away from the bilayer's center and ca 5 Å apart the DMPC's 

phosphorus atom for both drug molecules. With regards to the preferred 

orientation, the angle between the vector consisting of the Ca carbon and N atom 

of the adamantane derivative versus the canonical axis of the DMPC bilayer was 

calculated. Our results show that Amt is oriented with a tilt of C-N bond axis circa 

40o toward the z-axis whereas the AK13 resides itself with a 50o angle in average 

(Figure 4.13). Furthermore, as expected, the hydrophobic part of the drug 

molecule is most of the time tilted towards the DMPC bilayer, whether it's in the 

water phase or inside the membrane, whereas the amine is tilted towards the 

polar lipid headgroups, as demonstrated in Figure 4.14 

 

 

Figure 4.12: Screenshot of the hydrogen bonds with DMPC molecules and Amt (a) or AK13 (b). 
Number of hydrogen bonds vs time for Amt (c) and AK13 (d). 
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Figure 4.13: Average angle of Ca-N vector vs the z-axis, showing the orientation of (left) Amt 

and (right) AK13 
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Figure 4.14: Orientation of Amt (a, b) and AK13 (c, d) in the water phase (a, c) and inside lipid 

bilayers (b, d). 

 

The MD simulations confirmed the observations from the NMR spectra, indicating 

that indeed both drugs strongly interact with the carbonyl or polar head region of 

DMPC molecules. More specifically, Amt forms two hydrogen bonds as a primary 

amine donor with the polar neighbouring DMPC molecules and AK13 forms one 

as a secondary amine donor, Figure 4.12. Both molecules exhibit hydrogen 

bonding which can be considered moderate, mostly electrostatic, as proposed by 

Jeffrey et al. [225] but Amt interacts slightly stronger than AK13 i.e. average 

hydrogen bond distance of 2.9 Å versus 3.1 Å respectively, as presented in Figure 

4.15. Moreover, our MD simulations demonstrate that the presence of the 

adamantane derivatives strongly affect the orientation of the DMPC molecules 

that reside in close proximity with the drug. Although, in average, the P to N vector 

of the DMPC molecules is perpendicular to the canonical axis of the membrane, 

in Figure 4.17, it is clearly shown that this angle is tilted to ca 70o within 20 Å of 

Amt and AK13.  

 

 

Figure 4.15: Average hydrogen bond distance for Amt (black) and AK13 (red). 
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Figure 4.16: (up left) Partial density profiles after 500 ns of NPzAT ensemble illustrating the 

relevant positions of water (black), DMPC (red), the phosphorus atom of the lipid polar head 

(blue) and Amt (green). (up right) The partial density profile of Amt and P atom clearly showing 

that it is most of the time located ~ 1 nm from the center of the DMPC bilayer. (down left) Partial 

density profiles after 500 ns of NPzAT ensemble illustrating the relevant positions of water 

(black), DMPC (red), the phosphorus atom of the lipid polar head (blue) and AK13 (green). 
(down right) The partial density profile of AK13 and P atom clearly showing that it is most of the 

time located ~1 nm from the center of the DMPC bilayer. 

 



 

 
123 

 

Figure 4.17: Average Angle of P-N vector of the DMPC molecules vs the z-axis (green line) 

showing the re-orientation caused by the drug molecule, within a radius of 2 nm from the ligand, 

for Amt (left) and AK13 (right). 

 

 

4.3.4.2 AMBER 

The results from MD simulations using the Amber package are in good 

agreement with both the previous PMF calculations performed by Chew et al. 

[185] for Amt and complementary to the GROMACS MD simulations. In this 

experiment the aminoadamantane molecules were placed in the center of lipid 

bilayer and in a short period of time, during equilibration, both molecules moved 

and approached lipid interface with their amino group oriented toward hydrophilic 

polar head. Notably, the Amt and AK13 location within the lipid bilayers is 10 Å 

(Figure 4.18), furthermore it is evident that the two molecules cross easily the 

center of the bilayer heading from one to the other lipid leaflet which is consistent 

with PMF results by Chew et al. [185]. The more lipophilic AK13 remains for 

longer period inside center bilayer (Figure 4.18, right). Thus, the two MD 

simulations showed that independently of the initial position the 

aminoamantadanes thermodynamically reside in the interface of the lipid bilayers 

in an attempt to maximize their amphipathic interactions.  
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Figure 4.18: (left) Partial density profiles after 500 ns of NPT ensemble illustrating the relevant 

positions of water, DMPC, Amt and AK13. (right) Partial density profiles illustrating the relevant 

positions of Amt and AK13. 

 

 

4.4 Conclusions 

The investigation of how and how much aminoadantane drugs of different 

structure induced changes of the membrane properties has not been 

investigated. A different perturbation of the membrane bilayers may influence the 

function of embedded A/M2 membrane protein. Second, drug-membrane 

interactions, where the drug binds to the membrane, effectively reduce the 

available free drug, and thus make the treatment potentially less efficient. Thus, 

probing the membrane role in aminoadamantane drug interactions is critical to a 

complete understanding.  

DSC results clearly show that both Amt and AK13 molecules perturb DMPC 

bilayers in the same way. Thus, they decrease Tm, and broaden DMPC bilayers 

half-width and increase ΔΗ only at the highest concentration of x=0.5. In addition, 

they abolish the pretransition signifying a perturbing effect on the head-group. At 

high concentration AK13 is far more perturbing and creates domains. 1H and 13C 

NMR experiments confirmed those results of DSC and provided additional 

molecular details. The two molecules affect glycerol backbone and carbonyl 

region as well as the headgroup region. The amine drugs distribution from 500 

ns MD simulations suggested that Amt and AK13 are mainly positioned ~ 10 Å 

from the center of the bilayer which is consistent with their anchoring with glycerol 
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moiety. X-ray diffraction data confirmed the bilayer disorder induced by the two 

drugs and showed evidence that at the highest concentrations Amt is crystallized 

in lipid bilayers. This effect is not observed with AK13, which suggests that higher 

amounts of this compound can be accommodated in lipid bilayers with respect to 

Amt. This information may have pharmacological consequences in the 

formulations of the two molecules. MD density profiles show precisely that Amt 

and AK13 are located ca 10 Å away from the bilayers center and ca 5 Å apart the 

DMPC’s phosphorous atom for both drug molecules. The amines are mainly 

stabilized at the lipid surface through hydrogen bonding formation. Amt and AK13 

are oriented with a tilt between C-N bond axis and membrane normal of ~ 50o 

and 70o towards z-axis and thus and affect the orientation of DMPC bilayers by 

changing the tilt of P to N vector from 90o to 70o. Based on the MD simulations, it 

was postulated that Amt forms two hydrogen bonds with the neighbouring DMPC 

bilayers or water molecules, while only one bond is formed by AK13. These 

strong interactions of the two molecules clearly explain the strong perturbation 

effect depicted in DSC, ssNMR and X-ray diffraction. No significant differences 

were observed between Amt and AK13 as regards their affinity to DMPC lipids 

and provide useful insight en route to our efforts to understand the important 

contributors resulting to the final affinity to the membrane A/M2 protein [192].  

 

4.5 Tables 

Table 4.1: Calorimetric profiles of DΜPC:Amt and DΜPC:AK13 MLVs in PBS (pH=7.8). 

Sample  Drug 
Molar 

% 

Tonset,m 
(°C) 

Tm 

(°C) 
ΔT1/2,m 

(°C) 
ΔHm 

(kJ/mol) 
Tonset,s 
(°C) 

Ts (°C) ΔT1/2,s 
(°C) 

ΔHm 
(kJ/mol) 

DMPC - 23.07 23.43 0.71 29.44 12.32 13.27 1.14 3.11 

DMPC:Amt 0.05 18.80 20.18 1.62 31.50 - - - - 

DMPC:Amt 0.08 19.56 20.77 1.39 29.80 - - - - 

DMPC:Amt 0.2 19.20 20.12 1.38 34.01 - - - - 

DMPC:Amt 0.5 20.35 21.62 1.13 41.79 - - - - 

DMPC:AK13 0.05 19.21 21.16 1.66 27.44 - - - - 

DMPC:AK13 0.08 19.48 20.90 1.48 26.98 - - - - 

DMPC:AK13 0.2 18.53 19.40 1.34 31.33 - - - - 

DMPC:AK13 0.5 16.27 19.69 3.93 38.05 - - - - 
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Table 4.2: Chemical shifts observed in 1H MAS NMR spectra of DMPC bilayers with and 

without Amt or AK13 at 15 oC. 

Sample 
Constitution 

H-(4'-13'), 
H-(4''-13'') 

H-14', 
H-14'' 

N(CH3)3 H-2''' H-1''' 

DMPC   2.6-3.3 3.6 4.2 

DMPC + 
Amt x=0.05 

  3.2 3.7 4.3 

DMPC + 
Amt x=0.08 

  3.2 3.6 4.3 

DMPC + 
Amt x=0.2 

0.0-2.6 0.0-2.6 3.1 3.5 4.1 

DMPC + 
Amt x=0.5 

0.8-2.8 0.8-2.8 3.4 3.8  

DMPC + 
AK13 x=0.05 

  3.3 3.8 4.4 

DMPC + 
AK13 x=0.08 

  3.2 3.6 4.2 

DMPC + 
AK13 x=0.2 

0.0-2.7 0.0-2.7 3.3 3.7 4.4 

DMPC + 
AK13 x=0.5 

0.9-3.0 0.9-3.0 3.4 3.8 4.4 

 

Table 4.3: Comparative chemical shifts of Amt and AK13 observed in high resolution 1H NMR 

spectra for liquid and solid samples in gel and liquid states (35 ºC). 

Sample 
Constitution 

1H NMR 
of Amt and 
AK13 salts 

in D2O  

Identification 15 ºC 
1H MAS 

NMR  

35 ºC 
1H MAS 

NMR  

DMPC + 
Amt x=0.05 

2.1 

1.7 

1.6 

1.5 

3’,5’,7’ 

4’, 6’, 10’ 

2’, 8’, 9’ 

-NH2 

- - 

DMPC + 
Amt x=0.08 

2.1 

1.7 
1.6 

1.5 

3’,5’,7’ 

4’, 6’, 10’ 
2’, 8’, 9’ 

-NH2 

- - 



 

 
127 

DMPC + 
Amt x=0.2 

2.1 

1.7 

1.6 
1.5 

3’,5’,7’ 

4’, 6’, 10’ 

2’, 8’, 9’ 
-NH2 

1.4-2.8 1.6-2.3 

DMPC + 
Amt x=0.5 

2.1 

1.7 

1.6 

1.5 

3’,5’,7’ 

4’, 6’, 10’ 

2’, 8’, 9’ 

-NH2 

1.3-2.2 1.6-2.2 

DMPC + 
AK13 x=0.05 

2.9 (t) 

2.1 (bd) 

1.9 

1.7 
1.6 

1.4 (bd) 

5 

4’ax, 9’ax 

5’, 7’ 

10’ax, 8’ax,4,6’ 
1’,3’,3,10’eq,8’eq, 

4’eq, 9’eq 

- - 

DMPC + 
AK13 x=0.08 

2.9 (t) 

2.1 (bd) 

1.9 

1.7 

1.6 

1.4 (bd) 

5 

4’ax, 9’ax 

5’, 7’ 

10’ax, 8’ax,4,6’ 

1’,3’,3,10’eq,8’eq, 

4’eq, 9’eq 

- - 

DMPC + 
AK13 x=0.2 

2.9 (t) 
2.1 (bd) 

1.9 

1.7 

1.6 

1.4 (bd) 

5 
4’ax, 9’ax 

5’, 7’ 

10’ax, 8’ax,4,6’ 

1’,3’,3,10’eq,8’eq, 

4’eq, 9’eq 

 

0.0-2.7 

 

1.5-2.0 

DMPC + 
AK13 x=0.5 

2.9 (t) 

2.1 (bd) 

1.9 
1.7 

1.6 

1.4 (bd) 

5 

4’ax, 9’ax 

5’, 7’ 
10’ax, 8’ax,4,6’ 

1’,3’,3,10’eq,8’eq, 

4’eq, 9’eq 

1.5-3.0 * 

*Observed peaks were very broad and the chemical shifts are not resolved. 

 

Table 4.4: Chemical shifts observed in 13C CP-MAS NMR spectra of DMPC bilayers with and 

without the Amt or AK13 at 15 oC. 

Sample 
Constitution 

C-1 C-2 C-3 C-1', 
C-1'' 

C-2', 
C-2'' 

C-3', 
C-3'' 

C-(4'-11'), 
C-(4''-11'') 

C-12', 
C-12'' 

C-13', 
C-13'' 

C-14', 
C-14'' 

N(CH3)3 C-2''' C-1''' 

DMPC 63.3 70.9 64.0 173.6 34.3 25.2 29.0-31.3 32.3 22.9 14.0 54.4 66.3 59.7 
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DMPC + Amt 

x=0.05 
63.5 71.0 64.1 173.8 34.4 25.4 29.1-31.6 32.5 23.1 14.1 54.5 66.4 59.9 

DMPC + Amt 

x=0.08 
63.4 71.0 64.1 173.8 34.4 25.5 29.6-31.5 32.5 23.1 14.2 54.4 66.4 59.9 

DMPC + Amt 

x=0.2 
63.7 71.2 64.4 173.9 34.6 25.6 29.8-31.7 32.6 23.3 14.4 54.7 66.6 60.1 

DMPC + Amt 

x=0.5 
63.7 71.2 64.5 173.7 34.6 25.4 29.8-31.5 32.5 23.2 14.4 54.8 66.6 60.1 

DMPC + 

AK13 x=0.05 
63.6 71.2 64.2 173.9 34.5 25.5 28.9-31.9 32.5 23.1 14.2 54.6 66.6 60.0 

DMPC + 

AK13 x=0.08 
63.4 70.9 64.1 173.7 34.4 25.4 31.6-29.6 32.5 23.0 14.1 54.4 66.3 59.8 

DMPC + 

AK13 x=0.2 
63.6 71.1 64.2 173.7 34.5 25.5 29.5-31.6 32.6 23.2 14.3 54.6 66.5 60.0 

DMPC + 

AK13 x=0.5 
63.7 71.3 64.5 173.8 34.7 25.5 29.3-31.4 32.6 23.3 14.6 54.7 66.6 60.2 

 

Table 4.5: Comparative chemical shifts of Amt and AK13 observed in 13C NMR spectra for 

liquid and solid samples. 

Sample 
Constitution 

13C NMR, of 
Amt and 

AK13 salts 
in D2O  

Identification 15 ºC 
13C-CP 
MAS 
NMR 

35 ºC 
13C-CP 
MAS 
NMR 

DMPC + 
Amt x=0.05 

52.9 

40.0 

34.8 

28.7 

1’ 

2’, 8’, 9 

4’, 6’, 10’ 

3’, 5’, 7’ 

- - 

DMPC + 
Amt x=0.08 

52.9 

40.0 

34.8 
28.7 

1’ 

2’, 8’, 9 

4’, 6’, 10’ 
3’, 5’, 7’ 

51.6 

40.3 

36.1 
29.5 

51.7 

40.5 

36.1 
 

DMPC + 
Amt x=0.2 

52.9 

40.0 

34.8 

28.7 

1’ 

2’, 8’, 9’ 

4’, 6’, 10’ 

3’, 5’, 7’ 

51.9 

40.6 

36.3 

29.7 

52.1 

40.7 

36.3 

 

DMPC + 
Amt x=0.5 

52.9 

40.0 

34.8 
28.7 

1’ 

2’, 8’, 9 

4’, 6’, 10’ 
3’, 5’, 7’ 

52.4 

40.5 

36.0 
29.6 

52.6 

40.6 

36.0 
29.6 

DMPC + 
AK13 x=0.05 

73.9 

44.6 

2’ 

5 
- - 



 

 
129 

36.7 

34.3 

34.2 
34.0 

32.8 

26.1 

25.9 

22.6 

6’ 

1’, 3’ 

3 
8’, 10’ 

4’, 9’ 

5’ 

7’ 

4 

DMPC + 
AK13 x=0.08 

73.9 

44.6 

36.7 

34.3 
34.2 

34.0 

32.8 

26.1 

25.9 

22.6 

2’ 

5 

6’ 

1’, 3’ 
3 

8’, 10’ 

4’, 9’ 

5’ 

7’ 

4 

72.5 

45.2 

38.1 

 
 

35.1 

33.4 

27.3 

26.6 

 

72.5 

45.3 

38.1 

 
 

35.2 

33.4 

27.4 

26.7 

 

DMPC + 
AK13 x=0.2 

73.9 

44.6 
36.7 

34.3 

34.2 

34.0 

32.8 

26.1 

25.9 

22.6 

2’ 

5 
6’ 

1’, 3’ 

3 

8’, 10’ 

4’, 9’ 

5’ 

7’ 

4 

72.6 

45.4 
38.3 

 

 

35.3 

33.5 

27.5 

26.8 

 

72.8 

45.4 
38.3 

 

 

35.3 

33.6 

27.5 

26.8 

 

DMPC + 
AK13 x=0.5 

73.9 

44.6 

36.7 

34.3 

34.2 

34.0 

32.8 

26.1 
25.9 

22.6 

2’ 

5 

6’ 

1’, 3’ 

3 

8’, 10’ 

4’, 9’ 

5’ 
7’ 

4 

73.5 

45.6 

38.0 

 

 

35.1 

33.6 

27.3 
26.8 

 

73.0 

44.9 

37.2 

 

36.5 

34.3 

32.9 

26.5 
26.1 
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Table 4.6: Components of the 31P chemical shielding tensors of DMPC bilayers without and 

with Amt or AK13 at 15 or 35 oC. 

Sample Constitution σΙΙ-σΙ 

 15 oC 35 oC 

DMPC 56 48 

DMPC + Amt x=0.05 55 52 

DMPC + Amt x=0.08 60 52 

DMPC + Amt x=0.2 55 54 

DMPC + Amt x=0.5 62 62 

DMPC + AK13 x=0.05 55 51 

DMPC + AK13 x=0.08 60 51 

DMPC + AK13 x=0.2 55 54 

DMPC + AK13 x=0.5 59 60 

 

Table 4.7: Chemical shifts observed in 1H MAS NMR spectra of DMPC bilayers without and 

with Amt or AK13 at 35 oC. 

Sample 
Constitution 

H-1 H-2 H-3 H-2', 
H-2'' 

H-3', 
H-3'' 

H-(4'-13'), 
H-(4''-13'') 

H-14', 
H-14'' 

N(CH3)3 H-2''' H-1''' 

DMPC 3.9 5.1 4.3 2.2 1.5 1.2 0.7 2.9-3.3 3.5 4.1 

DMPC + 
Amt x=0.05 

4.0 5.3 4.5 2.3 1.8-0.8 1.8-0.8 1.8-0.8 3.3 3.7 4.3 

DMPC + 
Amt x=0.08 

4.0 5.3 4.4 2.3 1.6 1.3 0.9 3.2 3.7 4.3 

DMPC + 
Amt x=0.2 

4.0 5.3  2.3 2.2-0.6 2.2-0.6 2.2-0.6 3.2 3.7 4.3 

DMPC + 
Amt x=0.5 

4.2 5.4  3.0-0.7 3.0-0.7 3.0-0.7 3.0-0.7 3.3 3.8 4.4 

DMPC + 
AK13 x=0.05 

4.1 5.4 4.6 2.8-0.5 2.8-0.5 2.8-0.5 2.8-0.5 3.4 3.8 4.4 

DMPC + 
AK13 x=0.08 

4.0 5.2 4.4 2.3 1.6 1.3 0.8 3.2 3.6 4.2 

DMPC + 
AK13 x=0.2 

4.1 5.3 4.5 2.7-0.5 2.7-0.5 2.7-0.5 2.7-0.5 3.3 3.8 4.4 

*DMPC + 
AK13 x=0.5 

          

*Observed peaks were very broad and the chemical shifts are not resolved. 
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Table 4.8: Chemical shifts observed in 13C CP-MAS NMR spectra of DMPC bilayers with and 

without the Amt or AK13 at 35 oC. 

Sample 
Constitution 

C-1 C-2 C-3 C-1', 
C-1'' 

C-2', 
C-2'' 

C-3', 
C-3'' 

C-(4'-11'), 
C-(4''-11'') 

C-12', 
C-12'' 

C-13', 
C-13'' 

C-14', 
C-14'' 

N(CH3)3 C-2''' C-1''' 

DMPC 63.4 71.1 64.1 173.7 34.4 25.3 29.3-31.2 32.4 23.0 14.1 54.5 66.5 59.9 

DMPC + Amt 

x=0.05 
63.5 71.1 64.1 173.7 34.4 25.3 28.8-31.6 32.4 23.0 14.1 54.6 66.5 59.9 

DMPC + Amt 

x=0.08 
63.5 71.1 64.1 173.8 34.4 25.3 30.9-29.3 32.4 23.0 14.1 54.6 66.5 59.9 

DMPC + Amt 

x=0.2 
63.7 71.3 64.4 173.9 34.6 25.5 29.2-31.3 32.5 23.1 14.3 54.8 66.8 60.1 

DMPC + Amt 

x=0.5 
63.7 71.3 64.5 173.7 34.6 25.3 29.7-30.9 32.4 23.1 14.3 54.8 66.7 60.1 

DMPC + 

AK13 x=0.05 
63.6 71.2 64.2 173.9 34.6 25.4 28.9-31.6 32.5 23.1 14.2 54.7 66.8 60.0 

DMPC + 

AK13 x=0.08 
63.4 71.0 64.1 173.7 34.4 25.3 30.9-29.4 32.3 22.9 14.0 54.5 66.5 59.8 

DMPC + 

AK13 x=0.2 
63.6 71.2 64.2 173.7 34.5 25.4 29.3-31.2 32.4 23.0 14.2 54.7 66.6 60.0 

DMPC + 

AK13 x=0.5 
63.0 70.7 63.7 172.9 33.9 24.7 28.6-30.8 31.7 22.3 13.5 54.1 66.0 59.4 
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5. CHAPTER 5 
The Boundary Lipid around DMPC-Spanning Influenza A M2 

Transmembrane Domain Channels: Its Structure and Potential 
for Drug Accommodation 

5.1 Introduction 

The homotetrameric influenza A/M2 protein is one of the simplest protein ion 

channels under investigation (Figure 5.1). The A/M2TM monomer is a lipophilic 

peptide with most of its lipophilic amino acid side chains oriented toward either 

the hydrophobic core of the lipid bilayers or between adjacent helices. [29, 34, 

57, 58, 61, 87, 174, 176] As it is known aminoadamantane ligands bind inside the 

A/M2TM pore and block proton conduction, thereby preventing a continuation of 

the viral life cycle and abrogating pathogenesis when applied at low micromolar 

concentrations. [73] State-of-the-art ssNMR, X-rays, [29, 34, 57, 58, 61, 85, 87, 

92, 93, 104, 174, 176, 226-228], MD simulations [61, 174, 176] and other 

biophysical studies [227, 229] have been performed to investigate the A/M2 

protein structure needed for full biological function, along with its complexes with 

Amt, Rim, and other aminoadamantane derivatives. The effects of drugs [230] 

and the lipid environment on the conformation and function of A/M2 protein have 

been carefully studied. [85, 93, 226, 231] Among the lipid bilayers studied, DMPC 

is a convenient membrane bilayer, and it was found optimal for the detection of 

the drug bound to A/M2 compared to other glycerophospholipids. [16, 85, 93, 

226, 230, 231]  

In addition to the virus-uncoating process, another pivotal role of influenza A virus 

M2 protein is the host’s cell membrane bending, which produces viral budding 

from cells and scission. [47] This complex process requires the organized 

deformation of the cellular membrane and necessarily involves localized regions 

of high membrane curvature and, presumably, localized high A/M2 density 

around the periphery of the raft, which gives rise to the budding virion. The effect 

of the A/M2 protein on the membrane required for virus budding is under 

investigation and is thought to include changes in the mobility and packing of the 

lipids and the curvature of the lipid bilayers. [227, 232, 233] Membrane lipids have 

profound impacts on the structure and function of membrane-bound proteins and 
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peptides. [234] Even a small difference in bilayer composition can cause an 

experimentally detectable membrane perturbation. [147] Membrane proteins 

such as A/M2 ion channel form extensive clusters at high concentrations inside 

lipid bilayers, suggesting a role of protein-protein interactions in the function and 

regulation of the A/M2 tetramer. [235] 

DSC, SAXS and WAXS, 1H, 13C, 31P ssNMR, and MD simulations were applied 

to systems including M2TM tetramers with or without an excess of Amt or the 

synthetic AK13 (Figure 5.1) in DMPC bilayers at pH 8.0, in which M2TM forms 

tetramers. [33] The aim is to investigate if the above common biophysical 

methods can be used to identify DMPC membrane perturbation after 

incorporation of the M2TM tetramer. In the above chapter, the effects of Amt and 

AK13 in DMPC bilayers were investigated using the same methods [147]. 

In particular, the perturbation of the DMPC bilayer caused by: (a) small changes 

in micromolar-range concentration of M2TM; (b) small changes in micromolar-

range concentration of the aminoadamantane M2 WT channel blocker Amt or 

AK13; and (c) modification of the aminoadamantane ligand structure from Amt to 

AK13 was studied. Increasing drug lipophilicity in AK13 may increase the local 

concentration in lipids around the protein target, [236] and it has been shown that 

AK13 has six-fold higher affinity for M2TM than Amt. [174] 
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Figure 5.1: (up) Structures of Amt, AK13, and DMPC phospholipid; (down) a ribbon model of an 

M2TM tetramer inside a DMPC bilayer (shown in sticks). 

 

 

5.2 Materials and methods 

 

Amt (MW=187.7; amantadine hydrochloride) was purchased from Merck 

Schuchardt OHG-Hohenbrunn, Germany, and DMPC (MW=677.9) from Avanti 

Polar Lipids, Inc., from Alabaster, Alabama, USA. AK13 (MW=227.8; 

hydrochloride) was resynthesized in our lab according to a previously reported 

procedure. [169] The resin and Fmoc (9-fluorenylmethyloxycarboxyl) protected 

amino acids were obtained from Chemical and Biopharmaceutical Laboratories, 

Patras (BLP), Greece. All solvents and other reagents were purchased from 

Merck & Co., Inc. (Kenilworth, New Jersey, USA), Sigma-Aldrich Corp. (Saint 

Louis, Missouri, USA) and Fluka (Honeywell Research Chemicals, Bucharest, 

Romania).  

 

 

The linear M2TM C-terminally amidated peptide, 

SSDPLVVAASIIGILHLILWILDRL-CONH2, corresponding to residues 22-46 of 

the A/Udorn/72 wild type sequence of influenza A M2 protein, was synthesized 

on 2-chlorotrityl chloride resin conjugated with the Rink Amide linker using the 

Fmoc/tBu solid-phase methodology and a standard synthetic protocol by 

Professor Theodore Tselios group. [237-241] The first Nα Fmoc-protected ring 

amide linker [4-[(2,4-Dimethoxyphenyl)(Fmoc-amino)methyl]phenoxyacetic acid] 

was esterified to the resin in the presence of N,N-diisopropylethylamine (DIEA) 

in dichloromethane (DCM). The protected peptide was synthesized on the resin 

by sequential couplings of the appropriate Fmoc-protected amino acids in the 

presence of N,N′-diisopropylcarbodiimide (DIC) and 1-hydroxybenzotriazole 

(HOBT) in N,N-dimethylformamide (DMF). Fmoc deprotection was achieved 

using 25% piperidine solution in N,N-dimethylformamide. The cleavage of the 

final protected peptide from the resin was carried out using dichloromethane / 
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2,2,2-trifluoroethanol (7 / 3) solution. Trifluoroacetic acid (TFA) in 

dichloromethane (DCM) solution in the presence of scavengers (anisole, 1,2-

ethanedithiole) was used for the final deprotection of the side-chain-protecting 

groups. The final unprotected crude M2TM peptide was purified by 

semipreparative reverse phase high performance liquid chromatography with a 

Nucleosil C-18 reversed phase analytical column (250 × 10 mm with 7 μm 

packing material) using a procedure previously described [179]. A Waters system 

equipped with a 600E controller and a Waters 996 photodiode array UV detector 

were used, while the analysis was controlled by a Millenium 2.1 operating system. 

The peptide purity, which was higher than 95%, was assessed by analytical RP-

HPLC (1260 Infinity, Quaternary Pump VL Agilent, Waldbronn, Germany) using 

an Agilent ZORBAX Eclipse Plus C18 column (100 × 4.6 mm with 3.5 μm packing 

material), and the identification of the M2TM peptide was achieved by ESI-MS 

(MW=2727.3). Electron spray ionization mass spectrometry (ESI-MS) analysis 

was performed on a TSQ 7000 spectrometer (Electrospray Platform LC of 

Micromass) coupled to a MassLynx NT 2.3 data system. 

 

 

Samples were prepared by dissolving weighed amounts of dry DMPC lipid with 

M2TM peptide, and Amt or AK13 in methanol. The mixture was then evaporated 

at room temperature under a gentle stream of argon and thereafter placed under 

vacuum for 24 hours in order to form a thin lipid film on the bottom of the glass 

vial (see Supporting Information and ref. [184]). The mixtures obtained were then 

fully hydrated at pH 8.0 with an aqueous buffer solution consisting of 

Na2HPO4·2H2O and NaH2PO4·H2O and vortexed to form multilamellar vesicles 

(MLVs) (Table 5.1). The samples hydration ratio differs depending on the 

requirements of each biophysical method, i.e. the hydration ratio for DSC 

thermograms and ssNMR spectra was 1:1 of dried sample:phosphate buffer but 

for SAXS/WAXS scattering patterns was 1:19 of dried sample:phosphate buffer. 

The samples were studied at two mole fractions of M2TM monomer per DMPC 

molecule, x=0.03 or x=0.06. These two samples correspond to M2TM monomer 

: DMPC molar ratios of 1:30 and 1:16 and M2TM tetramer : DMPC molar ratios 

of 1:120 and 1:64, respectively. Two mole ratios of drug were used, x=0.05 drug 
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: 0.03 M2TM monomer : 1 DMPC molecule and x=0.08 drug : 0.06 M2TM 

monomer : 1 DMPC molecule, corresponding to ratios of M2TM tetramer : drug 

(Amt or AK13) of 3:20 (dilute peptide) or 3:16 (more concentrated peptide), i.e., 

both ~1:6.  

 

 

DSC thermograms of the MLVs were obtained by utilizing a DSC822e Mettler-

Toledo calorimeter (Schwerzenbach, Switzerland) calibrated with pure indium 

(Tm=156.6°C). Sealed aluminum 40-μL crucibles were used as sample holders. 

The systems under investigation were MLVs composed of DMPC and M2TM 

without or with Amt or AK13. Initially, around 5 mg of dried sample was weighted 

and placed in a crucible, followed by hydration with 5 μL of phosphate buffer. The 

crucible was sealed and vortexed for 5 min. Then, the sample was left to 

equilibrate for a 15 min period prior to measurement. The reference for the 

measurement of every sample was an empty aluminum crucible. Heating-cooling 

cycles were performed repeatedly until reproducibility of the sample was 

achieved. The temperature range used was 10-40οC and the scanning rate was 

2.5oC min-1. Before each cycle, the samples were equilibrated at a constant 

temperature of 10°C for 10 min. The calorimetric data were obtained (Table 5.2), 

i.e., the characteristic transition temperatures Tonset,m/s and Tm/s, the enthalpy 

changes ΔHm/s, and the widths at half peak height of the Cp profiles ΔT1/2,m/s were 

analyzed using Mettler-Toledo STARe software. The transition enthalpy for 

DMPC is expressed in units of kJ mol-1 and is considered positive during an 

endothermic process. 

 

 

1H magic-angle spinning (MAS), 13C cross polarization/magic-angle spinning (13C 

CP/MAS), and 31P static ssNMR spectra were recorded on a Varian 600 MHz 

VNMRS spectrometer equipped with a 3.2 mm HX MAS probe. Larmor 

frequencies for 1H, 13C, and 31P nuclei were 599.53, 150.77, and 242.70 MHz, 

respectively. In the 1H MAS NMR experiment, samples were spun with rotation 

frequency of 5 kHz, protons were excited with a 90-degree pulse of 2.3 μs, 
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repetition delay was 5 s, and 4 scans were coadded. In the 13C CP/MAS 

experiment, the polarization was transferred from protons to carbon nuclei in a 5-

ms CP block using Ramped-Amplitude on the proton channel, the repetition delay 

between scans was 2 s, and the number of scans was 2000. Static 31P Hahn-

echo NMR spectra were obtained using a 90-degree pulse of 1.8 μs, a 180-

degree pulse of 3.6 μs, and an inter-pulse delay of 50 μs. Repetition delay was 5 

s and 1000 scans were coadded. During acquisition of the 13C CP/MAS and static 
31P signals, high-power proton-decoupling was employed. The 1H and 13C 

chemical shift changes were referenced to tetramethylsilane, and the 31P 

chemical shifts were reported relative to the phosphorus signal of 85% H3PO4. 

[136, 224] 

 

 

SAXS experiments were carried out at the Austrian SAXS beamline (Elettra 

Sincrotrone, Trieste, Italy) [186]. Two-dimensional Pilatus3 1M and Pilatus 100k 

detectors (Dectris Ltd., Baden, Switzerland) were used to collect SAXS and 

WAXS scattering patterns, respectively. For SAXS, the sample to detector 

distance was 1048 mm. The X-ray wavelength was 0.154 nm at a photon energy 

of 8 keV, covering a q-range between 0.095 nm-1 to 7.54 nm-1, where q is the 

magnitude of the scattering vector defined by q=4π/λ sin(θ/2), with λ the 

wavelength and 2θ the scattering angle. For WAXS, the angular range covered 

corresponded to a q- regime between 11.7 nm-1 and 21.2 nm-1. The angular scale 

of the SAXS- and WAXS-measured intensity was obtained using silver behenate 

(CH3(CH2)20COOAg), with a d-spacing value of 5.838 nm, and p-bromobenzoic 

acid as calibration standards, respectively. The 2D images were integrated to 1D 

scattering functions with Fit2D, [193] and analyzed with IGOR Pro (Wavemetrics, 

Inc., Lake Oswego, Oregon) to calculate, when possible, the characteristic lattice 

distance. The samples were loaded in a glass capillary and inserted in a 

dedicated sample holder with a water bath, having a temperature stability of 

±0.1°C (Unistat CC, Huber, Offenburg, Germany). The static measurements were 

done at 20°C and 30°C, acquiring 4 frames of 30 s, with 2 s delay between each 

frame. The samples were equilibrated for a few minutes at each temperature 
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before exposure. The bilayer model used and its applications were recently 

presented. [194, 195] 

 

 

The MD simulations were conducted with Desmond. The M2TM tetramer in 

complex with Amt or AK13 and an additional five molecules of the Aamt ligand, 

set up to resemble the ratio of the constituents used in the biophysical studies, 

were embedded in DMPC lipid bilayers. The Aamt ligand is in its ammonium form 

at pH 8.0. The DMPC lipid molecules represent the optimal membrane mimetic 

system in this case [85, 231] for observing the Aamt binding process compared 

to other glycerophospholipids. Thus, DMPC lipid bilayers have been used for 

structure determination of M2TM-Amt complex (PDB ID 2KQT). [58] The DMPC 

lipid bilayer extended 20 Å beyond the solutes in the x and y directions, resulting 

in a system of 120 lipid molecules. The bilayer was solvated using a 20-Å thick 

layer of TIP3P waters [199] for each leaflet. Na+ and Cl- ions were placed in the 

water phase to neutralize the systems and to represent the experimental salt 

concentration of 0.150 M NaCl, for a total of ~50,000 atoms in the system. 

Membrane creation and system solvation were carried out with the “System 

Builder” utility of Desmond (Schrodinger, Cambridge, Massachusetts) [242, 243]. 

For modeling the interactions, MD simulations were performed with either the 

OPLS 2005 force field [244-246] or the Amber ff99SB [247] force field applied 

using the Viparr module of Desmond. Calculation of long-range electrostatic 

interactions utilized the particle mesh Ewald method [205, 206], with a grid 

spacing of 0.8 Ǻ. Van der Waals and short-range electrostatic interactions were 

smoothly truncated at 9.0 Ǻ. A constant temperature was maintaned in all 

simulations using the Nosé-Hoover thermostat, and the Martyna-Tobias-Klein 

method was employed to control the pressure [248]. Periodic boundary 

conditions were applied using a simulation box of 95×70×81 Ǻ3. The multistep 

RESPA integrator [249] was used to integrate the equations of motion with an 

inner time step of 2 fs for bonded interactions within a cutoff of 9 Ǻ; an outer time 

step of 6.0 fs was used for nonbonded interactions beyond the cutoff. The default 

protocol provided by Desmond was modified in order to perform the MD 

simulations. The equilibration protocol consists of a series of restrained 
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minimizations and MD simulations designed to relax the system, while not 

deviating substantially from the initial coordinates. Initially, two rounds of steepest 

descent minimization with a maximum of 2,000 steps and harmonic restraints of 

50 kcal mol-1 Ǻ-2 were applied on all solute atoms, followed by 10,000 steps of 

minimization without restraints. The first simulation was run for 200 ps at a 

temperature of 10K in the NVT ensemble with solute heavy atoms restrained with 

a force constant of 50 kcal mol-1 Ǻ-2. The temperature was then raised during a 

200-ps MD simulation to 325K in the NVT ensemble with the force constant 

retained. The temperature of 325K was used in the MD simulations in order to 

ensure that the membrane state is above the melting temperature state of 297K 

for DMPC lipid. [204] The heating was followed by equilibration runs. Three 

stages of NPT equilibration (1 atm) with restraints were performed, first with the 

heavy atoms of the system restrained for 1 ns and second with solvent and lipid 

molecules restrained harmonically with a force constant of 10 kcal/mol/Ǻ2 for 10 

ns. In the third stage, the Cα atoms of M2TM were harmonically restrained with a 

force constant of 2 kcal/mol/Ǻ2 for 1 ns. The above-mentioned was followed by a 

200-ns NPT simulation without restraints. Within this time, the total energy, 

system dimensions, and the RMSD reached a plateau, and the systems were 

considered equilibrated. For structural analyses, snapshots of the different 

systems were visualized with VMD [217] or Maestro. [250] Trajectories were 

analysed with Maestro, Gromacs, [196, 251] and VMD. Measurements were 

done with Gromacs tools. For the calculation of hydrogen bonds, a cutoff angle 

of 30 degrees deviation from 180o between the donor-hydrogen-acceptor atoms 

and a cutoff distance of 3.5 Å between the donor and acceptor atoms were 

applied. The definition of boundary and nonboundary lipids was realized by the 

application of an algorithm that uses Voronoi cells around protein atoms for the 

partition of the system. [252] 

 

5.3 Results  

 

At the two concentrations of M2TM in fully hydrated DMPC at pH 8.0 used in this 

research, x=0.03 and x=0.06 corresponding to M2TM tetramer: lipid molecule 

ratios of 1:120 and 1:64, respectively, M2TM quantitatively forms tetramers. [231] 
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The concentration drugs in the samples used are in the physiological relevant 

range, i.e., the micromolar regime where Aamt drugs exhibited their biological 

activity. The thermal effects of the M2TM tetramer at these concentrations and in 

presence of a six-molar excess of Amt or AK13 were studied. The calorimetric 

data for pure DMPC bilayers are in accordance with the previous findings. [204] 

In particular, there is a main sharp peak centered at 23.43°C, exhibiting a high-

enthalpy transition, accompanied by a broad low-enthalpy pretransition centered 

at 13.27°C (Figure 5.2a), which signals the onset of the ripple phase during 

heating [253] and is more sensitive to disruption than the main transition. A 

thermal scan of the binary system DMPC + M2TM (x=0.03) (Figure 5.2b), is 

lacking the pretransition but is still composed of two distinct peaks. The first 

domain (domain I) is a very broad, small endothermic event centered 

approximately at 23°C (Figure 5.2b, Table 5.2). The second major domain 

(domain II) also contains a broadened peak with Tm=20.60oC, about 3oC lower 

from that observed by DMPC bilayers alone. The formation of the two domains 

was studied systematically with time and was found to be persistent, although 

with some modifications in their intensities. Shifting and broadening of lipid phase 

transitions, as well as elimination of pretransitions, are commonly observed upon 

membrane-insertion of proteins, e.g., mellitin, defensins, and gramicidin S. [132, 

233, 254, 255] 

Adding Amt or AK13 (x=0.05) in the mixture of DMPC + M2TM (x=0.03) affects 

both domains (Figure DMPC + M2TM (x=0.03)). Compounds Amt and AK13 do 

not differ appreciably in their effects at this concentration. Both molecules further 

decrease the Tm and ΔΗm for the two domains. Interestingly, the presence of 

either drug results in decreasing the breadth of domain II and shifting the Tm of 

both domains to lower temperatures. The sample composition for Figures 2 

(DMPC + M2TM (x=0.03) + Amt or AK13 (x=0.05)) corresponds to one equivalent 

M2TM tetramer + six equivalents Amt or AK13 with 120 DMPC lipid molecules. It 

has been previously shown that when the sample composition is one equivalent 

M2TM tetramer + four equivalents Amt, one equivalent of the drug binds inside 

the high-affinity binding site of the M2TM tetramer pore. [85, 92] 

In the denser binary mixture DMPC + M2TM (x=0.06), which corresponds to a 

sample composition including the M2TM tetramer in 64 DMPC lipids, a very broad 
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peak is observed at Tm=22.8oC that is very close to that of the pure DMPC 

bilayers, but with ΔΗm highly decreased and ΔΤ1/2 highly increased (Figure 5.2e) 

and the second domain disappears. Interestingly, the two drugs in this lipid bilayer 

containing high-density M2TM cause different effects. In the ternary mixture 

DMPC + M2TM (x=0.06) + Amt (x=0.08), the DSC scan still may include two 

domains (or, alternatively, reinstates the pretransition shifted up to ~15.2oC 

(Figure 5.2f). But if so, domain II is now almost absent or at least less prominent 

compared to the lower concentration sample M2TM (x=0.03) + Amt (x=0.05) 

(Figure 5.2c). In fact, when the Aamt ligand is AK13, the DSC scan results in only 

one domain (Figure 5.2g), similar to the single domain I of DMPC + M2TM 

(x=0.06) (Figure 5.2e), suggesting that the M2TM-AK13 complex and the excess 

AK13 constituents are uniformly distributed in the lipid bilayer. Thus, the sample 

including five equivalents AK13, one equivalent M2TM-AK13 complex, and 64 

lipid molecules does not produce a second domain compared to Amt; it only 

affects domain I significantly by increasing ΔΤ1/2 and lowering ΔΗcal.  

 

 

Figure 5.2: DSC heating scans (endothermic) of DMPC bilayers, fully hydrated in phosphate 

buffer at pH 8.0, including M2TM tetramer and six-fold excess of the Aamt ligand. The range for 

the calculation of thermotropic parameters is from 10°C to 40°C. 
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5.3.2.1 1H MAS NMR in the gel phase 

The high resolution 1H MAS NMR spectrum of DMPC fully hydrated bilayers at 

pH 8.0 shows only eminent peaks at ca 3.0 ppm, [221] which are assigned to the 

N-methyl hydrogens of the lipid polar head-group (Figure 5.3, Table 5.3). The 

presence of M2TM (x=0.03) at 15oC causes fluidization of DMPC bilayers at pH 

8.0, as became evident from the appearance of peaks attributed to the alkyl 

chains (0.5-1.7 ppm) in Figure 5.3 (left). Increasing the concentration of M2TM 

(x=0.06) causes further fluidization of DMPC bilayers at pH 8.0, as the alkyl chain-

region covers a broader range (0.0-2.7 ppm), while a systematic shift of the peaks 

in the lower field is also observed (Table 5.3).  

The spectrum of the sample DMPC + M2TM (x=0.03) + Amt (x=0.05) or AK13 

(x=0.05) (Figure 5.3, right) is similar to that of DMPC + Amt (x=0.05) or AK13 

(x=0.05) (data shown in ref. [231]). Therefore, the drugs mask the effects of 

M2TM at 0.5-1.7 ppm in the NMR spectrum. Additionally, it has been reported 

that Aamt drugs bound to the M2TM pore reduce its conformational plasticity 

[256], which is in agreement with the observed limited protein’s effect on DMPC 

fluidization. When higher Amt or AK13 (x=0.08) and M2TM (x=0.06) 

concentrations are used (Figure 5.3, right), the spectrum at pH 8.0 appears 

similar to that of DMPC + M2TM (x=0.03) (Figure 5.3, left), but the peaks’ 

intensities are increased, suggesting instead a higher fluidization of DMPC acyl 

chains in this case.  
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Figure 5.3: 1H MAS NMR spectra of DMPC bilayers with M2TM (left) and with M2TM and Amt or 

AK13 (right) at 15ºC and fully hydrated in phosphate buffer at pH 8.0. 

 

 

5.3.2.2 13C CP/MAS NMR at gel phase 

M2TM at concentration x=0.03 does not modify the chemical shifts and intensities 

of the DMPC bilayer peaks acquired at pH 8.0; instead it raises them by 0-0.4 

ppm at lower fields for the higher concentration of x=0.06 (Figure 5.4, upper 

traces). The methyl group of the DMPC resonance at δ=14.4 ppm in the same 

sample increases in intensity through cross polarization. When Amt or AK13 is 

incorporated at the lower concentration x=0.05 (Figure 5.4, lower traces), the 

peaks from DMPC at ca 14 ppm and 54 ppm, which are susceptible to cross 

polarization effects, show modified intensities. At higher drug concentrations of 

x=0.08, the chemical shifts of the drug move by 0.2 ppm, most often toward the 

lower field (Table 5.4). The peaks from the drug (see asterisks in Figure 5.4; Table 

5.4) are already observed at the lower concentration of x=0.05 but are more 

eminent at the higher concentration of x=0.08. It has been observed that when a 

stoichiometric amount of Amt with M2TM tetramer is present, the spectrum 

resembles the lipid-only spectrum. [58] Thus, the peaks in the bottom traces of 

Figure 5.4 are due to the excess of drug molecule not bound with M2TM 

distributed in the DMPC bilayers. These peaks of the drug show chemical shift 

changes that ranged between 0.4 and 1.4 ppm compared to the solution 

resonances, suggesting an interaction of the drug with the membrane system 

(Table 5.5). 
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Figure 5.4: 13C CP-MAS NMR spectra of DMPC bilayers with M2TM (upper traces) and with 

M2TM and Amt or AK13 (lower traces) at 15ºC and fully hydrated in phosphate buffer at pH 8.0. 

 

 

5.3.2.3 31P static NMR spectroscopy at gel phase 

The effects of M2TM incorporated in DMPC bilayers at pH 8.0 on the phosphate 

group resonance at ca -20 ppm are shown in the static 31P powder spectra (Figure 

5.5). The narrow peaks in the 31P spectra between 0 and 10 ppm correspond to 

the phosphate groups of the buffer solution. It is evident that M2TM at x=0.03 

causes a decrease in the difference in the components of the shielding tensor 

σII−σI value by ca 10 ppm (Table 5.6). At the highest concentration of x=0.06, the 

σII−σI value decreases further by 4 ppm. According to 31P NMR spectra, the 

ternary system DMPC + M2TM (x=0.03) + Amt (x=0.05) or AK13 (x=0.05) 

produces σΙ-σII values almost identical to those of DMPC + M2TM (x=0.03) at the 

gel phase, indicating that Amt and AK13 at concentration x=0.05 do not further 

perturb the phosphate group region in the presence of M2TM. This is consistent 

with results from our previous paper [147] showing that at these concentrations 

the drugs do not change the σII−σI value compared to pure DMPC. Only when the 

concentration of the drug was x=0.08 in the DMPC + Aamt system did the σΙ-σII 

value increase by 4 ppm, compared to the pure DMPC. [147] The ternary system 

DMPC + M2TM (x=0.06) + Amt (x=0.08) or AK13 (x=0.08) gives σΙ-σII values 

increased by ca 3 ppm, compared to those of DMPC + M2TM (x=0.06) at the gel 

phase temperature of 15ºC.  
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Figure 5.5: 31P NMR spectra of DMPC bilayers with M2TM (left) and with M2TM and Amt or 

AK13 (right) at 15ºC and fully hydrated in phosphate buffer at pH 8.0. 

 

 

5.3.2.4 1H MAS NMR at liquid crystalline phase 

The effects of M2TM in DMPC bilayers in the liquid crystalline phase (35°C) at 

pH 8.0, using the same two concentrations as in the gel phase, are shown in 

Figure 5.6 (left). At x=0.03, M2TM has no observable effect on the DMPC bilayers 

spectrum, suggesting that the protein is embedded in the lipid bilayer and does 

not significantly affect its dynamics. At the higher concentration of x=0.06, the 

intensities of the peaks grow, and the resonances are shifted to the lower field 

(Table 5.7). The preparations DMPC + M2TM (x=0.03) + Amt (x=0.05) or AK13 

(x=0.05) and DMPC + M2TM (x=0.06)+ Amt (x=0.08) or AK13 (x=0.08) resemble 

those of DMPC + M2TM (x=0.03) and DMPC + M2TM (x=0.06), correspondingly. 

In these two preparations, the Aamt drug is inserted in the M2TM pore and the 

excess of drug molecules is distributed mainly in the bilayers. The observance of 

peaks with identical linewidths as those reported in our previous publication [147] 

where drugs perturbed DMPC bilayers not containing M2TM, is an indication that 

Aamt drugs insert into and affect the lipid bilayer (see asterisks in Figure 5.6; 

Table 5.8).  
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Figure 5.6: 1H MAS NMR spectra of DMPC bilayers with M2TM (left) and with M2TM and Amt 

or AK13 (right) at 35ºC and fully hydrated in phosphate buffer at pH 8.0. 

 

 

5.3.2.5 13C CP/MAS NMR at liquid crystalline phase 

At 35ºC and pH 8.0, M2TM at concentration x=0.03 did not modify the chemical 

shifts and intensities of DMPC bilayer peaks, and only at the higher concentration 

x=0.06 does M2TM produce a change of the chemical shifts of DMPC bilayers at 

the lower field (Table 5.9). These are identical to the effects that Amt and AK13 

caused in the gel phase temperature of 15ºC (Figure 5.7, Table 5.9).  
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Figure 5.7: 13C CP-MAS NMR spectra of DMPC bilayers with M2TM (upper traces) and with 

M2TM and Amt or AK13 (bottom traces) at 35ºC and fully hydrated in phosphate buffer at pH 

8.0. 

 

 

5.3.2.6 31P NMR spectra in the liquid crystalline phase 

Similar effects are observed with 31P NMR spectra in the liquid crystalline phase 

(Figure 5.8, Table 5.6). This is not surprising as similar effects are also observed 

in the 1H and 13C NMR spectra for the gel and liquid crystalline phase. 

 

 

Figure 5.8: 31P NMR spectra of DMPC bilayers with M2TM (left) and with M2TM and Amt or 
AK13 (right) at 35ºC and fully hydrated in phosphate buffer at pH 8.0. 

 

 

 

X-ray scattering patterns of DMPC + M2TM (x=0.03) in absence or presence of 

Amt or AK13 at concentration x=0.05 at 20°C (A) and 30°C (B) at pH 8.0 are 

shown in Figure 5.9. The corresponding WAXS peaks arising from the lipids 

chain-packing are shown in the insets. 
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Figure 5.9: X-ray scattering curves of DMPC + M2TM (x=0.03) in the absence or presence of 

Amt or AK13 at concentration x=0.05 at 20°C (A) and 30°C (B) and fully hydrated in phosphate 

buffer at pH 8.0. Insets show the WAXS peak arising from the lipids chain-packing. Traces were 

vertically shifted for clarity. The broad shoulder is indicated with an arrow. 

 

 

At 20°C, a typical pattern of a bilayer is observed in DMPC + M2TM (x=0.03). 

Adding the drug molecules, the formation of a broad shoulder is observed, and 

this scattering pattern is consistent with DSC results suggesting the presence of 

two lipid domains. In the SAXS patterns, drug molecules do not modify the d-

spacing of DMPC + M2TM (x=0.03) bilayers substantially (Table 5.10). However, 

in WAXS spectra, Amt exerts a significant disordering of the chain-packing, more 

so than AK13, as no peak is evident at this temperature. At 30°C, the same 

conclusions can be drawn, implying that Amt is acting more effectively in both 

mesomorphic states. The only difference is that, at liquid crystalline temperatures, 

Amt significantly expands the d-spacing of the lipid bilayers, i.e., to 69.16 Å at 

x=0.05 (Table 5.10). The ordering of the bilayers (peak width) is unaffected by 

the change of temperature.  

For high drug concentrations, i.e., DMPC + M2TM (x=0.06), X-ray scattering 

patterns in the absence or presence of Amt or AK13 (x=0.08) at 20°C (A) and 

30°C (B) are shown in Figure 5.10. It is evident from the spectra at 20°C that the 

broad component observed with lower peptide concentrations is absent. These 

results are again in harmony with DSC results showing the presence of only one 

lipid domain. Interestingly, in SAXS experiments, all three samples at 20°C or 
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30°C show a very similar d-spacing, which is again consistent with the DSC 

results showing one domain of lipids uniformly occupied by M2TM and the Aamt 

ligand (Table 5.10). At both temperatures, the peak width of Amt is larger than 

the others, indicating stronger activity for the side chain-disorder. However, in the 

liquid crystalline phase at 30°C, the SAXS sample DMPC + M2TM (x=0.06) + 

Amt (x=0.08) does not show any peaks, i.e., the formation of unilamellar vesicles, 

indicating a drastic modification of the lamellar structure of the lipid bilayers. In 

contrast, DMPC + M2TM (x=0.06) and DMPC + M2TM (x=0.06) + AK13 (x=0.08) 

samples show similar d-spacing results. This is again in agreement with DSC 

results in which, at this concentration of the sample, Amt appears to cause the 

most significant effect. However, in ref. [147], which uses DMPC lipid with only 

Amt at the same concentration, more ordered bilayers are observed, resulting in 

Bragg peaks in SAXS and WAXS experiments. This highlights a discrepancy 

between the results.  

The activity of Amt is generally visible by comparing the WAXS peak data for all 

temperatures and concentrations (Table 5.10). Here a general trend is seen that 

higher drug concentrations cause increased side chain-packing, which is 

evidenced by the smaller d-spacings and smaller peak widths in the WAXS 

regime. 

 

 

Figure 5.10: X-ray scattering curves of DMPC + M2TM (x=0.06) in absence or presence of Amt 

or AK13 at high concentration x=0.08, 20°C (A) and 30°C (B) and fully hydrated in phosphate 

buffer at pH 8.0. Insets show the WAXS peak due to the lipids chain-packing. Traces were 

vertically shifted for clarity. 
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For the 120 DMPC molecule system, the area-per-lipid for the M2TM boundary 

lipid region is calculated as ca 47 Å2. The definition of the boundary lipids is based 

on the Voronoi cells being close to the protein atoms. [252] These values are 

significantly lower than the calculated area-per-lipid for the bulk lipid domain, ca 

63 Å2. The experimental value for DMPC is ca 60 Å2, as determined by SAXS. 

[257] The M2TM boundary lipids are volume constricted because of their more 

oriented structure around M2TM. MD simulations were performed for systems 

including M2TM-Aamt complex and five molecules of Aamt in 120 DMPC lipids 

that resemble experimental samples. The simulations results show that the five 

Aamt drug molecules are associated with the polar head area of the bilayer by 

forming ionic hydrogen bonding interactions between ammonium group of the 

drug and lipid phosphate groups. These drug molecules may also in contact with 

through adamantane ring with hydrophobic residues of M2TM. This hydrophobic 

interaction with M2TM is more frequent for AK13 than for Amt. This is consistent 

with the radial distribution plots that describe the distance of Aamt molecule from 

the center of mass of G34. These plots suggest more frequent contacts of AK13 

than of Amt with the M2TM pore (Figure 5.12). This preference of AK13 to remain 

closer to M2TM may have important consequences, leaving Amt to more 

efficiently perturb the DMPC bilayer.  
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Figure 5.11: Screenshot from a 200 ns MD simulation of the system including: (upper) the 

M2TM tetramer-Amt complex with five Amt molecules or (lower) the M2TM tetramer-AK13 

complex with five AK13 molecules in DMPC bilayers at pH 8.0. 

 

 
Figure 5.12: Radial distribution function of the center of mass of: (left) Amt and (right) AK13 

from the center of mass of Gly34. 

 

 

5.4 Discussion 

M2 plays an important role in the induction of membrane curvature and/or in the 

scission process whereby the envelope is cut upon virion release. Here, the 

interaction of two concentrations of M2TM is investigated in apo or Aamt-bound 

form with a variety of biophysical methods to evaluate their ability to identify lipid 

perturbations affected by small changes in M2TM and Aamt concentration and in 

Aamt’s structure. The M2TM homotetramer doesn’t comprise of the amphipathic 

helixes of the C-terminal, which are the primary region of ion channel responsible 
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for generating curative and scission in the host cell. Nevertheless, the 

understanding the of importance M2TM region on the confirmation and dynamics 

of the membrane is crucial since the TM domain is functioning as ion channel and 

involved in clustering of the M2 tetrameric channel through intertetramer 

interactions of the transmembrane helixes. [235] 

M2TM spans the membrane thickness and, according to 31P ssNMR evidence 

and MD simulations, exerts strong interactions with phosphate groups of the polar 

head surface. In addition, the pretransition seen in DSC is ablated by M2TM 

without drugs, indicating that, like the drugs, the high-peptide density (x=0.06, 64 

lipid molecules per tetramer which corresponds to 32 lipids in each leaflet) and 

even the low-peptide density (x=0.03, 120 lipid molecules per tetramer which 

corresponds to 60 lipids in each leaflet) perturb the head groups or hydrocarbon 

chain-tilts.  

The DSC scans suggests the presence of two domains, as it is shown in Figure 

5.13, at the low concentration of embedded M2TM protein (x=0.03) in the DMPC 

bilayers (Figure 5.2b) in the absence or presence of the Aamt drug (Figure 

5.2c,d). It may be suggested that the low-Tm domain (II) corresponds to bulk 

DMPC lipids with a strongly cooperative phase transition but also that M2TM 

contributes to the destabilization of the gel phase through long-range interactions. 

Domain I corresponds to lipids bound to M2TM tetramers, which constitute 

essentially all of the lipids at high-peptide density (x=0.06) (Figure 5.2e). These 

findings are confirmed by SAXS experiments. This system becomes uniform 

when M2TM protein is increased in concentration in the bilayer (x=0.06). The 

second domain disappears, indicating that the M2TM is distributed uniformly in 

the lipid bilayers, such that at this density all lipid molecules behave as boundary 

lipids. The presence of an excess of the drug as regards M2TM in the membrane 

system affects the DSC profiles, indicating a clear perturbation of the lipid 

properties in the M2TM-containing bilayers.  
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Figure 5.13: At the low concentration of embedded M2TM protein (shown as tetrameric 

surface) two domains appeared, one that corresponds to bulk lipids (lipids are shown as head 

with two tails) and one to lipids bound to M2TM tetramers, which constitute essentially all of the 

lipids at high peptide density. The second domain disappears indicating that the M2TM is 

distributed uniformly in the lipid bilayers, such that at this density all lipid molecules behave as 

boundary lipids. The excess Amt (shown as yellow spheres) not bound to the protein pore, 
anchors through its ammonium to the lipid polar head region in contrast, to the excess of the 

more lipophilic AK13 (shown in pink spheres) which interacts more with the lateral surfaces of 

M2TM and not with the lipid polar head region. The stronger effect of Amt to the bilayers 

compared to the more lipophilic AK13, when M2TM is present, results in the two lipid domains 

observed in the DSC scans (b. lipids: boundary lipids; nb. lipids: non boundary lipids which are 

the bulk lipids). 

 

According to WAXS experiments, Amt induces a significant chain-stacking 

disordering, in contrast to AK13, which shows only milder effect. It is thus evident 

that the membrane-perturbing effects of these drugs are different in the system 

containing M2TM protein compared to the effects of these drugs alone. It has 

been previously observed using DSC [147] that Amt and AK13 similarly perturb 

the DMPC bilayers when x=0.05, and the two molecules affect the glycerol 

backbone and the carbonyl region of the headgroup region in their amine form, 

or the phosphate groups in their ammonium form according to 13C or 31P ssNMR, 

respectively, and MD simulations. The changes in the shape of the 1H NMR 

ssNMR spectrum in the studied M2TM protein systems are consistent with the 

fluidization of the bilayers and the changes in the chemical shifts of 13C signals of 

the drug, which are clearly observed at a concentration higher than x=0.05, 

suggesting interactions of the drug with the lipid bilayer. The MD simulations 

show that the excess Amt, not bound to the protein pore, anchors through its 

ammonium to the lipid polar head region due to the strong ionic interactions of 

the Amt ammonium group with phosphate groups. In contrast, the excess of the 

more lipophilic AK13 i.e. logP 2.07 interacts more with the lateral surfaces of 
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M2TM and not with the lipid polar head region, due to the buried secondary 

ammonium group. Indeed, it has been previously shown using 500 ns MD 

simulations in DMPC-Aamt systems that, although AK13 is also mainly localized 

in the polar head region, it can move easily between the two leaflets of the bilayer. 

[147] The stronger effect of Amt to the bilayers when M2TM is present, compared 

to the more lipophilic AK13, results in the two lipid domains observed in the DSC 

scans. 

The lipid bilayer may serve as a reservoir for lipophilic/amphiphilic ligands, which 

in turn helps to concentrate the ligands near the binding site of the receptor, 

thereby affecting the observed association rate without necessarily changing 

interactions with binding-site residues. We showed previously that AK13 is 

tolerated in lipid bilayers at very high concentrations, while Amt crystallizes. [147] 

The higher M2TM binding affinity of AK13 compared to Amt may be associated 

with its higher concentration in the lipid bilayers close to M2 transmembrane 

helices around the binding area. [174] 

 

5.5 Conclusions 

The homotetrameric influenza A M2 protein is one of the simplest protein ion 

channels under investigation, and the applied techniques here correspond to 

common biophysical methods used for membrane systems. 

We have investigated the interactions of influenza A M2TM with membrane 

bilayers due to the significance of M2 protein in affecting membrane bending and 

virus budding in a host cell. We have shown that (a) DSC and SAXS are useful 

methods to detect changes in membrane organization caused by small changes 

in M2TM or Aamt concentration and Aamt structure and (b) that WAXS and MD 

can suggest details of ligand topology. In particular, DSC and SAXS show that at 

a low M2TM micromolar concentration in DPMC bilayers, two lipid domains are 

observed, which likely correspond to M2TM boundary lipids and bulklike lipids. At 

higher M2TM concentrations, one domain only is identified, which constitutes 

essentially all of the lipid molecules behaving as boundary lipids. According to 

SAXS, WAXS, and DSC in the absence of M2TM, both Aamt drugs exert a similar 

perturbing effect on the bilayer at low concentrations, i.e., x=0.05-0.08. [147] At 
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the same concentrations of the drug when M2TM is present, the Amt and, to a 

lesser extent, AK13 cause, according to WAXS, a significant disordering of chain-

stacking, which also leads to the formation of two lipid domains. This effect is 

likely due, according to MD simulations, to the preference of the more lipophilic 

AK13 (logP 2.07) to locate closer to the lateral surfaces of M2TM when compared 

to Amt (logP 1.17), which forms stronger ionic interactions with phosphate 

groups. The preference of AK13 to concentrate inside the lipid bilayer close to 

the exterior of the hydrophobic M2TM helices may contribute to its higher binding 

affinity compared to Amt. It may be possible that the receptor binding of AK13 

occurs through lipid pathways via the transmembrane helices; but this possibility 

warrants further investigation.  

 
5.6 Tables 

Table 5.1: Samples preparation details. 

Sample DMPC 
(mg) 

M2TM 
(mg) 

Amt 
(mg) 

AK13 
(mg) 

DMPC  37.3 - - - 

DMPC + M2TM (x=0.03) 37.3 5.0 - - 

DMPC + M2TM (x=0.03) + 
Amt (x=0.05) 

37.3 5.0 0.5 - 

DMPC + M2TM (x=0.03) + 
AK13 (x=0.05) 

37.3 5.0 - 0.6 

DMPC + M2TM (x=0.06) 37.3 10.0 - - 

DMPC + M2TM (x=0.06) + 
Amt (x=0.08) 

37.3 10.0 1.0 - 

DMPC + M2TM (x=0.06) + 
AK13 (x=0.08) 

37.3 10.0 - 1.2 

*The drugs were not added after lipids were hydrated since this would cause unequal distribution 

to the bilayers. This was also mentioned in the study of Suwalsky et al. [see ref. 40 in the main 

text] that dealt with the effect of Amt on DMPC and DMPE MLVs. In the Suwalsky et al. study, the 

drug was added to the suspension post-preparation. In the present study, the drug was present 
during the evaporation of methanol and phospholipid self-assembly. The packing and orientation 

of the molecule inside the lipid membrane varies significantly between the two cases. In our case, 

the drug affects an enhanced packing of the phospholipids and has stronger interactions with the 

polar head groups, as has been observed in our previous publication. Thus, here the appearance 
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and detection of bound M2 lipid and bulk lipid domains using DSC and SAXS is due to different 

molecular interactions between lipids and different concentrations of M2TM without or with drugs. 

 

Table 5.2: Calorimetric heating profiles of DMPC + M2TM without or with Amt or AK13. The 

DMPC bilayers were fully hydrated in phosphate buffer at pH 8.0. 

Sample Tonset,m 
(°C) 

Tm 
(°C) 

ΔT1/2,m 
(°C) 

ΔHm 
(kJ mol-1) 

Tonset,s 
(°C) 

Ts 
(°C) 

ΔT1/2,s 
(°C) 

ΔHs 
(kJ mol-1) 

DMPC 23.07 23.43 0.71 29.44 12.32 13.27 1.14 3.11 

DMPC + M2TM (x=0.03) 16.76 20.60 5.56 19.81 - - - - 

DMPC + M2TM (x=0.03) + 
Amt (x=0.05) 

16.17 18.91 2.73 19.79 - - - - 

DMPC + M2TM (x=0.03) + 
AK13 (x=0.05) 

15.40 18.37 2.99 19.44 - - - - 

DMPC + M2TM (x=0.06) 16.94 22.77 6.20 11.23 - - - - 

DMPC + M2TM (x=0.06) + 
Amt (x=0.08) 

11.07 15.88 9.23 14.36 - - - - 

DMPC + M2TM (x=0.06) + 
AK13 (x=0.08) 

14.78 21.34 6.37 10.24 - - - - 

*Tonset: temperature at which the thermal event starts; T: temperature at which heat capacity ΔCp 

at constant pressure is maximum; ΔT1/2: half width at half peak height of the transition; ΔH: 

transition enthalpy normalized per mol of lipid. Subscript m: main transition; subscript s: 

secondary transition (i.e., pretransition). 

 

Table 5.3: Chemical shifts observed in 1H MAS NMR spectra of DMPC bilayers with M2TM in 

absence and presence of the Amt or AK13 at 15ºC and fully hydrated in phosphate buffer at pH 

8.0. 

Sample H3 H(4'-13'), 
H(4''-13'') 

H14', 
H14'' 

N(CH3)3 H2''' H1''' 

DMPC    2.6-3.3 3.6 4.2 

DMPC + M2TM (x=0.03)  1.2 0.7 2.7-3.4 3.6 4.2 

DMPC + M2TM (x=0.06) 4.4 0.1-2.7 0.1-2.7 3.3 3.8  

DMPC + M2TM (x=0.03) + 
Amt (x=0.05) 

 0.1-2.3 0.1-2.3 3.1 3.5 4.1 

DMPC + M2TM (x=0.06) + 
Amt (x=0.08) 

4.4 1.3 0.9 3.3 3.7  

DMPC + M2TM (x=0.03) + 
AK13 (x=0.05) 

 0.1-2.8 0.1-2.8 3.3 3.8 4.4 
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DMPC + M2TM (x=0.06) + 
AK13 (x=0.08) 

4.3 1.3 0.9 3.3 3.7  

 

Table 5.4: Chemical shifts observed in 13C CP-MAS NMR spectra of DMPC bilayers with M2TM 
in absence and presence of Amt or AK13 at 15oC and fully hydrated in phosphate buffer at pH 

8.0. 

Sample  C1 C2 C3 C1', 
C1'' 

C2', 
C2'' 

C3', 
C3'' 

C(4'-11'), 
C(4''-11'') 

C12', 
C12'' 

C13', 
C13'' 

C14', 
C14'' 

N(CH3)3 C2''' C1''' 

DMPC 63.3 70.9 64.0 173.6 34.3 25.2 29.0-31.3 32.3 22.9 14.0 54.4 66.3 59.7 

DMPC + M2TM (x=0.03) 63.3 70.9 64.0 173.7 34.3 25.2 28.8-31.7 32.3 22.9 14.0 54.4 66.4 59.8 

DMPC + M2TM (x=0.06) 63.5 71.1 64.3 173.9 34.6 25.6 29.4-32.3 32.7 23.3 14.4 54.6 66.5 60.1 

DMPC + M2TM (x=0.03) + 

Amt (x=0.05) 
63.3 70.9 64.0 173.6 34.3 25.2 29.2-31.8 32.2 22.8 13.9 54.4 66.4 59.8 

DMPC + M2TM (x=0.06) + 

Amt (x=0.08) 
63.5 71.0 64.2 173.9 34.5 25.5 29.6-31.7 32.5 23.1 14.2 54.5 66.5 60.0 

DMPC + M2TM (x=0.03) + 

AK13 (x=0.05) 
63.6 71.2 64.2 173.9 34.5 25.4 29.2-31.8 32.5 23.1 14.2 54.7 66.6 60.0 

DMPC + M2TM (x=0.06) + 

AK13 (x=0.08) 
63.4 71.0 64.2 173.8 34.5 25.4 28.7-31.7 32.5 23.1 14.2 54.5 66.5 60.0 

 

Table 5.5: Chemical shifts of Amt and AK13 observed in 13C NMR high-resolution spectra at 

15oC and 35oC and fully hydrated in phosphate buffer at pH 8.0. 

Sample 13C NMR 
of Amt 

and AK13 
salts in 

D2O 

Identification 15 ºC 

13C-CP 
MAS 
NMR 

35 ºC 

13C-CP 
MAS 
NMR 

DMPC + M2TM (x=0.03) - - - - 

DMPC + M2TM (x=0.06) - - - - 

DMPC + M2TM (x=0.03) + 
Amt (x=0.05) 

52.9 

40.0 

34.8  

28.7 

1’ 

2’, 8’, 9 

4’, 6’, 10’ 

3’, 5’, 7’ 

 

 

35.9 

 

 

35.9 

DMPC + M2TM (x=0.06) + 
Amt (x=0.08) 

52.9 

40.0 
34.8 

28.7 

1’ 

2’, 8’, 9 
4’, 6’, 10’ 

3’, 5’, 7’ 

52.0  

40.4 
36.1 

29.5 

52.2  

40.5  
36.1 

DMPC + M2TM (x=0.03) + 
AK13 (x=0.05) 

73.9 

44.6 

36.7 

2’ 

5 

6’ 
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34.3 

34.2 

34.0 
32.8 

26.1 

25.9 

22.6 

1’, 3’ 

3 

8’, 10’ 
4’, 9’ 

5’ 

7’ 

4 

35.3 

 

33.6 
 

27.5 

26.8 

35.2 

 

33.6 

DMPC + M2TM (x=0.06) + 
AK13 (x=0.08) 

73.9 

44.6 

36.7 

34.3 

34.2 
34.0 

32.8 

26.1 

25.9 

22.6 

2’ 

5 

6’ 

1’, 3’ 

3 
8’, 10’ 

4’, 9’ 

5’ 

7’ 

4 

72.9,63.7 

45.4  

38.1 

35.2  

 
 

33.4  

27.3 

26.7 

22.8 

73.0 

45.4 

38.1 

 

 
35.2 

33.5 

27.3 

26.7 

 

Table 5.6: Components of the 31P chemical shielding tensors of DMPC bilayers with M2TM in 

absence and presence of Amt or AK13 at 15oC or 35oC and fully hydrated in phosphate buffer 
at pH 8.0. 

Sample  σΙΙ-σΙ 
 

15oC 35oC 

DMPC 55.5 48.5 

DMPC + M2TM (x=0.03) 45.7 45.6 

DMPC + M2TM (x=0.06) 41.7 42.7 

DMPC + M2TM (x=0.03) + 
Amt (x=0.05) 

46.0 46.8 

DMPC + M2TM (x=0.06) + 
Amt (x=0.08) 

44.6 44.9 

DMPC + M2TM (x=0.03) + 
AK13 (x=0.05) 

45.4 46.3 

DMPC + M2TM (x=0.06) + 
AK13 (x=0.08) 

44.8 45.1 

 

Table 5.7: Chemical shifts observed in 1H MAS NMR spectra of DMPC bilayers with M2TM in 
absence and presence of Amt or AK13 at 35oC and fully hydrated in phosphate buffer at pH 8.0. 
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Sample H1 H2 H3 H2', 
H2'' 

H3', 
H3'' 

H(4'-13'), 
H(4''-13'') 

H14', 
H14'' 

N(CH3)3 H1''' H2''' 

DMPC 3.9 5.1 4.3 2.0-2.4 1.5 1.2 0.7 2.9-3.3 4.1 3.5 

DMPC + M2TM (x=0.03) 3.9 5.2 4.3 2.1-2.4 1.5 1.2 0.8 3.0-3.3 4.2 3.6 

DMPC + M2TM (x=0.06) 4.1 5.4 4.4 2.4 1.7 1.4 1.0 3.3 4.4 3.8 

DMPC + M2TM (x=0.03) + 
Amt (x=0.05) 

3.9 5.1 4.3 2.1-2.4 1.5 1.1 0.7 3.1 4.1 3.5 

DMPC + M2TM (x=0.06) + 
Amt (x=0.08) 

4.1 5.3 4.4 2.4 1.6 1.3 0.9 3.3 4.4 3.7 

DMPC + M2TM (x=0.03) + 
AK13 (x=0.05) 

4.1 5.4 4.5 2.4 1.7 1.4 0.9 3.3 4.4 3.8 

DMPC + M2TM (x=0.06) + 
AK13 (x=0.08) 

4.0 5.3 4.5 2.3 1.6 1.3 0.9 3.3 4.3 3.7 

 

Table 5.8: Chemical shifts of Amt and AK13 observed in 1H NMR high-resolution spectra at 

15ºC and 35ºC, and fully hydrated in phosphate buffer at pH 8.0. 

Sample 1H NMR of 
Amt and 

AK13 salts 
in D2O  

Identification 15ºC 
1H 

MAS 
NMR  

35ºC  

1H 
MAS 
NMR  

DMPC + M2TM (x=0.03) - - - - 

DMPC + M2TM (x=0.06) - - - - 

DMPC + M2TM (x=0.03) + 
Amt (x=0.05) 

2.1 

1.7 

1.6 

1.5 

3’,5’,7’ 

4’, 6’, 10’ 

2’, 8’, 9’ 

-NH2 

- - 

DMPC + M2TM (x=0.06) + 
Amt (x=0.08) 

2.1 

1.7 

1.6 
1.5 

3’,5’,7’ 

4’, 6’, 10’ 

2’, 8’, 9’ 
-NH2 

- 

2.0 

DMPC + M2TM (x=0.03) + 
AK13 (x=0.05) 

2.9 (t) 

2.1 (bd) 

1.9 

1.7 

1.6 

1.4 (bd) 

5 

4’ax, 9’ax 

5’, 7’ 

10’ax, 8’ax,4,6’ 

1’,3’,3,10’eq,8’eq, 

4’eq, 9’eq 

- 

 

2.2 

DMPC + M2TM (x=0.06) + 
AK13 (x=0.08) 

2.9 (t) 

2.1 (bd) 
1.9 

5 

4’ax, 9’ax 

5’, 7’ 
- 

 

2.1 
1.9  
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1.7 

1.6 

1.4 (bd) 

10’ax, 8’ax,4,6’ 

1’,3’,3,10’eq,8’eq, 

4’eq, 9’eq 

1.8 

 

Table 5.9: Chemical shifts observed in 13C CP-MAS NMR spectra of DMPC bilayers with M2TM 

in absence and presence of Amt or AK13 at 35oC and fully hydrated in phosphate buffer at pH 

8.0. 

Sample C1 C2 C3 C1', 
C1'' 

C2', 
C2'' 

C3', 
C3'' 

C(4'-11'), 
C(4''-11'') 

C12', 
C12'' 

C13', 
C13'' 

C14', 
C14'' 

N(CH3)3 C1''' C2''' 

DMPC 63.4 71.1 64.1 173.7 34.4 25.3 29.3-31.2 32.4 23.0 14.1 54.5 59.9 66.5 

DMPC + M2TM (x=0.03) 63.3 71.0 64.0 173.7 34.3 25.2 28.7-31.3 32.2 22.8 13.9 54.5 59.8 66.5 

DMPC + M2TM (x=0.06) 63.6 71.2 64.3 173.9 34.6 25.4 29.4-31.3 32.5 23.1 14.3 54.7 60.0 66.7 

DMPC + M2TM (x=0.03) + 

Amt (x=0.05) 
63.3 71.0 64.0 173.6 34.3 25.2 29.0-31.2 32.2 22.8 13.9 54.4 59.7 66.4 

DMPC + M2TM (x=0.06) + 

Amt (x=0.08) 
63.5 71.1 64.3 173.9 34.5 25.4 28.8-31.1 32.4 23.0 14.2 54.7 60.0 66.6 

DMPC + M2TM (x=0.03) + 

AK13 (x=0.05) 
63.6 71.2 64.2 173.9 34.5 25.4 29.3-31.4 32.4 23.0 14.1 54.7 60.0 66.6 

DMPC + M2TM (x=0.06) + 

AK13 (x=0.08) 
63.5 71.1 64.2 173.8 34.5 25.3 29.2-31.3 32.4 23.0 14.1 54.6 60.0 66.6 

 

Table 5.10: Values of d-spacing and peak width of the lowest order reflections fwhmq of SAXS 

and WAXS data of DMPC + M2TM (x=0.03) in absence and presence of Amt or AK13 at 

concentration x=0.05 and DMPC + M2TM (x=0.06) in absence and presence of Amt or AK13 at 
concentration x=0.08 at 20°C (top panel) and 30°C (bottom panel), fully hydrated in phosphate 

buffer at pH 8.0. 

Sample SAXS WAXS 

20oC 
d-spacing 

(Å) 
fwhmq 
(1/Å) 

d-spacing 
(Å) 

fwhmq 
(1/Å) 

DMPC + M2TM (x=0.03) 70.41(3) 0.221(7) 4.26(1) 5.706(94) 

DMPC + M2TM (x=0.06) 67.12(2) 0.154(5) 4.26(1) 3.887(76) 

DMPC + M2TM (x=0.03) + 
Amt (x=0.05) 

68.12(5) 0.228(9) no peak no peak 

DMPC + M2TM (x=0.06) + 
Amt (x=0.08) 

68.38(4) 0.292(10) 4.27(1) 5.638(159) 

DMPC + M2TM (x=0.03) + 
AK13 (x=0.05) 

69.16(3) 0.204(6) 4.35(2) 5.392(112) 

DMPC + M2TM (x=0.06) + 
AK13 (x=0.08) 

66.81(2) 0.177(5) 4.28(1) 3.94(75) 
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Sample SAXS WAXS 

30oC 
d-spacing 

(Å) 
fwhmq 
(1/Å) 

d-spacing 
(Å) 

fwhmq 
(1/Å) 

DMPC + M2TM (x=0.03) 64.36(3) 0.258(8) 4.46(5) 13.50(42) 

DMPC + M2TM (x=0.06) 64.35(2) 0.199(5) 4.25(1) 9.79(15) 

DMPC + M2TM (x=0.03) + 
Amt (x=0.05) 

69.16(5) 0.239(6) no peak no peak 

DMPC + M2TM (x=0.06) + 
Amt (x=0.08) 

unilamellar 

bilayer 

unilamellar 

bilayer 
4.12(4) 17.43(47) 

DMPC + M2TM (x=0.03) + 
AK13 (x=0.05) 

64.5(6) 0.23(6) 4.46(6) 11.6(5) 

DMPC + M2TM (x=0.06) + 
AK13 (x=0.08) 

65.3(3) 0.211(8) 4.27(1) 12.35(24) 
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6. CHAPTER 6 
Inhibitors of the M2 Proton Channel Engage and Disrupt 
Transmembrane Networks of Hydrogen-Bonded Waters  

6.1 Introduction  

Protein channels and water-filled pores present a particularly challenging target 

for drug design. Typically, drugs bind their targets at extended allosteric or 

substrate-binding sites, lined with multiple functional groups capable of forming 

numerous protein-small molecule interactions. Often structural and functional 

water molecules play critical roles in drug interactions. [105, 106] Water is also 

an important component in channels, but these proteins often have very 

constricted cavities with only sparse polar functionality available for drug design. 

The natural substrate in such cases can be as small as a single proton. 

Nevertheless, potent inhibitors of channels can still be achieved, possibly by 

targeting water molecules that serve to hydrate charged groups during ion 

conduction. Examples of this include channel-blockers such as the chloride 

channel blocker, picrotoxin, [258] or the adamantyl-amine class of influenza A 

virus matrix 2 (M2) proton channel inhibitors (see Figure 6.1). [12, 73] These 

compounds achieve high affinity, ligand efficiency, and biologically useful 

specificity, despite their relatively small size and low molecular weights (e.g., the 

M.W. of amantadine is 151 g/mol). Here we use X-ray crystallography to show 

the role of water in the binding and the mechanism of action of the adamantyl-

amine class of M2 inhibitors. The hydrophobic groups of these molecules 

displace waters from the portion of the pore that faces the viral interior, while the 

drug’s positively charged ammonium group locks into water networks that 

normally hydrate and stabilize protons as they diffuse through the pore. 

Intriguingly, the α-helical pore-lining carbonyl groups are physicochemical 

chameleons that are easily dehydrated to hydrophobically stabilize the binding of 

apolar groups from M2 inhibitors in the drug-bound form, and yet are also able to 

form stabilizing interactions with cations through water-mediated polar 

interactions in the drug-free form. We also elucidate several features of 

adamantane, which explain its increasingly successful use in drug design. [259] 
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Figure 6.1: Chemical structures and space-filling models of amantadine (cyan), rimantadine 

(green), and spiro-adamantyl amine (yellow). 

 

Influenza virus infections are perennial problems. The 2017-2018 influenza 

season is a timely reminder of the devastating impact of influenza: between 

October 1, 2017 and April 30, 2018, 30,451 laboratory-confirmed influenza-

associated hospitalizations have been reported in the United States. [260] 

Moreover, 2018 marks the 100-year anniversary of the 1918 Spanish Flu, which 

infected an estimated one-third of the human population and killed approximately 

50 million people. [261] In recent years, resistance to the adamantyl-amine class 

of drugs has become widespread, leaving the neuraminidase inhibitor oseltamivir 

(Tamiflu) as the sole orally bioavailable anti-influenza medication. [262] Thus, 

elucidating the structural mechanism of inhibition of adamantyl-amines has 

specific relevance to the design of new compounds to target drug-resistant 

influenza infections, as well as general relevance to the design of drugs that bind 

to the water-filled pores of channel proteins.  

The M2 protein is a homotetrameric channel that serves several different 

functions during the life cycle of the virus, [17-21] which enters the cell via 

receptor-mediated endocytosis. The transmembrane (TM) domain (residues 23-

46) transports protons from the low pH conditions of the endosome into the viral 

interior. The resulting drop in the intra-viral pH triggers the dissociation of viral 

ribonucleoproteins (RNPs) from the matrix 1 protein. [263] M2’s extracellular 

domain (residues 1-22) aids incorporation of M2 into the virion, but this domain 

is absent in influenza B viruses. [25] An amphiphilic helix in the cytosolic tail of 

M2 (residues 46-60) assists viral budding and membrane scission, and a 

disordered domain at the C-terminus is involved in virus assembly through 
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interactions with M1. [263] The TM domain is the minimal construct needed for 

selective proton transport and amantadine binding. [29, 32-34] The rate of 

conductance of the M2 TM domain and its ability to be inhibited by amantadine 

are nearly identical to the full-length protein when the proteins are expressed in 

frog oocytes or reconstituted in phospholipid vesicles. [29, 35, 51] In fact, the 

conductance rate differences between different-length constructs (when 

expressed or reconstituted under identical conditions) are smaller than those 

seen between point mutants found in different strains of the virus. [264] Thus, 

much crystallographic work has focused on the TM domain, because the extra-

membrane domains appear to impede crystallization.  

The structure of M2 has been studied using solution NMR, solid state NMR 

(ssNMR), and X-ray crystallography. Two conformational states of the 

conductance domain have been observed, in which the C-terminus is either 

largely closed or open to the viral interior (Inwardclosed and Inwardopen, 

respectively). In both states, His37 is directed towards the center of the channels, 

where it serves as a selectivity filter and proton shuttle that imbues M2 with its 

strong proton-selectivity. [23, 265] The Inwardclosed state has been characterized 

through solution NMR, [50, 89] ssNMR, [30, 90] and X-ray crystallography. [43] 

The Inwardopen state has been characterized primarily through X-ray 

crystallography, [34, 40, 41, 266] with conformational equilibria between the 

multiple states at low pH resulting in peak broadening in NMR studies. [50, 89, 

91] The various crystallographic structures of the Inwardopen state are in good 

agreement with molecular dynamics simulations that quantitatively explain 

experimental conductance curves. [103] The conductance mechanism involves a 

transporter-like cycling between different protonation states and the two 

conformations. [107] Although the degree of protonation of His37 near the C-

terminal region of the pore defines the stability of the Inwardopen and Inwardclosed 

states, the energetic difference between the two is not large, which assures 

dynamic switching between states during the transport mechanism. Thus, it is 

possible to isolate both conformational states in a variety of pH ranges using 

crystallography.  

Previously, structure-based approaches have been used to inform the design of 

M2 inhibitors that are effective against wild type and amantadine-resistant strains 
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of the virus. [267-269] However, high-resolution structural studies of M2 bound to 

inhibitors, and with high enough resolution to examine the critical role of water in 

drug binding, have been lacking. The only previous drug-bound structures were 

obtained at relatively low resolution by solution or solid state NMR, [58, 76] and 

the sole crystal structure was solved at a diffraction limit of 3.5 Å. [34] These 

studies have been sufficient to locate the drug’s general location, but not its 

engagement of the pore-lining residues and water molecules in the channel. 

Here, we report crystallographic structures of rimantadine bound to both the 

Inwardopen and Inwardclosed states of the wild-type (WT) M2 channel. We also 

determined structures of amantadine and a novel spiro-adamantyl amine inhibitor 

(see Figure 6.1) bound to the Inwardclosed states of WT M2 channel. These drug-

bound structures describe the mechanism of binding and inhibition and inform the 

future design of drugs that interact with and disrupt the networks of hydrogen 

bonded waters that are widely utilized throughout nature to facilitate proton 

diffusion within proteins. [270] 

 

6.2 Materials and methods 

 

The construct of M2 used in this study was Influenza A/Udorn/1972 M2 wild-type, 

residues 22-46. The peptide was chemically synthesized and purified as 

previously described, [40, 266] with acetylation of the N-terminus and amidation 

of the C-terminus: 

Ace-SSDPLVVAASIIGILHLILWILDRL-NH2 

The peptide sample was reconstituted into the lipid cubic phase (LCP) with some 

modifications to Caffrey and Cherezov's protocol. [102] Dry peptide was 

dissolved in ethanol and added directly to monoolein powder. Excess ethanol was 

blown off with nitrogen gas, and the sample was left under vacuum (<100 mTorr) 

overnight to remove the remaining solvent. 

The drugs and inhibiting compounds used in this study were amantadine (1-

adamantylamine HCl, Aldrich), rimantadine (1-(1-adamantyl)ethylamine HCl, 

Aldrich), and spiro adamantyl amine "Compound 9" from Wang et al. 2011. [94] 
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Amantadine, rimantadine, and spiro-adamantyl amine [94] were co-crystallized 

with M2TM (see Figure 6.2). 

 

 

Figure 6.2: Electron density in channel pore above the gating His37 residues: blue mesh is 

2Fo-Fc density shown at a contour of 1 σ, green mesh is a polder omit map [271] shown to a 

contour of 3 σ. Ala30 water layer is shown as red spheres, Gly34 water layer is shown as purple 

spheres. Partial occupancy waters are shown as dark blue spheres. The hydrogen bond 

between Ser31 and the Val27 carbonyl is shown. a. Rimantadine-bound Inwardclosed state 
(green, 6BKL, monomers F and H). b. Amantadine-bound Inwardclosed state (cyan, 6BKK, 

monomers B and D). c. Spiro-adamantyl amine-bound Inwardclosed state (yellow, 6BMZ, 

monomers B and D). d. Rimantadine-bound Inwardopen state (pink, 6BOC, monomers B and D). 

Note that, in the rimantadine-bound structures (a,d), the bound rimantadine has been modeled 

as a superposition of the R and S enantiomers. with both at half occupancy. In the rimantadine-

bound Inwardclosed structure, two of the waters in the Ala30 layer have been also been modeled 

as half-occupancy due to steric clashes with the rimantadine methyl group. Also note the 

difference in the shape of 2Fo-Fc electron density corresponding to bridging waters in the Gly34 
layer in the amantadine- and rimantadine- bound Inwardclosed state structures (a, b); these 

waters are two clearly defined spheres when amantadine binds to one of the tetramers 

(monomers A,B,C,D), though this density consists of just one water in the second tetramer 

within the asymmetric unit (monomers E,F,G,H); the bridging water density is elongated when 
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rimantadine binds. This is likely caused by a racemic mixture of rimantadine enantiomers 

resulting in two water structures that are averaged in the electron density. 

 

Crystallization conditions were tested in plastic 96-well LCP trays (Laminex) using 

a LCP crystallization robot (TTP Labtech). Trays were screened using visible light 

and UV images (see Figure 6.3). Crystals were harvested from the 96-well 

sandwich trays then frozen in liquid nitrogen. Data were collected at Advanced 

Light Source (ALS) beam 8.3.1 at 100 K. Data collection, processing are 

presented in Table 6.2, model building, refinement in Table 6.3.  

 

 

Figure 6.3: Visible light (top) and UV (bottom) images of M2 crystals. Square-shaped plates of 

M2TM bound to drugs and inhibitors form in the lipid cubic phase. 

 

The lipid cubic phase was made by mixing 30 mg of peptide/monoolein sample 

with 20 µL of 50 mM detergent solution. The detergent used in this study was 

decyl maltose neopentyl glycol (DMNG, MW = 949.08); MNG detergents have 

been observed to stabilize membrane proteins for crystallization trials. [272, 273] 

DMNG detergent was synthesized by the Pil Seok Chae group (Hanyang 

University, Seoul, South Korea). In other crystallographic studies, Plastic 96-well 

LCP sandwich trays (Laminex, 200 micron base) containing drops of LCP plus 

precipitant solution were used to screen crystallization conditions using a LCP 

crystallization robot (TTP Labtech). Trays were screened using visible-light and 
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UV imaging. Crystals were harvested from 96-well trays and frozen in liquid 

nitrogen for transport and data collection. 

The crystals formed by these conditions were thin, square-shaped plates. Though 

a detergent amphiphile was present in the crystallization conditions, the protein-

containing lipid cubic phase remained separate from the precipitant solution and 

did not swell into the sponge phase. The crystallization conditions yielding the 

deposited PDB structures are as follows: 

6BKK: 100 nL LCP + 1 µL precipitant solution. LCP: 60 mg monoolein, 1.6 x 10-

6 moles M2TM (EtOH stock), 6.4 x 10-6 amantadine (EtOH stock) (4:1 ratio of 

amantadine:M2 monomer); 40 µL of 50 mM DMNG detergent in water. Precipitant 

solution: 0.1 M NaCl, 0.02 M sodium citrate pH 5.6, 11% w/v PEG 3350. Crystals 

grew at 20 ˚C. Thin square plates formed after 9 months and grew to 100 µm in 

size. 

6BKL: 100 nL LCP + 0.5 µL precipitant solution. LCP: 60 mg monoolein, 1.6 x 

10-6 moles M2TM (EtOH stock), 6.4 x 10-6 moles rimantadine (EtOH stock) (4:1 

ratio of rimantadine:M2 monomer); 40 µL of 50 mM DMNG detergent in water. 

Precipitant solution: 0.2 M MgCl2, 0.1 M sodium acetate / acetic acid pH 4.5, 20% 

w/v PEG 8000. Plates were incubated at 20 ˚C. Thin square plates formed after 

1 month and grew to 75 µm in size. 

6BMZ: 100 nL LCP + 0.5 µL precipitant solution. LCP: 60 mg monoolein, 1.6 x 

10-6 moles M2TM (EtOH stock), 6.4 x 10-6 moles spiro-adamantyl amine (EtOH 

stock) (4:1 ratio of inhibitor:M2 monomer); 40 µL of 50 mM DMNG detergent in 

water. Precipitant solution: 0.1 M HEPES pH 7.0, 30% v/v PEG 400. Plates were 

incubated at 20 ˚C. Thin square plates formed after 1 week and grew to 50 µm in 

size. 

6BOC: 100 nL LCP + 0.5 µL precipitant solution. LCP: 2.4 x 10-6 moles M2TM 

(EtOH stock), 9.6 x 10-6 moles rimantadine (EtOH stock) (4:1 ratio of 

rimantadine:M2 monomer); 40 µL of 50 mM DMNG detergent in water. Precipitant 

solution: 0.18 M LiSO4, 4% v/v (±)-1,3-butanediol, 0.09 M sodium citrate pH 3.5 

(adjusted w/ HCl), 25.2% v/v PEG 400. Thin square plates formed after 2 weeks 

and grew to 300 µm in size. 
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Data were collected at Advanced Light Source (ALS) beam 8.3.1. 6BKK, 6BKL, 

and 6BMZ were collected using a Q315 detector. 6BOC was collected using a 

Pilatus 6M detector. Data collection parameters were as follows: 

6BKK: E = 11111 eV, d = 250 mm, oscillation = 1˚, t = 2 s, 115 frames. 

6BKL: E = 11111 eV, d = 250 mm, oscillation = 1˚, t = 1 s, 360 frames. 

6BMZ: E = 11111 eV, d = 350 mm, oscillation = 1˚, t = 1 s, 200 frames. 

6BOC: E = 11111 eV, d= 300 mm, oscillation = 0.7˚, t = 0.2 s, 300 frames.  

Indexing and integration were carried out in MOSFLM, [274] and the data were 

scaled and merged using Aimless [275] in the CCP4 suite. [276, 277] Molecular 

replacement was done using Phaser [278] with previously solved structures as 

search models (3LBW [43] for the Inwardclosed state, 4QK7 [40] for the Inwardopen 

state). Zanuda [279] was used to aid in space group determination. Refinement 

was carried out in PHENIX, [280] with model building in Coot [281] and PyMOL. 

[282] 

The tilts of amantadine and rimantadine adamantyl groups relative to the 

channel's central axis for structures 6BKK and 6BKL were calculated as the angle 

between two vectors: the channel central axis vector, and the adamantyl 3-fold 

axis vector. The channel central axis vector consists of the averaged Cα 

coordinates for all four monomers of the tetramer at two different residues, Leu26 

and His37. The adamantyl 3-fold axis vector consists of the averaged coordinates 

of three symmetrically equivalent adamantyl carbons (atom names C2, C4, and 

C6 for amantadine, and atom names CG1, CG2, and CG3 for rimantadine), and 

the coordinates of an atom at the center of the 3-fold axis (atom name C10 for 

amantadine, and atom name CD for rimantadine). 

Use of the LCP crystallization robot was made possible by National Center for 

Research Resources Grant 1S10RR027234-01. Beamline 8.3.1 at the Advanced 

Light Source is operated by the University of California Office of the President, 

Multicampus Research Programs and Initiatives grant MR-15-328599 and 

NIGMS grants P30 GM124169 and R01 GM124149.  
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6.2.2.1 Protein setup and molecular dynamics simulations protocol 

The M2TMWT complexes or M2TMS31N complexes were embedded in a POPC 

lipid bilayer extending 30 Å beyond the solutes. The number of lipids added were 

~ 200. The bilayer was then solvated by a 30-Å-thick layer of waters. Na+ and Cl- 

ions were placed in the water phase to neutralize the systems and to reach the 

experimental salt concentration of 0.150 M NaCl. The total number was ~ 80000. 

Membrane creation and system solvation were conducted with the “System 

Builder” utility of Desmond. Τhe OPLS 2005 force field [244-246] was used to 

model all protein and ligand interactions, and the TIP3P [199] model was used 

for water. The particle mesh Ewald method (PME) [205, 206] was employed to 

calculate long-range electrostatic interactions with a grid spacing of 0.8 Ǻ. Van 

der Waals and short range electrostatic interactions were smoothly truncated at 

9.0 Ǻ. The Nosé-Hoover thermostat [248] was utilized to maintain a constant 

temperature in all simulations, and the Martyna-Tobias-Klein method [248] was 

used to control the pressure. Periodic boundary conditions were applied 

(90×90×105)Ǻ3. The equations of motion were integrated using the multistep 

RESPA integrator with an inner time step of 2 fs for bonded interactions and non-

bonded interactions within a cutoff of 9 Ǻ. An outer time step of 6.0 fs was used 

for non-bonded interactions beyond the cut-off. Each system was equilibrated in 

MD simulations with a modification of the default protocol provided in Desmond, 

which consists of a series of restrained minimizations and MD simulations 

designed to relax the system, while not deviating substantially from the initial 

coordinates. First, two rounds of steepest descent minimization were performed 

with a maximum of 2000 steps with harmonic restraints of 50 kcal mol-1 Ǻ-2 

applied on all solute atoms, followed by 10000 steps of minimization without 

restraints. The first simulation was run for 200 ps at a temperature of 10 K in the 

NVT ensemble with solute heavy atoms restrained with a force constant of 50 

kcal mol-1 Ǻ-2. The temperature was then raised during a 200 ps MD simulation 

to 310 K in the NVT ensemble with the force constant retained. The heating was 

followed by equilibration runs. First, two stages of NPT equilibration were 

performed, one with the heavy atoms of the system restrained for 1 ns and one 

for solvent and lipids for 10 ns, with a force constant of 10 kcal/mol/Ǻ2 for the 
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harmonic constraints, respectively. A NPT simulation followed with the Cα atoms 

restrained for 1ns with a force constant of 2 kcal/mol/Ǻ2. The above-mentioned 

equilibration was followed by a 250ns NPT simulation without restraints. Within 

this time, the total energy and the RMSD reached a plateau (see Figure 6.4), and 

the systems were considered equilibrated. For structural analyses, snapshots of 

the different systems were created with VMD [217] or Maestro [250] or Chimera 

[283]. Trajectories were analyzed with Maestro, Gromacs [196, 251], and VMD. 

Measures were done with Gromacs tools. For the calculation of hydrogen bonds, 

a cut-off angle of 30o deviation from 180o between the donor-hydrogen-acceptor 

atoms and a cut-off distance of 3.5 Å between the donor and acceptor atoms 

were applied. 

 

 

Figure 6.4: Root-mean-square deviation (RMSD) for Ca atoms of M2TM relative to the initial 

structure for amantadine and spiro-adamantyl amine (PDB IDs: 6ΒΚΚ and 6BMZ respectively) 

after root-mean-square fitting of Ca atoms of M2TM; in Å. The X-ray of the tetramer structure 

was maintained for all 200 ns of simulation time. 

 

 

6.2.2.2 Molecular dynamics Analysis 

We analyzed snapshots at 5 ps intervals of the 100 ns trajectory. Snapshots were 

aligned to the M2 crystal structure via CA atoms of residues 26-42.  

 

Autocorrelation 

Autocorrelation functions of Figure 6.5 were calculated by equation below 



 

 
174 

C(t) = ( <A(0)A(t)> - <A>2 ) / (<A2> - <A>2) 

where A is the variable of interest, and were fit to a mono- or bi-exponential decay 

function. For angular data, we fit the autocorrelation of the cosine of the angle.  

 

 

 

Figure 6.5: Autocorrelation of (A) amantadine rotation and spiro-adamantyl (B) amine 

rotation and displacement. Correlation decay times are labeled in the insets, with 

corresponding amplitudes for bi-exponential fits. 
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Intrinsic spin was calculated by the following procedure: An internal reference 

frame of the drug was rotated about the X and Y axes of the bundle (see Figure 

6.6). The intrinsic spin is the final rotation about the Z axis (long axis of the bundle) 

to align the drug internal reference frame with the reference frame of the bundle. 

For intrinsic spin of the amine, the internal reference frame was taken as the 

following (normalized) vectors:  

Amine of amantadine: 

origin = center of mass of amine hydrogens 

z-axis = C1 – origin 

x-axis = H1A – origin 

y-axis = z Ä x 

Amine of spiro-adamantyl amine: 

origin = center of mass of amine hydrogens 

z-axis = C10 – origin 

x-axis = HN1 – origin 

y-axis = z Ä x 

Adamantane of amantadine: 

origin = center of mass of C7, C8, C9 

z-axis = N1 – origin 

x-axis = C8 – origin 

y-axis = z Ä x 

Adamantane of Spiro-adamantyl amine: 

origin = center of mass of C8, C10, C14, C15 

z-axis = C4 – origin 

x-axis = C8 – origin 

y-axis = z Ä x 
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Figure 6.6: Histograms from 20,000 MD snapshots (5ps intervals) of tilt angle relative to bundle 

long axis. 

 

 

Clustering of MD snapshots by amine position 

After superposition of the snapshots onto the crystal structure as described 

above, we used a greedy clustering method (see Daura et al. [284]) to cluster the 

MD snapshots by position of the amine, including hydrogens. No further 

manipulation of the amine coordinates was taken. Atoms used in the RMSD 

calculation were C10, N1, HN1, HN1A, and HN1B for amantadine and C1, N1, 

H1A, H1B, and HIC for spiro-adamantyl amine. The amines were clustered with 

a 0.6 Å RMSD. At this cutoff, greater than 50% of the MD snapshots were placed 

into the top 2 (amantadine) or 3 (spiro-adamantyl amine) clusters. All 

permutations of the hydrogens were considered in the clustering. The positions 

of the waters from these top clusters are shown in the water density figures.  

 

6.3 Results and discussion 

The adamantane groups of rimantadine and amantadine disrupt networks of 

hydrogen bonded waters, while the ammonium group engages the remaining 

water networks in the Inwardclosed state 

Using lipid cubic phase (LCP) crystallization techniques, [102] we have solved X-

ray crystal structures of the M2 TM domain (residues 22-46) (M2TM) in the 

Inwardclosed state bound to rimantadine (PDB code 6BKL, 2.00 Å resolution) and 

amantadine (PDB code 6BKK, 2.00 Å resolution) at a resolution of 2.00 Å (see 

Figure 6.7a,b). In both structures, the electron density (see Figure 6.2) 

a b cAmantadine N1-C1 vector Spiro-adamantyl amine N1-C13 vector Spiro-adamantyl amine N1-C1 vector 
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unambiguously defines the positions of the drug and surrounding water 

molecules. Crystals containing drug-bound M2 complexes formed at acidic pH 

(pH 5.6 for amantadine-bound structure 6BKK, pH 4.5 for rimantadine-bound 

structure 6BKL). A DMNG detergent additive was used in crystallization trials to 

stabilize the Inwardclosed state. The binding of adamantane drugs also stabilizes 

this conformation and lowers the pKa of His37. [80] 

A Polder omit map, [271] which is calculated by removing the drug and solvent 

from the model, shows good density for the drugs at a contour of 3 σ (see Figure 

6.2, green mesh). For each complex, the hydrophobic adamantane moiety points 

upward towards the N-terminus on the exterior of the virus, while the ammonium 

group is directed downwards in the aqueous pore towards His37. The 

adamantane is bound in a predominantly hydrophobic pocket, lined by the 

sidechains and mainchains of Val27, Ala30, and Ser31. The hydroxyl of Ser31 

forms an internal hydrogen bond to a mainchain carbonyl of Val27, increasing the 

effective hydrophobicity of the environment. Rimantadine is a racemic drug, and 

the ligand electron density strongly suggests that the bound drug consists of an 

equimolar mixture of both the R and S enantiomers, which were hence each 

modeled at half occupancy. Indeed, the two enantiomers have been shown to 

have equal potency in in vitro electrophysiology and cellular antiviral plaque 

assays. [285] 

In previous high-resolution crystallographic and molecular dynamics 

investigations of M2’s TM domain in the drug-free form, ordered waters form 

continuous hydrogen bonding networks that span the pore from the exterior 

vestibule near Val27 to His37. [40, 41] The carbonyl groups of Val27, Ala30, and 

Gly34 form hydrogen bonds to successive layers of waters. Additional “bridging” 

waters bridge the carbonyl-associated waters to form continuous hydrogen 

bonding networks from the Val27 to His37 (see Figure 6.7e). In both the 

amantadine- and rimantadine-bound structures, the adamantane cage fits snugly 

into the top of the pore, displacing the layer of waters near Val27 (see Figure 

6.8a,d). Thus, the drug dehydrates the upper portion of the pore, snipping the 

continuous hydrogen bonding network seen in the drug-free state. 
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Figure 6.7: X-ray crystal structures of the M2 proton channel bound to drugs and inhibitors. The 

channel is a homotetramer, but here the front and back monomers have been removed to show 

the contents of the channel pore. Hydrogen bonds are shown as yellow dashes. The layer of 

waters forming H-bonds to Ala30 carbonyls ("Ala30 layer") is shown as red spheres; the layer of 

waters forming H-bonds to Gly34 carbonyls ("Gly34 layer") is shown as purple spheres. Top, left 

to right: a. M2 bound to rimantadine in the Inwardclosed state; PDB code 6BKL, 2.00 Å resolution, 
monomer subunits F and H; b. M2 bound to amantadine in the Inwardclosed state; 6BKK, 2.00 Å 

resolution, monomers B and D; c. M2 bound to spiro-adamantyl amine in the Inwardclosed state; 

6BMZ, 2.63 Å resolution, monomers B and D. Bottom, left to right: d. M2 bound to rimantadine 

in the Inwardopen state; 6BOC, 2.25 Å resolution, monomers B and D; e. Previously solved 

structure of M2 in the Inwardopen state at pH 5.0 in the absence of bound drug, [41] 5JOO, 1.41 

Å resolution. 

 

In contrast to the disruption of the waters adjacent to Val27, the lower two water 

layers remain similar to the drug-free state. [43] The ammonium group is 

positioned proximal to the four waters comprising the Ala30 layer (see Figure 

6.8b,e), followed by the Gly34 water layer consisting of four carbonyl-associated 
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and two bridging water molecules (see Figure 6.8c,f). The B-factors of the waters 

bound directly to Ala30 and Gly34 backbone carbonyls are generally similar to 

those of the backbone atoms, indicating that they are tightly associated, while the 

bridging waters show greater disorder. The overall water arrangement is strikingly 

similar to that observed in the crystal structure of the Inwardclosed conformation of 

M2TM in the absence of drug (3LBW), indicating that the water structure that 

stabilizes the ammonium group is largely pre-organized. This same pathway 

would appear ideally oriented for stabilizing and facilitating proton transfer and 

diffusion through this region of the channel in the absence of inhibitor. This 

arrangement is also in good agreement with earlier MD simulations of the water 

in a model of the amantadine complex based on the structure of the drug-free 

structure (PDB: 3LBW). [43] 
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Figure 6.8: Water-mediated hydrogen bonds facilitate the binding of rimantadine and 

amantadine to the M2 pore. In both the rimantadine-bound (6BKL, green) and amantadine-

bound (6BKK, cyan) structures of the Inwardclosed conformation, the drug ammonium group is 
positioned to H-bond with two of the four waters in the Ala30 water layer, shown as red spheres. 

The Gly34 water layer is shown as purple spheres. H-bonds are shown as yellow dashes. 

Amantadine and rimantadine bind asymmetrically and form hydrogen bonds with two of the four 

waters in the top solvent layer. a,d: Side view of rimantadine (a, monomer subunits F and H) 

and amantadine (d, monomers B and D) binding. b,e: Top-down view of rimantadine (b, 

monomers E,F,G,H) and amantadine (e, monomers A,B,C,D) binding to the Ala30 water layer in 

the pore of the M2 channel. c,f: Top-down view of the Gly34 water layer. 

 

While the overall structure of the tetramer and pore waters is largely symmetrical, 

the placement of the drug within the pore deviates slightly from four-fold rotational 

symmetry. The rimantadine- and amantadine-bound M2 crystals presented here 

belong to the P21 space group, with two crystallographically distinct tetramers per 

asymmetric unit. Both drugs adopt in similar asymmetric orientations in each of 

the two amantadine and rimantadine complexes. Their alkyl ammonium groups 

have three hydrogen-bond donating protons, which cannot form symmetrical 

interactions with each of the four Ala30 waters without breaking symmetry. Thus, 

the drugs tilt slightly within the site, displacing the ammonium group away from 

the central axis towards two of the Ala30 waters. The angle of tilt of the adamantyl 

3-fold axis of symmetry relative to the channel's four-fold axis of symmetry is 11.3˚ 

± 0.7 for the amantadine-bound structure and 11˚ ± 3 for the rimantadine bound 

structure, in good agreement with the value of 13˚ measured by SSNMR for 

amanatadine. [58] 

 

The spiro-adamantyl amine inhibitor additionally displaces a second layer 
of water molecules in the Inwardclosed state 

Spiro-adamantyl amine derivatives are excellent inhibitors of the wild-type M2 

channel and also the V27A drug-resistant mutants as assessed by antiviral 

plaque assay and electrophysiological assays. [94, 286] Moreover, these 

compounds have also been shown to rescue mice from lethal influenza infection. 

[287] The more extended scaffold of the spiro-adamantyl amine (see Figure 6.1) 

was designed to exclude more water from the channel and to bind with their 
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ammonium groups deeper in the wild-type channel relative to the ammonium 

position of amantadine. [94] The X-ray crystal structure of spiro-adamantyl amine 

bound to the Inwardclosed conformation (see Figure 6.7c) solved here at a 

resolution of 2.63 Å (PDB code 6BMZ) shows that the drug indeed projects more 

deeply into the channel. The longer spiro-adamantyl amine compound displaces 

the waters of the Ala30 water layer (see Figure 6.9a,b) previously observed in the 

amantadine- and rimantadine-bound structures, and the ammonium group of the 

spiro-adamantyl amine is positioned to form H-bonds with the four carbonyl-

associated waters in the Gly34 solvent layer.  

Interestingly, the adamantane groups are oriented differently in the channel in the 

spiro-adamantyl amine versus the amantadine and rimantadine complexes. The 

adamantyl group projects one of its methylene groups along its own pseudo- two-

fold symmetry axis towards the top of the channel in the spiro-adamantyl amine 

complex. By contrast, a tertiary center along the three-fold axis of adamantane 

projects upward in the amantadine and rimantadine complexes (see Figure 6.9a-

c). This result highlights the near-spherical nature of the adamantane group and 

helps explain its versatility in drug design. [259]  

 

 

Figure 6.9: Binding of spiro-adamantyl amine to the Inwardclosed state. Hydrogen bonds are 

shown as yellow dashes. a,b: Side view of (a) amantadine-bound Inwardclosed M2 structure 

(6BKK, cyan, monomers B and D) and (b) the spiro-adamantyl amine-bound Inwardclosed M2 

structure (6BMZ, yellow, monomers B and D). The spiro-adamantyl amine inhibitor binds with its 

ammonium group deeper in the channel. The Ala30 water layer (red) is completely displaced, 

and the inhibitor ammonium group is within H-bonding distance of the Gly34 water layer 
(purple). (c) Chemical structures of spiro-adamantyl amine (top) and amantadine (bottom), 

showing adamantyl C2 and C3 symmetry axes. 
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Structure of rimantadine bound to M2 in the Inwardopen state 

Effective blockers of M2 inhibit proton conductance at both high and low pH with 

the same or only slight reductions in potency (less than two-fold) at lower pH. [29, 

73] This versatility is likely an important property for drugs that need to remain 

bound as the pH of the endosome decreases prior to fusion of the viral and 

endosomal membranes. Nevertheless, this finding runs contrary to early 

biophysical studies, which appeared to show that amantadine bound the channel 

only under conditions in which the His residues are in the neutral state [33, 57] 

and that the amantadine dissociated at lower pH. However, these early studies 

focused on spectroscopic signatures of only the Inwardclosed state suggesting that 

the drug must also bind to another conformational form at low pH. Thus, it was 

important to determine structures of drugs bound to the Inwardopen state in 

addition to the Inwardclosed conformational state.  

We solved the structure of rimantadine bound to the Inwardopen state of the M2 

channel (see Figure 6.7d) to a resolution of 2.25 Å (PDB code 5BOC). The 

helices, which bend slightly at Gly34 in the Inwardclosed rimantadine complex (see 

Figure 6.7a), straighten in the Inwardopen rimantadine complex. This 

conformational change increases the diameter of the bottom of the channel while 

slightly constricting the upper portion of the channel. The newly solved structure 

of rimantadine bound to the Inwardopen state is in good agreement with a 

previously solved low-resolution (3.5 Å) structure of the Inwardopen amantadine 

complex (3C9J) [34] (Cα RMSD = 0.98 Å). The adamantane drugs are observed 

to bind to the same position in both structures (see Figure 6.10). However, the 

water molecules, which were not resolved in the low-resolution amantadine 

complex (3C9J), are now well defined in the current rimantadine complex 

(5BOC).  
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Figure 6.10: Aligned rimantadine-bound Inwardopen (6BOC, pink) and amantadine-bound 
Inwardopen (3C9J, gray) structures. The position of the bound rimantadine group is in good 

agreement with the previously observed binding position of amantadine. Note that the His37 

rotamers in structure 3C9J are not meaningfully different, as these side chains were fit to 3.5 Å 

resolution electron density. 

 

Hydrogen-bonded networks of water molecules play a similar role in stabilizing 

the Inwardopen and Inwardclosed rimantadine complexes (see Figure 6.7a,d). In 

both complexes, the ammonium group is proximal to the four Ala30 carbonyl-

associated water molecules, and the Gly34 waters are retained. However, the 

increased radius of the channel near the C-terminus of the Inwardopen complex 

leads to an increase in the number of the bridging waters in the Gly34 layer, and 

a progressive opening of a channel from His37 downward. The structures of the 

Inwardopen and Inwardclosed complexes are consistent with the known pH-

independent binding of the drugs to the channel, which now can be understood 

in terms of the affinity of the individual conformational forms for drugs at a given 

pH (see Figure 6.11). The Inwardclosed drug-bound conformation is stable at high 

pH where the overall charge on His37 is 0 or at most +1. At lower pH, His37 

residues are protonated, leading to repulsion between the imidazolium cations as 

well as the ammonium group of the drug in the highly restricted environment of 

the channel. However, at low pH, charge repulsions between protonated His37 

groups as well as their interaction with the drug ammonium group would be more 

easily electrostatically screened in the solvent-exposed end of the Inwardclosed 

conformation. Also, water molecules are well suited to stabilizing charge changes 
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by switching back and forth from donors to acceptors. Thus, the structures of the 

Inwardopen and Inwardclosed complexes explain how the drugs can inhibit over a 

wide range of pH with similar affinity. [29, 73] 

 

 

Figure 6.11: Alignment of Inwardopen and Inwardclosed structures showing amantadine and 

rimantadine binding. (a) Rimantadine-bound Inwardopen (6BOC. pink with waters shown as 

magenta spheres) and Inwardclosed (6BKL, green with waters shown as red spheres) structures. 
(b) Previously solved amantadine-bound Inwardopen (3C9J, gray) [34] and Inwardclosed (6BKK, 

cyan) structures. In the Inwardopen conformation, the adamantane drugs bind slightly deeper in 

the channel pore. 

 

Structural mechanism of drug-binding and channel inhibition 

The binding of the adamantane drugs to M2 presents particularly interesting 

problems for understanding the mechanism of drug action against channels in 

general as well as the design of drugs to address drug resistance in strains of M2 

in particular. We hypothesize that amantadine acts as a mechanism-based 

inhibitor. The amantadine ammonium group exploits the channel's essential 

capability of stabilizing an excess hydrated proton. Thus, the ammonium groups 

do not form H-bonds with pore-facing carbonyl groups; instead they are 

hydronium mimics that interact with functional water networks connected directly 

to the proton-shuttling and gating residue, His37. This hypothesis is consistent 

with the fact that replacing the ammonium group of amantadine with hydroxyl 

strongly decreases antiviral activity. [288] Moreover, the large adamantane 
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displaces loosely bound waters near the top of the pore, thereby stabilizing the 

complex through hydrophobic van der Waals interactions, while also inhibiting 

conduction by occluding entry of protons into the pore. The more extended spiro-

adamantyl amine places its ammonium group further down the channel into a 

lower site lined by four water molecules that simultaneously receive hydrogen 

bonds from both the carbonyl of Gly34 and the imidazole of His37.  

Interestingly, our structures show that the pore-lining carbonyl groups act as 

physicochemical chameleons that stabilize hydrated cations through polar 

interactions in some complexes (e.g. the Ala30 carbonyls in structures 6BKL, 

6BKK), but hydrophobically stabilize apolar aliphatic groups in others (e.g. the 

Ala30 carbonyls in structure 6BMZ). This behavior is consistent with the known 

tendency of the carbonyl groups of helices to form a single strong helical 

hydrogen bond with an amide at position i-4 when in the hydrophobic core of a 

protein, but to form an additional hydrogen bond to water molecules when 

exposed to water. [289] The ability to switch between these two states offers 

intriguing and potentially generalizable possibilities for small molecule drug 

design.  

 

Explaining the effectiveness of adamantane as a substituent for drug 
design 

Adamantane derivatives are commonly used in drugs that treat influenza 

(amantadine, rimantadine), Alzheimer's disease (memantine), and diabetes 

(saxagliptin, vildagliptin), among other uses. [259, 290] The adamantyl group has 

been referred to as a "liphophilic bullet" [259] that can be added onto drugs to 

increase their hydrophobicity and structural stability. The adamantane drugs are 

hydrophobic, though less so than one would expect based on the number of 

carbons they contain. Adamantane has ten carbons contained within four inter-

connected cyclohexane rings that form a cage with a greatly reduced apolar 

surface area when compared to the corresponding unbranched alkane. In fact, 

the hydrophobicity of adamantane (LogP = 3.98) is far smaller than that of n-

decane (LogP = 5.98), and instead is similar to n-hexane (LogP = 3.87). [291] 

The decreased hydrophobicity of adamantane is a simple consequence of its 

highly compact, highly cross-linked structure. For example, the solvent 
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accessible surface area of adamantane is 262 Å2 while that of n-decane in an 

extended conformation 361 Å2.  

A second attractive feature of adamantane is that it has no rotatable bonds and 

hence it loses very little conformational entropy when it binds into a protein 

pocket. By comparison, an alkane of similar hydrophobicity such as n-pentane 

could lose up to 2.6 kcal/mol (ΔS = 4 x RT ln(3)) associated with the three 

rotamers of each of its four rotatable bonds) when immobilized in a receptor-

binding site. Moreover, adamantane has a very smooth surface (see Figure 6.1), 

which allows it to rotate extremely rapidly about its C3 axis, even in the crystalline 

state at room temperature. [292] Due to this rapid rotational averaging 

adamantane effectively has a smooth ellipsoidal shape with a round cross-section 

that belies its jagged appearance when drawn as a stick figure in two dimensions. 

Thus, the apparent mismatch between the C3 structural symmetry of amantadine 

and the M2 tetramer is an artifact of considering the complex as a static object. 

The smooth cross-section of the adamantane ring also assures a low torsional 

barrier for rotation of the amantadine C1-N bond, which again contributes to 

minimal loss in configurational entropy of binding. In summary, adamantane is a 

highly rigid group with a hydrophobicity similar to n-hexane, which can contribute 

to binding with a greatly lower conformational entropy loss than an unbranched 

alkane. 

 

Molecular dynamics confirm the structural mechanism of drug binding and 
inhibition  

To test and further refine these conclusions we turned to all-atom molecular 

dynamics simulations of the M2 channel in a POPC (200 lipid molecules) bilayer 

(see Methods). We examined the amantadine and spiro-adamantyl amine 

complexes in the neutral Inwardclosed conformation to allow a comparison of the 

two distinct drug classes in the same conformation of the channel. The simulated 

complexes were structurally stable and showed no large conformational changes 

over 200 nsec (Cα RMSD to the crystallographic structures £ 1 Å, Table 6.1, 

Figure 6.3). In accord with SSNMR measurements, [58] amantadine undergoes 

rapid rotation about its major axis (correlation, tc = 40 psec) (see Figure 6.4). 

Torsional averaging about the C1-NH2 bond of the drug also occurs with tc = 30 
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psec. Also in agreement with ssNMR, the main axis of the drug undergoes rapid 

motion within a cone (mean tilt = 9 ± 5°, Figure 6.5) rather than being fixed in one 

single orientation. Thus, the fixed asymmetric orientation seen in the cryo-cooled 

crystal structure represents a single snapshot of the time-averaged structure 

seen by SSNMR and MD simulations.  

 

Table 6.1: Structural and dynamic measures from 250 ns MD trajectories of M2TM-ligand 
complexes in POPC bilayer at high pH. 

 RMSD 
Ligand (Cα 27-46) 1 Achain (Cα 27-46) 

2 
Bchain (27-46) 3 Cchain (27-46) 4 Dchain (27-46) 5 

Amt 0.90 ± 0.2 0.76 ± 0.1 0.75 ± 0.1 0.64 ± 0.1 0.62 ± 0.1 

Rim-R 0.97 ± 0.2 0.60 ± 0.1 0.53 ± 0.1 0.66 ± 0.1 1.03 ± 0.2 

Rim-S 0.77 ± 0.2 0.61 ± 0.1 0.56 ± 0.1 0.64 ± 0.1 0.55 ± 0.1 

Spiro-adamantyl 
amine 

0.96 ± 0.2 0.60 ± 0.1 0.62 ± 0.1 0.58 ± 0.1 0.93 ± 0.2 

 

Ligand Ligand tilt V27-Ad 8 A30-Ad 9 G34-Ad 10 H-bonds 11 Cl-N distance 12 
Amt 11.5 ± 6.1 6 4.5 ± 0.3 0.7 ± 0.3 5.2 ± 0.3 2.8 ± 0.4 51.0 ± 10.7 

Rim-R 21.7 ± 7.7 6 4.2 ± 0.3 1.1 ± 0.3 5.7 ± 0.3 3.0 ± 1.1 47.2 ± 10.1 

Rim-S 17.4 ± 5.7 6 4.3 ± 0.3 1.0 ± 0.3 5.5 ± 0.3 2.9 ± 1.1 47.1 ± 10.4 

Spiro-adamantyl 
amine 

8.2 ± 4.1 7 4.3 ± 0.3 1.0 ± 0.3 5.4 ± 0.3 2.7 ± 0.5 49.0 ± 10.6 

 

1 Root-mean-square deviation (RMSD) for Cα atoms of M2TM tetramer, residues 27-46, relative 

to the initial structure (PDB entry: 5TP7, 5TP8, 6BMZ respectively) after root-mean-square fitting 

of Cα atoms; in Å. 

2-5 Root-mean-square deviation (RMSD) for Cα atoms of M2TM helix A-D, residues 27-46, relative 

to the initial structure (PDB entry: 5TP7, 5TP8, 6BMZ respectively) after root-mean-square fitting 

of Cα atoms; in Å. 

6 Angle between the adamantane C3 symmetry axis vector and the normal to the membrane; in 
degrees. 

7 Angle between the adamantane C2 symmetry axis vector and the normal to the membrane; in 

degrees. 

8 Mean distance between center of mass of V27 and centers of mass of adamantane calculated 

using Gromacs tools; in Å. 
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9 Mean distance between center of mass of A30 and centers of mass of adamantane calculated 

using Gromacs tools; in Å. 

10 Mean distance between center of mass of G34 and centers of mass of adamantane calculated 
using Gromacs tools; in Å. 

11 Mean number of H-bonds between ligand's ammonium group and waters. 

12 Mean distance in Å between the ligand N and the nearest Cl-. 

 

Although the water molecules undergo rapid motions in the channel, their 

average positions are in excellent (< 1 Å) agreement with the positions seen in 

the crystal structure of the corresponding amantadine complex. As in the 

crystallographic structure, the waters form tight clusters within hydrogen-bonding 

distance of the Ala30 and Gly34 carbonyls, with more diffuse density in the region 

bridging between the four Gly34 waters (see Figures. 6.2 and 6.12). 

 

 

Figure 6.12: Molecular dynamics simulations reproduce the positions of the crystallographic 

waters. X-ray crystal structures are shown as sticks. Red and purple dots are water oxygen 

positions from 20,000 MD simulations snapshots of the largest amine clusters. Gray wireframe 
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shows 1s contours of water electron density from the X-ray crystal structure. a,c: Side views. 

b,d: Top views. See supplement for details of the simulations and treatment of the data. 

 

Examination of the probability density function for the amine-water interaction 

(see Figure 6.13), showed that, on average, three to four waters are within 

hydrogen-bonding distance of the amine, and that other features of the water are 

in quantitative agreement with the crystallographic structure. In summary, the MD 

simulations of the amantadine Inwardclosed complex are in excellent agreement 

with experimental results and confirm the expectation that the complex is 

entropically stabilized by rapid axial rotation and torsional motions of the bound 

amantadine.  

 

 

Figure 6.13:	(a) Radial distribution function (RDF) between amantadine amino group and water 

oxygen atoms, extracted from a 200 ns simulation. a. The RDF g(r) function (right axis) shows a 

strong peak near 2.7 Å, associated with waters forming hydrogen bonds to the ammonium 

group. The cumulative integrated intensity (Sg(r), right axis) indicates that 3.5 to 4 waters are 

associated with the ammonium, on average. The second broad peak near 4.8 Å represents the 

bridging and Gly34 waters, and integrate to approximately five to six waters, in good agreement 

with the crystallographic structure. (b) RDF between Spiro-adamantyl amine amino group and 

water oxygens, extracted from a 200 ns simulation. Four waters are observed associated with 
the ammonium group, in agreement with the crystal structure. The second peak near 8 Å reflect 

more distant waters between His37 and Trp41 of the channel. 
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Simulations of the spiro-adamantyl amine complex were similarly in good 

agreement with ssNMR [94] and the crystallographic structures. The drug 

undergoes rapid rigid-body and torsional rotations about its pseudo-C2 axis (tc = 

190 and 70 psec, respectively) (see Figure 6.5), similar to the rotation of 

amantadine about its C3 axis. The water density obtained from the ensemble-

averaged structures also matches the crystallographic structure (see Figures 6.2, 

6.12), with dense clusters of water seen near the carbonyls of Gly34. Throughout 

the simulations of both M2 bound to amantadine and M2 bound to the spiro-

adamantyl amine, the ammonium group remained near the center of the channel, 

within 1 Å of its position in the starting crystallographic structures (see Figure 

6.14).  

 

 

Figure 6.14: Kernel density estimate (KDE) of the amine N displacement of amantadine (a) and 

spiro-adamantyl amine (b) in the x-y plane (orthogonal to bundle long-axis). Darker shading 

means higher density, e.g., near (-0.3, -0.3) in (a) showing the amine N spends a substantial 

amount of time off-center. KDEs are derived from 20,000 snapshots (5 ps intervals) of a 
molecular dynamics simulation. 

 

6.4 Conclusions 

Implications for the design of drugs that target influenza A virus  

M2 undergoes changes in conformation and the protonation state of the gating 

His37 tetrad as the pH of the endosome gradually decreases. Thus, a successful 

drug must inhibit the channel over a wide range of pH and conformational states. 
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If drugs such as amantadine and rimantadine bound exclusively to the Inwardclosed 

state, then one would expect that the drug would dissociate as the pH was 

lowered below the pKa of the His37 residues (le Chatlier’s principle). However, 

the affinity of amantadine is relatively invariant with pH between neutral pH and 

acidic endosomal pH, as assessed by electrophysiological measurements at pH 

as low as 5.5. [29, 73] It was therefore important to define the mode of inhibition 

of drugs when bound to the Inwardopen form of the channel, which is the more 

stable form in native membranes at low pH. [107] The crystal structures shown 

here define similar modes of drug binding in both forms, with the ammonium 

group engaged in hydrogen bonds with ordered waters lower in the channel and 

the adamantane cage displacing water from the hydrophobic region near Val27. 

Thus, the ability of drugs to bind over a range of pH and conformational states 

appears to be important for viral inhibition. Along these lines, it is noteworthy 

that a series of inhibitors that appear to bind the S31N variant of M2’s TM domain 

exclusively in the Inwardopen state (with a straight helix lacking the kink that allows 

formation of the inwardly closed state) are very weak inhibitors of this protein's 

proton channel activity, and they are also inactive in antiviral assays. [176] 

The structures presented here should also inform the design of compounds that 

inhibit M2 mutants from amantadine- and rimantadine-resistant forms of the virus. 

These mutants cluster in the upper portion of the channel between residues 26-

31, disrupting the hydrophobic adamantane-binding site, while the pore-lining 

residues that are important for water-mediated conduction (Ala30, Gly34, His37) 

remain unchanged in more than 99% of the virus identified in humans, pigs and 

animals to date. [293] Here, we show that inhibitors can be designed by either 

hydrogen-bonding to the Ala30-associated waters in the amantadine and 

rimantadine complexes, or by displacing these same water molecules in the 

spiro-adamantyl amine complex. The structures presented here will provide 

critical information to aid in the design of inhibitors that also displace waters that 

associate with the absolutely conserved His37 imidazole and Gly34 carbonyls. 

Such compounds might be able to bind lower in the channel, avoiding the more 

resistance-prone upper region of the pore altogether. 
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Table 6.2: Data processing statistics for M2 bound to amantadine (6BKK), rimantadine (6BKL), 

and spiro-adamantyl amine (6BMZ) in the Inwardclosed conformation, and M2 bound to 

rimantadine (6BOC) in the Inwardopen conformation. Data processing was carried out in Aimless, 
[275] with space group validation in Zanuda. [279] 

Structure 6BKK 6BKL 6BMZ 6BOC 
Space group P21 P21 P212121 P2 

 Cell dimensions (Å)         

a,b,c (Å) 
44.22, 52.05, 

48.72 

36.46, 47.84, 

48.53 

49.62, 72.59, 

99.25 

34.05, 34.02, 

72.09 

 
90.00, 108.2, 
90.00 

90.00, 96.76, 
90.00 

90.00, 90.00, 
90.00 

90.00, 90.23, 
90.00 

Resolution (Å) 
52.05 - 2.00 

(2.05 - 2.00) 

48.19 - 2.00 

(2.05 - 2.00) 

72.59 - 2.63 

(2.76 - 2.63) 

36.04 - 2.25 

(2.32 - 2.25) 

Completeness (%) 93.5 (88.8) 93.3 (90.8) 99.3 (98.9) 98.3 (96.3) 

Number of unique 
reflections 

13454 (942) 10589 (754) 11007 (1442) 7894 (695) 

Average redundancy 2.2 (2.1) 4.8 (4.5) 7.0 (6.9) 3.2 (3.3) 

Rmerge 0.164 (0.808) 0.114 (0.348) 0.154 (0.608) 0.203 (0.463) 

CC(1/2) 0.974 (0.508) 0.994 (0.959) 0.997 (0.920) 0.957 (0.791) 
Average I/sigI 4.6 (2.2) 7.1 (2.9) 8.7 (3.0) 4.2 (2.1) 

 

Table 6.3: Refinement statistics for M2 bound to amantadine (6BKK), rimantadine (6BKL), and 

spiro-adamantyl amine (6BMZ) in the Inwardclosed conformation, and M2 bound to rimantadine in 

the Inwardopen conformation (6BOC). Refinement was carried out in PHENIX.refine [280] with 

model-building in Coot [281] and PyMOL. [282] 

Structure 6BKK 6BKL 6BMZ 6BOC 

Resolution (Å) 
46.29 - 1.995 
(2.066 - 1.995) 

48.19 - 1.995 
(2.066 - 1.995) 

44.38 - 2.634 
(2.728 - 2.634) 

34.05 - 2.25 
(2.33 - 2.25) 

Number of 
reflections refined 
against 

13419 (1269) 10543 (1022) 10945 (1075) 7886 (747) 

Completeness 
(working + test) (%) 

92.83 (89.05) 92.24 (89.81) 98.49 (98.53) 97.74 (95.77) 

Rwork 0.2271 (0.2443) 0.1863 (0.2019) 0.2255 (0.2608) 
0.2600 
(0.2785) 

Rfree 0.2703 (0.3112) 0.2439 (0.2892) 0.2767 (0.3376) 
0.2815 

(0.4070) 
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Number of non-
hydrogen atoms 

1680 1538 3115 849 

Macromolecules 1536 1452 2964 768 
Ligands 39 52 84 44 

Water 105 34 67 37 

Ramachandran 
favored (%) 

100 100 99.14 100 

RMS(bonds) 0.001 0.007 0.002 0.015 

RMS(angles) 0.33 0.75 0.44 1.23 

Average B-factor 15.95 28.49 29.20 32.96 
Macromolecules 14.99 28.41 28.83 31.85 

Ligands 21.01 26.92 32.62 42.70 

Water 28.14 34.42 41.39 44.62 
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7. CHAPTER 7 
X-ray Crystal Structures of the Influenza M2 Proton Channel 

Drug-Resistant V27A Mutant Bound to a Spiro-Adamantyl 
Amine Inhibitor Reveal the Mechanism of Adamantane 

Resistance 

7.1 Introduction  

Influenza A M2 is a multifunctional viral protein whose domains play several roles 

during the viral lifecycle. It is a homotetramer that contains monomers made up 

of 97 amino acids. The N-terminal domain (residues 1-22) is well-conserved and 

plays a role in incorporation of M2 into the virion. [25] The transmembrane (TM) 

domain (22-46) forms a unidirectional, proton-selective channel [17, 294] that 

acidifies the viral interior after the virus is endocytosed into the host cell. This 

allows viral ribonucleoproteins (vRNPs) to dissociate from the matrix 1 (M1) 

protein; when proton conductance through M2 is blocked by the adamantane 

drugs (see Figure 7.1), this dissociation is prevented and the virus is no longer 

able to replicate. [263] The proton channel function of M2 also serves a 

secondary role in the de-acidification of the Golgi apparatus so that acid-sensitive 

hemagglutinin is not prematurely activated before the virus assembles and buds. 

[295] The minimal construct needed for selective, unidirectional proton transport 

is the TM domain (residues 22-46). [29, 32] The TM domain is relatively well-

conserved compared to the rest of the channel, and only a small number of 

mutants retain conductance rates similar to the WT. [264] The cytosolic helix of 

M2 induces membrane curvature and is involved in viral budding and scission, 

[47, 227] and the C-terminal tail interacts with the M1 protein. [27] 

 

 

Figure 7.1: Chemical structures of the adamantane drugs (amantadine, rimantadine) and spiro-

adamantyl amine. 
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In recent years, adamantane drug-resistant mutants have become prevalent in 

circulating viruses. Some viruses are resistant to the adamantanes and 

neuraminidase inhibitors, [296-298] thus highlighting the need to develop new 

influenza antivirals. The two most prevalent drug-resistant mutants are S31N and 

V27A. [299] While the S31N mutation was present in populations of influenza 

before the introduction of the adamantane drugs, V27A has become enriched by 

selection pressure. [300], Double mutants containing both S31N and V27A 

mutations have been observed. [293, 301] The percent of influenza viruses 

containing the V27A mutation varies widely depending on the viral strain and 

season, with some studies reporting incidence as high as 7-10%. [302, 303] 

Overall, the V27A mutation is becoming more prevalent in circulating populations 

of influenza, [293] so there has been interest in designing drugs to target it. [88, 

94, 287, 304-306]   

Here we present X-ray crystal structures of the drug-resistant V27A mutant of M2 

bound to a spiro-adamantyl amine inhibitor, using both M2(22-46) and M2(21-61) 

constructs for crystallization trials. Spiro-adamantyl amine was developed by 

molecular dynamics simulation-directed design and was able to inhibit the 

conductance of protons in both the V27A mutant and the WT channel in two 

electrode voltage clamp (TEVC) assays using Xenopus oocytes, with an IC50 of 

0.3 µM against the V27A channel and an IC50 of 18.7 µM against the WT channel 

(compare to IC50 = 15.7 µM for amantadine against the WT channel). [94] Spiro-

adamantyl amine was further shown to have both in vitro and in vivo antiviral 

activity against influenza A M2 V27A mutant virus. [287] Therefore, spiro-

adamantyl amine appears to represent a promising antiviral drug candidate that 

warrants further characterization. In this study, we focus on understanding the 

mechanism of action of spiro-adamantyl amine in inhibiting the M2 V27A mutant 

by solving high-resolution X-ray crystal structures. It was found that when Val27 

is mutated to Ala, the diameter of the channel pore at the drug binding site 

increases and the hydrophobic interactions that stabilize the binding of 

adamantanes to the WT channel are removed. This widening of the pore at the 

channel's N-terminus allows the spiro-adamantyl amine compound to bind with 

its adamantyl group higher in the channel relative to previous structures of drug-
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bound M2 WT. The inhibitor binds with its ammonium group pointed down the 

channel pore, in the direction of the gating His37 residues. The inhibitor 

ammonium group interacts indirectly with the gating His37 residues through two 

intervening water layers, compared to one water layer in the M2 WT complex with 

the same spiro-adamantyl amine inhibitor. This interrupts hydrogen bonded water 

networks leading down to the His37 gate and prevents proton conduction through 

the channel. In the structure of M2(21-61) V27A bound to spiro-adamantyl amine, 

we observe tight packing at the channel's C-terminus, particularly at residue 

Arg45. 

 

7.2 Material and methods 

 

The sequence of the M2(22-46) V27A construct used in this study is as follows: 

Ac-SSDPLAVAASIIGILHLILWILDRL-NH2 

The sequence of the M2(21-61) V27A construct used in this study is as follows: 

Ac-DSSDPLAVAASIIGILHLILWILDRLFFKSIYRFFEHGLKR-NH2 

M2(22-46) V27A and M2(21-61) V27A were synthesized using Fmoc chemistry 

with an optimized solid phase synthesis protocol and purified using reverse phase 

HPLC. [40, 266] Coupling reagents were 5 equiv. amino acid, 5 equiv. HCTU (O-

(6-Chlorobenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate), 

10 equiv. DIEA (N,N-Diisopropylethylamine) in NMP (N-Methyl-2-pyrrolidone). 

Several factors were taken into consideration when synthesizing this peptide. [40] 

First, hydrophilic PEG (polyethylene glycol) based Chemmatrix Rink Amide resin 

was used in order to minimize peptide aggregation. Second, coupling and Fmoc 

deprotection for each residue were performed at 75 oC for 5 minutes to achieve 

high yield, except H37 and H57 which were coupled at 20 ˚C for 30 minutes to 

minimize racemization. Third, a solution of 5% piperazine + 0.1 M HOBt 

(hydroxybenzotriazole) was used for Fmoc deprotection instead of 20% 

piperidine. This is to suppress a major side reaction of aspartimide formation 

between D44 and R45. Fourth, all three arginines (R45, R53, and R61) and the 

residues immediately following them (D44, Y52, and K60) were double coupled. 
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The peptide was cleaved from the resin using 95% TFA (trifluoroacetic acid), 

2.5% Tris, 2.5% H2O and precipitated from ether after removal of TFA. Ether was 

decanted after centrifugation and the peptide was washed with cold ether again. 

Crude peptides were dissolved in a solution consisting 50% B’ buffer (59.9% 

isopropanol, 30% acetonitrile, 10% H2O, and 0.1% TFA) and 50% A buffer 

(99.9% H2O, 0.1% TFA) and purified by preparative C4 reverse phase HPLC with 

a linear gradient of 70% B’ to 85% B’. M2(21-61)-V27A was eluted at around 80% 

B’. Purity and identity of the peptide were confirmed by analytical HPLC and 

MALDI-MS. 

 

 

The peptides were reconstituted into the lipid cubic phase with modifications to 

the protocol described by Caffrey and Cherezov, [102] as previously described. 

[61, 307, 308] The V27A peptides were dissolved in ethanol and added directly 

to dry monoolein powder (1-oleoyl-rac-glycerol, Sigma-Aldrich) along with an 

ethanol stock of spiro-adamantyl amine and the sample was vortexed, then the 

excess ethanol was removed using a stream of nitrogen and was then lyophilized 

overnight to remove excess ethanol (<100 mTorr). [40, 307, 308] The cubic phase 

was formed by melting the peptide/inhibitor/monoolein sample at 40 ˚C and 

mixing with an aqueous solution containing MNG-3-C8 detergent, [272, 273] 

which in previous crystallization trials and solution NMR studies has been shown 

to stabilize the Inwardclosed conformation of the M2 channe, [61, 309] transferred 

to a glass Hamilton syringe, then the lipid cubic phase was formed after addition 

of aqueous solution at a ratio of 20 µL aqueous per 30 mg sample. Crystallization 

conditions were screened in plastic 96-well sandwich trays (Laminex, 200 micron) 

using a LCP Mosquito crystallization robot (TTP Labtech).  

The crystallization conditions for the structure of M2(22-46) V27A bound to 

spiroadamantyl amine (PDB code 6NV1) were as follows: 100 nL LCP plus 500 

nL precipitant solution. LCP composition: 30 mg monoolein (Sigma-Aldrich), 1.2 

x 10-6 moles M2(22-46) V27A peptide, 4.8 x 10-6 moles spiroadamantyl amine 

inhibitor (4-fold excess over M2 monomer), mixed with 20 µL of 50 mM MNG-3-

C8 (C43H80O22, MW = 949.08) in water using a syringe coupler at 20˚C. 

Precipitant solution composition: 0.045 M HEPES pH 7.5, 19.8% (w/v) PEG 4000, 
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0.01 M L-proline. Crystals formed as 25 µm rectangular plates after two weeks of 

incubation at 20 ˚C. 

The crystallization conditions for the structure of M2(21-61) V27A bound to 

spiroadamantyl amine (PDB code 6OUG) were as follows:  

100 nL LCP plus 1000 nL precipitant solution. LCP: 30 mg monoolein (Sigma-

Aldrich), 8 x 10-7 moles M2(21-61) V27A peptide, 4.8 x 10-6 moles adamantyl 

amine inhibitor (6-fold excess over M2 monomer), mixed with 20 µL of 50 mM 

MNG-3-C8 in water using a syringe coupler at 20˚C. Precipitant solution: 0.04 M 

sodium chloride, 0.04 M Tris pH 8.0, 27% v/v PEG 350 MME. Crystals formed as 

20 µm cubes after 3 weeks of incubation at 20 ˚C (see Figures 7.10 and 7.11). 

Crystals were diffracted at the Advanced Light Source (Berkeley, USA) on beam 

8.3.1 using a Dectris Pilatus3 S 6M detector. Data were collected at 100 K. Data 

indexing, integration and scaling were carried out using XDS. [310] Anisotropic 

scaling was used for one of the datasets (PDB ID 6OUG). [311] Both structures 

were solved by molecular replacement using Phaser [278] in the CCP4 suite, 

[277] with a single tetramer (PDB ID 6BMZ) as a search model. [61] Refinement 

was carried out in Phenix [280] with model building in Coot. [281] Polder maps 

were calculated using Phenix. [271] Pore diameters were calculated using 

CHUNNEL. [312] 

Use of the LCP crystallization robot was made possible by National Center for 

Research Resources Grant 1S10RR027234-01. The authors thank Pil Seok 

Chae (Hanyang University, Seoul, South Korea) for providing MNG detergent for 

crystallization trials. J.T. and M.C. thank David Aragão and Valerie Pye for help 

with diffraction measurements and structure determination using first ever 

crystals of the M2-V27A TM domain. Data collection was carried out at ALS 8.3.1. 

Beamline 8.3.1 at the Advanced Light Source is operated by the University of 

California Office of the President, Multicampus Research Programs and 

Initiatives grant MR-15-328599 and NIGMS grants P30 GM124169 and R01 

GM124149. The authors thank George Meigs and James Holton at ALS 8.3.1 for 

support during data collection.  

 



 

 
199 

 

Crystals were harvested from the LCP plates and snap cooled in liquid nitrogen 

with no added cryoprotectant. Data collection was carried out at the Advanced 

Light Source (Berkeley, USA) using a Dectris Pilatus3 S 6M detector. Crystals 

were diffracted at 100 K. 

Data collection parameters for the structure of M2(22-46) V27A bound to 

spiroadamantyl amine (6NV1) were as follows: detector distance = 300 mm, 

oscillation = 1˚, exposure time = 0.5 s, energy = 11.111 keV, 360 frames. The 

crystal diffracted to 2.5 Å with a P 21 21 21 space group and unit cell dimensions 

a, b, c (Å) = 49.81, 49.95, 75.03; α, β, γ (˚) = 90, 90, 90. 

Data collection parameters for the structure of M2(21-61) V27A bound to 

spiroadamantyl amine (6OUG) were as follows: detector distance = 300 mm, 

oscillation = 0.25˚, exposure time = 0.3 s, energy = 11.111 keV, 1480 frames. 

The crystal diffracted to 3.0 Å with a P 21 21 2 space group and unit cell 

dimensions a, b, c (Å) = 49.42, 49.38, 122.38; α, β, γ (˚) = 90, 90, 90. 

 

 

Data indexing, integration and scaling were carried out using XDS. [310] For the 

6OUG dataset, the resolution cutoff was made generously because of strong 

anisotropy, which later was corrected by anisotropic scaling. [311] Statistics for 

data processing and refinement are shown in Table 7.4. 

 

 

Both structures were solved by molecular replacement using Phaser [278] in the 

CCP4 suite, [277] with a single M2(22-46) tetramer as a search model (PDB 

code: 6BMZ). [61] For both structures, two tetramers were observed in the 

asymmetric unit. Refinement was carried out using Phenix.refine. [280] Rigid 

body refinements were performed using single helices as rigid body domains. In 

the early stages of refinement, simulated annealing was applied to remove model 

bias.  
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Models were built with Coot. [281] For the structure of M2(22-46) V27A bound to 

spiroadamantyl amine (6NV1), eight monoolein molecules (one per monomer 

helix) were modeled based on difference maps. The TLS domains for refinement 

were defined down to single monomer helices. For the structure of M2(21-61) 

V27A bound to spiroadamantyl amine (6OUG), residues at the C-terminus were 

modeled based on omit maps. Twinning was observed, and data were refined 

using the twin law k, h, -l. For TLS refinement, each helix was split into two TLS 

domains between residues L46 and F47, as the C-terminal cytosolic helix was 

observed to be more flexible than the TM domain. Polder omit maps were 

calculated in Phenix. [271] 

 

 

The X-ray crystal structure of M2(22-46) WT in complex with spiro-

adamantylamine molecule (PDB ID 6BMZ) [61] was used as the starting structure 

after mutating Val27 to Ala. The M2(22-46) V27A - spiro-adamantylamine 

complex was embedded in a hydrated POPC lipid bilayer. The complexes was 

simulated in the neutral Inwardclosed conformation at pH 8.0 with a protonated 

ammonium group for the spiro-adamantyl amine ligand. and the system was 

subjected to all-atom MD simulations using Desmond. [61, 242, 243] The POPC 

lipid bilayer extended 30 Å beyond the protein, resulting in a system including ca 

200 lipid molecules to allow the formation of two layers without interdigitation (see 

Figure 7.2). The TIP3P [199] model was used for water. The bilayer was solvated 

using a 30 Å thick layer of TIP3P waters Na+ and Cl- ions were placed in the 

water phase to neutralize the systems and to represent the experimental salt 

concentration of 0.150 M NaCl. The total number of atoms in the system reached 

ca 80000. Membrane creation and system solvation were conducted with the 

“System Builder” utility of Desmond (Schrodinger, Cambridge, MA). [242, 243] 

Protein-ligand interactions were modelled using OPLS 2005. [244-246] This 

setup resulted in a simulation box of 88×88×105 Ǻ3 dimensions and ca 19000 

water molecules.  
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Figure 7.2: Spiro-adamantyl amine binding site for structures of M2(22-46) V27A (PDB code 

6NV1, light gray) and M2(21-61) V27A (PDB code 6OUG, dark gray). Front and back monomer 

helices have been removed so the contents of the pore can be clearly viewed. (a) Alignment of 

structures 6NV1 (monomer chains B and D) and 6OUG (chains B and D). The bound spiro-

adamantyl amine localizes to the same position in the pore in both M2 constructs. The 
compound's adamantyl cage interacts with the four mutant Ala27 residues at the N-terminus the 

homotetrameric channel. (b) and (c) 2Fo-Fc maps at a contour of 1 σ (blue net) and Polder omit 

maps [271] to a contour of 3 σ (green net) for M2(22-46) V27A (6NV1) (b) and M2(21-61) V27A 

(6OUG) (c) In structure 6NV1, Polder map density at 3 σ shows both the adamantyl cage and 

cyclohexyl group of the bound spiroadamantyl amine inhibitor. However, in structure 6OUG, 

only the adamantyl cage of the channel is observed at this contour level. (d) Chemical structure 

of spiro-adamantyl amine, showing the adamantyl C2 symmetry axis. 

 

Calculation of long-range electrostatic interactions was carried out using the 

particle mesh Ewald method with a grid spacing of 0.8 Ǻ. [205, 206] Van der 

Waals and short-range electrostatic interactions were smoothly truncated at 9.0 

Ǻ. A constant temperature was maintaned in all simulations using Nosé-Hoover 

thermostat, and the Martyna-Tobias-Klein method was employed to control the 

pressure. [248] Multistep RESPA integrator [313] was used to integrate the 

equations of motion with an inner time step of 2 fs for bonded interactions and 

non-bonded interactions within a cut-off of 9 Ǻ. An outer time step of 6.0 fs was 

used for non-bonded interactions beyond the cut-off. The equilibration protocol 

consisted of a series of restrained minimizations and MD simulations designed to 

relax the system, while not deviating substantially from the initial coordinates. 

Initially, two rounds of steepest descent minimization with a maximum of 2000 

steps and harmonic restraints of 50 kcal mol-1 Ǻ-2 were applied on all solute 

atoms, followed by 10000 steps of minimization without restraints. The first 
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simulation was run for 200 ps at a temperature of 10 K in the NVT ensemble with 

solute heavy atoms restrained with a force constant of 50 kcal mol-1 Ǻ-2. The 

temperature was then raised during a 200 ps MD simulation to 310 K in the NVT 

ensemble with the force constant retained. A temperature of 310 K was used in 

the MD simulations to ensure that the membrane state was above the chain 

order/disorder transition temperature of 271 K for fully hydrated POPC lipids. 

[204] The heating was followed by equilibration runs. Three stages of NPT 

equilibration (1 Atmosphere) with restraints were performed, first with the heavy 

atoms of the system restrained for 1 ns, then with solvent and lipid molecules 

restrained harmonically with a force constant of 10 kcal/mol/Ǻ2 for 10 ns. In the 

third stage of equilibration, the Cα atoms of M2(22-46) V27A were harmonically 

restrained with a force constant of 2 kcal/mol/Ǻ2 for 1 ns. The above-mentioned 

was followed by a 300 ns NPT simulation without restraints. Within this time, the 

total energy, system dimensions, and the RMSD reached a plateau, and the 

systems were considered equilibrated. For Figures 7.12 and 7.13 the MD 

trajectory was converted to Gromacs format xtc using VMD software, for further 

analysis using Gromacs 2016 tools. Water molecules were selected from the 

section of all water molecules within 6Å radius from His37 and 6Å radius from 

ligand. Distances between ligand’s nitrogen and each water’s oxygen molecule 

were calculated based on their position on Z-axis. A 300 ns NPT simulation 

without restraints was performed. Within this time, the RMSD of Cα carbons of 

the protein reached a plateau, and the systems were considered to be 

equilibrated. For structural analyses, snapshots of the different systems were 

created with VMD [217] or Maestro. [250] Trajectories were analyzed with 

Maestro, Gromacs, [196, 251] and VMD. Measurements were carried out with 

Gromacs tools. For the calculation of hydrogen bonds, a cut-off angle of 30o of 

deviation from 180o between the donor-hydrogen-acceptor atoms and a cut-off 

distance of 3.5 Å between the donor and acceptor atoms were applied. 
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7.3 Results and discussion 

 

We have used LCP crystallization techniques [102] to solve two X-ray crystal 

structures of the adamantane-resistant M2 V27A mutant: one 2.5 Å structure of 

M2(22-46) V27A in complex with spiro-adamantyl amine (PDB ID 6NV1), and one 

3.0 Å structure of M2(21-61) V27A in complex with spiro-adamantyl amine (PDB 

ID 6OUG). The binding site of the spiro-adamantyl amine inhibitor is nearly 

identical in the two structures (see Figure 7.3).  

Co-crystallization with a maltose neopentyl glycol (MNG) detergent additive 

appears to have stabilized M2 in its tetrameric form; in the absence of this 

detergent, the protein crystallized as an antiparallel dimer. The asymmetric unit 

of each structure contains two tetramers of M2 in the Inwardclosed conformation. 

The C-terminus of the channel is tightly packed and each monomer helix is 

slightly kinked at residue Gly34. In the structure of the M2(22-46) V27A construct 

(6NV1), we observe a total of eight ordered monoolein molecules in the 

asymmetric unit interacting with the hydrophobic face of each monomer helix. 

 

 

Figure 7.3: Mechanism of adamantane drug resistance in the V27A mutant channel, and 

mechanism of dual inhibition by spiro-adamantyl amine. Front and back monomer helices have 

been removed to clearly show the contents of the channel pore. Pink spheres correspond to 

waters that form hydrogen bonds with the Ala30 carbonyl, and red spheres correspond to 

waters forming hydrogen bonds with Gly34 carbonyl. Left to right: Newly solved structure of 
M2(22-46) V27A bound to a spiro-adamantyl amine inhibitor (6NV1, monomer chains B and D), 
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M2(22-46) WT bound to amantadine (6BKK, chains B and D), [61] and M2(22-46) WT bound to 

spiro-adamantyl amine (6BMZ, chains B and D). [61] When spiro-adamantyl amine binds to the 

V27A channel (6NV1), the ammonium group of the inhibitor localizes to the same position as 
the ammonium of amantadine in the WT structure (6BKK). The adamantyl group is positioned 

higher in the channel pore, occupying the extra space created by the Val27 to Ala mutation. In 

the previously solved structure of spiro-adamantyl amine inhibitor bound to the WT channel 

(6BMZ), the adamantyl group of the inhibitor binds lower in the channel pore, and the four 

waters in the Ala30 layer are displaced. For the spiro-adamantyl amine bound structures, a 

network of one or two layers of hydrogen-bonded waters is formed depending whether Val or 

Ala is present at position 27. 

 

Consistent with previous X-ray crystal structures of the WT and S31N mutant M2 

channel, here we observe ordered water molecules above the channel's gating 

His37 residues (see Figure 7.4b,c). [34, 40, 43, 61, 266] In the 2.5 Å resolution 

structure of M2(22-46) V27A (6NV1), four ordered water molecules are within 

hydrogen bonding distance of Ala30 carbonyls ("Ala30 layer") and spiro-

adamantyl amine, and four waters are observed forming hydrogen bonds to 

Gly34 carbonyls ("Gly34 layer"). The Gly34 layer waters also form hydrogen 

bonds with the channel's gating His37 residues (see Figure 7.3). In the 3.0 Å 

resolution structure of M2(21-61) (6OUG), we only observe electron density 

corresponding to two waters in the Gly34 layer. This is likely a result of increased 

molecular motion within the channel pore in this lower resolution structure. In the 

following discussion of adamantane resistance in the V27A mutant and the spiro-

adamantyl amine binding mechanism, we will focus on the structure of the M2(22-

46) V27A construct (6NV1) because it was solved to higher resolution and shows 

the contents of the channel pore in greater detail. 
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Figure 7.4: Crystal structure of spiroadamantyl amine inhibitor bound to the M2(22-46) V27A 

mutant (6NV1) compared to the crystal structure of rimantadine bound to M2(22-46) WT (6BKL) 

[61] and the NMR structure of rimantadine bound to an AM2-BM2 chimera (2LJC). [60] 

 

 

 

The Val27 to Ala mutation at the N-terminus of M2 widens the channel pore at 

the adamantane binding site. In the M2 WT channel, four symmetry related Val27 

residues form a valve that completely occludes the N-terminus of the channel in 

the Inwardclosed conformation. [43, 61] Breathing motions of this Val27 gate are 

predicted to allow water, ions, and drugs/inhibitors to enter the N-terminus of the 

WT channel. [314, 315] The adamantyl group of the bound adamantane drugs 

interacts with the hydrophobic surface formed by the Val27 residues. [34, 61] 

When residue 27 is mutated from Val to Ala, these hydrophobic contacts are 

removed and the adamantanes (amantadine and rimantadine) can no longer 

inhibit the channel. In the crystal structure of M2(22-46) V27A bound to spiro-

adamantyl amine, we observe that the width of the channel pore is 3.0 Å at 

residue Ala27. For comparison, in the structure of M2(22-46) WT bound to 

amantadine (6BKK), the diameter at Val27 is 0.7 Å. [312] This widening of the N-

terminal channel pore is consistent with a previous solution NMR model of M2(18-

60) V27A in DHPC micelles. [316] The V27A mutant M2 channel conducts 

protons at an increased rate relative to the WT channel. [264, 316] This could be 

explained by the widened N-terminal pore, as water and hydronium ions would 

have greater access to the region of the pore above the His37 gate. Though 

rimantadine is slightly longer than amantadine, the length of the compound is not 

sufficient to allow for the drug ammonium group to form hydrogen bonds with 

Ala30 layer waters while also allowing the adamantyl group to engage in 

hydrophobic contacts with the N-terminal portion of the pore near residue 27, and 

so rimantadine is not able to inhibit the V27A channel. 
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Though mutation of Val27 to Ala prevents amantadine and rimantadine from 

inhibiting the channel, longer and bulkier inhibitors such as spiro-adamantyl 

amine can bind to the wider N-terminal pore of V27A mutant and inhibit its proton 

conduction (see Figure 7.3). In the structure of the spiro-adamantyl amine 

complex with V27A (6NV1), we observe that the ammonium group of the spiro-

adamantyl amine inhibitor localizes to approximately the same position as the 

ammonium group of amantadine in complex with M2(22-46) WT (6BKK) from our 

previous work. [61] When the two structures are aligned, the position of the 

ammonium groups are nearly identical (0.9 Å) when comparing the WT-

amantadine vs. V27A-spiro-adamantyl amine complexes. In both structures there 

are ordered waters in the Ala30 and Gly34 solvent layers, and the ammonium 

group of the bound drug/inhibitor forms hydrogen bonds with two waters in the 

Ala30 layer. The hydrogen bonds formed between the inhibitor nitrogen and pore 

waters are short (2.4-2.6 Å), which supports the ionization state we have chosen 

for the ligand. The binding of the spiro-adamantyl amine inhibitor to the top of this 

hydrogen-bonded water network blocks protons from being transported down 

through these water wires to the gating His37 residue. The tautomer we have 

assigned for the His37 residues is as previously observed in ssNMR experiments. 

[42] 

In our previous work, [61] we characterized the binding of this same spiro-

adamantyl amine inhibitor to the M2(22-46) WT channel (6BMZ). When spiro-

adamantyl amine binds to the WT channel, the inhibitor's adamantyl group 

occupies approximately the same position in the pore as the adamantyl group of 

bound amantadine or rimantadine in M2 WT. However, the longer hydrophobic 

scaffold of the inhibitor completely displaces the four waters in the Ala30 layer 

(see Figure 7.3), such that its ammonium group binds deeper in the channel pore 

and forms hydrogen bonds with waters in the Gly34 solvent layer. Thus, the spiro-

adamantyl amine inhibitor blocks proton conductance in both the WT and the 

adamantane-resistant V27A M2 channel by shifting its binding position 

depending on which residue is present at position 27. This dual inhibitor exploits 
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the M2 channel's functionally essential ability to stabilize positive charges at 

multiple sites within the channel pore. [94] 

 

 

The TM domain of M2 is the minimum construct needed for selective, 

unidirectional proton transport. [317, 318] However, truncation of the C-terminus 

and cytosolic helix (residues 46-60) has minor effects on the proton conduction 

properties relative to the full length channel. [51] More importantly, the cyto helix 

also has functional importance for budding and membrane scission. [47, 227, 

319] Constructs including the cytosolic helix were more difficult to crystallize 

relative to the TM construct, presumably because of the conformational mobility 

of this domain. Nevertheless, after much optimization, we were able to grow 

crystals of M2(21-61) V27A in complex with spiro-adamantyl amine and solve a 

structure to 3.0 Å resolution (6OUG). 

In structure 6OUG, we observe electron density for residues 22-56. The structural 

features of the TM domain (22-46) are similar for both the M2(22-46) and the 

M2(21-61) constructs, with Cɑ RMSD = 0.25 Å. The binding site of the spiro-

adamantyl amine inhibitor is nearly identical, although in structure 6OUG there 

are fewer ordered waters visible in the channel pore between the inhibitor 

ammonium group and the gating His37 residues (likely a result of the lower 

resolution of this structure). Residues 47-56 form an α-helix that extends straight 

down from the TM helix. We observe tighter packing of the tetrameric bundle at 

the C-terminus relative to structures that include only the TM domain (see Figure 

7.5b,c). At residue Arg45, the minimum pore diameter is 2.8 Å in the structure of 

M2(22-46) V27A and 1.0 Å in the structure of M2(21-61) V27A. [312] All four 

Asp44 and Arg45 residues in the structure of M2(21-61) V27A face the aqueous 

pore. Residue Phe48 faces the channel pore and is well-positioned for the 

stabilization of the positive charge on Arg45 through cation-π interactions. In the 

native M2 protein, Cys50 is palmitoylated. [320] Here, Cys50 has been mutated 

to Ser to facilitate peptide synthesis and purification and to prevent 

oligomerization through the formation of disulfide bonds. We observe that the 

Ser50 side chain faces away from the aqueous pore and toward the lipid bilayer.  
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Figure 7.5: Structural differences between M2(22-46) V27A (6NV1, light gray) and M2(21-61) 

V27A (6OUG, dark gray). (a) Alignment of 6NV1 and 6OUG. Two monomer helices are shown 

here (chains B and D). The binding site of the spiro-adamantyl amine inhibitor is nearly identical 
in the two structures, though fewer ordered waters are observed in the channel pore in structure 

6OUG. Residues 47-55 of M2(21-61) form an α-helix that extends straight downward from the 

TM helix; the conformational state we observe here is potentially influenced by crystal contacts 

or choice of lipid mimetic. (b) Top-down view of residues Asp44 and Arg45 in the structure of 

M2(22-46). (c) Top-down view of residues Asp44, Arg45, and Phe48 in the structure of M2(21-

60). The packing of the channel at the C-terminus is tighter in the longer construct of M2. 

 

Several NMR studies predict that the cytosolic helix of M2 has α-helical 

secondary structure, with either a turn or a disordered region connecting the cyto 

helix to the TM domain. In these NMR structures, the TM helix ends and the turn 

/ disordered region begins at either residue Leu46 (2KWX, 2RLF, 2KIH) [50, 316, 

321] or residue Phe48 (2L0J, 2N70). [30, 119] The conformation of the channel's 

C-terminus that we observe in the X-ray crystal structure here differs from solution 

and solid state NMR structures. Solution NMR studies have shown that the 

conformation of the juxta-membrane domain connecting the TM and cytosolic 

helices is sensitive to solubilizing environments. [322] Thus, the conformation of 

the monomer helices from residue 47 to 56 is possibly influenced by crystal 

contacts at the channel's C-terminus or choice of lipid mimetic. We include 
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structure 6OUG here as a comparison to the shorter M2(22-46) V27A construct 

and also because structural information about the helical turn immediately below 

residue 46 may prove useful for understanding proton conduction through the C-

terminus of the channel.  

 

 

The contents of the M2 channel pore differ in the two crystal structures described 

here; fewer waters are observed in the structure of M2(21-61) V27A in complex 

with spiro-adamantyl amine. We carried out molecular dynamics simulations in 

bilayers (see Figure 7.6) to examine the ordering of water within the pore at room 

temperature.  

 

 

Figure 7.6: Screenshot of the last snapshot of 300 ns MD simulation of M2 (22-46) V27A - 

spiro-adamantyl amine complex in POPC bilayer. Waters, hydrogen atoms, and ions have been 

removed for clarity. M2(22-46) V27A helices are shown as purple ribbons, ligand are shown as 
cyan sticks, lipid hydrocarbon chains in grey, phosphorus in light green, oxygen in red and 

nitrogen in blue purple. 

 



 

 
210 

M2(22-46) was simulated in the Inwardclosed conformation at pH 8.0 with a neutral 

form assigned for all four His37 residues and a protonated ammonium group for 

the ligand. The starting structure was produced after applying the V27A mutation 

to the structure of spiro-adamantyl amine in complex with M2(22-46) WT in the 

Inwardclosed state (6BMZ). The spiro-adamantyl amine - M2(22-46) V27A protein 

complex was subjected to MD simulations in a POPC bilayer for 300 ns. The 

simulated M2(22-46) V27A - ligand complex was stable, and in all cases the 

M2(22-46) V27A tetramer showed no large conformational changes in the course 

of the simulations, as demonstrated by RMSDs smaller than 1.5 Å for M2 (22-46) 

Cα-carbons with respect to the starting structure (see Figure 7.7). Also, the 

individual chains of the tetramer did not deviate from the starting structure, with 

RMSDs £ 1.1 Å for M2 (27-46) Cα carbons and no changes observed in selected 

torsion angles of each chain (see Tables 7.1-7.3).  

 

 

Figure 7.7: RMSD for Cα atoms of M2(22-46) V27A during the 300 ns MD simulation of M2 (22-

46) V27A - spiro-adamantyl amine complex in POPC bilayer. 

 

Tables 7.1-3: Structural and dynamic measures from 300 ns MD simulation of M2 (22-46) V27A 

- spiro-adamantyl amine complex in POPC bilayer at high pH. 

Table 1 
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Complex RMSD 
(Cα) 1 

Angle 
vector 

(C2'-C1) 2  

V27A-Ad 3 H-
bonds 4 

RMSF 
ligand 5 

Spiro-adamantyl 
amine - M2(22-46) 
WT 

1.3 ± 0.2 8.2 ± 4.1 4.3 ± 0.3 2.7 ± 0.5 0.2 

Spiro-adamantyl 
amine - M2(22-46) 
V27A 

1.1 ± 0.1 11.2 ± 5.5 1.9 ± 0.03 2.8 ± 0.5 0.2 

 

Table 2 

Complex RMSD 
(27-46) 6 

RMSD 
Achain 
(27-46) 7 

RMSD 
Bchain 
(27-46) 8 

RMSD 
Cchain 
(27-46) 9 

RMSD 
Dchain 

(27-46) 10 
Spiro-adamantyl 
amine - M2(22-
46) WT 

0.96 0.60 0.62 0.58 0.93 

Spiro-adamantyl 
amine - M2(22-
46) V27A 

1.08 0.73 0.95 0.69 0.88 

 

1 Maximum root-mean-square deviation (RMSD) for Cα atoms of M2(22-46) V27A tetramer relative 

to the initial structure after root-mean-square fitting of Cα atoms of M2(22-46) V27A; in Å. 
2 Angle between the adamantane C2' carbon and hexylamine C1 carbon symmetry axis vector 
and the normal to the membrane; in degrees. 
3 Mean distance between center of mass of V27 or A27 and centers of mass of adamantane 

calculated using Gromacs tools; in Å. 
4 Mean number of H-bonds between ligand's ammonium group and waters. 
5 Maximum root-mean-square fluctuation (RMSF) for the ligand. 
6 Root-mean-square deviation (RMSD) for Cα atoms of M2(22-46) V27A tetramer, residues 27-

46, relative to the initial structure after root-mean-square fitting of Cα atoms; in Å. 
7-10 Root-mean-square deviation (RMSD) for Cα atoms of M2(22-46) V27A helix A-D, residues 27-

46, relative to the initial structure after root-mean-square fitting of Cα atoms; in Å. 

 

Table 3 

Torsion Angles (Mean / std dev.) 

 Chain φ ψ 
Ala30 A -65.67 ± 9.78 -29.50 ± 9.58 
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 B -65.24 ± 9.79 -29.54 ± 9.50 

 C -66.27 ± 9.62 -28.61 ± 9.68 

 D -64.87 ± 9.50 -30.25 ± 9.34 

    

Ser31 A -70.54 ± 10.08 -45.50 ± 10.21 

 B -71.43 ± 10.02 -43.49 ± 11.07 

 C -71.84 ± 10.25 -43.76 ± 10.60 

 D -70.53 ± 10.05 -43.65 ± 10.65 

    

Ile32 A -64.15 ± 11.01 -48.52 ± 8.79 

 B -66.20 ± 11.88 -49.21 ± 8.47 

 C -64.96 ± 11.37 -49.85 ± 8.50 

 D -65.18 ± 11.21 -48.14 ± 8.68 

    

Ile33 A -63.46 ± 9.99 -33.79 ± 9.31 

 B -61.72 ± 9.80 -34.83 ± 9.16 

 C -63.36 ± 10.07 -34.66 ± 9.39 

 D -59.66 ± 9.88 -36.70 ± 9.02 

    

Gly34 A -68.20 ± 10.36 -33.44 ± 12.38 

 B -67.33 ± 10.19 -27.97 ± 14.44 

 C -68.06 ± 10.43 -29.32 ± 14.99 

 D -67.37 ± 10.30 -29.59 ± 14.47 

    

Ile35 A -75.04 ± 12.89 -44.22 ± 8.87 

 B -82.51 ± 15.87 -44.68 ± 9.02 

 C -82.07 ± 16.39 -42.07 ± 12.04 

 D -82.57 ± 15.86 -44.33 ± 8.87 

    

Leu36 A -61.74 ± 10.28 -38.92 ± 9.45 

 B -63.26 ± 11.48 -36.77 ± 9.75 

 C -64.87 ± 15.66 -38.49 ± 9.86 

 D -61.18 ± 10.83 -38.61 ± 9.42 

    

His37 A -61.50 ± 9.65 -39.74 ± 9.59 

 B -60.05 ± 9.85 -40.08 ± 10.55 

 C -60.65 ± 9.81 -39.56 ± 10.09 

 D -62.09 ± 9.58 -35.75 ± 10.16 
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Leu38 A -67.37 ± 9.76 -42.55 ± 9.00 

 B -67.32 ± 10.54 -42.13 ± 10.13 

 C -66.61 ± 10.08 -44.28 ± 9.12 

 D -68.34 ± 9.89 -41.75 ± 9.20 

 

In agreement with the crystal structure, the spiro-adamantyl amine moved 

towards the N-terminus by ca. 2 Å within the first 50 ns of the simulation. The 

average angle between the central axis of the pore and the adamantane 

symmetry axis was ca 8° (see Table 7.1), i.e., the ammonium group of the spiro-

adamantylamine compound oriented towards the C-terminus, and the adamantyl 

cage localized between Ala27 and Ser31. The ligand's ammonium group forms 

hydrogen bonds with water molecules between the ligand and the His37 residues. 

We observe two layers of water molecules inside the pore, which are stabilized 

by extensive hydrogen-bonding interactions. These two layers of waters can be 

seen in the radial distribution density plotted for the distance between the spiro-

adamantyl amine ammonium group and the oxygen atoms from water (see Figure 

7.8).  

 

 

Figure 7.8: Radial distribution function plot for the distance between spiro-adamantyl 

ammonium group and water oxygen atoms, extracted from a 300 ns MD simulation of M2 (22-

46) V27A - spiro-adamantyl amine complex in a hydrated POPC bilayer; the integration at ~ 2.7 
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and 4.6 Å corresponds to the two layers of waters, with four waters each between the ligand 

and His37. 

 

The top layer consists of four water molecules that form hydrogen bonds with the 

ligand's ammonium group and the Ala30 carbonyls. The lower layer of four water 

molecules is stabilized by hydrogen-bonding interactions involving the carbonyls 

of Gly34 as well as the His37 side chain. Cl- ions were present in the simulation 

to reduce the electrostatic potential created by positively charged groups. No Cl- 

ions entered the pore, as indicated by the average Cl-N distance (see Table 7.1).  

Previous works [323-325] mention the presence of a Cl- ion close to His37 

because the His37 residues were charged. In our experimental structure and MD 

simulations, a Cl- anion was found in the vicinity of Trp41. This is not unexpected 

because the spiro-adamantyl ligand is in the ammonium form. The spiro-

adamantyl amine - M2(22-46) V27A complex in the X-ray structure was perfectly 

superimposed with the structure from the 300 ns MD simulation, with the RMSD 

of the ligand being less than 1 Å (see Figure 7.9).  

 
 

 

Figure 7.9: (a) Initial state after 10 ns of MD simulation of M2 (22-46) V27A - spiro-adamantyl 
amine complex in a hydrated POPC bilayer. (b) Final state after 300 ns of MD simulation. 

Superposition of spiro-adamantyl amine - M2 (22-46) V27A complexes from X-ray structure (in 

purple) and 300 ns MD simulation (in red). The chloride ion at the C-terminus of the channel is 

shown as a sphere. 
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We have analyzed the trajectories of the MD simulation to determine whether the 

waters in the channel pore remain tightly bound or if they are exchanged during 

the simulation. A total of 31 water molecules are observed to be in exchange with 

the waters in Ala30 and Gly34 water layers (see Figure 7.12), i.e. from the 

inhibitor ammonium to His37, which is a distance of 7 Å. The two layers are 

formed and the ligand position converges after 85 ns. Out of the 31 total waters, 

13 have low occupancy. The remaining 18 water molecules in Figure 7.13 are 

located inside the binding cavity for 40 ns. Only water molecule 2087 first 

remained inside the cavity for 10 ns then was re-positioned after 40 ns for the last 

30 ns. 

 

7.4 Conclusions 

These X-ray crystal structures reveal the mechanism of adamantane resistance 

in the V27A channel. Hydrophobic contacts critical for drug binding are removed 

when Val27 is mutated to Ala. We also observe that the spiro-adamantyl amine 

inhibitor blocks proton conduction in both the WT and V27A mutant M2 channels 

by shifting its binding site depending on whether Val or Ala are present at position 

27, and that a network of either one or two layers of hydrogen-bonded waters is 

formed. MD simulations in POPC hydrated bilayers accurately predict the X-ray 

M2 V27A structure (6NV1).  

These findings are consistent with MD simulations in which positive charges 

within the M2 pore are predicted to be stabilized at multiple positions within the 

channel. [94] The structural characterization of this dual inhibition mechanism is 

intriguing from the perspective of molecular recognition and drug design. Though 

there are a limited number of M2 mutants that retain the electrophysiological 

properties necessary for viral replication, circulating populations of the influenza 

virus often contain a mix of M2 sequences. The design of drugs to target more 

than one sequence could be a successful strategy for targets such as M2. 

Structural information about adamantane-resistant mutants can guide this 

process. 
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7.5 Supporting information 

Tables 7.4: Data processing and refinement statistics for structures of M2(22-46) bound to 

spiroadamantyl amine (PDB code 6NV1) and M2(21-61) V27A bound to spiroadamantyl amine 

(PDB code 6OUG). Values in parentheses refer to statistics for the highest resolution bin. 

Structure 6NV1 6OUG 
Space group P 21 21 21 P 21 21 2 

Cell dimensions 
  

   a, b, c (Å) 49.81, 49.95, 75.03 49.42, 49.38, 122.38 

   α, β, γ (˚) 90, 90, 90 90, 90, 90 

Wavelength (Å) 1.11583 1.11583 

Resolution (Å) 
41.58 - 2.5  

(2.589 - 2.5) 

122.4 - 3.00  

(3.118 - 3.00) 

Total reflections 70475 (6775) 80149 (12047) 

Unique reflections 6840 (653) 6417 (992) 
Completeness (%) 99.25 (98.93) 99.8 (99.5) 

Multiplicity 10.3 (10.4) 12.5 (12.1)    

Rmerge 0.1262 (0.7294) 0.457 (2.736)    

I/σI 13.27 (3.52) 5.79 (1.24) 

Wilson B-factor 40.04 56.62 

CC(1/2) 1.000 (0.941) 0.997 (0.465)   

Refinement     

Rwork 0.2213 (0.2665) 0.2840 (0.2744) 

Rfree 0.2548 (0.3367) 0.2973 (0.4859) 

Number of non-hydrogen atoms 1696 2037 

Protein 1424 1998 
Ligands 242 32 

Water 30 7 

RMSD Bond Lengths (Å) 0.008 0.003 

RMSD Bond Angles (˚) 0.96 0.62 

Ramachandran favored (%) 100 100 

Average B factor 42.05 45.64 

Protein 39.04 45.79 

Ligands 59.14 38.87 

Solvent 47.1 34.76 
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Figure 7.10: Crystal of M2(22-46) V27A during data collection. Loop diameter is 35 µm; crystal 

is visible as a thin rectangular plate inside the loop. 

 

 

Figure 7.11: Crystal of M2(21-61) V27A during data collection. Loop diameter is 50 µm; crystal 

is visible as a small cube sitting atop the upper left portion of the loop. 

 

 

Figure 7.12: Total number of waters inside binding cavity. At 85 ns 6 waters are defined and 

after 85ns, 2 layers of water molecules are formed. 
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Figure 7.13: A - R: Distance between the position along the pore axis of each of 18 water 

molecules, and the corresponding position of nitrogen atom of the spiro amine. Water molecules 

that locate within 6 Å radius of His37 and 6Å radius of ligand were selected for analysis. 

Distances between ligand’s nitrogen and each water’s oxygen molecule were calculated based 

on their position on Z-axis (helical bundle axis) of the channel. Red dashed line separates the 
two layers of water molecules indicated after the first 85ns when the ligand is equilibrated inside 

binding cavity. A dotted red line is used to describe the two layers. One water molecule (water 

molecule 2087, panel P) entered into this region of the pore for 10 ns, followed by exiting for 40 

ns, and then re-entering for the last 30 ns. 
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8. CHAPTER 8 
Rimantadine Binds to and Inhibits the Influenza A M2 Proton 

Channel without Enantiomeric Specificity 

8.1 Introduction 

The influenza A matrix 2 (M2) protein is the most extensively studied viroporin, 

and is currently considered the most well-validated viroporin antiviral drug target. 

[326] It is an attractive target for anti-influenza medications because it mutates 

less frequently than other proteins within the virus. [299] However, though the M2 

channel mutates infrequently, drug-resistant mutations have become prevalent 

since the early 2000s and currently this class of drugs is no longer recommended 

for treatment of influenza infections. [327, 328] The rise of adamantane-resistant 

influenza necessitates an in-depth understanding of the stereochemical 

requirements for M2 channel blockers so that new drugs can be developed. 

The M2 protein is a homotetrameric proton channel [294, 329-331] whose 

minimally functional transmembrane core consists of residues 22-46. [317, 318] 

The gating residues involved in proton conductance are His37 and Trp41. [332, 

333] After an influenza virus particle is endocytosed by the host cell, proton 

transport through the M2 channel lowers the pH within the viral envelope and 

allows viral ribonucleoproteins (RNPs) to unpack from M1. [263] Blocking proton 

transport through the M2 wild type (WT) channel using adamantanes [334, 335] 

prevents this dissociation from happening and thus prevents viral replication from 

occurring. [336-338] The proton transport function of M2 plays a second role in 

the viral life cycle; M2 inhibits the acidification of the trans Golgi compartment, 

thereby preventing premature activation of the acid-sensitive hemagglutinin 

protein. [339, 340] 

Solid state NMR (ssNMR) spectra using deuterium-labeled (R)- and (S)-

rimantadine showed differences in chemical shifts when the two enantiomers 

bind to full-length M2 WT. [341] These spectral differences were considered to 

arise from differences in potency and affinity of the isomers. However, 

electrophysiological (EP), isothermal titration calorimetry (ITC), and antiviral 

assays carried out using enantiomerically pure rimantadine indicated that the two 

enantiomers have equal potency against M2 WT. [336, 342] Additionally, in vivo 
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experiments in mice have shown similar antiviral activity for both enantiomers. 

[343] One possible explanation for the difference in ssNMR chemical shifts for 

the two rimantadine enantiomers might relate to differences in the kinetics of 

binding, which are particularly important for the potency of M2 inhibitors. In the 

earlier EP study examining rimantadine enantiomer binding to M2 WT, [344] the 

time traces were not recorded for sufficient time to allow accurate measurement 

of koff. Here we perform a more stringent kinetic study by recording both the 

binding and washing curves so that we can more accurately measure koff. Using 

this improved methodology, we did not observe any difference in binding kinetics 

between the (R)- and (S)- enantiomers, as shown by similar values for kon, koff 

and Kd in EP assays. We also tested the potency of the two enantiomers against 

an amantadine-sensitive strain of influenza in an antiviral plaque assay and found 

that the EC50 values are indistinguishable. 

We also report the crystal structure of M2(22-46) WT in complex with 

enantiomerically pure (R)- and (S)-rimantadine to explore whether the chirality of 

drugs has an effect on drug binding and inhibition, as might be expected for 

enantiospecific binding. Though the crystals of each rimantadine enantiomer 

complex had different space groups and unit cell dimensions, we observed that 

the electron density corresponding to bound drug is similar for the two 

enantiomers. The density indicates a mechanism of binding in which the 

rimantadine ethylamine can rotate to four positions to form hydrogen bonds with 

ordered waters in the M2 pore. We observed slight differences between the 

hydration of the two enantiomers within the pore. 

Finally, we employed grand canonical ensemble molecular dynamics simulations 

(GCMC/MD) to provide further insight into the water network present in the 

rimantadine binding site. GCMC [345-347] can be used in combination with MD 

simulations in order to bypass the kinetic barriers associated with the binding and 

unbinding of occluded water sites. This is done by simulating the system at a 

constant chemical potential, whilst inserting and deleting waters from a region of 

interest (defined as the rimantadine binding site, in this case). Additionally, 

carrying out these simulations at a range of chemical potential values – referred 

to as GCMC titration – allows the binding free energy of the water network to be 

rigorously calculated. It is of interest that the titration analysis indicates that a 



223 

 

chiral difference is apparent when the upper water layer of the binding site is 

displaced compared to the two layers which are sufficiently flexible to eliminate a 

chiral preference. To validate our GCMC/MD simulations we first calculated the 

relative binding free energy of the (R)- and (S) enantiomers to the M2 pore. 

 

8.2 Results and discussion 

 

We have solved two X-ray crystal structures of (R)-rimantadine and (S)-

rimantadine bound to M2(22-46) WT through co-crystallization experiments (see 

Table 8.3). Crystals of (R)-rimantadine bound to M2(22-46) (PDB ID 6US9) 

formed at pH 8.5 in the P 21 space group with unit cell dimensions a, b, c (Å) = 

48.18, 48.70, 71.67 and α, β, γ (˚) = 90, 90, 90, and the diffraction was limited to 

2.00 Å. Crystals of (S)-rimantadine bound to M2(22-46) (PDB ID 6US8) formed 

at pH 7.5 in the P 21 21 21 space group with unit cell dimensions a, b, c (Å) = 

49.39, 76.09, 98.63 and α, β, γ (˚) = 90, 90, 90. These crystals diffracted to a 

resolution of 1.70 Å, making this the highest-resolution structure of M2 bound to 

a drug or inhibitor. [34, 61, 62] 

As in previously solved structures of M2 bound to drugs and inhibitors,[61, 62] 

M2 is in the Inwardclosed conformation and we observe electron density 

corresponding to bound drug at the channel's N-terminus near Ser31, with two 

layers of ordered water molecules between the bound drug and the channel's 

gating His37 residues (see Figure 8.1a, 8.1b).  
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Figure 8.1: (a), (b) Polder maps calculated in the absence of bound rimantadine are shown 

here to a contour of 3 σ (dark green mesh) for the X-ray crystal structures of (R)-rimantadine (a) 

and (S)-rimantadine (b) bound to M2(22-46) WT. Front and back monomer helices have been 

removed to show the contents of the pore. For both structures, the density corresponding to the 
rimantadine ethylammonium group has been modeled as the average of four rotational 

conformers. We observed a network of ordered waters between the bound rimantadine and the 

gating His37 residues; the waters form hydrogen bonds with pore-facing carbonyl groups and 

also form a vertical H-bond network leading down to the gating His37 residues. (c), (d), The 

radial distribution function (RDF) g(r) for (R)-rimantadine (c) and (S)-rimantadine (d) between 

the ammonium group and water oxygen atoms from the 200 ns MD simulation, shows a strong 

peak at 2.7 Å which corresponds to the upper waters layer, forming hydrogen bonds with the 
ammonium group of rimantadine and the carbonyl groups of Ala30. The cumulative integrated 

intensity ∫g(r), shown in the right axis, at 2.7 Å indicates ca. 4 waters. The second broad peak at 

4.8 Å corresponds to ca. 5-6 waters of the lower layer, which form hydrogen bonds with the 

His37 imidazole groups and the carbonyl groups of Gly34. 

 

These waters form hydrogen bonds to pore-facing carbonyl groups from residues 

Ala30 and Gly34, and also form a vertical hydrogen bonding network leading 

down to His37. The X-ray crystal structures remained unchanged during 300 ns 

MD simulations in hydrated POPC bilayers (see Figure 8.2).  

 



225 

 

 

Figure 8.2: (left) (R)-rimantadine. (right) (S)-rimantadine. The radial distribution function (RDF) 
g(r), shown in left axis, between the rimantadine ammonium group and water oxygen atoms 

from the 200ns MD simulation, shows a strong peak at 2.7 Å corresponds to upper layer waters 

forming hydrogen bonds with the ammonium group of rimantadine and with the carbonyl groups 

of Ala30. The cumulative integrated intensity ∫g(r), shown in the right axis, at 2.7 Å indicates c.a. 

4 waters. The second broad peak at 4.8 Å corresponds to the c.a. 5-6 waters of the lower layer, 

which form hydrogen bonds to the His37 imidazole groups and the carbonyl groups of Gly34. 

These findings are in good agreement with the X-ray crystal structures. 

 

Though enantiomerically pure (R)- or (S)-rimantadine was used in these 

crystallization trials, the chirality of the drug is not obvious from the electron 

density in either structure. This is presumably a result of averaging more than 

one binding position within the crystal lattice. Thus, we have modeled the bound 

drug for each of the structures as a superposition of four rotational – by rotation 

of C1Ad-CEthyl bond - conformers, with the drug ammonium group forming 

hydrogen bonds to two of the four top layer waters in each position. In our 

previous crystal structure of racemic rimantadine bound to M2(22-46) WT (PDB 

ID 6BKL), [61] we observed this same ambiguity regarding the position of the 

rimantadine ethylammonium group, which we interpreted as an effect of co-

crystallizing using racemic rimantadine. 

The occupancies of the four rotational conformers of (R)- or (S)-rimantadine were 

allowed to float during refinement; alternate conformers were removed from the 

model if their occupancy was refined to zero. Each structure contains four 

tetramers per asymmetric unit; the refined occupancies for the four rimantadine 

rotational conformers for each tetramer are shown in Table 8.4 To summarize, 

for the structure of (R)-rimantadine bound to M2(22-46), three conformers were 
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observed per tetramer with some variations in the occupancy of each (R)-

rimantadine conformer depending on the tetramer. In the structure of (S)-

rimantadine bound to M2(22-46), three of the tetramers have relatively high (> 

0.30) occupancy for two of the (S)-rimantadine conformers, with the other two 

conformers having either zero or < 0.05 occupancy. The fourth tetramer has low 

occupancy (0.01 and 0.11) for two of the conformers and relatively high 

occupancy (>0.40) for the other two. These data suggest that the binding 

mechanism remains the same for both enantiomers with the observed slight 

differences likely due to the hydration of each enantiomer as shown in Figure 8.1. 

We subsequently explored the hydration of each enantiomer inside the M2 pore 

using GCMC/MD simulations. 

In addition to the density associated with (S)-rimantadine in the pore, we 

unexpectedly observe electron density that we provisionally assign to 

rimantadine in the structure of the complex at 1.7 Å. The additional (S)-

rimantadine lies at locations that stabilize the packing of individual tetramers in 

the crystal lattice (see Figures 8.10 and 8.11). The two tetramers have an 

antiparallel orientation, and the rimantadine makes contacts to residues near the 

N-terminus of one tetramer and residues near the C-terminus of the other 

tetramer. The location of the ethylamonnium group is not clear from the electron 

density, so we have only modeled the adamantyl group. The C-terminal contacts 

are similar to those proposed for a weak, exterior site observed in solution and 

ssNMR studies that indicate binding of the adamantanes to the exterior of the 

channel's C-terminus at high concentrations of drug (including Leu 40, Ile42, 

Asp44, Arg45, and Leu46). [50, 58] However, these previous spectroscopic 

studies did not identify contacts near the N-terminus (Leu26, Val28, Ala29, Ile32). 

Thus, it is likely that the exterior site see here is a crystallographic artifact.  

 

 

To study whether chirality has an effect on the functional activity against the M2 

WT channel, we determined the association constant (kon), the dissociation 

constant (koff), and the binding affinity (Kd) for (R)- and (S)-rimantadine in a two-

electrode voltage clamp electrophysiological (TEVC) assay using kinetic studies. 
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[348-350] Full length M2 WT from the amantadine-sensitive Udorn strain was 

expressed in oocytes, and a low pH 5.5 solution was applied to activate the M2 

channel. Next, a pH 5.5 solution containing testing compound was applied to 

inhibit the M2 channel. Once the current reached the steady state (highest 

conductance), compound dissociation was initiated by changing the oocyte 

bathing solution to pH 5.5 without drug. During the washout, a few pH 8.5 pulses 

were applied to make sure the current went to baseline to ensure the oocyte 

quality. The recording traces are shown in Figure 8.3.  

 

 

Figure 8.3: Rimantadine enantiomers and amantadine binding kinetics against Udorn M2 WT 

were determined using a combined application and washout procedure TEVC assay. (a) 
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Racemic rimantadine (b) (R)-rimantadine, (c) (S)-rimantadine, or (d) amantadine was applied to 

oocytes for 5 to 7 min after the inward current reached its maximum, then a washout protocol 

was applied to the oocytes. During the washout, pH 8.5 pulses were applied to make sure the 
current went to baseline to ensure the oocyte quality. The blue bar above the recording trace 

indicates the period in which the pH 5.5 Barth solution was applied; the red bar indicates the 

period in which compounds in pH 5.5 Barth solution were applied. Representative recording 

traces are shown on the left side of each figure. Data extracted from the recording traces were 

plotted with an association then dissociation equation in GraphPad Prism 5 as shown in the 

right side of each figure. The best-fit values are shown in the Table 8.1. 

 

Table 8.1: Summary of the binding affinity of amantadine and rimantadine enantiomers against 

Udorn M2 WT 

 Rimantadine 

(racemic) 

(R)-rimantadine (S)-rimantadine Amantadine 

Concentration 

tested 
50 µM 50 µM 50 µM 100 µM 

kon (min-1M-1) 19600 ± 300 20800 ± 700 22500 ± 300 20500 ± 300 

koff (min-1) (9.1 ± 0.8)*10-4 (9 ± 2)*10-4 (8.8 ± 0.8)*10-4 (119 ± 2)* 10-4 

Kd = koff/kon (nM) 46 ± 4 41 ± 9 39± 4 580 ± 20 

 

Fitting the binding and washing curves with association and dissociation 

equations yielded the kon, koff, and Kd values for (R)-, (S)-, and racemic 

rimantadine. [350] As shown in Table 8.1, the binding kinetics parameter (kon, koff 

and Kd) values for (R)-, (S)- and racemic rimantadine are not significantly 

different, which suggests that both the (R)- and (S)-enantiomers of rimantadine 

bind to the M2 channel with equal potency. We also included amantadine as a 

control: the kon of amantadine is comparable with that of rimantadine, however 

the calculated koff of amantadine is more than 10-fold faster than that of (R)- and 

(S)-enantiomers of rimantadine, therefore the binding affinity of amantadine to 

Udorn M2 is about 10-fold weaker than rimantadine to M2. Overall, there is no 

significant difference among the Kd values for (R)- and (S)-enantiomers as well 

as the racemic mixture of rimantadine. We note that a previous study [336] 

reported 100-fold higher koff values, resulting in significantly higher Kd values for 

(R)- and (S)-enantiomers and the racemic mixture of rimantadine with 3.2, 3.9 

and 7 µM, respectively, as opposed to the values of 41, 39, and 46 nM, 
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respectively, reported here. In the previous study, [336] only the binding curve 

was recorded and used for data fitting to derive both kon and koff, which might 

result in significant variations of koff values (personal communication with Dr. 

David Busath, the lead author who performed the electrophysiological assay in 

the previous study); the time traces were not recorded for sufficient time to allow 

accurate measurement of koff and thus, the previous values are an upper limit of 

the true Kd value. In contrast, we performed more stringent kinetic studies by 

recording both the binding and washing curves in the current study. As such, the 

koff values were accurately quantified from the washing curve, which was then 

used to fit the binding curve to determine kon. The validity of this methodology in 

determining the Kd values of M2-S31N and M2-V27A inhibitors has been 

demonstrated in several studies, which showed a positive correlation between 

the Kd values and the cellular antiviral activity. [348-350] 

To further confirm that the (R)- and (S)-enantiomers of rimantadine have 

indistinguishable potency in blocking the M2 channel, we tested these 

compounds against the amantadine-sensitive A/Soloman Island/3/2006 (H1N1) 

strain (see Figure 8.4). As expected, [285] both (R)- and (S)-rimantadine inhibit 

viral replication with EC50 values of 19.62 and 24.44 nM, respectively. Taken 

together, results from both the electrophysiological assay and the antiviral plaque 

assay showed that both (R)- and (S)-rimantadine have equal potency in blocking 

the M2 WT channel.  

 

 

Figure 8.4: Cellular antiviral assay results of (R)- and (S)-rimantadine against the amantadine-

sensitive A/Soloman Island/3/2006 (H1N1) strain. The antiviral potency was determined in a 

plaque assay. The EC50 values are the mean ± standard deviation of two independent repeats. 
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To validate our experimental results, the relative binding free energies of binding 

and hydration for the (R)- and (S)- enantiomers were calculated using the free 

energy perturbation method [351, 352] (see Figure 8.5) coupled with MD 

simulations (FEP/MD) and the multistate Bennett acceptance ratio (MBAR) 

method for processing the free energy data. [353, 354] The free energy 

perturbations carried out show that the hydration free energy difference between 

the two enantiomers (where a positive value would indicate that the (R)-

enantiomer is favored, and vice versa) is -0.06 ± 0.03 kcal mol-1 when starting the 

calculation from the (R)-enantiomer, and 0.000 ± 0.005 kcal mol-1 when starting 

from the (S)-enantiomer (the uncertainties given represent the standard errors 

over the three runs). Given that bulk water is an achiral environment, the true 

value of this hydration free energy difference is zero, and these values therefore 

appear correct. This result therefore supports the view that the free energy 

protocol used is suitable for this perturbation. 

 

 

Figure 8.5: Free Energy Perturbation via Intermediate Structure. Thermodynamic cycle 

depicting the free energy calculations performed, with perturbations between the (R)- and (S)-
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enantiomers (blue and red, respectively), where the calculation is performed via the achiral 

intermediate 1-Ad-CH2-NH3+ (I, shown in grey). 

 

The relative binding free energy difference between the two enantiomers was 

calculated as +0.29 ± 0.04 kcal mol-1, and +0.33 ± 0.06 kcal mol-1, when starting 

the calculations from the (R)- or (S)-enantiomer, respectively. This indicates a 

very slight preference for the (R)-enantiomer, but it should be noted that the 

sensitivity of free energy calculations from molecular simulations is typically 

considered to be around 1 kcal mol-1, [355] in which case these values are not 

sufficiently different from zero to indicate a clear chiral preference. However, 

these results favoring a higher affinity of (R)-rimantadine are in agreement with 

our ITC measurements and previous calculations using the BAR method and 

FEP/MD simulations using different intermediates. [336, 356] The comparison of 

these results with chemical shift differences observed in ssNMR experiments 

[341] is not straightforward mainly due to the differences in experimental 

conditions.  

 

 

The titration plots obtained for both (R)- and (S)-rimantadine are shown in Figure 

8.12 where a curve has been fitted to the data, using a set of four sigmoid 

functions (four was qualitatively chosen to be most appropriate), with 1000 

bootstraps – the raw values are given in Table 8.2. These plots are superimposed 

in Figure 8.6, and the dependence of the water binding free energy on the number 

of waters, i.e. solvation level (calculated using the equation for βΔGobind (Ni ® Nf), 

with 𝑁3 = 0 and a range of 𝑁+ values) is shown in Figure 8.8. 

In the experimental structure, the number of waters in the upper layer (i.e. close 

to Ala30) is 4 and in the lower layer (i.e. close to Gly34) is 5. [61] The GCMC 

titration calculations involve progressively reducing the chemical potential applied 

to the water molecules in the ligand binding site. As the chemical potential is 

reduced, the more weakly-bound water molecules are removed from the binding 

site, until eventually an entirely dry site results (see Figures. 8.6, 8.7, 8.12). In 

addition, the binding free energy of the water network may be calculated from the 
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water occupancy as a function of chemical potential data. The resulting free 

energy data as a function of water occupancy may be used to determine the 

equilibrium hydration level, which corresponds to the minimum on the curve of 

the free energy profile (see Figure 8.8).  

 

 

Figure 8.6: Direct comparison (overlay) of the titration plots for the two rimantadine 

enantiomers, as shown separately in Figures 8.12a and 8.12b, with inset images added to show 

representative structures from different points on the curve. The (R)-enantiomer is shown in 

cyan and the (S)-enantiomer is shown in pink. The m=4 in the legend refers to the fact that a 

sum of four sigmoid functions were fitted to the data. 

 

 

a  B = -24.820 

 

b  B = -15.820 
 

c  B = -11.820 

 

d  B = -6.820 
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e  B = -24.820 
 

f  B = -15.820 

 

g  B = -11.820 

 

h  B = -6.820 

Figure 8.7: A selection of representative frames from the simulations performed, showing the 

structural trends as the waters are removed from the GCMC region. The (R)-enantiomer is 

shown in cyan, and the (S)-enantiomer is shown in pink. 

 

For both of the enantiomers, the free energy profile (see Figure 8.8) shows a 

minimum for 𝑁 = 9, indicating that this is the most favourable number of water 

molecules in the binding site, in agreement with our crystal structures. However, 

there is a very slight disagreement between the values of the water network 

binding free energy values at equilibrium, with that for the (R)-enantiomer 

calculated as -30 ± 1 kcal mol-1, and that for the (S)-enantiomer calculated as -

29 ± 1 kcal mol-1. On this scale, this difference of 1 kcal mol-1 is unlikely to be 

significant, though the observation that the water network is marginally more 

stable for the (R)-enantiomer is consistent with the relative ligand binding free 

energies reported above. Interestingly, the free energy change associated with 

adding a tenth water to the binding site for the (R)- and (S)-enantiomers are +0.1 

± 0.1 and +0.3 ± 0.2 kcal mol-1, respectively, indicating that the 𝑁 = 10 state is 

only slightly less stable at equilibrium.  
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Figure 8.8: Water binding free energy plots for both enantiomers. 

 

However, it is of interest that the free energy profiles show distinct differences, 

particularly at low values of the chemical potential where the distributions of the 

water and ligand positions for the (R)- and (S)-enantiomers are not as consistent 

as at equilibrium (see Figures 8.6, 8.8 and 8.12). At low values of the chemical 

potential, when less water is in the binding site, the difference in the water 

network binding free energies between the two enantiomers becomes more 

significant. For example, a network of 4 water molecules which form the lower 

water layer appear to be 2.6 ± 0.6 kcal mol-1 more stable in the presence of the 

(R)-enantiomer (N = 4 in Table 8.2). This implies that a stereochemical difference 

may become apparent when the upper water layer is removed from the binding 

site.  

 

Table 8.2: Calculated water binding free energies βΔGobind (Ni ® Nf), using the equation and the 

determined titration data. For each enantiomer, the free energy of binding N waters is given 

(note that these can be at any N positions), along with the difference made by adding the Nth 

water, for both enantiomers. The uncertainties given are standard deviations from 1000 

bootstraps, where each bootstrap involves randomly selecting one value of 𝑁 for each value of 

water. 

 Binding free energy (kcal mol-1) 
 (R)-enantiomer (S)-enantiomer 
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Number of 
waters, 𝑵 

Water network 𝑵th water Water network 𝑵th water 

1 -8.2 ± 0.4 -8.2 ± 0.4 -6.9 ± 0.4 -6.9 ± 0.4 

2 -14.0 ± 0.4 -5.9 ± 0.4 -11.9 ± 0.4 -5.0 ± 0.1 

3 -18.8 ± 0.6 -4.8 ± 0.4 -16.2 ± 0.4 -4.4 ± 0.2 

4 -22.1 ± 0.7 -3.3 ± 0.4 -19.6 ± 0.6 -3.3 ± 0.4 

5 -24.6 ± 0.8 -2.5 ± 0.4 -22.2 ± 0.8 -2.7 ± 0.4 

6 -27 ± 1 -2.3 ± 0.3 -25 ± 1 -2.4 ± 0.4 

7 -29 ± 1 -1.9 ± 0.2 -27 ± 1 -2.1 ± 0.2 

8 -30 ± 1 -1.1 ± 0.2 -28 ± 1 -1.5 ± 0.2 

9 -30 ± 1 -0.4 ± 0.3 -29 ± 1 -0.7 ± 0.3 

10 -30 ± 1 +0.1 ± 0.1 -29 ± 1 +0.3 ± 0.2 

11 N/A N/A -28 ± 1 +0.9 ± 0.2 

 

When carrying out titration calculations using GCMC/MD, there is a concern that 

at 𝐵 values far from 𝐵'[\3J, as waters are added or removed from the system, 

they may be constantly replenished by diffusion of waters into the GCMC region 

from bulk water. However, this effect appears to be minimal for these simulations 

(see Figure 8.14), likely due to the relatively occluded location of the GCMC 

region. Furthermore, we observed that the effect was significantly less for the (S)-

enantiomer than the (R)-enantiomer. 

The general trend observed was that, as the chemical potential value decreases 

and waters are removed from the GCMC region, waters from the upper layer, i.e. 

close to Ala30, are removed first, and the ligand gradually descends further into 

the protein to interact directly with the lower layer, i.e. close to Gly34 (see Figures 

8.4b,f), and then the His37 residues (see Figures 8.4a,e). This is shown by a 

selection of simulation snapshots in Figures 8.4 (see also Figure 8.9). It becomes 

clear that the (R)-enantiomer is more resistant to dehydration (see Figures 8.4b,f 

and Figures 8.3, 8.12a) and descends further into the channel than the (S)-

enantiomer (see Figures 8.4a,e and Figure 8.12b) and the data shown in Figure 

8.13 shows that the (R)-enantiomer appears to show a greater propensity for 

hydrogen-bonding with the His37 residues.  
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As discussed in the main text, as the 𝐵 value decreases and waters are removed, 

the ligand descends further into the channel. These effects can be summarized 

graphically using the violin plots shown in Figure 8.9, which show the distribution 

of the number of waters observed (via their z-coordinate, given that this is the 

normal to the membrane), as well as that of the ligand position within the channel. 

Figure 8.9a shows that, as stated, that waters are preferentially removed from the 

upper layer, as the 𝐵 decreases. At 𝐵'[\3J = −6.820 (see Figures 8.4d,h), the 

agreement between the two water distributions is excellent, but at lower 𝐵 values, 

differences become apparent between the enantiomers. These differences are 

more pronounced in Figure 8.7, where the distributions of the ligand position do 

not agree quite as well as at equilibrium. However, at low 𝐵 values, it becomes 

clear that the (R)-enantiomer is able to descend further into the channel than the 

(S)-enantiomer (see Figure 8.4a,e) and the data shown in Figure 8.9b shows that 

the (R)-enantiomer appears to show a greater propensity for hydrogen-bonding 

with the His37 residues. These observations indicate a potential difference in 

binding further down the channel from chiral molecules that might displace the 

upper layer of waters. 

 

a.  
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b.  

Figure 8.9: Violin plots depicting (a) the water distributions observed at each Adams value 

during the titration calculations; each water point is considered as its z-coordinate (the z-axis is 

perpendicular to the membrane), relative to the mean z-coordinate of the Cα atoms of the four 

His37 residues. (b) the ligand positions observed at each Adams value during the titration 

calculations; each point is considered as the z-coordinate (the z-axis is perpendicular to the 

membrane) of the nitrogen atom of the ligand, relative to the mean z-coordinate of the Cα atoms 

of the four His37 residues. The data for the (R)- and (S)-enantiomer are shown in blue and red, 

respectively. The plots are normalized such that all violins have the same width. 

 

The free energy results obtained also imply that it would be very difficult for a 

ligand to gain a significant affinity increase by displacing the lower water layer. 

Given that in the presence of either enantiomer, the binding free energy of the 

network of 9-10 waters is in the vicinity of c.a. 30 kcal mol-1, displacement of the 

upper layer would result in a network of 4 waters, with a binding free energy in 

the vicinity of 20 kcal mol-1 (see Table 8.4). This would imply a significant 

thermodynamic cost associated with the displacement of the lower water layer, 

in addition to the cost of displacing the upper layer. 

However, at lower levels of hydration, due to chirality of the protein, there is a 

difference in terms of the stability of the water network which can differentiate the 

binding of a chiral ligand. This is of special interest when considering chiral 

compounds that can displace the upper water layer, but for an achiral molecule 

such as spiro-adamantyl amine that displaces the upper water layer this is not 

important. [61, 94] These observations indicate a potential difference in binding 

free energy from chiral molecules that might displace the upper layer of waters. 
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Thus, if chiral compounds were to be developed, it could be that one enantiomer 

binds more strongly than the other due to better stabilization of the water network. 

 

8.3 Conclusions 

The environment within the M2 pore is chiral: L-amino acids form right-handed α-

helical monomers which come together to form a left-handed tetrameric helical 

bundle. Since this chiral environment has the potential to create enantiospecific 

binding, it was important to investigate whether the chirality of drugs had an effect 

on drug binding and inhibition. Though the chirality of the M2 protein creates the 

possibility of preferential binding of rimantadine enantiomers, we do not observe 

this in X-ray crystal structures of M2(22-46) WT bound to (R)- and (S)-

rimantadine, in EP kinetics assays using the full-length channel, or in antiviral 

plaque assays. Instead, the crystal structures show that both rimantadine 

enantiomers bind to the M2 pore, and that the ethylammonium headgroup of both 

rimantadine enantiomers averages over four orientations. We observe slight 

differences in the hydration of each rimantadine enantiomer in the crystal 

structures. However, these slight differences in hydration do not have an effect 

on drug binding or channel inhibition. We hypothesize that the two layer water 

network, the upper layer adjacent to Ala30 and the lower layer to Gly34, is 

sufficiently flexible to mask the chirality of the binding site. The GCMC/MD 

simulation analysis indicates that, as the upper layer of waters is removed, a more 

substantial chiral difference is observed in the stability of the water networks, i.e., 

two layers of water are needed to lose this chiral templating effect. This potential 

enantiomeric selectivity may be of interest for compounds that are able to 

displace the upper water layer. 

 

8.4 Materials and methods 

 

The M2TM construct used in this study is as follows: 

Ac-SSDPLVVAASIIGILHLILWILDRL-NH3+ 
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The peptide was synthesized using previously described methods [40, 266] and 

purified using HPLC. The peptide was reconstituted into the lipid cubic phase 

(LCP) using previously described methods [61]: 3 stock solutions of peptide and 

drug were added to monoolein, the sample was lyophilized, then the dried sample 

was used to form the cubic phase by adding 20 µL of aqueous solution per 30 

mg dried monoolein sample and mixing using a syringe coupler. A detergent 

additive, MNG-3-C8 (C43H80O22, MW = 949.08),4,5 was present in the aqueous 

phase. Crystallization conditions were screened in plastic LCP plates (Laminex) 

using a LCP Mosquito robot (TTP Labtech); drops were set up with 100 nL LCP 

plus 1000 nL precipitant solution. Crystallization trials were carried out at 20˚C. 

The composition of the LCP and crystallization conditions that yielded the 

structures described in this paper are as follows: 

PDB ID 6US9 ((R)-rimantadine) 

LCP: 60 mg monoolein, 1.6 x 10-6 moles M2TM monomer, 1.6 x 10-6 moles (R) 

rimantadine (4:1 ratio of drug:tetramer); 40 µL of 50 mM MNG-3-C8 in H2O. 

Precipitant solution: 0.015 M Tricine pH 8.5, 24% w/v PEG 4000. 

PDB ID 6US8 ((S)-rimantadine) 

LCP: 60 mg monoolein, 1.6 x 10-6 moles M2TM monomer, 1.6 x 10-6 moles (S) 

rimantadine (4:1 ratio of drug:tetramer); 40 µL of 50 mM MNG-3-C8 in H2O. 

Precipitant solution: 0.05 M HEPES pH 7.5, 22% w/v PEG 4000. 

 

 

Single crystals were harvested using MiTeGen litholoops and frozen in liquid 

nitrogen. Data collection was carried out at the Advanced Light Source (ALS) 

beam 8.3.1 using a Dectris Pilatus3 S 6M detector. Both samples were diffracted 

under cryogenic temperature (100 K) using a wavelength of 1.1159 Å. Data 

collection parameters are as follows: 

PDB ID 6US9 ((R)-rimantadine): d = 250 mm, t = 0.5 s, oscillation = 1˚, 360 

frames. 
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PDB ID 6US8 ((S)-rimantadine): d = 225 mm, t = 1.0 s, oscillation = 1˚, 360 

frames. 

Data collection was carried out at 100 K at the Advanced Light Source (ALS) 

beam 8.3.1. Data processing was carried out in Mosflm [274] and data were 

scaled in the CCP4 suite. [277] The structure was solved using molecular 

replacement in Phaser-MR [278] with structure PDB ID 6BKL [61] as a search 

model in Phaser-MR.8 Refinement was carried out in Phenix9 with model-

building in Coot10 and PyMOL.11 

Use of the LCP crystallization robot was made possible by National Center for 

Research Resources Grant 1S10RR027234-01. The authors thank Pil Seok 

Chae (Hanyang University, Seoul, South Korea) for providing MNG detergent for 

crystallization trials. Data collection was carried out at ALS 8.3.1. Beamline 8.3.1 

at the Advanced Light Source is operated by the University of California Office of 

the President, Multicampus Research Programs and Initiatives grant MR-15-

328599 and NIGMS grants P30 GM124169 and R01 GM124149. 

 

 

mRNA synthesis, oocyte culture, microinjection of oocytes, and 

electrophysiological TEVC recordings were carried out as previously described. 

[287, 348] The Kd measurement and curve fitting were carried out as previously 

described. [349, 350] Briefly, the percentage of current during the application of 

rimantadine enantiomers and washout protocol was plotted with an association 

then dissociation equation in GraphPad Prism 5.  

 

 

Plaque reduction assays were performed in MDCK cells with A/Soloman 

Island/3/2006 (H1N1) virus as previously described. [287, 349, 357, 358] 

A/Soloman Island/3/2006 (H1N1) M2 contains the same sequence as 

A/Udorn/72. Briefly, confluent cells were washed with PBS and infected with virus 

diluted in DMEM medium supplemented with 0.5% BSA for a final concentration 

of approximately 100 PFU per well. Viral infection was synchronized for 30 min 
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at 4 °C, then incubated for 1 h at 37 °C in a 5% CO2 atmosphere. The inoculum 

was aspirated, cells were washed and incubated in a DMEM overlay media 

containing different concentrations of compound, 2 μg/ml N-acetyl trypsin and 

1.2% avicel microcrystalline cellulose (FMC BioPolymer, Philadelphia, PA) at 37 

°C in a 5% CO2 atmosphere. Cells were stained 2 days post infection with 0.2% 

crystal violet dye. EC50 values were calculated by plotting the plaque area per 

well against the rimantadine concentration applied with a dose response function 

in Prism 5.  

 

 

Conventional MD simulations 

We performed 300 ns MD simulations using an amber99sb force field for the two 

enantiomers in complex with the X-ray crystal structures embedded in a hydrated 

lipid bilayer to test the stability of the experimental structures.  

The complex of M2TM WT with (S)-rimantadine (PDB ID 6US8) or (R)-

rimantadine (PDB ID 6US9) was embedded in a POPC lipid bilayer extending 30 

Å beyond the solutes and the system was placed in an orthorhombic box 

(90×90×105 Ǻ3). The number of lipids added were ca 200. The bilayer was then 

solvated by a 30 Å-thick layer of waters. Na+ and Cl- ions were placed in the water 

phase to neutralize the systems and to reach the experimental salt concentration 

of 0.150 M NaCl. The total number of atoms was ca 80,000. Membrane 

generation and system solvation was carried out using the “System Builder” utility 

of Maestro-Desmond 2020 [242, 243] and periodic boundary conditions were 

applied. The amber99sb force field [359] was used to model all protein and ligand 

interactions, and the TIP3P [199] model was used for water. Maestro-Desmond 

(Maestro-Desmond Interoperability Tools, Schrödinger, New York, 2020) was 

used to assign amber99sb force field parameters to protein, CHARMM36 force 

field to lipids, while the Generalized Amber Force Field (GAFF) [360] was used 

for the ligand parameterization with the antechamber module [361] of AMBER18 

software; intermolecular interactions were calculated with amber99sb force field. 

[362]  
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The particle mesh Ewald method [205, 206] was employed to calculate long-

range electrostatic interactions with a grid spacing of 0.8 Ǻ. Van der Waals and 

short range electrostatic interactions were smoothly truncated at 9.0 Ǻ. The Nosé-

Hoover thermostat [248] was utilized to maintain a constant temperature in all 

simulations, and the Martyna-Tobias-Klein method [248] was used to control the 

pressure. Periodic boundary conditions were applied. The equations of motion 

were integrated using the multistep RESPA integrator with an inner time step of 

2 fs for bonded interactions and non-bonded interactions within a cutoff of 9 Ǻ. 

An outer time step of 6.0 fs was used for non-bonded interactions beyond the cut-

off. Each system was equilibrated in MD simulations with a modification of the 

default protocol provided in Desmond, which consists of a series of restrained 

minimizations and MD simulations designed to relax the system, while not 

deviating substantially from the initial coordinates. First, two rounds of steepest 

descent minimization were performed with a maximum of 2000 steps with 

harmonic restraints of 50 kcal mol-1 Ǻ-2 applied on all solute atoms, followed by 

10000 steps of minimization without restraints. The first simulation was run for 

200 ps at a temperature of 10 K in the NVT ensemble with solute heavy atoms 

restrained with a force constant of 50 kcal mol-1 Ǻ-2. The temperature was then 

raised during a 200 ps MD simulation to 310 K in the NVT ensemble with the 

force constant retained. The heating was followed by equilibration runs. First, two 

stages of NPT equilibration were performed, one with the heavy atoms of the 

system restrained for 1 ns and one for solvent and lipids for 10 ns, with a force 

constant of 10 kcal/mol/Ǻ2 for the harmonic constraints, respectively. Then, a NPT 

simulation followed with the Cα atoms restrained for 1ns with a force constant of 

2 kcal/mol/Ǻ2. The above-mentioned equilibration was followed by a 300 ns NPT 

simulation using Desmond 2020 [242, 243] without restraints. Within this time, 

the total energy and the RMSD reached a plateau, and the systems were 

considered equilibrated. Examination of the probability density function for the 

amine-water interaction showed that, on average four waters are in hydrogen-

bonded distance with the amine, and five are in the lower Gly34 layer ie the 

simulation results are in agreement with the crystallographic structure. For 

structural analyses, snapshots of the different systems were created with VMD 

[217] or Maestro [250] or Chimera [283]. Trajectories were analysed with 

Maestro, Gromacs [196, 251], and VMD.  
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GCMC theory 

The sampling of occluded water sites using conventional molecular dynamics 

(MD) can be very slow, given the long timescales which can be required for water 

to exchange between buried sites and bulk. [363] Grand canonical Monte Carlo 

(GCMC) can be used to allow the number of particles within a simulation to vary 

according to the chemical potential, in order to simulate the grand canonical (μVT) 

ensemble. [345-347, 364-369] This allows the waters within a region of interest 

to exchange with bulk water much more rapidly, bypassing the kinetic barriers 

which can limit water sampling in conventional MD simulations. This is done by 

proposing MC moves which attempt to insert or delete water molecules from a 

region of interest, where the probabilities of these moves are given by 

𝑃3,&'(/ = min
	
�1, "

CY"
𝑒G𝑒N]^_�  

𝑃*'J'/' = min
	
�1, 𝑁𝑒NG𝑒N]^_� 

where 𝑁 is the number of water molecules present in the initial state, 𝛽 = (𝑘G𝑇)N" 

is the thermodynamic beta, Δ𝑈 is the potential energy change associated with the 

proposed move, and 𝐵 is the Adams parameter, [367, 369] defined as 

𝐵 = 𝛽𝜇 + ln EU'()(
`*

F  

where 𝜇 is the chemical potential, 𝑉abEb is the volume of the GCMC region, and 

Λ is the thermodynamic wavelength of water. When the chemical potential of the 

system is at equilibrium with bulk water, the Adams value is given by [347] 

𝐵'[\3J = 𝛽𝜇&!Jc + ln EU'()(
U°

F  

where 𝜇&!Jc  is the excess chemical potential of water and 𝑉° is the standard state 

volume of water. In this work, these parameters are taken as -6.09 kcal mol-1 and 

30.345 Å3, respectively.  

GCMC can be used to simulate the hydration expected for a system at 

equilibrium, using the 𝐵'[\3J value. However, by simulating the system at a range 

of 𝐵 values, the difference in water binding free energy between two states 
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containing different numbers of waters can be determined, via the following 

equation, [346, 347]  

𝛽Δ𝐺%3,*∘ +𝑁3 → 𝑁+1 = 𝑁+𝐵+ − 𝑁3𝐵3 − +𝑁+ − 𝑁31 �𝛽𝜇&!Jc + ln EU'()(
U°

F� − ∫ 𝑁(𝐵)𝑑𝐵G+
G,

  

where 𝐵W is the Adams value at which 𝑁W waters are observed on average. The 

integral is typically calculated numerically, as the area under a plot of 𝑁 against 

𝐵. These are referred to as titration calculations. It should be noted that the free 

energy difference is not assigned to specific water sites, but rather indicates the 

free energy difference between states containing different numbers of waters in 

the GCMC region, with cooperative water-water effects accounted for. 

 

GCMC/MD simulations details 

The GCMC simulations were carried out using version 7.3.1 of OpenMM. [370] 

Version 1.0.0 of the grand Python module [371] was used with OpenMM to carry 

out the GCMC sampling, with the MD sampling carried out using the native 

OpenMM functionality.  

The region in which GCMC moves were carried out was defined as a sphere with 

radius 6.0 Å (for which 𝐵'[\3J = −6.820), centred on the average coordinate of 

the Cα atoms of the Gly34 residues. This was chosen to ensure that the two water 

layers of interest are covered by the GCMC sampling. Version 1.0.0 of the grand 

Python module [371] was used alongside OpenMM to carry out the GCMC 

sampling, with the MD sampling carried out using the native OpenMM 

functionality. 

For each enantiomer, an initial equilibration procedure was applied, beginning 

with a very short minimization, following which the waters present in the GCMC 

region were deleted. This was followed by GCMC/MD equilibration at 𝐵'[\3J, to 

allow the waters in the GCMC region to be repopulated without bias, and then 

constant pressure equilibration to allow the volume of the system to equilibrate. 

The GCMC/MD stage was carried out in three phases to ensure rigorous 

equilibration of the waters before significant movement of the protein complex: 

first 1 ps of MD, with 5k moves attempted every 100 fs; then 10 ps of MD, with 

100 moves every 200 fs; and finally, 50 ps of MD, with 500 moves every 250 fs. 
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The constant pressure equilibration was carried out for 500 ps. The resulting 

equilibrated structure for each enantiomer was used as a starting point for each 

set of independent repeats, in order to ensure that they all had the same system 

volume, and therefore sampled the same ensemble. 

For each independent set of repeats, for each enantiomer, a further GCMC/MD 

equilibration was carried out at 𝐵'[\3J for 500 ps, with 50 GCMC moves executed 

every 250 fs. From this, multiple simulations were run at 21 equally-spaced 𝐵 

values, from -24.820 to -4.820. Each of these simulations was equilibrated for 

500 ps, with 50 GCMC moves every 250 fs, to allow the number of waters to 

adjust to the new 𝐵 value. This was followed by a production run of 2.5 ns, with 

20 GCMC moves per 500 fs, with simulation frames written out every 5 ps. The 

average number of waters observed in the GCMC region, 〈𝑁〉, was calculated 

over these production runs. Three sets of these simulations were carried out for 

each enantiomer, generating three values of 〈𝑁〉 per 𝐵 value, per enantiomer (see 

Table 8.2). 

 

 

Alchemical free energy calculations 

In order to determine the relative free energies of both hydration and binding for 

the two enantiomers, free energy calculations were performed in OpenMM, using 

version 0.7.1 of the perses Python module. [372] This involved perturbing each 

of the enantiomers into an achiral intermediate compound, in which the methyl 

group of rimantadine is replaced by a hydrogen atom. Full details of these 

calculations are provided in the Supporting Information. 

For each enantiomer, a structure equilibrated at 𝐵'[\3J was taken as the starting 

structure for the free energy calculations, where both of these starting structures 

contained 9 water molecules in the GCMC region (note that GCMC sampling was 

not used). The free energy calculations were performed by alchemically 

perturbing each enantiomer into an achiral intermediate, in which the methyl 

group is replaced by a hydrogen atom. This calculation was carried out in 

vacuum, bulk solvent and the protein binding site, as shown in the thermodynamic 
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cycle in Figure 8.5. From this, the relative difference in binding free energy and 

hydration free energy between the two enantiomers were calculated as follows, 

∆∆𝐺Hf*(𝑅 → 𝑆) = ∆𝐺Hf*(𝑆) − ∆𝐺Hf*(𝑅)

= ∆𝐺&!J(𝑅 → 𝐼) − ∆𝐺&!J(𝑆 → 𝐼) − ∆𝐺)1-(𝑅 → 𝐼) + ∆𝐺)1-(𝑆 → 𝐼) 

∆∆𝐺%3,*(𝑅 → 𝑆) = ∆𝐺%3,*(𝑆) − ∆𝐺%3,*(𝑅)

= ∆𝐺.(!/(𝑅 → 𝐼) − ∆𝐺.(!/(𝑆 → 𝐼) − ∆𝐺&!J(𝑅 → 𝐼) + ∆𝐺&!J(𝑆 → 𝐼) 

 

Simulations details 

Each perturbation was executed using a single topology transformation over 11 

𝜆-windows, with 10 ns MD simulation sampling per window (with a timestep of 4 

fs, using hydrogen mass repartitioning), and exchanges between 𝜆-replicas 

attempted every 1 ps, using version 0.7.1 of the perses Python module[372, 373] 

for free energy calculations in OpenMM. [370] The free energy data were 

processed using the multistate Bennett acceptance ratio (MBAR) method[353, 

354] as implemented in the pymbar module [374] of OpenMM. Each calculation 

was run independently three times for each starting structure (in order to 

investigate the influence of the starting structure on the result). All simulations 

were performed at a constant pressure of 1 atm (with volume changes attempted 

every 25 timesteps, and an isotropic barostat used for the solution simulations), 

while PME was not used during the vacuum simulations. Unless stated otherwise, 

all simulation conditions were the same as those used for the GCMC/MD titrations 

mentioned previously. 

For the free energy calculations reported here, the AMBER ff14sb force field was 

used to describe the protein, [211] the lipid17 force field for the membrane,[375] 

TIP3P for the water [376] and the Joung-Cheatham parameters were used for the 

ions. [377, 378] The ligands were described using the general AMBER force field 

(GAFF) [360] with AM1-BCC charges, [379] generated using antechamber. [361] 

All non-bonded interactions within 12 Å were calculated directly, Lennard-Jones 

interactions were switched to zero from 10-12 Å, and long-range electrostatic 

interactions were calculated using the Particle Mesh Ewald method. [380] The 

simulations were carried out at 300 K, using the BAOAB Langevin integrator [381, 

382] (with a friction coefficient of 1 ps-1 and a timestep of 2 fs) to integrate the 



247 

 

dynamics and regulate the temperature. All bonds involving hydrogen atoms 

were constrained, using the SETTLE algorithm for water, [383] and the SHAKE 

algorithm for the rest of the system. [216, 384] Where constant pressure 

simulations were carried out, the pressure was maintained at 1 bar with zero 

surface tension, using a semi-isotropic Monte Carlo barostat, with volume 

changes attempted every timestep (in order to facilitate rapid equilibration). 

 

8.5 Supporting Information 

Table 8.3: Data processing and refinement statistics for X-ray crystal structures of M2(22-46) 

WT co-crystallized with (R)-rimantadine (PDB ID 6US9) and (S)-rimantadine (PDB ID 6US8). 

Structure 6US9 ((R)-rimantadine) 6US8 ((S)-rimantadine) 

Space group P 21 P 21 21 21 
Cell dimensions   

   a, b, c (Å) 48.18, 48.70, 71.67 49.39, 76.09, 98.63 

   α, β, γ (˚) 90, 90, 90 90, 90, 90 

Wavelength (Å) 1.1159 1.1159 

Resolution (Å) 48.70 - 2.00  

(2.05 - 2.00) 

60.25 - 1.70 

(1.73 -1.70) 

Total reflections  117349 (8139) 256684 (13726) 

Unique reflections 21661 (1558) 37869 (1950) 
Completeness (%) 96.0 (94.7) 91.5 (91.4) 

Multiplicity 5.4 6.8 

Rmerge 0.122 (0.494) 0.089 (0.882) 

I/σI 6.8 (2.6) 11.3 (2.1) 

Wilson B-factor 15.80 17.41 

CC(1/2) 0.997 (0.950) 0.999 (0.872) 

Refinement   
Resolution (Å) 48.18 - 2.0  

(2.072 - 2.0) 

60.25 - 1.70  

(1.76 - 1.70) 

Rwork 0.2321 (0.2651) 0.1889 (0.2278) 

Rfree 0.2754 (0.3887) 0.2142 (0.2585) 

Number of non-hydrogen 
atoms 

3154 3316 

Protein 2928 2958 

Ligands 176 269 
Water 50 89 

RMSD Bond Lengths (Å) 0.007 0.006 
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RMSD Bond Angles (˚) 0.89 0.76 

Ramachandran favored (%) 100.00 100.00 

Average B factor 20.92 19.34 
Protein 20.84 18.06 

Ligands 21.81 30.06 

Solvent 22.50 29.46 

 

Table 8.4: Refined occupancies for rimantadine rotational alternate conformers. 

(R)-Rimantadine (PDB ID 6US9) 
   

Alternate conformer Tetramer 1 Tetramer 2 Tetramer 3 Tetramer 4 

A 0.4 0.42 0.59 0.3 

B 0.37 0.19 0.14 0.32 

C 0.23 0 0.27 0.38 

D 0 0.39 0 0 

(S)-Rimantadine (PDB ID 6US8) 
   

Alternate conformer Tetramer 1 Tetramer 2 Tetramer 3 Tetramer 4 

A 0.11 0.65 0.36 0.58 

B 0.42 0.01 0.01 0.38 

C 0.46 0.34 0.63 0.04 

D 0.01 0 0 0 

 

Table 8.5: Average number of waters observed for each repeat at each Adams value, for both 

enantiomers. 

 Average number of waters, 〈𝑵〉 
 (R)-enantiomer (S)-enantiomer 

Adams 
value, 𝑩 

Run 1 Run 2 Run 3 Run 1 Run 2 Run 3 

-4.820 9.949 9.956 9.323 10.033 10.496 11.047 

-5.820 9.028 9.389 10.066 9.753 9.627 10.236 

-6.820 9.650 8.925 9.208 8.866 8.851 9.413 

-7.820 8.813 7.619 7.512 8.088 9.188 8.778 

-8.820 7.528 7.359 7.645 8.047 8.337 7.678 

-9.820 6.490 7.101 6.378 7.265 6.901 6.981 

-10.820 5.910 5.425 3.713 6.375 3.758 5.611 

-11.820 4.172 4.209 3.184 5.501 3.438 3.457 

-12.820 3.329 3.044 2.970 4.213 2.975 2.954 

-13.820 2.187 3.887 3.000 2.743 2.571 3.219 
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-14.820 2.620 3.000 2.092 2.000 1.660 2.157 

-15.820 2.412 2.281 1.306 0.916 0.576 1.000 

-16.820 1.154 1.881 1.282 1.000 1.000 1.000 

-17.820 0.434 1.001 1.591 0.199 0.911 0.001 

-18.820 0.568 0.412 1.033 1.094 1.000 0.168 

-19.820 0.948 0.960 0.760 0.506 0.000 0.000 

-20.820 0.159 0.248 0.957 0.000 0.000 0.000 

-21.820 0.620 0.053 0.005 0.000 0.000 0.000 

-22.820 0.032 0.000 0.360 0.039 0.000 0.074 

-23.820 0.004 0.006 0.207 0.000 0.000 0.000 

-24.820 0.124 0.031 0.001 0.000 0.000 0.000 

 

 

Figure 8.10: Extended unit cell of the 1.70 Å structure of (S)-rimantadine bound to M2(22-46) 

(PDB ID 6US8). Rimantadines in the pore of the channel are shown in green spheres, and 

rimantadines localized at lattice sites between tetramers are in red. The helices are colored as a 
rainbow, with blue as the N-terminus to red at the C-terminus. 
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Figure 8.11: 2F0-Fc density contoured at 1s. The view as in Figure 8.10, but with the lattices 

(S)-rimantadine molecules shown in purple, and pore-located rimantadines in light green. 

 

 

      a (R)-Rimantadine                                             b (S)-Rimantadine 

Figure 8.12: Titration plots for both rimantadine enantiomers, with the average number of 

waters observed plotted against the B value. The curve was fitted as the mean from 1000 

bootstraps of a sum of four sigmoid curves. The inner and outer shaded regions represent 1.0 

and 1.96 standard deviations from the mean fit, respectively. The value of the Kendall tau 

parameter for the raw data is indicated in the legend. 
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Figure 8.13: Bar charts showing the hydrogen bonding observed between the ligand and the 

protein at different Adams values. Each bar represents the percentage of the GCMC simulation 

for which an interaction is seen (within 3.2 Å) with a particular protein atom – bars are not 

shown for protein atoms which never interact with the ligand. The error bars represent standard 

deviations over the three repeats. 

 

 

Figure 8.14: Water Diffusion into the GCMC Region. Graph showing the total flux of waters in 

or out of the GCMC region via MD diffusion, at each Adams value, for both enantiomers. The 
error bars given represent the standard deviations over the three repeats. 
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