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ABSTRACT 
Influenza remains a serious global health threat and further characterization of key 

viral proteins is necessary in order to develop novel drugs and vaccines. Matrix protein 1 
(M 1) and matrix protein 2 (M2) of Influenza A Virus play key roles in the assembly and 
release of new infectious viral particles. The cytoplasmic tail of M2 has been shown to be 
critical for inducing membrane curvature in order to facilitate budding. M 1 has multiple 
roles, including packaging viral RN A and recrniting it to the bud ozone through interactions 
with M2 and other viral membrane proteins. In this role as an adaptor protein , Ml 
participates in interactions with the membrane, viral genome elements and other viral 
proteins and it is important to use a full-length M 1 construct that is capable of recapitulating 
these many interactions. In this study, we present an optimized expression and purification 
protocol for full-length Ml. We also present preliminary data showing characterization of 
full-length M 1 using circular dichroism spectroscopy as well as isothermal titration 
calorimetry and biolayer interferometry to study Ml-M2 binding. 
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CHAPTER 1: INTRODUCTION 

1.1 Influenza: a significant threat to public health 

Influenza remains a significant threat to global public health with more than 1 

billion cases annually resulting in 650,000 deaths worldwide in 2019. 1•2 Increasing levels 

of morbidity and the risk of a novel virus strain resulting in a pandemic add urgency to the 

search for novel vaccines and therapeutics. Current public health efforts against influenza 

rely on annual vaccinations and the four antivirals currently approved by the FDA for 

influenza treatment. 3•4 Three of these four antivirals target the influenza membrane protein 

neuraminidase and the fourth, baloxavir, approved by the FDA in 2018, targets the viral 

polymerase. 3 The limited number of influenza proteins targeted by currently available 

drugs increases the risk of resistance. Additionally, annual influenza vaccine efficiency 

against the circulating viral strain varies greatly by year with efficiency values between 20-

60% over the last decade. 5 The lack of adequate methods for influenza prevention and 

treatment requires the characterization of new viral targets. Targeting key viral proteins 

and processes requires a detailed understanding of the structure and function of these 

components at the molecular level. Viral proteins and their interactions with each other are 

at the intersection of basic biochemical research and innovations critical to preventing and 

treating influenza outbreaks. The assembly of new viral particles and budding from the 

host cell are important therapeutic targets which require characterization of the viral 

budding machinery. This study seeks to provide additional characterization of the proteins 

that participate in the assembly and budding process. 
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1.2 Influenza A viral structure and life cycle 

Influenza A virus (IAV) is an enveloped Orthomyxovirus with an RNA genome 

consisting of eight single-stranded and negative sense RNA segments. 6 Orthomyxoviruses 

are enveloped RN A viruses with a negative sense RN A genome requiring a virus encoded 

RNA polymerase for transcription of the genome to positive sense RNA in order to be 

translated by host machinery. The viral genome codes for the following proteins: 

hemagglutinin (HA), neuraminidase (NA), matrix I (Ml), matrix 2 (M2), nucleoprotein 

(NP), non-structural protein I (NSPI), non-structural protein 2 (NS2; also known as 

nuclear export protein, NEP), polymerase acidic protein (PA), polymerase basic protein 1 

(PBl), polymerase basic protein 2 (PB2) and polymerase basic protein. 6 NA, HA and M2 

are involved in viral attachment and membrane fusion while M 1 is important for packing 

of the nucleocapsid and the formation of new viral particles during budding. These four 

proteins are key to the formation of new viral particles; this work will focus on the 

complementary roles of Ml and M2 for viral assembly and budding. IA V recognizes and 

attaches to target host cells through interactions between HA and sialic acid which initiates 

endocytosis of the virus. IAV attachment and entry shown in Figure 1. Following receptor 

mediated endocytosis , the low pH of the endosome causes conformational changes in HA 

which allow for the viral envelope to fuse with the endosomal membrane. Simultaneously, 

M2, a homotetrameric proton channel , allows for acidification of the viral interior which 

releases the nucleocapsid into the host cytoplasm. Transcription and replication of the viral 

RNA genome occurs in the host nucleus. 
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Figure 1. Influenza A virus entry into host cell. i) Attachment ii) Endocytosis mediated cell entry iii) pH 

dependent conformational changes and membrane insertion of HA iv) Endosomal membrane fusion mediated 

by HA v) Entry of viral genome into host cytoplasm. Adapted from Dou et al., 2018.7 

Assembly ofIA V particles and release from the infected host cell occur during viral 

budding. Viral assembly occurs as HA and NA are localized to cholesterol and sphingolipid 

rich lipid rafts known as budozones (Figure 2). 7 These rafts are enriched in HA and NA 

and play an important role in the recruitment of Ml and M2 to the site ofbudding. 8 M2 is 

found at the edges of these raft regions which are the site of viral particle assembly and 

budding.7 Studying these three membrane proteins, HA, NA, and M2, requires the use of 

lipid mimetic systems in order to create a model that can recapitulate their in vivo functions. 

Ml recruitment has been ascribed to interactions with either the cytoplasmic tails of 

membrane proteins (HA, NA, M2) or to interactions with lipid domains.7 Ml is responsible 

for recruitment and binding of viral ribonucleoprotein particles (vRNPs). 7 Additionally, it 

has been hypothesized that M 1 may recruit M2 to the budozone. Further characterization 

of Ml and M2 interactions will provide additional information about the process of viral 

particle assembly and budding. 
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Influenza virion 

EXTRACELLULAR SPACE 

CYTOPLASM 

Figure 2. Influenza A viral budozone. Influenza A viral budding showing localization of M2 to budozone 
followed by scission and release ofvirion. Adapted from Rossman et al., 2010.8 

1. 3 Matrix protein 1 (M 1) 

Ml is a soluble protein that consists of a well-characterized N-terminal domain and 

a C-terminal domain with poorly understood conformation. 9- 11 Ml is one of the most 

abundant proteins in influenza viral particles and forms an inner coat beneath the viral 

envelope and interacts with viral membrane proteins embedded in the envelope as well as 

the vRNPs responsible for packaging the RNA genome. Our lab has previously developed 

a protocol to express and purify a truncated construct of Ml containing only the N-terminal 

domain (residues 1-165). SDSL-EPR studies of M2 protein labeled with a covalent 

nitroxide spin label on cytoplasmic tail residues showed minimal changes in M2 line shape 

upon the addition of the N-terminal Ml construct. This result suggests no or minimal 

changes in conformation of the M2 cytoplasmic tail in response to M 1, however additional 

binding and characterization data is necessary to further understand how these two proteins 

interact. 
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The N-terminal domain of Ml consists of two four-helix bundles connected by a 

helical linker region (Figure 3), although different studies utilizing different crystallization 

conditions have resulted in several distinct structures.10- 12 

Figure 3. Crystal strncture of Ml N-te1minal domain. One of the published models for the Ml N-
terminal domain (residues 1-164). Four helix bundles shown in navy and yellow with linker region in cyan. 
PDB: 1EA3_l3 

The C-terminal domain has been implicated in the oligomerization interaction with other 

Ml monomers as well as the interaction with vRNPs.11 Additionally, crystal studies of 

IA V-Ml have found crystals made up of only the Ml N-terminal domain.2.1..1 The 

interaction between Ml and vRNPs has been shown to affect viral particle morphology, 

further explaining the important role played by Ml in the viral life cycle_Ll. Recently, a 

model of the C-terminal domain of matrix protein 1 from an Orthomyxovirus was 

published and confirmed a four helix structure for the C-terminal domain of Ml from 

infectious salmon anemia virus (ISA V)..1.§ This crystal structure and the accompanying 

cryoelectron tomography averaged structures suggest a model of Ml oligomerization in 

which the N-terminal domain is responsible for interactions with the lipid bilayer and 

membrane proteins, while the C-terminal domain is primarily involved in interactions with 
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vRNPs and other Ml monomers (Figure 4).16 A study usmg quantitative reverse-

transcriptase polymerase chain reaction (qRT-PCR) found Ml preferentially bound 

negative-sense vRNPs over the positive-sense complementary RNPs formed as 

intermediates during genome replication. 17 This analysis in addition to truncation mutant 

studies identifying the linker region as the domain responsible for interactions with 

vRNPs 18, suggest Ml acts as a scaffold by participating in several protein-protein and 

protein-lipid interactions and in this way regulates the formation of infectious virions. 17 

However, different studies propose distinct models for the roles of M 1 domains and the 

sites responsible for the specific interactions that result in the recruitment of vRNPs and 

self-oligomerization. Ksenofontov et al., 2010 suggest that it is the middle domain (middle 

four-helix bundle in the N-terminal domain and linker region) that is responsible for Ml-

M 1 interactions. 19 Additionally, this study provides evidence using tritium planigraphy and 

circular dichroism spectroscopy to suggest that the C-terminal domain is an intrinsically 

unstructured domain, which allows it to participate in a variety of interactions depending 

on changing environmental conditions. 19 Other studies have also emphasized the 

importance of the middle domain for the self-oligomerization interactions required for Ml 

to assemble the inner sheath within the budding viral particle, but have shown that there 

are regions within both the N-terminal and C-terminal domains that are required for 

efficient protein-protein and protein-lipid interactions. 18 These models suggest that 

multiple domains of M 1 are involved in its various interactions and further support using 

full-length M 1 in order to reflect physiologically relevant conformations and interactions 

of the protein. 18 
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Membrane 

N-terminal domain 

C-terminal domain 

Figure 4. Crystal structure of Ml from ISA V and oligomerization model. Electrostatic surface (left) and 
ribbon diagram (right). Adapted from Zhang et al, 2017 16 PDB: 5WCO. 

1.4 Matrix protein 2 (M2) 

M2 is a 97-amino acid membrane-bound proton 

channel and viral fission facilitator that our group has 

previously studied using site-directed spin labeling electron 

paramagnetic resonance spectroscopy (SDSL-EPR) and is the 

target of influenza drug amantadine and rimandatine. 3 These 

drugs are no longer used to treat IA V due to limited efficacy 

and adverse side effects. 20 M2 has three domains, an 

ectodomain, a transmembrane proton channel domain and a 

cytoplasmic tail containing an amphipathic helix that extends 

into the viral interior. 21 One structural model of M2 is shown 

in Figure 5, using structure derived using NMR spectroscopy. 

Figure 5. Solution 
NMR structure ofM2 
(residues 18-60). 
PDB: 2RLF. 

Transmembrane 
domain 

Ml-binding residues on M2 have been proposed as a result of mutational studies and 

implicate the cytoplasmic tail of M2 and specifically residues 71-77. 22 M2 is known to 

have multiple roles in the viral life cycle of IAV.8 M2 is a homotetrameric proton channel 

that during viral uncoating allows for acidification of the viral interior which releases the 



Erler 14 

nucleocapsid into the host cell cytoplasm. 21,23 Additionally, M2 mediates the membrane 

scission event required for the budding of nascent viral particles out of infected host cells. 8 

This role has been confirmed using biochemical and mutational studies which show that 

the amphipathic helix of M2 is required for budding. 24 

1.5 Strategies to study Ml-M2 interaction 

a. Hypothesized binding sites 

Mutational and structural studies have suggested that the Ml-M2 binding site is 

located on the cytoplasmic tail of M2 which extends into the viral interior. The proposed 

sites are residues 71-77 of M2. 22,24 A mutational study using a lethal M2 mutation that 

altered viral morphology and inf ectivity was used to identify putative M l-M2 binding sites 

on Ml. 9 Ml residues 73, 94, 135, 136, or 138 or a double mutation , 93/244 were shown to 

rescue from this phenotype and restored production of infectious viral particles. This study 

showed the related roles Ml has through interactions with M2 and the vRNPs in altering 

viral particle morphology and in packaging the RN A genome. 9 

b. Lipid Mimetics 

As M2 is a transmembrane protein and M 1 is membrane-associated and 

hypothesized to interact with the membrane , studying this interaction requires the use of 

lipid mimetics. 25 •26 Lipid mimetics used to study M2 in the past include liposomes, 

micelles and lipodisqs. A promising membrane mimic that we have not been about to test 

yet is nanodiscs, but will be pursued by the lab in the future. 27 Liposomes and nanodiscs 

with a transmembrane protein are shown in Figure 6. Nanodiscs are smaller discs of bilayer 

(10 nm in diameter) that are encircled by amphipathic helical proteins known as membrane 
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scaffold proteins. Using nanodiscs allows both the ectodomain and cytoplasmic tail of M2 

to be accessible in solution which is critical to studying Ml-M2 interaction. The 

preliminary work shown in this thesis used detergent micelles and liposomes and provide 

a foundation for future work in nanodiscs. 

Nanodisc 

Liposome 

Figure 6. Cartoon ofliposome and nanodisc. Schematic of nanodisc showing transmembrane protein (yellow) 
and membrane scaffold protein (red) on the left and proteoliposom e with reconstituted transmem brane 
protein (yellow) (right). 28 

c. Experimental Techniques 

In this study, a method for expression and purification of full-length Ml was 

optimized. A number of biochemical and biophysical methods are appropriate to further 

characterize full-length Ml as well as the Ml-M2 interaction. Circular dichroism (CD) 

spectroscopy can assess differences in secondary structure between truncated Ml 

constructs and full-length Ml as well as structural changes in response to the membrane 

and/or M2 in micelles. Biolayer interferometry could be used to quantitatively describe the 

Ml-M2 binding interaction. Time limitations prevented rigorous optimization of CD and 

interferometry but efforts at experimental design and the collection of preliminary 

experiments provide the foundation for futme work. In summary, here we describe work 
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done to optimize purification of full-length Ml and to characterize its interaction with M2 

in order to probe their complementary roles in IA V viral budding. 

CHAPTER 2: OPTIMIZATION OF Ml EXPRESSION AND PURIFICATION 

2.1 Amplification and sequencing 

A plasmid encoding full-length Ml was received from the Chiantia Group at the 

University of Potsdam, Germany. 300 ng of DNA spotted onto filter paper and sent by 

mail. The Chiantia group had previously used this full-length Ml constructs to collect 

circular dichroism spectroscopy studies (Hoefer et al. 28) 

The DNA provided by the Chianta group was removed from filter paper by 

soaking in distilled water, amplified and sent for sequencing. plasmid was amplified in 

DH5a XL Gold Ultracompetent cells (Agilent Technologies), purified via QIAprep Spin 

Miniprep kit according the manufacturer's protocol (Qiagen). DH5a cells were 

miniprepped using QIAprep Spin Miniprep Kit from Qiagen to isolate FPV-Ml_pET 

plasmid which was then sent for sequencing, plasmid shown in Figure 7. Ml protein 

sequence was isolated from IA V strain A/FPV/Rostock/1934(H7Nl). Ml sequence was 

verified by sequencing (Figure 8). 



FPV-Ml_pET 
6464 bp 

....... 
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Figure 7. Ml full-length construct vector map. FPV-Ml _pET from Chiantia Group at the University of 

Potsdam, Germany. Vector contains AMP-resistance and Ml is under control of T7 promoter. 

(A/FPV/Rostock/1934(H7Nl)). 
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»Sample B_repeated 272 bp (272 aa) 
Waterman-Eggert score: 1759; 439.4 bits; E(1) < 4e-128 
100.0% identity (100.0% similar) in 272 aa overlap (1-272:1-272) 

10 20 30 40 50 60 
CHIANT MGSSHHHHHHSSGLVPRGSHMSLL TEVETYVLSIIPSGPLKAEIAQRLEDVFAGKNTDLE 

Sample MGSSHHH HHHSSGLVPRGSHMSLL TEVETYVLSIIPSGPLKAEIAQRLEDVFAGKNTDLE 
10 20 30 40 50 60 

70 80 90 100 110 120 
CHIANT VLMEWLKTRPILSPLTKGILGFVFTL TVPSEQGLQRRRFVQNALNGNGDPNNMDKAVKLY 

Sample VLMEWLKTRPILSPLTKGILGFVFTL TVPSEQGLQRRRFVQNALNGNGDPNNMDKAVKLY 
70 80 90 100 110 120 

130 140 150 160 170 180 
CHIANT RKLKREITFYGAKEVALSYSTGALASCMGLIYNRMGTVTTEVAFGLVCATCEQIADSQHR 

Sample RKLKREITFYGAKEVALSYSTGALASCMGLIYNRMGTVTTEVAFGLVCATCEQIADSQHR 
130 140 150 160 170 180 

190 200 210 220 230 240 
CHIANT SHRQMVATTNPLIRHENRMVMASTTAKAMEQMAGSSEQAAEAMEVASQARQMVQAMRTIG 

Sample SHRQMVATTNPLIRHENRMVMASTTAKAMEQMAGSSEQAAEAMEVASQARQMVQAMRTIG 
190 200 210 220 230 240 

250 260 270 
CHIANT THPSSSAGLKDDLLENLQAYQKRMGVQMQRFK 

Sample THPSSSAGLKDDLLENLQAYQKRMGVQMQRFK 
250 260 270 

Figure 8. Ml Sequence alignment. FPV-Ml_pETisolated from DH5a. against sequence provided by 

Chianti a Group at University of Potsdam. 

2.2 Expression 

Our expression and pmification protocol was adapted from previously described 

protocol.22 The published methods took many months to adapt and optimize in order to get 

sufficiently pure and well behaved M 1 protein sample necessary for our biophysical work. 
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Below the systematic approach we used to optimize the express10n 1s described. 

Our first task was to optimize induction protocol. Ml expression on this plasmid 

was under the control of T7 phage RNA polymerase promoter and induced using IPTG. 

We tested two different cell types and well as different concentrations of IPTG. As 

described by Hoefer et al., 2018, Ml expression was induced with 0.4 and 1 mM IPTG. 

In order to visualize Ml by SDS-PAGE, 12.5% acrylamide gels were used and run at 200 

V for 1.5 hours. Ml expression is confirmed by the presence of a band at approximately 

30 kDa, corresponding to the molecular weight of full-length Ml (red arrow in Figure 9).62 
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Figure 9. Ml expression under. Various induction 
conditions. SDS-PAGE of Ml induction using 
IPTG. Ml expression induced in E. coli BL2 l 
cells (LuxS or Lucigen C43) using 0.4 mM or 1 
mM IPTG. Cultures were grown in LB media for 
3 hours after induction with shaking at 37°C, then 
pelleted and analyzed by SDS-PAGE. 

In both BL21 cell types and using 0.4 and 1 mM IPTG Ml expression was successfully 

induced (Figure 9). BL21 Lux S showed leaky expression as there was some Ml visible 

in pre-induction gel sample (Figure 9). Moving forward, Ml expression will be carried 

out with BL21 Lucigen C43 cells and induced using 0.4 mM IPTG. 

Our next task was to optimize the growth in terms of the composition of media 
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and the growth temperature. This construct has been shown to form inclusion bodies 

(IB)28 and various media and growth temperatures were tested in order to optimize 

growth and minimize the formation of inclusion bodies. M9 minimal media as described 

in (3°) was tested as a growth condition in order to examine the effect of stressful growth 

conditions on expression of Ml. Figure 10 shows successful expression in all three 

growth conditions. We decided to grow cells in LB at 37°C because this resulted in 

successful induction and was most efficient. Following successful expression as verified 

by SDS-PAGE, cell cultures were pelleted and frozen at -80°C for later lysis and 

purification. 
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Figure 10. Ml expression 

under various growth 

conditio ns. SDS-PAGE 

showing expression of Ml 

grown in LB at 18 °C, 37 °C 

and grown in M9 Minimal 

Media at 37 °C. 
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2.3 Inclusion bodies 

Ml may form inclusion bodies which can be solubilized in order to increase 

protein yield. Inclusion body formation in vitro is a common byproduct of heterologous 

protein overexpression and can be a significant technical challenge when purifying 

proteins that form higher order assemblies in vivo.31 Inclusion body formation may be 

enhanced due to high levels of Ml expression as well as the Ml-Ml interactions 

responsible for Ml oligomerization in vivo. Inclusion body extraction protocol was 

carried out as described in Hoefer and Di Lella, et al., 2018.28 Inclusion body purification 

is successful and results in refolded Ml in refolding buffer as visualized by SDS-PAGE 

(Figure 11 ). Despite evidence of significant formation of inclusion bodies and successful 

inclusion body purification, cell lysis was optimized in place of utilizing the longer and 

less efficient inclusion body extraction protocol 
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Figure 11. Ml inclusion body purification. SDS-PAGE with 12.5% acrylamide gel run at 200 V for 1.5 

hours showing inclusion body purification protocol as described in Hoefer and Di Lella, et al., 2018. 28 
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2.4 Optimization of Cell Lysis 

Lysis buffer (16 mM Na2HP04, 3 mM KH2P04, 500 mM NaCl, 5.4 mM KCl, 

200 ug/mL DNase I, 300 ug/mL lysozyme, 5 mM B-mercaptoethanol, lmM PMSF, pH 

7.4) was prepared as previously described .. 28 However, published sonication procedure 

for full-length Ml as well as the cell lysis protocols routinely used in our lab for other 

proteins were not successful. Thus we set up a systematic optimization using different 

lysis procedures. Different sonication protocols with different amplitudes, pulse times, 

and lengths of sonication were carried out. Lysis using the cell disruptor was also 

completed in parallel with sonication attempts and was successful (Figure 12). 
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Figure 12. Incomplete lysis of Ml. SDS-PAGE showing lysis of Ml pellets using cell disruptor and 
incomplete lysis by sonication for 20 or 60 minutes at 20% amplitude. 
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Sonication protocol was successful when 10 mL of lysate was sonicated in 50 mL 

conical tube for 1 hour at 20% amplitude with 1 second pulses (Figure 13). Afterwards, 

post-sonication lysate is centrifuged at 15,000 rpm for 45 minutes at 4 °C in Sorvall 

RC5C Centrifuge with Sorvall SS-34 Rotor . 
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Figure 13. Successful lysis of Ml. SDS-

PAGE showing successful lysis using 1 

hour of sonication at 20% amplitude with 

1 sec pulses. 

2.5 Affinity chromatography and optimized purification scheme 

Our Ml construct has a His-tag and previously published protocols employed Ni-

binding columns to purify the protein. The His-tag on the Ml construct allows the protein 

to be immobilized on a Nickel column, washed and then eluted in imidazole. Elution of 

pure Ml protein was optimized and the final protocol requires a series of washes followed 

by elution using a stepwise imidazole gradient. 

After lysis of cells and collection of cell lysate using centrifugation (15,000 rpm for 

45 minutes at 4 °C in Sorvall RC5C Centrifuge with Sorvall SS-34 Rotor), the supernatant 
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was incubated on 0.5 mL His-Pur Ni-NT A column (ThermoScientific) at 4°C for 20 to 30 

minutes with agitation. Flow through was collected and then the column was washed with 

10 column volumes of Ml Wash I (8mM Na2HPO4, 1.5mM KH2PO4, 500mM NaCl, 

2.7mM KCl, 5mM P-mercaptoethanol, pH 7.4) and Ml Wash II (8mM Na2HPO4, l.5mM 

KH2PO4, 500mM NaCl, 2.7mM KCl, 5mM P-mercaptoethanol, 20 mM imidazole, pH 7.2). 

Protein was eluted from the column in 0.5 mL fractions with Ml Elution Buffer (l 0mM 

Na2HPO4, 120mM KCl, 250mM imidazole, pH 7). As shown in Figure 14, high molecular 

weight impurities were eluted along with Ml protein. 
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Figure 14. Purification of Ml using 250 mM imidazole. 

As shown in Figure 14, other proteins were eluting along with Ml. In order to 

increase Ml protein purity, an imidazole gradient was used to elute protein. Ml Elution 

Buffer (l0mM Na2HPO4, 120mM KCl, 250mM imidazole , pH 7) was used with the 

following stepwise changes in imidazole concentration: 100 mM, 150 mM, and 200 mM. 
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Ten column volumes of each imidazole concentrations were used to wash the column 

followed by elution 0.5 mL of fractions in Ml 300 mM Imidazole Buffer (lOmM Na2HPQ4, 

120mM KCl, 300mM imidazole , pH 7). As shown in Figure 15, this resulted in elution of 

pure Ml with a yield of 2.0 mg/L . 
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Figure 15. Optimized purification of Ml. Ml was successfu lly purified using a modified sonication 
procedure followed by elution with a stepwise imidazole gradient. 

CHAPTER 3: CHARACTERIZATION OF Ml AND Ml-M2 INTERACTION 

Due to restrictions because of the COVID-19 pandemic , the author was unable to 
complete the collection of planned experimental work. Additionally , raw experimental 
data was not accessible during the writing of the thesis . These experiments are described 
in Chapter 3. Preliminary data for experiments described in Chapter 3 can be found in the 
Appendix. 

3 .1 Preparation of M2 in micelles and liposomes 

M2 purification followed procedure as previously described . M2 was 

overexpressed in X cells followed by IPTG induction. The M2 construct contains a His-
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tag construct Ni column was used with imidazole elution followed by PDlO removal of 

excess imidazole. All buffers used for M2 purification contain OG to keep membrane 

protein in solution. Purification of¼ L of pelleted cells yielded 8 mg of pure protein. 

In order to probe the Ml-M2 interaction, a multi-pronged approach was proposed 

that utilizes compatible and available techniques. Isothermal titration calorimetry (ITC) 

provides thermodynamic parameters for protein-protein interactions and has the added 

benefit of not requiring covalent protein labels. Bio layer interferometry (BLI) was utilized 

as Ni-NTA biosensors can be used to immobilize His-tagged protein constructs and this 

technique could be used to determine binding kinetics for both protein-protein and protein-

lipid interactions. Additionally, circular dichroism spectroscopy (CD) could be used in 

order to analyze secondary structure of M 1 and changes in secondary structure induced 

upon the addition of M2. 

3.2 CD could be used to probe Ml conformation 

Circular dichroism spectroscopy (CD) has been previously used to analyze 

secondary structure of full-length Ml as compared to truncated constructs as well as probe 

hypothesized conformational changes in response to interactions with the membrane or 

M2. 28 CD measures differences in absorption of right-handed and left-handed polarized 

light by the molecule of interest. 32 Secondary structural elements including alpha helices 

and disordered regions result in distinctive spectral patterns that can be used to define 

helicity of a given protein as well as conformational changes between two experimental 

conditions. 32 Buffer conditions were optimized in order to be compatible with storage of 

both Ml and M2. All characterization experiments were run in 50 mM TRIS, 100 mM 

KCl, pH 7.8. Figure Al shows a preliminary CD spectrum that was unable to be replicated. 
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Thus, reliable conclusions should not be drawn. Once replicates are collected, data will be 

compared to previously published CD data on different constructs of Ml (Figure 16). 

Hoefer et al., showed minimal changes in secondary structure for four different Ml 

constructs upon the addition of large unilamellar vesicles (LUV s) with and without DOPS 

which has a negatively charged head group. 28 
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Figure 16. Characterization of Ml constructs with and without liposomes. Figure adapted 
from Hoefer et al. 28 

Our new contribution to the literature will be to compare spectra of the sum of M 1 

and M2 collected separately with a spectrum of a complex of Ml and M2. Ideally the 

comparison of these two spectra might provide insight into conformational changes 

hypothesized to occur due to binding of Ml to M2. 

3.3 BLI could be used to probe strength of Ml-M2 interactions 

Biolayer interferometry (BLI) can be used to determine kinetics and dissociation 

constants of a protein-protein interaction. 33 Ni-NTA biosensors (ForteBio) were used 

along with His-tagged Ml protein in order to load the protein onto the biosensor tip. Here, 

biolayer interferometry was attempted to probe binding of His-tagged Ml with M2 in 
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micelles as well as empty and M2 reconstituted DOPC/DOPG liposomes. These studies 

look to investigate binding sites for Ml on the M2 cytoplasmic tail.9,22,24 A schematic of 

BLI is shown showing our experimental strategy in (Figure 17) with Ml and empty 

liposomes. for binding to micelles without M2. 
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Figure 17. Ml protein BLI experimental design schematic showing baseline, loading, baseline, association 
and dissociation phases. Diagram adapted from 34. 

Preliminary BLI runs (Figure A2) show a binding interaction of Ml with M2 in micelles 

but not M2 in liposomes or empty liposomes. BLI runs must be repeated and supplemented 

with a control of Ml tested with OG micelles alone. This may be due to different 

accessibility of the Ml binding site when M2 is reconstituted into liposomes and can insert 

bidirectionally (see Figure 6 for liposome with transmembrane protein). 

3.4 ITC could be used to probe Ml-M2 interactions 

Isothermal titration calorimetry (ITC) allows for measurement of thermodynamic 

parameters of a molecular interaction in solution as well as the stoichiometry of the 

interaction. ITC is advantageous in that it requires small sample volumes, can be used to 
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detect very weak interactions, and does not require covalent protein labels.35 ITC was used 

to measure the interaction of Ml with M2 in micelles, however due to interruption of data 

collection, necessary baseline buffer controls could not be analyzed with this data (Figure 

A3). Also, concentrations of ligand and substrate must be optimized and ideally increased 

in order to achieve binding saturation. 

CHAPTER 4: SUMMARY AND PROSPECTS FOR FUTURE DEVELOPMENTS 

4.1 Summary 

Expression and purification of full length M 1 was successfully optimized. This is 

an important development since sufficient amounts of protein are now available to proceed 

with characterization of the Ml-M2 interaction. Previous studies in our lab with a N-

terminal of Ml were complicated by problematic precipitation. Aggregation and 

precipitation of full-length Ml have not been a problem presumably due to optimized 

buffer conditions for protein purification and storage. In addition to the production of 

sufficient amounts of well-behaved pure full length M 1 protein, important foundational 

biophysical work was initiated. Preliminary CD, BLI, and ITC data lay the groundwork for 

the next phase of the project. 

4.2 Prospects for future developments 

The next phase of the project will involve the continuation of CD, BLI and ITC 

characterization of this full-length Ml construct. ITC experiments will be replicated with 

alterations to the ratio of Ml:M2 in order to saturate binding and obtain thermodynamic 
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parameters for this interaction. BLI experiments will be used to test the binding affinity of 

M 1 for various lipid mimetics including liposomes, micelles, and nanodiscs and the use of 

lipids with negatively charged headgroups will be used to analyze the role of electrostatics 

in the Ml-membrane interaction. Once we establish buffer conditions and molar ratios 

optimal for studying the Ml-M2 interaction using CD, BLI and ITC we will be ready to 

collect spectroscopic data to get atomic level details of the interaction between M 1 and 

M2. In particular, we plan on collecting site directed spin-labeling EPR (SDSL-EPR) on 

complexes of full-length M 1 to membrane-bound M2 .. A multi pronged approach using a 

range of spin labeling strategies and EPR methods ( ex. distances, mobility and membrane 

depth) are possible. 

It is important to our ongomg work studying Ml and M2 proteins and their 

interactions to develop a membrane mimetic system that is both physiologically relevant 

and compatible with our experimental goals. Previous work in the Howard Lab has used 

liposomes of various lipid and cholesterol compositions to mimic the lipid bilayer. 

Liposomes have many disadvantages including the fact that membrane proteins including 

M2 insert bidirectionally into the lipid bilayer, which may isolate potential binding regions 

and creates a heterogeneous protein population. Nanodisc membrane systems would also 

allow us to isolate one protein per bilayer to reduce interference and have advantages for 

pulsed EPR experiments. Moving forward we will use both liposome and nanodisc lipid 

systems to study M2 in combination with full-length Ml. This will require optimization of 

a procedure for the purification of a compatible membrane scaffold protein and preparation 

of M2 nanodiscs. 
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APPENDIX 

CD spectra of Ml in Ml Storage Buffer (50 mM Tris, 100 mM KCl , pH 7.8) were 

collected (Figure Al). This measurement should be replicated in a buffer with 20 mM Tris , 

40 mM KCl in order to minimize scattering due to buffer. Protein concentration should be 

maintained at approximately 0.5 mg/mL. This characterization will be repeated with 

various Ml constructs (N-terminal, C-terminal, full-length) in the presence of lipids in 

order to monitor potential changes in secondary structure due to binding interactions with 

lipids and/or M2 reconstituted in lipids. 
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Figure Al. PRELIMINARY CD data of Ml (not repeated and not correctly blanked) Averaged CD of 4 scans 
of0.5 mglmL Ml over wavelengths 190-280 in 50 mM TRIS, 100 mM KC!, pH 7.8 in I mm cuvette. 
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BLI runs usmg Ni-NTA (ForteBio) to immobilize His-tagged Ml and then 

association and dissociation for various lipids are shown in Figure A2. This experiment is 

incomplete as the apparent affinity of M2 in OG micelles for Ml must be confirmed by 

testing the affinity of empty OG micelles for Ml. Additionally, additional replicate s are 

required in order to calculate reliable binding kinetics for these interactions. 
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Figure A2. BLI runs of Ml with lipids. PRELIMINARY DATA. BLI runs collected on ForteBio BLi1z 
instrument using Ni-NTA biosensors and His-tagged Ml along with various lipids including M2 
proteoliposom es. 

ITC was used to probe the Ml-M2 binding interaction. Ml and M2 proteins were 

in Ml Storage Buffer (50 mM Tris, 100 mM KCl , pH 7.8 buffer) in order to minimi ze 

changes in heat due to dilution of different buff er. M2 in OG micelles at a concentration of 

62 µM was injected from the syringe into the sample cell containing 4 µM Ml. The initial 

injection of 0.4 µL of M2 solution was followed by 17 2 µL injections of M2 solution . In 

order to calculate stoichiometric binding ratios and thermodynamic constants describing 

the binding interaction, it is necessary to completely saturate binding. The preliminary ITC 

data shown in Figure A3 does not show saturation of binding. This may be due to an 

incorrect molar ratio ofM2: Ml (currently molar ratio of 15.5). Ml probably interacts with 
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homotetrameric M2, which is an important consideration when testing the binding 

interaction of these two proteins and may require a higher concentration of M2 . ITC will 

be repeated using the same injection volumes and buffer conditions but with altered protein 

concentrations and an increased M2:Ml molar ratio. 
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Figure A3. ITC of Ml with M2 in micelles. PRELIMINARY DAT A. ITC run with 4 µM Ml and 62 µM M2 
in micelles. Both proteins in Ml Storage Buffer (50 mMTRIS , 100 mM KC!, pH 7.8). 




