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Abstract

Role of HIV-1 Gag protein multimerization in the generation of nanodomains in

lipid membranes

By — Naresh Yandrapalli
Thesis Director — Dr. Cyril Favard

Gag polyprotein of HIV-1 is made of four main domains Matrix (MA), Capsid (CA),
Nucleocapsid (NC), and P6 and is the prime orchestrator of virus assembly that occurs during the
late phase of replication. It is well known that Gag interacts with host cell lipids while self-
assembling along the inner leaflet of the plasma membrane in order to generate virus-like
particles (VLPs). Budding of these VLPs out of the living cell is described to be ESCRT
dependent. Structural, functional and simulation-based studies have shown that Gag membrane
binding is mediated by a bipartite interaction: one specific electrostatic interaction, between the
highly basic region (HBR) of its MA domain and the host cell acidic lipid phosphatidylinositol
bisphosphate (P1(4,5)P>), plus a hydrophobic interaction through Gag’s myristate insertion in the
plasma membrane. It is still an open question whether Gag would specifically recognise pre-
existing lipid domains such as rafts to optimise its multimerization or, on the contrary, would
reorganise lipids during its multimerization. During my Ph.D., I explored the second hypothesis
using purified myr(-) Gag protein and model membranes containing fluorescently labelled
PI(4,5)P.

Binding experiments have shown strong affinities of these purified proteins towards PI1(4,5)P;
containing lipid bilayers. Using P1(4,5)P, fluorescence self-quenching properties, I found that the
multimerizing Gag generates PI(4,5)P,/Cholesterol enriched nanoclusters. On the opposite,
sphingomyelin was excluded from these nanoclusters. In addition to this, using a fluorescently
labelled myr(-) Gag, I have observed its preferable partitioning into lipid disordered (Ld) phases
of the giant unilamellar vesicles (GUVs). Further, the possibility of whether HIV-1 Gag alone, as

a minimal system, can induce the formation of vesicles on PI(4,5)P,/PS containing supported
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lipid bilayers (SLBs) & GUVs was tested. Using quartz crystal microbalance (QCM-D) and
fluorescence microscopy techniques, I monitored the self-assembly of HIV-1 Gag with time and
found that Gag is sufficient to generate membrane curvature and vesicle release. Moreover, using
mutants of this protein, I found that having MA and CA domain is enough for Gag to produce
vesicle-like structures. Taken together, these results suggest that binding and multimerization of
Gag protein does not occur in pre-existing lipid domains (such as “rafts”) and this
multimerization is more likely to induce PI(4,5)P,/Cholesterol nanoclusters. Finally, this
nanophase separation could locally play a role in the membrane curvature needed for the budding

of the virus.




Resume

Role de la multimérisation de la protéine Gag du HIV-1 dans la génération de

nanodomaines lipidiques membranaires

Par - Naresh Yandrapalli
Directeur de thése - Dr. Cyril Favard

La polyprotéine Gag du VIH-1 qui contient quatre principaux domaines Matrix (MA), capside
(CA), nucléocapside (NC), et P6) est I'orchestrateur privilégi¢ de I'assemblage du virus HIV-1,
assemblage qui a lieu pendant la phase tardive de la réplication. Il est bien connu que Gag
interagit avec les lipides de la membrane plasmique de la cellule hote et s’auto-assemble sur le
feuillet interne de cette derniere afin de générer de nouvelles particules virales. Le
bourgeonnement de ces particules virales hors de la cellule hote est décrit comme étant
dépendant de la machinerie cellulaire ESCRT. Différentes études structurales, fonctionnelles
ainsi que des simulations de dynamique gros grain ont montré que la liaison de Gag a la
membrane est médiée par une interaction duale. Une spécifique de nature eléctrostatique, qui
associe une région hautement basique (HBR) du domaine MA de Gag au lipide acide,
phosphatidyl inositol biphosphate (P1(4,5)P,) du feuillet interne de la membrane plasmique. Une
de type hydrophobe, qui consiste en I’insertion du myristate de Gag dans la membrane
plasmique. Savoir si Gag reconnait spécifiquement des domaines lipidiques pré-existants de
type « rafts » ou si, au contraire, Gag tri ses lipides et les réorganise latéralement afin d’optimiser
sa multimérisation et son bourgeonnement est une question a la fois fondamentale et d’actualité

en virologie.

Durant ma these, j’ai vérifi¢ I’existence de la seconde hypothese en utilisant des membranes
modeles contenant du PI (4,5) P, marqué de fagon fluorescente et différent mutants et produits de
la protéine Gag non-myristoylée. Ces expériences ont montré de fortes affinités de ces protéines
pour les membranes contenant du PI (4,5) P,. S’appuyant sur les propriétés d’auto-extinction de

fluorescence du marqueur choisit et a 1’aide des différents variants de la protéine Gag, jai pu
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montré que la multimérisation de Gag génére 1’existence de nanodomaines contenant du PI (4,
5)P; et du cholestérol, la sphingomyeline étant au contraire exclue de ces domaines. En marquant
la protéine Gag par un autre fluorophore, j’ai pu montrer par microscopie optique sur des
vésicules lipidiques géantes (GUVs) que la protéine Gag partitionnait préférablablement dans
des microdomaines lipidiques de type liquide désordonnés (Ld).Par la suite, j’ai testé la capacité
de la protéine Gag d’induire la formation de vésicules sur des membranes modeles (Bicouches
supportés et GUVs) contenant du PI(4,5)P, et de la phosphatidylsérine (PS).En utilisant une
microbalance a cristal de quartz (QCM-D) et des techniques de microscopie de fluorescence, j’ai
suivi l'auto-assemblage de Gag dans le temps et ai montré que la protéine Gag était suffisante
pour générer une courbure de la membrane et libérer des vésicules lipidiques. Grace a différents
produits de maturation de cette protéine, j’ai montré que la présence des domaines MA et CA est

suffisante pour produire ces vésicules.

L’ensemble de ces résultats suggerent que la liaison et la multimérisation de la protéine Gag ne
se produit pas dans des domaines lipidiques préexistants de type « raft », mais, au contraire, que
la liaison et multimérisation de la protéine Gag génére 1’existence de domaines lipidiques
enrichis en PI (4,5) P, et en cholestérol. La génération de ces domaines lipidiques pourrait

participer a la courbure de la membrane plasmique nécessaire au bourgeonnement du virus.
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Chapter 1

Background and Significance




1.1 Introduction

Circle of life is complete only when death is followed by life and vice versa. An ever-increasing
consciousness of humans and their efforts to control the nature has shifted this circle of life and
thus the many consequences. While this new-found ability to manipulate nature gave fruitful
results - when put to good use, there is always the dark side. In this fight for survival &
dominance, a lot was studied and achieved, but there is an ocean of it still remains. If Darwin’s
“survival of the fittest” (Spencer1864) has any impact on the world, all research work in the
name of science can be attributed to it. Here I present two beings that strive to survive in this

struggle: HUMANS and VIRUSES.

From time immemorial, viruses plagued humans in one or the other way: either by infecting the
food sources (plants, avian and cattle) they eat or by infecting them directly. While the earlier
one poses only an indirect threat to survival, the later one is both direct and very imminent. So it
became very important to study these beings in detail and so they can be countered. In the
process, during 1898 the first identification was made by Martinus Beijernck as contagium
vivum fluidum (soluble living organism), later termed as Virus. This was followed by the
discovery of many viruses infecting all kind of life forms from the single cell to complex

multicellular organisms. The virus was defined as,

“a small infectious agent that can only replicate inside a living host cell”

In the course of time, over 5000 types of virus were discovered and classified. Based on shape,
size and the type of nucleic acid molecule present, these non-living beings were classified into
many groups. Among many viruses and the infections they cause, one particular virus that
belongs to the family, Retroviridae, caused a huge impact on the lives of human beings and still
remained as a serious public health challenge even after 30 years of epidemic set in 1920 (Faria
et al. 2014). In this work, much will be discussed regarding Human Immunodeficiency Virus
(HIV) as I try to understand the assembly of the viral protein on artificial lipid membrane

systems using fluorescent techniques.
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Figure 1.1: HIV statistics. (A) New (left) and Global (right) distribution of HIV infected population by age and
sex. (B) A number of people living with HIV on antiretroviral therapy, global, 2010-2015. Data obtained from the
Global AIDS response progress report (GARPR), 2016 by UNAIDS.




1.2 Retrovirus

Any enveloped virus with a single-stranded and positive-sense RNA (ribonucleic acid) can
replicate through reverse transcription in a living host cell. The title “retro” comes from the
ability of the virus to convert genomic RNA into DNA (deoxyribonucleic acid) using its own
reverse transcriptase (RT) enzyme which is in reverse to usual DNA to RNA conversion that
takes place in cells. At this point, the new DNA is incorporated into host cell genome using
integrase enzyme. Once done, the viral genome is referred as a provirus and expressed like other
host cell genes. Thus produced viral proteins from the expression of the viral genome, assemble
to form new copies of the virus. Belonging to this family, there are many potentially dangerous
viruses that are in circulation. Of them, Human Immunodeficiency Virus-1 (HIV-1) is the prime
virus that created a greater impact on our lives. Figure 1.1 depicts the span of HIV-1 infection all
over the world and the number of people still living with it as of 2014, according to Joint United

Nations Programme on HIV/AIDS (UNAIDS).

1.2.1 Human Immunodeficiency Virus (HIV)

Human Immunodeficiency Virus belongs to the family Retroviridae and Lentivirus genus. It is a
~120 nm diameter spherical enveloped virus. HIV virus was supposed to be originated in
Kinshasa, the Democratic Republic of Congo at 1920 when it transmitted from chimpanzees to
humans. Only during the 1980s, there was a dramatic increase in the number of people reporting
a rare lung infection, Pneumocystis carinii pneumonia (PCP) and a very aggressive connective
tissue cancer, Kaposi’s sarcoma (Hymes et al. 1981)(Centers for Disease Control (CDC) 1981).
After this and several similar events reported abroad, Center for Disease Control (CDC) coined
the term “AIDS” (Acquired Immune Deficiency Syndrome) that is linked to the health condition
of people infected with HIV. The virus is responsible for the decreased immunity of the infected
person and thus paving way for opportunistic infections leading to PCP, Kaposi’s sarcoma, and
other co-infections. Indeed, HIV infects CD4+ T-Cells (cluster of differentiation) very efficiently
and results in the drop of their count. In time, HIV evolved to give four main groups with slightly

different genetic make-up, they are: M, N, O and P. Of those, HIV-1 of type M has spread all




around the world and is responsible for most of the infections till date; evidently it is also the
most studied HIV type. Although a lot of progress has been achieved in finding a cure if not
prevention, yet so much has to be studied. A brief overview of the virus and its components are

described below.

1.2.2 Structure of HIV-1 Virus

HIV virus is an enveloped virus with a genomic RNA dimer that encodes into DNA by viral
reverse transcriptase (RT). The proviral DNA has nine genes of which three are common to most
retroviruses: Group-specific antigen (Gag), Pol and Env genes. Gag precursor protein forms the
major structural unit that is responsible for assembling at the plasma membrane to form new
particles. Env forms the envelope (Env) protein that helps the virus to enter the host
cell/infection. Various enzymes like protease, reverse transcriptase (RT) and integrase (IN) are
encoded by Pol genes. Apart from these, Tat (Trans-Activator of Transcription) and Rev
(Regulator of expression of virion proteins) forms the

regulatory proteins and Vif (Viral infectivity HUMAN IMMUNODEFICIENCY VIRUS

IMMATURE

factor), Vpr (Viral protein r), Vpu (Viral

gp120, SU

protein u) and Nef (Negative Regulatory

Gag
Precursor >, L) RNA
=== i

Factor) as accessory proteins. Once all viral

Class 11, DR
Gag-Pol

components are assembled, the released viral Precursor  *** S LA

particle from the surface of the host cell

plasma membrane will be ~120 nm size in

diameter. Figure 1.2 depicts the immature and gp120, SU
4 gpd1, T™M
mature viral particles. An immature particle is - B2 g Foz “”‘

Class IT, DR

a non-infectious viral particle that later

* Protease
® RT
matures into an infectious one. A central ® integrase

— Pre-protease
Leader

HLA
Class 1

capsid cone formed after the protease

enzymatic activity differentiates the immature

Figure 1.2: Schematic representation of HIV-1 virus,

from the mature particle. This is achieved by ) - :
both immature and mature viral particles.

Gag proteolysis and redistribution of cleavage

products within the viral particle over a half-time of 2948 min (Janina Hanne et al 2016).

-




Above mentioned viral protein and components form a formidable outer protein coat,
encompassing two single-stranded RNA molecules and the three enzymes encoded by Pol gene.
Covering the entire viral particle is the lipid membrane derived from the host cells from which

the virus has been produced.

1.2.3 Gag polyprotein — A structural and functional protein of HIV

Gag polyprotein is the key component in the virus structure which orchestrates the sequestration
of various other viral components while it assembles along the plasma membrane of the host cell.
A Pr55 Gag is a full-length Gag protein that is of 55kDa in molecular weight and has four
domains with specific roles. The four domains from N-terminus to C-terminus: (a) Matrix (MA),
(b) Capsid (CA), (c) Nucleocapsid (NC), and (d) P6. Below is the structure of the full-length
protein (figure 1.3(A)) generated using I-TASSER suite (Roy, Kucukural, and Zhang 2010).This
polyprotein is horse-shoe shaped (Munro et al. 2014), but it was known to take an extended
conformation in the presence of IP5/6 (Inositol phosphate) and genomic RNA (Datta, Zhao, et al.
2007)(Datta, Curtis, et al. 2007a). Figure 1.3(B) presents the amino acid sequence of this
polyprotein. Demarcated are the specific sequences unique to each domain and do participate in
the assembly process of the Gag protein along the inner leaflet of the plasma membrane. Much

will be discussed on the role of these amino-acid patches in the sections below.
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Figure 1.3: Model Gag poly protein, generated by I-TASSER suite (A)Blue — Matrix domain with green HBR
patch, Gold — Capsid, Magenta — Nucleocapsid, Cyan — P6 domain and Yellow — spacer proteins (SP1 and
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a major role during the assembly of the protein along the inner leaf-let of the plasma membrane.
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Figure 1.4: Structural illustration of HIV-1 Matrix protein (MA) (A) MA protein highlighted with HBR region
(green). (B) and (C) Depicting MA trimer formation of MA protein (top view and bottom view) with upon assembly
at high concentrations. Structures are obtained from the protein data bank and modified where required.

1.2.3.1 Matrix (MA)

The Matrix protein of Pr55Gag is a 131 amino acid long domain (depicted in blue in figure
1.3(A) and 1.4(A)) that is responsible for targeting and binding of the Gag protein along the
inner leaflet of the plasma membrane. To achieve this, the protein is equipped with two structural
entities at the N-terminus: (a) highly basic region (HBR) formed by 17-31 amino acid sequence
(green color-figure 1.3 and 1.4) that can interact with the acidic lipids present in the plasma
membrane, (b) a myristoyl chain that can help with the stabilization of the interaction. These two

structural moieties help in targeting and binding of the Pr55Gag to the plasma membrane,

T T




especially acidic lipids such as PI(4,5)P, (Phosphatidylinositol (4,5) phosphate) and PS
(Phosphatidylserine) lipid present in the inner leaflet of the plasma membrane (PM) (Akira Ono
et al. 2004). Minor modifications in either HBR region or the myristate have shown to affect this
interaction (Bryant and Ratner 1990; Chukkapalli and Ono 2011). Structural studies revealed that
MA domain as such can form trimers (Hill et al. 1996) at sufficient concentrations (see figure
1.4(B) and 1.4(C)) and further super assemble into hexamer of trimers (Alfadhli, Barklis, and
Barklis 2009). On a membrane, a typical trimer occupies an area of 15.68 nm” with a volume of
180 A x 180 A x 100 A (Alfadhli et al. 2009). Although this area spans quite a number of lipids,
the protein’s ability to choose specific lipids elicited a new direction in the research of HIV.
Recent NMR (Nuclear magnetic resonance) and simulation studies revealed the specific
interaction of the HBR region of the matrix protein and the PI1(4,5)P; lipid (Charlier et al. 2014;
Chukkapalli et al. 2008; Mercredi et al. 2016; Saad et al. 2006). The intricate interaction between
specific lipids of the plasma membrane and HBR region of matrix domain will be dealt in detail

later on.

1.2.3.2 Capsid (CA)

CA is the multimerizing domain present between the MA and the first spacer peptide (SP1). It is
231 amino acids long & is responsible for forming dimers of Pr55Gag in solution (depicted in
gold, figure 1.3(A)). Structurally, CA is distinguished into two domains: an N-terminal domain
(NTD) and a C-terminal domain (CTD) specified in figure 1.3(B) and figure 1.5(A). The C-
terminal domain with its four alpha helixes has a functional property that has been identified by
introducing a point mutation in the second alpha-helix. These mutations resulted in the inhibition
of CA dimerization and eventual HIV-1 replication (Gamble et al. 1997). Apart from this, a
major homology region (MHR), highly conserved region among many retroviruses - also exists
within the C-terminal domain of CA (Wills and Craven 1991). Furthermore, any alterations in
this MHR region resulted in an abnormal or no Gag assembly (Provitera et al. 2001). During
maturation of the newly formed viral particle, CA gets cleaved to form a conical core (figure 1.5
(C)) around the viral genome and this proteolytic cleavage has been found important for the
infectious nature of the matured viral particle (Arts and Hazuda 2012). As a major anti-retro viral

drug target, structural biology of the CA protein has been extensively studied. Figure 1.5
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Figure 1.5: Structural conformation and assembly of HIV-1 CA protein(A) Crystal structure of HIV-1 CA
protein (PDB ID: 5L93) (Schur et al. 2016) (B) Hexameric structure of full-length CA protein (PDB ID: 3J4F)
(Zhao et al. 2013) (C) Atomistic structure of HIV-1 viral core as revealed by cryo-electron microscopy (PDB ID:
3J3Q) (Zhao et al. 2013).

presents the structural conformation revealed through X-ray diffraction or cryo-electron
microscopy. It was found that CA can form hexamers (figure 1.5(B)) by interacting with the CA
domains of adjacent Gag molecules (Zhao et al. 2013). Very recently, it was also revealed that
CA-CTD region of the CA domain is responsible for these hexamers and the dimerization
property of CA-NTD helps connect these adjacent hexamers to form an intact core (Lingappa et
al. 2014). Before forming this core, in an immature CA protein assembly, the arrangement of
CA-CTD within the immature-like lattice can be formed independently of the arrangement of the
CA-NTD and that the linker between them is highly flexible (Bharat et al. 2014). Furthermore,
the authors have shown that the CA-NTD assemble independently and can oligomerize in three
different ways to form curved lattices. This suggests a greater role for CA-NTD during the

assembly and maturation of the new viral particle.
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1.2.3.3 Nucleocapsid (NC)

NC is a 55 amino acids long basic protein with two zinc fingers (magenta in figure 1.3(A)
and 1.3(B)). NC has multiple roles in viral RNA metabolism, binding and thus in Gag assembly.
It was found that NC with its basic residues can bind to any negatively charged entity, especially
viral RNA via its two zinc fingers (ZF 1 and ZF 2 depicted in figure 1.3(B)) and also to charged
lipids but without any specificity towards a particular lipid (Kempf et al. 2015b). Nevertheless,
NC role in Gag assembly and packaging is of huge interest to the scientific community. It was
speculated that NC can indeed help in the tight packaging of Gag molecules through its

interaction domain (I-domain) (Bowzard et al. 1998)(Burniston et al. 1999).

1.2.3.4 P6

As shown in figure 1.3 (in cyan), P6 is a 52 amino acids long protein with proline-rich motifs.
Also called as Late domain/ L domain of Gag polyprotein, it plays a role in the late stages of
viral life cycle. Major understanding of this domain came through the work of Gottlinger et al.
1991 where mutations in P6 domain found to affect the release properties of newly formed HIV-
1 particles. Subsequent findings revealed that at least two short peptide motifs of P6 can affect
the new viral particle release (Huang et al. 1995; Sakaguchi et al. 2005) and their
phosphorylation could be essential for this functionality (Miiller, Patschinsky, and Kréusslich
2002). Motifs such as P(T/S)AP motif ( second amino acid is Thr or Ser) bind directly to the
UEV domains of TSG101 to recruit ESCRT-I (Endosomal Sorting Complexes Required for
Transport-I) (VerPlank et al. 2001). Another motif being, YPXL, initially discovered in equine
infectious anemia virus (EIAV) is also present in HIV-1 P6 domain. It is known to interact with
ALIX that in turn facilitates virus budding (Fujii, Hurley, and Freed 2007). Later, it was
established that P6, indeed, interacts and recruits various cellular factors such as ESCRT-I/II&III
components that could help in the viral release - detailed review for the same can be found here

(Usami et al. 2009; Votteler and Sundquist 2013).
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1.2.3.5 SP1 and SP2

The two yellow color patches in figure 1.3 are 14 and 15 amino acids long small spacer peptides
existing within the Gag polyprotein along with the four major domains, MA, CA, NC, and P6.
From what is known, these spacer peptides form continuous helixes with the C-terminal of the
major domains and thus have a function regarding Gag structure. SP1 which forms such alpha
helixes in continuation with the C-terminal of the CA (see figure 1.3) can thus regulate HIV-1
assembly in three distinct ways: Gag multimerization (Levin et al. 2005), viral production
(Krausslich et al. 1995)(Accola, Strack, and Gottlinger 2000) and maturation (Gay et al.
1998)(Wiegers et al. 1998)(Gross et al. 2000). In the case of SP2, it was understood that deletion
of this peptide or induced mutations could result in a decreased Vif encapsulation (Huvent et al.

1998) and can also affect the morphology of the Gag particles (Gay et al. 1998).

1.2.4 Replication Cycle

Typically, the HIV-1 virus replication cycle involves a series of events that can be categorized
into three different phases: (a) an initial early phase including binding and genome integration,
(b) intermediate phase comprising viral component expression and (c) a late phase made up of
assembly and budding of the new viral particles. The same was depicted clearly in figure 1.6,

showing various events taking place from viral infection to new viral particle release.

1.2.4.1 Early phase: Binding and Genome integration

CD4" T-cells, the main target cell types of HIV-1, expresses three different receptors that help
dock HIV-1 virus on to the surface of the cell: CD4 receptors and two chemokine receptors,
CCRS5 (C-C chemokine receptor 5) and CXCR4 (CXC chemokine receptor 4).

Of them, primary lymphocytes express both the chemokine receptors, CCRS and CXCR4, while
the macrophages only express CCRS. One of the two non-covalently associated subunits of the
HIV envelope glycoprotein (Env), glycoprotein (gp) 120, docks with the CD4 receptor to reveal
its variable domain, V3, that in turn interacts with the chemokine co-receptors (Trkola et al.

1996), (L. Wu et al. 1996). This secondary interaction triggers a conformation change within
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Figure 1.6: HIV-1 replication cycle, depicting from infection to viral particle release. Modified and obtained
under creative commons (credits: Pablo Ramdhor) [https://www.flickr.com/photos/opiado/4191226676]

gp120 (glycoprotein 120) to expose a fusogenic peptide at the amino-terminus of gp41. These
series of events led to a fuso-active gp41 that inserts into the membrane of the host cell (Kwong
et al. 1998) and eventually releases the viral core into the cytoplasm of the host cell. After
entering the host cell cytoplasm, the viral core is partially opened to convert the genomic RNA
into a double-stranded viral DNA by RT. Cellular factors, such as TRIM-CypA (Tripatriate
motif family-Cyclophilin A) and TRIM5a, have been proposed to modulate HIV-luncoating
(Diaz-Griffero et al. 2007; Forshey et al. 2002). Recently, new data suggest that 60-120 min after
infection, the viral core starts to disintegrate only to release the contents of the core (Yingxin Ma
et al. 2016). This event is followed by the formation of a viral pre-integration complex (PIC),
containing viral DNA, Integrase (IN) with Gag, Pol proteins and some cellular factors assisting
the transportation and integration of the viral DNA with that cellular genetic material to form

what is called as “a Provirus” (Roger H. Miller and Sarver 1995), (Thomas et al. 2006).
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1.2.4.2 Intermediate phase: Viral gene expression and components generation

Even in a non-dividing cell, HIV-1 can replicate - an advantage that can help the virus by
expressing the viral DNA into RNA using host cellular machinery. Once the proviral DNA is
expressed, the RNA i1s spliced into various intermediate mRNAs (messenger RNA): (1) a ~2kb
multiply spliced RNA that codes for viral regulatory proteins, Tat, Rev, and Nef, (ii) a ~4.2kb
single spliced RNA encodes Vpu, Vpr, Vif and Env proteins, and (iii) a ~9.2kb unspliced RNA
translating into Gag and Pol proteins. While regulatory proteins help in the activation of provirus
transcription and direct the export of genome length RNA/ Env RNA, accessory proteins like
Vpr help in arresting the infected cells in G2/M phase to ensure high Gag and Gag-Pol
production. More detailed review about the HIV-1 gene expression can be found here (Y. Wu

2004).

1.2.4.3 Late phase: Viral assembly and release

Viral assembly and release is supposedly the most complex process in the replication cycle, as all
the required components have to be assembled in appropriate proportions to make a viable
infective virus. The assembly of type C retrovirus and lentiviruses occur at the plasma
membrane. Gag polyprotein — lipid interaction is the major prerequisite for the assembly of
various viral components to form a viral particle. More details about the Gag protein-lipid
interactions will be dealt in the coming sections. Subsequently, the recruitment of Env protein
takes place by a series of transportation, cleavage, and trafficking along the cell membrane
(Murakami 2012). Once internalized at the assembly site, a new viral particle starts to bud out of
the cell membrane. At this stage, the virus-like-particle (VLP) is immature and non-infectious,
but over the course of time, the Gag protein is cleaved by the proteases entrapped during
assembly to form an inner conical shaped core and an outer protein coat layered by the host cell
plasma membrane. A complete mature particle was depicted in figurel.2. Even though Gag alone
can form virus-like-particles, it needs other components to be infectious and replication ready
(Freed 2015). So to form a successful viral particle, all the components should be at the right
place and at the right time. While Gag assembles along the membrane, rest of the components

has to be recruited to form an infective and replicable viral particle. Thus, Gag interaction with
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the lipid to form assembly platforms is the crucial step in the late phase of the viral replication

cycle.

1.3 Membrane Systems

Historically, simple membrane systems are the walls that can delineate the cellular content from
the external environment. Both prokaryotes and eukaryotes possess these membranes.
Prokaryotes like Escherichia coli (E.coli) are surrounded by an outer rigid and porous cell wall
(composed of polysaccharides and peptides) and an inner plasma membrane, which is a bilayer
of phospholipids and associated proteins. This plasma membrane can act as a selective barrier for
the passage of molecules. Indirectly, the plasma membrane determines the composition of the
cytoplasm and so determines the identity of the cell itself. But as the systems evolved, the
membranes started to play complex roles and become more crucial for the overall functioning of
the cells or organelles they encapsulate, in the case of eukaryotes. Complex roles required
complex components, eventually making the membranes more complex and highly dynamic.
Figure 1.7 depicts a highly complex and evolved cellular plasma membrane of a typical
eukaryotic cell. In general, membranes are made of lipids and proteins that have specific roles
for the membrane to function as a unit. Indeed, the first evidence of lipid bilayer nature of
biological membranes came from the study of two Dutch scientists (Edwin Gorter and Grendel)
on red blood cells. Such as it, lipids and proteins formed the building blocks of cellular systems.
Around 5% of the genetic material is responsible for the lipid metabolism and activities; this
suggests the significance of lipids in the evolution of cellular systems. In addition to this,
compartmentalization of organelles in eukaryotes further increased the role of membranes by
many folds. Other than being a part of membranes, lipids also act as energy reserves, co-factors,
and even hormones. In this dissertation, I shall exclusively deal with plasma membrane lipids
and introduce a simple notion of understanding the organization of lipids and their potential role

in HIV-1 assembly (section 1.4).
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Figure 1.7: Detailed schematic of a typical cell membrane. (Credits: Lady of Hats Mariana Ruiz),
[https://commons.wikimedia.org/w/index.php?curid=6027169]

1.3.1 Physicochemical properties of lipids

Lipids are amphipathic molecules that have a hydrophilic head and a hydrophobic tail bound to
either a glycerol backbone or a sphingosine (figure 1.7). Because of this amphiphilic nature, they
tend to self-assemble - maintaining a lower entropy and are governed by weak and non-covalent
interactions. It leads to varied structures of lipid bilayers. In biological context, two important
features of lipid bilayers are critical, (a) structure of phospholipids, as this amphipathic nature is
responsible for its function as a barrier to water soluble molecules and (b) as these natural lipids
form viscous fluids, not solids is important for a soft and flexible form allowing the diffusion of
both lipids and proteins, laterally. So, both lipid composition and lipid structural differences
affect the physicochemical properties of the membrane. Importantly, fatty acid & head group

modifications and backbone diversity resulted in a diverse set of lipids.
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Figure 1.8: Schematic representation of mainly two different kinds of lipids with glycerol and sphingosine
backbone. Variations are brought about by a change in their head group or the acyl chain length or unsaturation or
type of bonding between the acyl chain and the glycerol backbone. (Reproduced with permission from Cell
Membranes: The Lipid Perspective Coskun, Unal et al. Structure, Volume 19, Issue 11, 1543 — 1548.)

1.3.1.1 Fatty acid & head group modifications

In a lipid, fatty acyl chains form the hydrophobic region and the head group is the hydrophilic
entity. To oversimplify, one can say that fatty acid chains determine the permeability and
viscosity of the membrane, while head groups provide the much-needed charge for interacting
with various cytosolic proteins. Fatty acyl chains can be either saturated or unsaturated. For
equivalent polar heads, lipids with saturated fatty acyl chains are linear and form compact
structures that have high phase transition temperatures and less permeability. On the contrary,
unsaturated acyl chains with their double bonds form loose structures that are more permeable
and have low phase transition (see section 1.3.1.3 for the definition of phase transition). Indeed,
lipids can have their acyl chains that are either saturated (like Dipalmitoylphosphatidylcholine
(DPPC)) or unsaturated (like Dioleoylglycerophosphocholine (DOPC)) or even both (like
brainPalmitoyl Oleyl Phosphatidyl Choline (POPC)). In eukaryotic cell membranes, and

specifically, the plasma membrane, two main groups of lipids can be distinguished as a function
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of their connection between the polar head and the acyl chains. The glycerolipids that contain a
glycerol as the connector (see figure 1.8 left) and the sphingolipids that contain a sphingosine as
the connector (see figure 1.8 right). The huge diversity of lipid chemical compositions starts with
the possibility of having different acyl chains (as mentioned earlier) and further with different

polar heads.

These combinations will result in lipid bilayers with varied structures and properties. The most
common head groups are either neutral or negatively charged moiety. These can be an
unmodified phosphatidic acid or a -choline/ -ethanolamine/ -serine/ -glycerol/ -inositol group or
other complex branched sugars, in the case of sphingolipids. Finally, the head groups can be
diversely charged: PC and PE are neutral, PS & Phosphatidylglycerol (PG) are mono-charged,
but PI with varying number of phosphate groups can have mono to hexa charge. Together, all
these variations form a diverse set of lipids that add unique physicochemical properties and

functionality to the cellular membranes.

1.3.1.2 Self-assembly of lipids:

Geometry and inter-molecular forces between the head groups and fatty acid chains of various
lipids present in the membranes play a key role in the overall structure. These forces, along with
the geometry of the lipids, between the adjacent lipids can induce lateral pressure within the
membrane affecting the entropy of the entire structure. To keep the system stable, the membrane
bends and so giving itself a curvature that can be named as spontaneous curvature (SC). This
suggests that the mean curvature of the membrane is a direct outcome & contribution of each and
every lipid it is comprised of. Figure 1.9 depicts the shape of different lipids and the various
shapes they can form at critical micellar concentrations. In a way, packing of the lipids in the
bilayer forces the membrane to take a shape. Israelachvili-Mitchell-Ninham packing parameter:

P= v/ al Eq: 1
where Vv is the molecular volume, a is the cross-sectional area of the head group and 1 being the
length of the molecule (Israclachvili 1977) has been proposed and the value of P can emphasize
the structure of the lipid assembly. Based on the P value, there are two kinds of lipids (figure
1.9). Bilayer prone lipids are those that have a P value close to 1. These are cylindrical lipids that
pack tightly and partitions preferably into liquid-ordered (Lo) regions. Non-bilayer prone
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Figure 1.9: Schematic representation of different shapes of lipid molecules and the varying aggregates with a
change in the P factor.

lipids are those with a packing parameter value far from 1. A lipid whose P value is less than one
induces positive curvature and form micelles in water. On the opposite, when the value is greater

than one, they induce negative curvature and form inverted micelles.

1.3.1.3 Phase transition in lipid membranes:

The physical state of lipids and lipid membranes varies with temperature, volume (area)
and pressure (surface pressure). Model membranes are excellent models to study the phase
transition temperatures of mono, binary and even ternary mixtures, as the composition of these
membranes can be controlled. Basically, a lot of pure lipids can undergo a transition from solid
state (So also named Lg) to liquid disordered state (Lq also named L) along with a range of
temperatures (from -20 to +50°C) (see figure 1.11). Melting temperature (T,,) is defined for
single lipid, but as the complexity increases there occurs the formation of coexisting phases. The
pure lipid Ty, depends not only on the acyl chain length and saturation but also on the nature of

the polar head (figure 1.11(B)).
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Figure 1.10: Scheme illustrating the different physical states adopted by a lipid bilayer in an aqueous
medium.

These two states can be characterized by many different parameters, amongst which the lateral
diffusion coefficient is one (Vaz, Melo, and Thompson 1989).But, when it comes to more

complex mixtures of lipids, phase diagrams are helpful to describe their physical states.

For example, a binary mixture of high and low melting temperature lipids can be liquid and
homogenous above the Ty, of high melting lipid, solid and homogenous at temperatures below
the Ty, of low melting lipid and in co-existing phases when temperatures lie in between of the
two individual T,. (Feigenson 2007; Veatch and Keller 2005). This is illustrated in figure
1.11(A) in the case of the simple DMPC/DSPC mixture. Interestingly, the configuration where
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fluid and gel coexist in membrane leads to the lateral phase separation and the generation of

micro to macro domains.
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Figure 1.11: Phase transition temperatures observed for lipid mixtures of different compositions. (A) Phase
diagram of DMPC/DSPC in H,O (f, fluid phase; g, gel phase; f+g, gel—fluid two-phase coexistence region)
(reproduced from (Janosch et al. 2004)), (B) Phase transition temperatures for saturated diacyl phospholipids
(https://avantilipids.com/tech-support/physical-properties/phase-transition-temps/), and (C)Phase diagram of three
component bilayer mixtures with cholesterol (reproduced from (Feigenson 2009)).

Phase transition in cholesterol-containing lipid membrane: Cholesterol (Chol) is the single
most abundant lipid species in mammalian cell membranes. Interestingly, 90% of all cellular
cholesterol resides in the plasma membrane. Ipsen et al. described the effect of cholesterol on
the phase behavior of pure lipids by introducing a new type of phase namely the liquid ordered
phase (Lo) (Hjort Ipsen et al. 1987) (figure 1.10).

To simplify this, liquid ordered phase is lying somewhere between the solid phase and the liquid-
disordered (fluid) phase (figure 1.10). Almost every experimental study on cholesterol
containing different lipid mixtures has shown to produce these co-existing phases. For example,
binary mixtures of high-T,, PC and Chol, as well as ternary mixtures of low-T,, PCs, cholesterol,

and high-T,, PCs or SM, exhibit coexisting Ld and Lo phases (Crane and Tamm 2004; John R.
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Silvius 2003) (figure 1.11(C)). Cholesterol is described to play a major role in the phase
separation occurring in the plasma membrane. The existence of these co-existing phases has been
implicated in biological functions and is usually designated as lipid rafts.One characteristic of
this liquid ordered state is to exhibit a mean lateral diffusion coefficient only ~2-3 folds lower
than Ld phase (Veatch and Keller 2005), which makes it be directly observed in cell membranes
(Bacia et al. 2004).

1.3.2 Plasma Membrane (PM)

Structurally speaking, a plasma membrane is a ~60 A thick with a hydrophobic core that is
flanked on its either sides by polar head groups and spanned by various transmembrane proteins
and peripheral proteins (W. Cho and Stahelin 2005). Singer and Nicholson described plasma
membrane as a fluid-mosaic where proteins are floating in a sea of lipids(Singer and Nicolson
1972). Although this model is still relevant, it underestimates the complex nature of the plasma
membrane. The general view of the plasma membrane has been changed to a more
heterogeneous, asymmetric and dynamically compartmentalized bilayer. In this new view,
extracellular proteins, actin meshes, sugar-sugar and protein-sugars interactions also play a role

in its organization (figure 1.7).

1.3.2.1 Plasma membrane lipid organization

In a typical human cell membrane, there exists ~1000 different kind of lipids (van Meer 2005).
Lipids in the membrane do show a great level of mobility by changing their conformational,
rotational, lateral diffusion and even by flip-flopping between the monolayers (Mouritsen 2005).
The plasma membrane is known to be highly heterogeneous and asymmetric. Heterogeneous, for
it has a wide variety of lipids and asymmetric, for the vastly different composition of the

monolayers it comprises.
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Axial asymmetry: Cell plasma membrane comprises of two monolayers with different

compositions. While PC and SM form the neutral lipids existing predominantly in the outer
Phospholipase SDS-FRL
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SM PC PE PS PIP, PC SM PE PS PIP,

l outer leaflet
. inner leaflet

Figure 1.12 Asymmetric trans-bilayer distributions of phospholipids in red blood cell membranes given as a
percentage of each phospholipid. (Left) Lipid distribution measured using phospholipases and TNBS. (Right)
Lipid distribution measured by SDS-FRL(reproduced from (Murate and Kobayashi 2016).

leaflet, charged lipids like phosphatidylserine and phosphatidylinositol phosphates are located in
the inner leaflet of the cell plasma membrane (see figure 1.12). Contrary to this asymmetric
distribution, cholesterol exists in both the leaflets — bringing flexibility to the membrane. By
varying cholesterol/phospholipid ratio, the cell can regulate membrane fluidity in eukaryotes
(Bastiaanse, Hold, and Van der Laarse 1997).Further, cholesterol is also known to stabilize
phospholipid domains that can play a role in the functioning of the plasma membrane (Jiang et

al. 2014; Ohvo-Rekild et al. 2002).

Lateral Organization: Based on the phase behavior of lipid mixtures, a lot of effort was put into
identifying lateral domains in cell plasma membranes using either biochemical or biophysical
techniques since the early 70s. In the late 90s, the lipid domains concept has been revitalized by
the emergence of “rafts”. As elaborated earlier, a complex mixture of lipids in membranes can
have both Ld and Lo phases. Typically, biological membranes exist in fluid phase (Ld) where
transient local lateral liquid ordered domains exist by means of lipid-lipid interactions or lipid-
protein interactions (Simons and Ikonen 1997).Cholesterol-lipid interactions play a key role in

the formation these rafts (Brown and Rose 1992; John R. Silvius 2003). Membrane rafts are
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defined as being transient, heterogeneous, highly dynamics, sterol and sphingolipid-enriched
domains with lipid-anchored proteins (L J Pike 2006a).Rafts are described to play an active role
in numerous cellular processes. They were primarily identified as insoluble fractions of the
membranes solubilized with Triton-X100 at low temperature and originally named as DRM for
Detergent-Resistant Membranes (K Simons and Ikonen 1997). Although some of the researchers
were able to extract native raft-like structures using this methodology (Brown and Rose
1992)(Hanada et al. 1995), the possibility of this method resulting in the generation of artificial
raft composition which might not be present in native live cells has raised concerns (Lingwood
and Simons 2007)(Lichtenberg, Goii, and Heerklotz 2005)(Shogomori and Brown 2003). For
that reason, the search for rafts in living cells started. But, visualizing rafts is a daunting task,
owing to their transient delicateness, metastable and nanoscale nature. Nevertheless, recent
developments in imaging technologies have revealed few glimpses of how these lipids behave
along the plasma membrane in the presence and absence of external stimulants like other lipids
or proteins (Sezgin and Schwille 2011). Due to the axial heterogeneity, a question can be
immediately raised. Since rafts are enriched in SM and cholesterol, they are supposed to exist
almost exclusively in the outer leaflet of the plasma membrane. How can ‘“rafts” exist in the
inner leaflet of the plasma membrane then? How can some inner leaflet binding proteins partition

into rafts?

To overcome that problem, biologists use the term “raft-like”, this, in turn, meant “everything
that is not soluble after membrane solubilization with any detergent at a given temperature”. As
already stated by Edidin, “membrane are not just rafts” (Shaikh and Edidin 2006).It was
speculated that domains of different lipid compositions can exist in the inner leaflet that can be
coupled with the rafts of the outer leaflet. Studies performed on an asymmetric model system at
the thermodynamic equilibrium end up in a coupled macroscopic phase separation (Lo/Ld) on
both leaflets (Allender and Schick 2006; Kiessling, Wan, and Tamm 2009; Wan, Kiessling, and
Tamm 2008). It is also important to state that, as originally proposed by Sackmann (1995),
cytoskeleton (Ehrig et al., 2011a; Sens and Turner, 2011) as well as trafficking (Turner et al.,
2005) could play a major role in the lateral segregation of lipids. This more generalized view
opened a new field in understanding the role of trans-bilayer domains coupling with the

functionality (Raghupathy et al. 2015).
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1.3.2.1 Lipid-Protein interactions

Lipid-protein interactions along the plasma membrane form the basis for cellular
communications with the external environment and vice-versa. There are mainly two types of
protein based interactions occur with the lipids present in the plasma membrane: (i) membrane

protein based interactions and (ii) peripheral or cytosolic protein based interaction.

Membrane proteins form the crucial basis for many functional cellular signaling pathways.
Proteins like potassium ion channels & GPi anchored proteins (Glycosylphosphatidylinositol
anchored proteins) embed themselves into the cellular plasma membrane with their membrane
penetrating domains. The surrounding lipids that closely interact with the protein are necessary
for proper functioning of these proteins (Sackmann 1984, Kinnunen et al. 1994)). The first layer
of lipids that bind closely to the membrane protein are called annular lipids and have a very low
diffusion constant (Lee 2011). These interactions could be due to hydrogen bonding or
hydrophobic attraction or electrostatic interaction. The tight interactions of lipids with
transmembrane proteins lead to the concept of “hydrophobic mismatch”. Such proteins direct the
lipid composition around them (Gil et al. 1998) and any alterations with respect to lipid
composition due to thermodynamic conditions or membrane altering molecules or protein
conformational changes (Cantor 1997) can activate or de-activate a protein (Sackmann 1984).
Some proteins might have a high preference for specific lipids and thus can play a regulatory role
on the functionality of the membrane proteins (Gonen et al. 2005). In that respect, the

hydrophobic mismatch is one way to generate lipid nanodomains around proteins.

Other types of lipids which exist in small pockets or clefts that are formed by membrane
spanning proteins are called non-annular lipids. These lipids can also be a part of a regulatory
function, for example, cytochrome bcl complex has PI lipids in their inter-helical position that

help in the assembly of the complex (Palsdottir and Hunte 2004).
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Figure 1.13: Free energies of association of different lipid-modified protein groups with lipid bilayers, as
estimated from measurements of the affinities of association of lipid-modified peptides with lipid vesicles.
(modified and reproduced from (J.R. Silvius 2002)). The vertical dashed line represents the calculated minimum free
energy of membrane binding required to give >99% membrane association of an intracellular protein if the
concentration of membrane lipids exposed to the cytoplasm lies in the low millimolar range, as has been estimated
for a typical mammalian cell, Shading schematically illustrates the predicted distribution of a protein between the
aqueous and membrane phases under intracellular conditions (white, entirely aqueous; black, entirely membrane-
bound) if the protein binds to membranes with the indicated free energy.

Diffusion and electrostatic forces are primarily responsible for membrane targeting of peripheral
proteins (Murray et al. 2002). Initial membrane absorption is followed by specific lipid
interactions and further membrane penetration depending on the protein structure. Indeed, while
negatively charged lipids facilitate the electrostatic binding of oppositely charged proteins,
acylation of these proteins can help them anchor tightly to the lipid membrane by incorporating

into the hydrophobic acyl-core (see figure 1.13) (Heimburg, Angerstein, and Marsh 1999).

Based on the membrane localization, there are three types of peripheral proteins: (i) S-type

proteins — predominantly interact with the polar heads, (ii) [-type proteins — partially penetrate
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into the lipid bilayer, and (ii1) H-type proteins — significantly penetrate into the hydrophobic core
of the lipid bilayer. While possession of unique structural components (lipid binding
domains/lipidation/aromatic aminoacids) enhances the membrane-binding ability of the proteins,
but the specificity to a particular lipid majorly depends on the structural conformations of the
protein. For example, pleckstrin homology (PH) - domain containing phospholipase C delta
(PLCA) (C. Zhou, Akhtar, and Abdel-latif 1993)&exchange factor for ARF6-PH (EFA6-PH)
(Macia et al. 2008b)domain bind to PI(4,5)P, with high specificity because of the structural
conformation that allows it to pocket PI(4,5)P, head group. Contrary to this, myristoylated
proteins like alanine-rich C-kinase substrate (MARCKS) peptide can bind to both PS &PI1(4,5)P,
(Gambhir et al. 2004) majorly due to electrostatic attractions. Apart from this, a series of many
other cellular proteins interact with the lipids present in the plasma membrane (W. Cho and
Stahelin 2005). One such example is the myristatedVisilin-like-Proteins 1 & 3 (VILIP-1 &3) that
are found to bind highly negatively charged lipids in the presence of calcium which helps in
membrane anchoring by inducing a myristoyl switch (Rebaud, Simon, et al. 2014; Rebaud,
Wang, et al. 2014).

Like cellular proteins, viral proteins can also bind to lipids. For example, Elise et al., 2014 has
shown that murine leukemia virus Gag protein can bind to the host membrane initially driven by
electrostatic forces and then anchor itself by incorporating the myristoyl (Elise Hamard-Peron

and Muriaux 2011). The case of HIV-1 Gag will be detailed in section 1.4.3.

1.3.2.3 Curvature

Membrane curvature can be a resultant of either spontaneous curvature (SC) of the bilayer or the
induced one. SC is influenced by the curvature of all its components and further depends on each
monolayer SC (figure 1.14(A)). For example, monolayers comprised of cylindrical molecules
whose SC is zero (0.5<P<1) will form zero curvature membranes. Physical properties of lipid
bilayers play a greater role in defining the shape of membranes. To understand the induced
curvature, it is important to acknowledge the role of the two competing physical properties of

lipid bilayers: (a) homogeneous lipid bilayers tends to remain flat and are resilient towards
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Figure 1.14: Lipid membrane curvature generation. (A) Spontaneous curvature due to the asymmetrically
enrichment of shaped lipids, (B) Protein hydrophobic moiety insertion, amphipathic helix, C2 domain or loop
insertion, (C) Membrane proteins affecting curvature to the lipid bilayer. (D) Bundles of protein filaments
stabilizing or affecting the membrane curvature. (E) Scaffolds of proteins that bind to the membrane through adaptor

proteins inducing curvature. Reproduced from (McMahon and Gallop 2005).

bending. This tendency of the bilayers to remain flat or resistance towards bending is dictated by
the symmetry of monolayers and by the intra-molecular interactions present between lipid
molecules. Surprisingly for a 4 nm thick film, the bending rigidity () of the lipid bilayer is about
15-30 kgT (Marsh 2006), ie., much higher than the energy provided by thermal fluctuations. This
suggests that the latter cannot determine the membrane shapes. (b) Lipid bilayers tend to be
continuous to avoid having edges that can arise due to ruptures or structural defects. In the case
of an edge, the bilayer tends to avoid it by adopting a closed shape — unavoidably accompanied
by bilayer bending. These competing physical properties — membrane rigidity and the tendency
to prevent edge formation force any bilayer larger than 200 nm to adopt a closed spherical shape.
The bending energy of this spherical bilayer is about 8wk = 500kgT, independent of the sphere
radius(Helfrich 1986). Thus, a homogeneous and symmetric lipid bilayer tends to adopt closed
sphere shapes. Further inducing a deformation to the spherical shape will require, either to make
it structurally asymmetric or to apply energies in the range of tens of hundreds of kgT. Below are

the mechanisms that can achieve membrane deformation or reshaping:
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Lateral Domain driven shape: Domain boundary can provide the necessary driving force for
membrane budding even in symmetric lipid bilayers. This is brought about by the ability of lipids
to phase separate into co-existence regimes. Domain-driven budding predicted theoretically (R
Lipowsky 1993) has been studied in different lipid systems and the involvement of fluid domains
in protein driven membrane morphogenesis has also been shown (Shnyrova et al. 2007;
Shnyrova, Frolov, and Zimmerberg 2009). Does lipid polymorphism play any role in this
process? SC of lipids is an important parameter in regulating the main driving force of the
domain-driven budding, the line tension (Dobereiner et al. 1993; Staneva, Angelova, and
Koumanov 2004). Co-existing phases in lipid bilayer marks with the presence of thicker fluid
ordered regions and thinner fluid disordered regions which lead to membrane height mismatch at
the phase boundaries (Kuzmin et al. 2005). This difference in thickness between the membrane
regions is smoothed out by non-bilayer lipids, thus lowering the energy of this mismatch. The
stimulating effect of domain budding by lipids with large SC has been reconstructed
experimentally (Dobereiner et al. 1993). It is becoming clear that a 100-nm vesicle derived from
the cell has a distinct lipid composition than its parent membrane. Moreover, the degree of lipid
ordering in those derived vesicles is different. This suggests that phase separation and its
consequent line tension between domains results in budding and lipid sorting (Klemm et al.
2009). This “boundary” effect plays an important role in cellular membrane morphogenesis

through membrane transformations: it is called “topological remodeling”.

Tuning shape:

Protein domain insertion: Amphipathic or hydrophobic protein domain insertion into the lipid
bilayer largely perturb the structure of the membrane. This leads to the generation of local
membrane curvature when the perturbation is asymmetric (figure 1.14(B)). The effectiveness of
this mechanism depends on the extent of the insertion into the membrane matrix. It was found
that shallow protein insertions to be more powerful in generating a membrane curvature over the
integral insertion or membrane spanning (figure 1.14(C)). The high effectiveness of curvature
generation by shallow insertions has been suggested by previous computational modeling of the
embedding N-terminal amphipathic helices of ENTH domains and of N-BAR domains(Henne et
al. 2010; Madsen et al. 2010).
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Forcing Shape:

Push-pull: Cellular organelles have complex membrane shapes. For example, peripheral
endoplasmic reticulum (ER) Golgi complex and mitochondria have an elaborate 3D network of
10-50 nm tubules that bend to form compartments within the organelle (Mironov et al. 2003;
Palade 1953; Shibata, Voeltz, and Rapoport 2006). It can be possible that ensembles of
polymerizing actin filaments or groups of molecular motors such as kinesins or dyneins can help
stabilize the structures (figure 1.14(D)). The required force (f) can be estimated by dividing the
membrane bending rigidity (k) by membrane curvature radii (r~20nm), which gives f=k/r = 10
pN (Kozlov et al. 2014). While the force necessary to stabilize is high, bundles of actin filaments
and molecular motors can provide enough stabilizing force as the minimal force generated by
one molecular motor or an actin filament is 1pN (Kull and Endow 2013; Mogilner 2006).Further,

this force has to be exerted perpendicularly to the plane of the membrane for maximal effect.

Protein scaffolds: Another form of membrane asymmetry, achieved through the binding of
hydrophilic proteins to tone side of the bilayer, can result in membrane curvature. Such proteins
or oligomers of proteins, referred as scaffolds, can bend the membrane most efficiently if their
membrane interaction faces are curved or when they polymerize with a curved architecture. By
imposing their curvature to the interacting membrane face, they can curve the membranes into
different shapes (figure 1.14(E)). For example, COPI, COPII, and Clathrin can form spherical
scaffolds (Faini et al. 2013), dynamin family proteins involved in endocytosis can form
cylindrical scaffoldings (Ferguson and De Camilli 2012; Roux et al. 2010). But for these
scaffolds to effectively bend the membranes, the energy of binding and scaffold rigidity must
exceed the membrane bending energy and rigidity, respectively. In the case of monomeric
cylindrical scaffolds of some BAR domain proteins (Daum et al. 2016; Itoh and De Camilli
2006), the efficiency depends on the contact area. The larger the membrane contact surface — the

closer the generated membrane curvature to that of the proteins intrinsic curvature.

Protein domain bound to the membrane surface has been suggested to generate membrane
curvature by crowding mechanism. The essence of this mechanism is that hydrophilic protein
domains undergo a thermally driven lateral diffusion and collide with each other in a plane,

which is parallel to, but remote from, the membrane plane by a distance equal, approximately, to
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the domain size. A stunning example of such a behavior was demonstrated by (Stachowiak et al.
2012). Using his-tagged green fluorescent protein (GFP) and Nickel-Nitrilotriacetic acid (Ni-
NTA) lipids containing giant unilamellar vesicle (GUV), they were able to show that non-
membrane binding protein like GFP that is tethered peripherally can also induce membrane
bending. Authors hypothesized that the high local surface density of proteins is responsible for
this effect and the membrane bends to dilute the high local surface density of proteins.

Nevertheless, such an effect has yet to be observed in vivo.

1.4 HIV Gag interaction with plasma membrane

1.4.1 HIV-1 Lipidome

Protein binding to lipids can induce a wide range of structural and conformational changes in the
protein, lipid and even the membrane in entirety. Many retroviral proteins are known to be
enveloped by host cell membrane during the process of budding out from the cell surface. This
suggests that not only the viral particle has the traces of host cell on it, but also specific lipid
interactions of the viral protein can be known as the viral particles budding from these assembly
platforms could retain all the trapped lipids. In cells, it was shown that HIV-1 particles and HIV-
1 Gag co-localize with raft markers (Nguyen and Hildreth 2000)(O W Lindwasser and Resh
2001)(A Ono and Freed 2001a)(Bhattacharya, Repik, and Clapham 2006).When probed for
membrane phase properties and fluidity, it was revealed that the viral membrane is in a liquid-
ordered-like state (Aloia et al. 1988; Aloia, Tian, and Jensen 1993; Lorizate et al. 2009). These
results directed to hypothesize that HIV-1 viral particles bud from raft-like structures of the
plasma membrane. In support of this hypothesis, scientific findings suggest that the viral
membrane is rich in lipids those are present in cell-derived raft membrane domains (Linda J Pike
et al. 2002; Zech et al. 2009). Finally, lipidomic studies by Chan et al. and Lorizate et al.
suggested that viral membrane composition is enriched with cholesterol, sphingolipids and
PI(4,5)P; (figure 1.15) when compared with that of the host cell plasma membrane (Chan et al.
2008a; Lorizate et al. 2013). Further, Chan et al. 2008 also found that when cells are expressed
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Figure 1.15: Enrichment studies of PI(4,5)P5 in the viral membrane of HIV viral particles produced from
H9 cells to that of the total membrane and plasma membrane of H9 cells (reproduced from Chan et al.
2008a).

with Gag protein lacking the MA domain - the enrichment of P1(4,5)P; in the viral membrane is
reduced by two folds. This suggests that MA domain is responsible for the enrichment of
PI(4,5)P.

1.4.2 Phosphatidylinositol-4,5-bisphosphate (P1(4,5)P-)

As previously stated, cellular lipid membranes are dynamic structures that contain >1000
different lipid species(van Meer 2005). Among the many lipids that are present in the plasma
membrane, one lipid that is unique in both physio-chemical properties and functional
significance is  phosphatidylinositol ~phosphates (PIPs). PIPs are derived from
phosphatidylinositol (PI), synthesized in the ER by a PI synthase enzyme that utilizes both
Cytidine Diphosphate Diacylglycerol (CDP-DAG) and myoinositol. PI is then transported from
the ER by PI transfer proteins(Cockcroft 2007) and possibly vesicular trafficked to different cellular
membranes. Recently, the PI synthase enzyme was found localized in a highly mobile organelle
originating from the ER (Kim, et al. 2011). The discovery of this organelle harboring PI synthase
suggests that PI may be dynamically disseminated throughout the cell via this machinery. Once
distributed, PI can
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be reversibly phosphorylated on the3, 4, A B
and/or 5 hydroxyl group yielding seven
different PIP species. These include the
monophosphorylated(PI(3)P, PI(4)P,
and PI(5)P) as well as the bis (PI(3,4)P,,
PI(3,5)P,, and PI(4,5)P,(figure 1.16)
and  trisphosphorylated  (PI(3,4,5)P;
forms. Having such a phosphorylated
head group, not only make the lipid
bulky with ~75A%molecule footprint

but also gives a charge that is highly
negative, ~-3 to -4 (Toner et al. 1988; J.

Figure 1.16: Schematic representation of

Wang et al. 2002). P1(4,5)P,

estimated to be in the range of 5000— (A) L-o-phosphatidylinositol-4,5-bisphosphate and
2 .

20,000 molecules/m in the PM (B) its TOpF|u0r® derivative

cytosolic leaflet (Falkenburger, Jensen, and Hille 2010). It can attract and bind nearly 280
different intracellular proteins (Catimel et al. 2008; Gericke et al. 2013). Although most of the
interactions are well documented using /in vitro and in vivo studies, the role played by the
PI(4,5)P, during signaling events in cells is yet to be deciphered in-depth. Lipid lateral
organization could be decisive to execute signaling responses as the movement of the lipids are
highly regulated due to many diffusion barriers (Trimble and Grinstein 2015). But, enrichment in
the form of domains is largely disputed (van Rheenen et al. 2005) as the high negative charge of
this lipid head group could essentially hinder the formation of such enrichment under natural
conditions/no external influence. Nevertheless, recent coarse-grained simulation studies revealed
the presence of tiny clusters of PI(4,5)P, (Ingo6lfsson et al. 2014). This finding neither right off
the presence of monomeric PI(4,5)P,, nor the presence of PI(4,5)P;, clusters but only increases
the complexity of the system (Kolay, Basu, and Raghu 2016). For example, MARCKS peptide is
shown to cluster freely diffusing P1(4,5)P, on model membranes (Gambhir et al. 2004). On the
other hand, plasma membrane and actin bridging proteins like vinculin are known to bind only

PI(4,5)P; clusters but not monomeric PI(4,5)P, (Saarikangas, Zhao, and Lappalainen 2010).
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Table 1.1: Apparent binding constants of viral matrix proteins of various retroviruses that have specificity

towards PI(4,5)P, lipid

Virus Matrix

protein
8.2+0.7 uM 5.4+1.7 uM 100 uM
KP (co-sedimentation
(Barros et al. | (E Hamard-Peron et al. NA (Dalton et al.
assay)
2016) 2010b) 2005)
240+6 uM 182+56 uM
Kb wvmr) (Saad et al. NA (K. Chen et al. NA
2006) 2008)

It could be true that both monomeric and clustered P1(4,5)P, exist and exchanged, dynamically.
Phosphoinositides are enriched with polyunsaturated fatty acids at the sn-2 position and mainly
contain 1-stearoyl and 2-arachidonoyl chains in the cellular setting. When PIPs are mixed with
other lipids in cellular membranes, they can form PIP-enriched regions (Levental, and Janmey
2008; Y. H. Wang, Slochower, and Janmey 2014) that can be further stabilized by peripheral
proteins that cluster PIPs (Gambhir at al. 2004; Saarikangas et al. 2009).

These PIP-binding structural modules, also known as membrane-targeting domains, include
proteinkinase C (PKC) conserved 2 (C2) (Corbalan-Garcia and Gomez-Fernandez 2014);
pleckstrin homology (PH) (Lemmon 2010; Macia et al. 2008a; Rebecchi, Peterson, and
McLaughlin 1992); Fabl, YOTB, Vacl, and EEAl (FYVE) (Kutateladze 2010); Phox (PX)
(Ponting 1996; Ellson et al., 2001; Seet and Hong, 2006; Kutateladze, 2010); epsin amino-
terminal homology (ENTH) (Horvath et al. 2007); AP180 amino-N-terminal homology (ANTH)
(Legendre-Guillemin et al. 2004); Bin amphiphysinRvs (BAR) (Saarikangas et al. 2009); band
4.1, ezrin, radixin, moesin (FERM) (Mani et al. 2011); phosphotyrosine binding (PTB)
(Alajlouni et al. 2011); postsynaptic density 95, disk large, zonula occludens (PDZ) (Y. Chen et
al. 2012; Wawrzyniak, Kashyap, and Zimmermann 2013); and Golgi phosphoprotein 3
(GOLPH3) (Dippold et al. 2009). PI(4,5)P; has also been successfully shown to be an important
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secondary messenger in many signaling cascades. A detailed review can be found elsewhere
(Gamper and Shapiro 2007). So far, viral matrix proteins of HIV-1 (Mercredi et al. 2016) , MLV
(Hamard-Peron et al. 2010b), Equine infectious anemia virus (EIAV) (Chen et al. 2008), Rous
sarcoma virus (RSV) (Inlora et al. 2014) and Ebola virus (K. A. Johnson et al. 2016) were
detected showing affinity for PI(4,5)P,. Table-1.1 comparing the apparent binding constants ( Kp)

of these viral proteins to PI(4,5)P, containing liposomes is provided above.

1.4.3 Gag — Plasma membrane interaction:

Gag assembly starts with the trafficking of Gag polyprotein from the cytosol to the membrane.
Once in the cytosol, the MA domain is responsible for the membrane interaction and targeting to
the plasma membrane (A. Ono, Orenstein, and Freed 2000), this was confirmed by point
mutations in the HBR region of the MA domain - resulted in Gag binding to late endosomes or
multivesicular bodies (MVB) (A Ono and Freed 2004). Furthermore, deprivation of PI(4,5)P;
from the plasma membrane also leads to a similar fate to Gag i.e., mistargeting to endosomes
(Akira Ono et al. 2004). Although MA alone seems to exhibit a lower affinity for membrane than
Gag (W. Zhou and Resh 1996), above findings conclude that MA domain of Gag and PI1(4,5)P,
has specific interaction. The highly basic region of MA domain is responsible for the primary
interaction with the acidic lipids of the membrane, especially PI(4,5)P, (Chukkapalli et al. 2008;
E Hamard-Peron et al. 2010b; W. Zhou et al. 1994). Apart from PI(4,5)P,, phosphatidylinositol
3.4 bisphosphate (PI(3,4)P,) or phosphatidylinositol 3,4,5 triphosphate (PI(3,4,5)P,) also bind
efficiently (Anraku et al. 2010).Similarly, it was shown that Gag protein of HIV-1 virus can bind
to both PS and PI(4,5)P, containing model membranes (Dick et al. 2012) as this was also
observed for MLV Matrix protein(Elise Hamard-Peron and Muriaux 2011). This seems to be a
generalized mechanism for poly-basic proteins (Ben-Tal et al. 1997). Moreover, through
lipidomic analysis, it was known that retroviral Gag proteins not only just interact with specific
lipids; indeed virus-like particles are enriched with different lipid compositions when compared

to the composition of their host plasma membrane (Lorizate et al. 2013).

MA domain has a myristoylation at its N-terminus that supposedly has an exposed conformation

only after the HBR — PI(4,5)Pinteraction (Saad et al. 2006). And this exposure might facilitate
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its insertion into the inner leaflet and further stabilize Gag — lipid interaction. However, new
evidence suggested that myristoyl trigger might not require a specific lipid interaction but
trimerization of the protein or non-specific electrostatic interactions can also help (Charlier et al.
2014; Valentine et al. 2010). Especially, coarse-grained molecular simulations revealed that any
non-specific interactions can trigger myristoyl exposure and thus allow the protein to further
orient itself to capture PI(4,5)P, head group. Notably, structural studies of MA — soluble form of
PI(4,5)P, (diC4PI(4,5)P, or diC8PI(4,5)P,) interactions were studied in detail to give an insight
into specific interaction sites. Recent NMR data by Vlach and Saad (2013) revealed that other
acidic lipids (PS & PE) and even neutral lipid-like PC could bind directly to a different site of
Gag and thus reinforce its interaction with the plasma membrane (Vlach and Saad
2013).Although MA has specific interaction with P1(4,5)P», as a poly-basic protein, long-range
electrostatic interactions can attract various other acidic lipids and that can also help in the initial
targeting to the plasma membrane. But considering the early findings of Gag mistargeting in the
absence of PI(4,5)P, suggests that even though initial targeting can be of non-specific in nature, a

stable interaction might occur only in the presence of P1(4,5)P».

In addition to MA interaction with the lipids, researchers have also studied the interaction of
other domains of Gag with specific lipids. Capsid and NC domains were shown to interact with
different lipids. While CA protein was able to bind only negatively charged lipids (phosphatidic
acid and phosphatidylserine) (Barrera et al. 2006), NC could bind both charged and neutral lipids
(PC). In the same study, NC was also shown to bind nucleic acid (RNA) with greater affinity and
has less preference for PI(4,5)P, (Kempf et al. 2015b). This behavior is completely opposite to
MA protein which has high preference for P1(4,5)P, over RNA (Chukkapalli, Oh, and Ono
2010).

1.4.4 Gag & raft - like - microdomains:

Over a number of years, many researchers have found that the retrovirus viral membrane
composition is distinct from that of the host PM (Aloia, R. C., Curtain, C. C. & Jensen 1992).
Unlike Semliki-Forest and vesicular stomatitis viral membrane which is not-so-distinct from host

PM, Influenza and HIV-1 viral membrane have high concentrations of raft-specific lipids such as
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SM &Chol(Blom et al. 2001; Kalvodova et al. 2009; Lorizate et al. 2013). These observations
led to a hypothesis that the viral assembly and budding may occur in raft components. However,
Gag association to “rafts” is a long-standing debate. Rafts are described to be transient nano-
domains made of sphingomyelin, cholesterol, and other glycolipids and are hard to be spotted by
conventional or even super-resolution microscopes (K Simons and Toomre 2000). Nevertheless,

different experiments based on:

e Detergent solubilization(Hogue, Llewellyn, and Ono 2012; O W Lindwasser and Resh
2001; Nguyen and Hildreth 2000; A Ono and Freed 2001a)

e Cholesterol depletion (A Ono and Freed 2001a; Akira Ono, Waheed, and Freed 2007)

e Lipidomics (Briigger et al. 2006; Chan et al. 2008b; Lorizate et al. 2013)

e Immunofluorescence colocalization(Kirsi Holm et al. 2003; Nguyen and Hildreth 2000;

Akira Ono et al. 2005)

have suggested a potential role of “rafts” in the assembly of Gag.

Recently, Dick et al. 2012 suggested that Gag precursor protein can sense cholesterol and acyl
chain unsaturation. Their study revealed that Gag has a higher affinity for unsaturated lipids
containing LUVs than those with saturated versions. Further, binding studies with cholesterol
containing (0-60%) liposomes revealed that increasing cholesterol content positively assists in
this process for all liposome types, independently of their acyl chains. Interestingly, electron spin
resonance (ESR) studies revealed that, although, Gag binding to liposomes increases with
increased cholesterol content, but cannot be attributed as a result of liquid ordering. Likewise,
Gag preference for unsaturated acyl chain lipid, brain/DO PI(4,5)P,, was shown by Olety et al,
2015 (Olety, Veatch, and Ono 2015). This paper also positions the role of genomic RNA in the
selection of unsaturated acyl chain containing lipids by Gag. This role will not be addressed in

my work.
Adding to this, lipidomic studies have mainly shown that HIV lipid envelope was highly

enriched in PIPx, but also in sphingomyelin& cholesterol (Chan et al. 2008b; Lorizate et al.
2013). Consolidating all these results lead to a strong hypothesis that HIV-1 Gag protein prefers
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raft-components enriched membrane microdomains that have P1(4,5)P,. However, PI(4,5)P; is
not a saturated lipid and it is unlikely that it will preferentially partition into Lo

phase/sphingomyelin and cholesterol-enriched phases.
1.4.3.1 Interplay between lipids and Gag during viral assembly:

Gag polyprotein binding to raft-like microdomains is a hypothesis generated out of many results:
(1) HIV-1 lipidome is enriched in raftcomponents like Cholesterol, Sphingomyelin & GM3
(Chan et al. 2008b; Lorizate et al. 2013), (ii) Gag protein can sense cholesterol (Dick et al. 2012),
(1i1) Not only that tetraspanin-enriched microdomain (TEM) were shown to co-localize with Gag
(Grigorov et al. 2009; Jolly and Sattentau 2007), but also tetraspanin components are found to be
incorporated into HIV-1 particles, especially CD81 (Grigorov et al. 2009). Further, Hogue et al.,
2011 suggested that at the site of HIV assembly, Gag could induce coalescence of rafts and
TEMs. To consider that Gag binds to raft-like structures, it’s important to understand the concept
of rafts as such. As mentioned earlier, “Raft” is a transient structure enriched in sphingomyelin,
cholesterol and saturated lipids. But, the findings of Olety et al, 2015, Dick et al., 2012
suggested that Gag protein doesn’t prefer saturated lipids in natural conditions. Olety et al., 2015
rather clearly showed that in the absence of RNAase, Gag doesn’t bind to DPPI(4,5)P,, a
saturated variant of PI(4,5)P,. However, in natural conditions, PI(4,5)P, has an unsaturated acyl
chain at its sn-2 position that essentially doesn’t partition into Lo phase. Combining both
saturated lipids of rafts & natural unsaturated nature of PI(4,5)P,, a rather convincing &
constructive model was suggested by Saad et al. 2006 based on NMR data. Experiments on MA
protein with di-C8PI(4,5)P; in solution revealed that the unsaturated acyl chain of PI(4,5)P, has
inserted itself into a hydrophobic pocket of MA (figure 1.17(A)). From this result, authors
proposed that a similar switching might happen during Gag -PI(4,5)P,interaction on membranes
and this will be followed by a myristate switch, whilst the saturated sn-1 acyl chain remains in
the plasma membrane (illustrated in the figure 1.18(A)). This mutual switching will remove the
unsaturated acyl chain from the membrane and is replaced by a saturated myristate. Thus the
MA-PI(4,5)P> complex result in a saturated acyl chain structure that can readily partition into
rafts(Akira Ono 2011; Kai Simons and Gerl 2010). In addition to this, new NMR data re-
enforced the above theory by suggesting the presence of a secondary lipid binding site, which

can
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A Acyl chain swapping interaction

(i) (i)

Figure 1.17: MA-PI(4,5)P, interaction mechanisms reported. (A) NMR data based interaction model generated
for a truncated PI(4,5)P, that has its sn-2 acyl chain swapped into the hydrophobic pocket of the MA protein (i) and
the MA trimer model (ii). (B) Coarse grain simulation model showing zero swapping of the acyl chains and specific
interaction of the full-lengthPI(4,5)P, head group with the acidic arginine groups (i) and the over the top view of the
interaction observed during simulation where the PI(4,5)P; is enriched around the MA protein (ii).

accommodate an unsaturated sn-2 acyl chain from different types of lipids like PS, PE and even
PC (Vlach and Saad 2013). This mechanism could potentially deplete the unsaturated acyl chains
at the site of MA interaction and thus partition primarily into rafts. But the inevitable drawback
of this study being the use of truncated PI(4,5)P, and the medium of interaction between the lipid
and MA; in solution but not on lipid bilayer. Further, considering that if switching of acyl chains
does occur during the protein-lipid interaction, such flip might induce negative curvature of the

membrane and can potentially inhibit budding.

Nevertheless, recent findings strongly support an alternate hypothesis presented based on the

coarse-grained simulations performed using a full-length PI(4,5)P; on simulated lipid bilayers.
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Figure 1.18: lllustration of HIV-1 Gag assembly on the inner leaflet of theplasma membrane. (A) The current
hypothesis was based on the NMR data obtained for the interaction between truncated PI(4,5)P, and MA protein
where a swapping of acyl chain was proposed for spontaneous partitioning into raft domains. (B) The alternate
hypothesis proposed on the basis of coarse-grain simulations that doesn’t detect any extended PI(4,5)P,conformation
up on MA interaction.

Supporting data includes: recent results on multimerize MA protein partitioning on phase
separated GUVs revealed that the protein is strictly colocalizing with the P1(4,5)P, lipid that is
present in the Ld region of the GUVs ((Keller, Krausslich, and Schwille 2013), coarse-grained
simulations revealing the non-occurrence acyl chain swapping during the interaction of MA with
full-length PI(4,5)P, (Charlier et al. 2014) (figure 1.17(B)) and finally, latest NMR data
confirmed that there is no such swapping of lipid acyl chains into the hydrophobic pocket of the
MA protein (Mercredi et al. 2016); confirming the results obtained from the simulations.
Knowing that PI(4,5)P, can spontaneously aggregate into nano-sized domains (Ellenbroek et al.
2011; C. M. Johnson, Chichili, and Rodgers 2008; Salvemini et al. 2014) and also be sequestered
by proteins in cells (McLaughlin et al. 2002), the assembly could induce the formation of lipid
domains (Zimmerberg and Kozlov 2006) and not the opposite. In the light of all these, an
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alternative hypothesis has been proposed by our team (Kerviel et al. 2013a)shown in figure
1.18(B). It was hypothesized that Gag binds to acidic lipids that are followed by multimerization,
potentially creating acidic lipid enriched domains. As this assembly traffic the lateral diffusion of
the lipids in the inner leaflet, they can, in turn, affect the diffusion of lipids/proteins in the outer
leaflet of the membrane such as rafts & TEMs which can get trapped into to the slow diffusing
acidic lipid enriched domains. In support of this hypothesis, coarse-grained molecular dynamics
by Charlier et al., 2014 revealed that there is PI(4,5)P, enrichment at the site of protein
interaction (figure 1.17(B)). Even more, it was already shown that Gag co-localizes with TEMs
in T-cells (Grigorov et al. 2009; Jolly and Sattentau 2007) and Gag multimerization is
responsible for trapping CD9 (raft component) at the site of assembly but not the other way
around (Krementsov et al. 2010). Put together, the latest developments suggest that it is not Gag
that is being trapped at pre-existing domains. On the contrary, Gag is trapping various
components as it multimerizes along the surface of the plasma membrane. Overall, these
opposing theories built out of the results obtained need to be tested in depth to understand the

true mechanism occurring during HIV-1 Gag assembly. And this is the main topic of my thesis.

1.5 Protein self-assembly at pre-existing lipid domains or protein self-
assembly induced lipid domains: a chicken or an egg?

Although it has recently been shown that HIV assembly may be initiated in the cytosol (Hendrix
et al. 2015), it is commonly accepted that the formation of large HIV-1 assembly complexes
mainly occurs at the plasma membrane (PM) of the virus producing cells.

Historically, Gag has been shown to associate with the detergent-resistant membrane (DRM) by
cell membrane fraction assays (Callahan and Wills 2000; A Ono and Freed 2001Db).
Nevertheless, the exact composition of these "rafts" or DRM is controversial (Shahan Campbell
et al. 2004; K Holm et al. 2003). Indeed, many different types of rafts may exist within the
plasma membrane as long as they are enriched in cholesterol and sphingolipids (Pike 2006Db).
However, Gag self-assembly occurs at the inner leaflet of the cellular PM where sphingolipids

are poorly present. Therefore, the ability of the Gag/P1(4,5)P, complex to partition preferentially
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into "raft" domains and more generally into PM pre-existing domains to enhance virus assembly

is still a matter of controversy (Kerviel et al. 2013a).

In order to control and decipher the respective roles of lipid domains and protein self-assembly, I
used different types of lipid bilayers with different lipid compositions. In this study, I have also
used different maturation products of Gag (FL-Gag, P39, MA) to see the respective roles of each
domain, as well as a dimerization-deficient mutant (WM) to examine the role of self-assembly.

In this manuscript, I shall answer the following questions:

e Is Gag able to sequester/redistribute/sort various lipids, especially PI(4,5)P,,
cholesterol, and sphingomyelin:

o Do Gag and different mutants of Gag protein bind to PI(4,5)P, containing model
membranes?
o Does Gag multimerize on model membranes? If so, is there lipid redistribution

during Gag interaction & multimerization?
o Is there a role of pre-existing membrane domains in self-assembly?

o If Gag redistributes PI(4,5)P,, where does the re-distribution occur - liquid

ordered phase or liquid disordered phase?

o Will this sequestration of lipids, along with protein self-assembly, trap liquid

ordered components?

o Does multimerization of Gag protein induce membrane bending/curvature?
o Can this multimerization trap liquid ordered components such as Cholesterol or

Sphingomyelin?
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2.1 Model membranes

Many factors contribute to the biophysical properties of membranes. In a dynamic system such
as live cells, understanding the role of lipids in the activity of particular protein becomes
difficult. Simplified systems such as artificial models of cell membranes are of great use in such
a scenario. The ability to closely control their composition is proving to be a great tool to study

the role of different kind of lipids in the interaction and assembly of a protein(s).

A
csm ———————
SLB ~hundreds of um
B C
GUvV
- 5-40 um
LUV
100 nm

Figure 2.1: Model systems used to mimic cellular membranes. (A) Supported lipid bilayers (SLB); (B) Large
unilamellar vesicles (LUV), and (C) Giant unilamellar vesicles (GUV).

Model membrane systems such as supported lipid bilayers (SLB), large unilamellar vesicles
(LUV), and giant unilamellar vesicles (GUV) have been used in this study to understand the role
of specific lipids in the interaction and assembly of Gag proteins. Figure 2.1 depicts the
generalized view of all the three kinds of model systems used in this study, along with their

dimensions, while tables 2.1 and 2.2 describe the lipid compositions used in this study.
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Table 2.1: Different lipid composition of LUVs, SLB, and GUV used in the single labelled lipid experiments

Basic Substituted Basic Inner Leaflet Rafts
Lipid Mol% Lipid Mol% Lipid Mol% Lipid Mol%
Egg PC 70 Egg PC 68 Egg PC 17 DOPC 31
Model Brain PS 30 Brain PS 30 Brain PS 17 DOPS 6
Membrane Brain
PI(4.5)P, 2 Brain SM 9 Brain SM 30
Cholesterol 30 Cholesterol 25
Liver PE 25 GM1 1
Brain 0 or Brain 0 Brain 5
LUV PI(4,5)P, 1.5 PI(4,5)P, PI(4,5)P,
TF- 2 or
PI(4.5)P; 05 TF-P1(4,5)P, 2 TF-P1(4,5)P, 2
Brain Brain SM or Brain Brain
P1(4,5)P; : Chol : P1(4,5)P, : P1(4,5)P;, 6
SLB TF- TF-SM or TF-
PI(4.5)P, 1 Chal 1 TF-PI(4,5)P, 1 TF-P1(4,5)P, 1
Brain | Brain | Brain 6
Gy PI(4,5)P, P1(4,5)P, P1(4,5)P,
TF-
Pl45)P, 1 TF-PI4,5P, | 1 | TE-PI4,5P, | 1
Table 2.2: Different SLB lipid composition used for the dual labelled lipid experiments
TF-SPM Labelled TF-Chol Labelled
Substituted basic Inner Leaflet Rafts Substituted Basic Inner Leaflet Rafts
Egg PC 66 Egg PC 17 DOPC 31 Egg PC 66 Egg PC 17 DOPC 31
Brain PS | 30 Brain PS | 17 DOPS 6 Brain PS 30 Brain PS | 17 DOPS 6
Brain Brain Brain Brain Brain Brain
PI(4,5)P, : PI(4,5)P, : PI(4,5)P, 6 PI(4,5)P, : PI(4,5)P, : PI(4,5)P, 6
) Brain SM | 8 | BrainSM | 29 BrainSM | 9 | Brain SM | 30
Bsr;l[n 1 Cholesterol | 30 | Cholesterol | 25 [ Chol Cholesterol | 29 | Cholesterol | 24
Liver PE | 25 Liver PE | 25
BT- BT- BT- BT- BT- BT-
P1(4,5)P, : PI(4,5)P, : P1(4,5)P, : PI(4,5)P, : PI(4,5)P, : PI(4,5)P, :
TF-SPM 1 TF-SPM 1 TF-SPM 1 TF-Chol 1 TF-Chol 1 TF-Chol 1
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2.1.1 Model Membrane fabrication
2.1.1.1a Small Unilamellar Vesicles (SUVs) preparation:

SUVs of 30 nm in diameter were prepared for the formation of SLBs. In a clean and dry 10 mL
round bottom flask, lipid mixtures of various compositions at 0.1 mg/mL concentration was
added. To form a thin lipid film, the round-bottomed flask was fixed to a rotary vacuum
evaporator and was allowed to rotate at 90rpm @40°C under high vacuum pressure. In the case
of lipid mixtures that have >30% cholesterol, the temperature was set at 50°C. After 2h, a thin
film of lipid layer formed was hydrated using warm citrate buffer (NaCitratel0OmM, 100mM
NaCl, and 0.5mM ethylene glycol-bis (B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA),
pH 4.6) (50°C) at room temperature for overnight. The following day, the hydrated lipid layer
was suspended into the buffer using a shaker to form a multi-lamellar vesicle (MLV) suspension.
For better retrieval of lipids, 2 min bath sonication with 30s interval was employed. Thus
obtained MLV suspension was pipetted into an Eppendorf tube and used within 15 days. To
assist the formation of SUVs using extrusion and to decrease the loss of lipids, freeze (-80°C) —
thawing (50°C) was performed for 10 cycles, followed by continuous bath sonication for 15 min.
After this, the MLV suspension was allowed to settle at 4°C for one hour before extruding to
produce 30 nm sized liposomes. A 30 nm graded Whatman Nucleopore Track-Etched membrane
filter was fitted to Avanti mini-extruder and 21 cycles of extrusion were performed. In the case
of lipid composition with >30% cholesterol, extrusion was performed on a hot-plate which was
set at 50°C to assist the process. Finally, SUVs were kept at 4°C for 30 min and just before

injecting into the chamber for SLB formation they were heated to 37°C for 10 min.

Cover-slip preparation: Clean cover-slips for SLB formation were prepared by adding initially
to a 5% SDS solution and bath sonicated in a beaker at maximum amplitude for lh. Later, the
coverslips were washed rigorously with Milli-Q water. In the second step, the same glass
coverslips were immersed in a freshly prepared Piranha solution (3:1 v/v HSO4: 35 wt% H,0,).
After 20 min, the coverslips were washed again rigorously in Milli-Q water and were kept under

water until use.
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Chamber formation: Individual polymerase chain reaction (PCR) tubes of 300uL capacity were
used to form chambers. The tubes were devoid of the cap and 40uL volume length was severed
from the bottom of the tube. Thus obtained open-ended tube was used to stick on the cleaned

coverslips.

PDMS glue: For every 700 uL of Polydimethylsiloxane (PDMS), 100uL of the radical solution
was added and mixed well. The mixture was then allowed to settle for 30 min, before using as a

glue to stick the cut-PCR tubes onto the cleaned coverslips.

Housing: Freshly cleaned coverslips were dried using compressed air/argon gas and were settled
on a hot plate (70°C). Using the brush, a thin film of PDMS glue was smeared onto the defect-
free front-end of the cut-PCR tube and stuck onto the surface of the coverslip. The process was
repeated for as each coverslip can accommodate two to three chambers. A typical chamber fixed
on a coverslip is illustrated in figure 2.2. The system was covered to avoid settling of dust while
it was left on the hot-plate for three hours. At the end, the chambers were gently filled with ultra-
pure water and the remaining PDMS glue was applied to the cover-slip-tubing contact point.
Care was taken not to disturb the contact while smearing. The system was left totally covered
and undisturbed overnight, at room temperature. Thus formed chambers filled with ultra-pure

water were stored and further processed before the formation of SLBs.

Pre-step: Before making the SLBs, fresh piranha solution was prepared. Around 100uL of ultra-
pure water was left in the chamber, to which 100uL of the piranha solution was added. After 10

min, the chambers were gently washed with excessive amounts of ultra-pure water (10 cycles).

T U0 g

Figure 2.2: Schematic representation of chamber formation and housing onto a coverslip. (1) 500 ul capacity
DNA/RNAase free tubes. (2) and (3) sectioning of the tube that can hold 300 pl of water. (4) the housing of the
tubes onto the coverslips to form chambers.
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SLB formation: At 37°C, ultra-pure water present in the chamber was replaced with 40uL of 30
nm SUV suspension. Once the chamber was covered, SLB formation was allowed to take place
for the first 20 min at 37°C and the second 20 min at room temperature. After this, 100uL of
citrate buffer was introduced very gently, in a drop-wise fashion, close to the water surface
without touching either the tube or the cover-slip. Now, the SLB was rinsed for 10 times with
citrate buffer and later withHepes buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)-10mM, KCL-150mM, and2mM ethylenediaminetetraacetic acid (EDTA), pH
7.4)(50uL each time) (10 times). In the end, ~250uL of Hepes buffer was allowed to stay in the

chamber. Thus formed SLBs were used within 6 hours.

Large area SLBs: Cleaned coverslips were dried and fixed to the Atto® cell chamber.
Immediately after that, 200uL of the SUV suspension was added. Usually, 300uL of liquid is
required to fill the entire coverslip in the Atto® chamber. Since the cover-slip was made very
hydrophilic, 200uL. was enough to spread all over the cover-slip. The process of alternate
temperatures for SLB formation was carried out. This was followed by multiple washing steps

and final equilibration with Hepes buffer.

2.1.1.1b Visualization and quantification of SLBs

SLB visualization was done using ZEISS LSM780 confocal microscope (Carl Zeiss, Inc.)
equipped with a 63x, 0.75 NA objective and Zeiss definite focus system. Either 2-photon
excitation (930nm) or single-photon excitation (488 nm) was used to excite the TF-labelled
SLBs. A typical SLB is shown in figure 2.3(A). Qualities of the SLBs were confirmed initially
by manually hovering over the entire SLB and also by performing FRAP measurements that

detail the diffusion properties of the lipids present in the SLB (figure 2.3(B)).
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Figure 2.3: Quality control of SLBs: (A) Image of a typical SLB labelled with TF-PI(4,5)P,. (B) FRAP studies
defining the quality of the SLB through measurements of the diffusion of lipids. Scale corresponds to 20 pm.

2.1.1.2a Large Unilamellar Vesicles (LUVs) preparation-Extrusion method:

In a clean and dry 10 mL round bottom flask, mole-per-mole concentrations of lipid mixtures of
a specific composition comprising to 45uM were added. To form a thin lipid film, the round
bottom flask was fixed to a rotary vacuum evaporator and was allowed to rotate at 90rpm @40°C
under high vacuum pressures. In the case of lipid mixtures that have a>30% cholesterol, the
temperature was set at 50°C. After 2h, a thin film of lipid layer formed was hydrated using a
Hepes buffer(Hepes-10 mM, KCL-150 mM, and2 mM EDTA, pH 7.4) (50°C). The system was
then allowed to hydrate in dark at room temperature for overnight. The following day, the
hydrated lipid layer was suspended into the buffer using a shaker or 2 min bath sonication for
30s - for better retrieval of lipids. Thus obtained MLV suspension was pipetted into an
Eppendorf tube and processed further to produce 100 nm size lipids. To assist the formation of
LUVs using extrusion and to decrease the loss of lipids, freeze (-80°C) — thawing (50°C) was
done for 10 cycles, followed by continuous bath sonication for 15 min. After this, the MLV
suspension was allowed to settle at 4°C for one hour before extruding to produce 100 nm sized
liposomes. A 100 nm grade Whatman Nucleopore Track-Etched membrane filter was fitted to
Avanti mini-extruder and 21 cycles of extrusion were performed. In the case of lipid composition
with >30% cholesterol, extrusion was performed on a hot-plate which was set at 50°C to assist
the process. Finally, LUVs were kept at 4°C for 30 min and were brought to room temperature

using them for any experiments.
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2.1.1.2b Phospholipid mole fraction quantification:

Phospholipid assay was performed as directed by the manufacturer’s protocol. Briefly, choline
measuring high-throughput assay kit was obtained from Sigma-Aldrich. Initially,
phosphatidylcholine standard curve was obtained by colorimetric detection using 0, 60, 120 and
200 uM from manufacturer’s sample. Liposomes with various compositions were measured for
their choline-containing lipids after the extrusion process. While the starting concentration of the
‘basic’ composition liposomes was 45 uM; placing the eggPC concentration at 30 uM. Through
the phospholipid assay, it was found that 7% of the lipids were lost after extrusion with eggPC at
27 uM. Thus, giving the total lipid concentration at 42 uM and total PI(4,5)P,concentration at
0.84 puM. Dilutions were done to obtain a fluorescence intensity of 1000K units for 2% labelled
PI(4,5)P; under fluorescence spectrofluorometer. At this point, the total lipid concentration was
14 uM and the total PI(4,5)P, concentration is 0.28 pM. In conjunction to this quantification,
Beer-Lambert’s law of absorbance measurements was done while assuming the excitation
coefficient (¢) of the dye as ~80000/cm.M. The sample whose fluorescence intensity was 1000K
where used for absorbance measurements and the concentrations were estimated using Beer’s
law. Triplicates gave a measure of ~0.23 uM concentration for 2% labelled PI(4,5)P; containing
liposomes. For the LUV experiments performed thereafter, liposome samples were measured for
their fluorescence intensity and diluted appropriately to obtain 1000K units. Lamp correction
was done by recording the Raman spectra of pure water before every experiment. All

experiments were performed at room temperature.

2.1.1.3 GUV preparation — Hydration method

5% Poly-vinyl alcohol (PVA) Solution: 2.5g of Mowiol® 28-99 was added to 50 mL of Milli-Q
water in a beaker. The mixture was heated to 90°C on a hot plate under stirring until there

observed no visible polymeric particles/ a clear solution.
Coating on cover-slips: Using the home-made spin-coater, the 5% PVA solution was deposited

as a thin film on a clear cover-slip (diameter - 25 mm). Using a double-sided tape, cover-slip was

fixed to the spin-coater. 700 uL of hot 5% PVA solution was deposited on the cover-slip in such
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a way that the entire surface was covered. Later, the cover-slip was allowed to spin gradually to
yield a very thin film of PVA. After 2 min, the coverslip was removed and kept in an incubator
at 50°C for 1 h and was left alone at room temperature, overnight. Thus formed PVA coated

coverslips were stored in dark, before use.

GUV lipid concentrations: 1mg/mL mole per mole concentrations of lipid mixtures were made
in chloroform was used for the formation of GUVs. Typically, 30uL of the above-mentioned

concentration was used for a single experiment.

Lipid coating: 5% PV A coated coverslips prepared using the above said method was placed on
the hot-plate (50°C). 15 pL of the lipid mixture was gently spread all over the PVA coated side
of the cover-slip. The process was repeated for the other 15uL of the lipid mixture. In between
the successive lipid coatings, 15 uL of pure chloroform was applied to form a uniform lipid
layer. Later, the coverslips were fixed in the Atto® cell chamber and kept under vacuum for 2h

in dark at room temperature to remove any traces of chloroform.

GUV production: To be relevant in the cellular context, buffer with 230 mOsm was used to form
and dilute GUVs. 700uL of hot HEPES buffer (20 mM Hepes 180 mM sucrose solution, pH —
7.4) (40°C) was gently added to hydrate the dried lipid film deposited on the 5% PVA coated
coverslips. After addition of the buffer, the chamber was kept in a dark and humidified incubator
(to avoid evaporation of the water present in the buffer) at room temperature for overnight
incubation. If the lipid mixture deposited contains >30% cholesterol, the incubator was initially

set at 37°C for 2h and then left at room temperature, overnight.

GUYV retrieval: Following day, the chamber was gently shaken by tapping on the sides to detach
the GUVs from the surface. Using a 200 puL pipette, loaded with a cut tip, the GUVs suspension

was drawn from the chamber.
GUV storage: To avoid the splashing of GUVs upon touching the bottom of an Eppendorf tube,

20 uL space was left at the bottom of the tube while loading the GUV suspension. Thus, the

GUVs kept in a suspended state were stored in dark at room temperature until further use.
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GUYV concentration: A buffer of low density but of equal osmolality was prepared to concentrate
the GUVs. 20 mM HEPES & 180 mM sucrose solution in which the GUVs were made were
diluted in a 20 mM Hepes 100 mM KCL and 0.5 mM EDTA pH — 7.4 buffer that has same
osmolality, 230 mOsm. To concentrate the GUVs, 300uL of the low-density buffer was loaded
in a suspended state, and then add 50/100 pL of the GUV suspension from above was added
drop-wise. After 15 min, S0uL of the solution from the bottom of the tube was retrieved for the

experiment.

GUV mounting: Starting with, 2 mg/mL casein solution was added to an Atto® cell chamber
fixed with a glass coverslip. After Smin, the solution in the chamber was gently removed and
replaced with 250 pL of low-density buffer (20 mM HEPES, 100 mM KCL and 0.5 mM EDTA).
Once the chamber was mounted on the microscope, 50 pL of the concentrated GUV suspension

was deposited. After 20 min stabilization, GUVs were visualized using a microscope.

Labeling Phase-separated-GUVs: Phase-separated GUVs were labelled with Cholera toxin-B-
647. 1% Monosialotetrahexosylganglioside (GM1) lipid was added to the phase-separating lipid
mixture while spreading on the 5% PV A-coated coverslips. 1uL of 1mg/mL Cholera toxin B-647
was added to the stabilized GUVs and let the label bind GM-1 for 15 min, before adding Gag.

2.1.1.3b Visualization of GUVs

Visualization of GUVs was done using ZEISS LSM780 Confocal microscope (Carl Zeiss, Inc.)
equipped with a 63x, 0.75 NA objective. On the microscope, GUVs were added to the Attofluor
cell chamber (Thermo Fisher Scientific, Inc.) fitted with casein (2 mg/ml) coated coverslip (25
mm, Deckgldser). Upon stabilization, labelled proteins were added to the medium and imaged.
Images were acquired with 512x512 pixels and 16 bit at constant intensity keeping the green
channel at ex488/em498-555 nm & red channel at ex561/em600-660 nm. For Spectral imaging,
the excitation was set at 488 and 561 nm for green and red fluorescence respectively, the spectral
range was set from 496 to 660 nm. Linear Unmixing of the images was done to avoid the bleed-

through from Topfluor® to Alexafluor-594 channel using ZEISS 2012 software. In case of
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DIIC18

TF-PIP2 A647-CtxB Merge

Figure 2.4: Domain visualization of Phase separated GUVs. (A) Initial experiments on production of phase
separated GUVs labelled with Ld marker, DIIC18 (dopc 17%, dops 17%, SPM 25%, Chol 30%, BrainPI(4,5)P,
7.5% and DIIC18 1%). (B) Dual labeling of Phase separated GUVs: Ld phase is labelled with TF-P1(4,5)P, and Lo
phase was labelled with A647-Cholera toxin-B. Scale bar corresponds to 10 pm

GUVs labelled with cholera toxin B-647, the ex was set at 488/561/630 nm for green, red & far
red channels. Further, images were treated using Image J software. All experiments were
conducted at room temperature unless otherwise specified. Multi-color images of phase
separated GUVs were done. An example of the phase separated GUVs were represented in figure
2.4. Figure 2.4(A) depicts the domains formed on GUVs with phase separation composition that
was labelled with DIIC18 in the Ld phase. Multi-color images of phase separated GUVs labelled
with TopFluor-P1(4,5)P, and A647 Cholera toxin-B were shown in figure 2.4(B) and TF-
PI(4,5)P, essentially staying in the Ld phase of the GUV.
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Quantification of GUV intensity
To establish the spatial autocorrelation of the fluorescence intensity of TF-PI(4,5)P, or A594-FL-
Gag on basic composition GUVs, the change in intensity was plotted along the GUV using the

following integration:
1(r,0) =+ X4 I+ 2r $0=6+09 [ (r + dr, 0 + AB)Eq: 2

Intensity was plotted with r.sin 8 as the length unit. The obtained curve was autocorrelated using
either the autocorrelation or the cross-correlation function of Matlab R2015 (Mathworks®).
Intensity partition of each label in the case of raft GUVs was determined using the following
equations:

Iin = Zz :g? I(TGUV' H)Ae/ Zgz(z)ﬂ I(TGUV; G)AHI Iout =1- Iin Eq 3

0 iand 6 ( were determined with the help of Alexa647-CtxB intensity circular profile.

2.1.1.3cGUYV Control experiments:

Before incubating GUVs with Alexa Fluor-594

labelled proteins, the integrity of the GUVs over
time was checked by incubating the GUVs with
Alexafluor-594 dye alone for 1h, at salt
concentrations equivalent to the labelled protein DIC18
experiment. Figure 2.5 shows that the GUV is
quite stable and not labelled by theAlexaFluor-
594 dye. Further, to understand the TF-PI1(4,5)P,

partitioning into phase-separated GUVs, (1 1

dioctadecyl 3 3 3 3 Figure 2.5: GUV integration and partitioning of
' ' labelled components. (A) TF-PI(4,5)P, labelled
tetramethylindocarbocyanineperchlorate ) DIICI8  pasic composition GUVs were incubated in Alexa

labelled-GUV's were incubated with TF-PI(4,5)p, 1uor-594 dye alone. (B) Phasc partitioning of TF-
PI(4,5)P, was studied by adding it to DIICI8

for 2h and imaged. labelled phase separated GUVs. Scale bar 10 pm.
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Figure 2.6: SDA-PAGE gels of purified proteins and labelled proteins(A) Expression profile and purification of
HIV-1 Matrix protein in prokaryotic BL-21 E.coli cells in a 16% gel. (B) Highly purified fractions of MA protein
used for the experiments in a 16% gel. (C) Expression profile and purification of EFA6-PH with thecoiled coil in a
16% gel. (D) 10% Gel of labelled proteins imaged with 561 nm excitation. (1) Pre-incubation (2) post-incubation (3)
supernatant for MA gel (4) pellet for MA gel (reversed in thecase of EFA6-Ph-Cter) (5) flowthrough (6) resin (7)
elution (8) PD-10 exchange.

2.2 Protein expression, purification, and Labeling:

Matrix protein (MA) and PH-EFA6 were purified in-house using a standard protocol. Briefly,
prokaryotic expression of both the proteins was done by transfecting the vectors into BL-21
E.coli cells. A 500 mL culture was allowed to grow and protein expression by IPTG induction
was done for 4h at 37°C. On expression, bacteria was pelleted and lysed using a wash/lysis
buffer (50 mM Sodium Phosphate, 250 mM NaCl, 10 mM Imidazole and 0.02% -
mercaptoethanol with pH 7.0), followed by sonication for 2 min in the presence of protease
inhibitors and DNAase. The cell lysate was centrifuged at 20,000 g for 15 min at 4°C, to separate
the debris from the expressed protein. The supernatant containing his-tagged protein was added
to Ni-NTA agarose beads and left at least for one hour at 4°C on a rocker. After incubation, the

supernatant was passed through propylene column and washed with wash/lysis buffer. To free
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the protein bound to Ni-NTA agarose beads, they were incubated in elution buffer (wash/lysis
buffer + 250mM imidazole, pH 7.0) for 1h at 4°C on a rocker. Finally, PD-10 column was used
to change

the buffer to 100 mM Tris, 0.5 M NacCl, 0.02% -mercaptoethanol, pH 7.4. Purified proteins were
analyzed using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
stored at -80°C, until use. Protein labeling was done for Gag mutants with Alexafluor® 594 C5-
maleimide according to manufacturer’s guidelines. Excess dye has been removed either by PD-
10 column or by Slide-A-Lyzer™ MINI Dialysis Device, 20K MWCO, 0.5 mL, Thermo Fisher
scientific. Figure 2.6 reveal the purity of expressed proteins used in the study and the labelled
proteins, as well. All the proteins produced were stored at -80°C in aliquots and thawed just
before the experiment. Labeling of the proteins was performed at 4°C to avoid any impact of

temperature variations on its stability.

2.3 Kp determination:

2.3.1 Co-sedimentation assay:

Kp were determined on basic lipid composition (EPC 68%, BPS 30% &PI(4,5)P, 2% for LUVs
or POPC 68%, POPS 30% &PI1(4,5)P, 2% for SLBs). Methods used were either cosedimentation
assays for LUVs or QCM-D experiments on SLBs. Co-sedimentation assays were made at 1 pM
protein concentration with varying concentrations of total accessible lipids from 0.07 to 2250 uM
in 100 pl, according to the protocol in Hamard-Peron et al. 2010. After 15 min of incubation at
room temperature, samples were centrifuged at 220,000 g for 1 h at 4°C using a Beckman
Coulter’s TLA 100 rotor. The top 80 uL. was considered as supernatant (S) and the remaining 20
ul diluted with 60 pL of working buffer as a pellet (P). Pellet and supernatant were analyzed on a
10% SDS-PAGE and stained using Coomassie blue. Quantifications were made using Image J
software (National Institutes of Health, MD, USA). SLBs were prepared with 0.1 mg.mL—1
liposomes flowing at 10 pL.min—1 for 10-20 min on an UltraViolet-treated SiO, surface of Q-
sensor fixed in a Q-Sense Flow module, QFM 401 Biolin Scientific, Sweden). Stable SLBs were
rinsed with citrate buffer (NaCitrate 10 mM, 100 mM NaCl, and 0.5 mM EGTA, pH 4.6) and
then with injection buffer (5 mM Tris& 100 mM NaCl pH 7.4). At equilibrium, 200 pL of
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increasing protein concentration was successively injected into the flow chamber followed by
rinsing steps in between. The same was repeated with increasing protein concentrations until
saturation. Sensorgrams were normalized to the third harmonic in the case of varying harmonic
curves. F (plateau values) was used to measure the lipid SLB surface fraction of protein bound.
In order to compensate the dilution of the pellet, the true intensity of the pellet was set by, Ipeiiet =
Ip 0.2*Is, while Ip& Is being experimental intensities obtained for pellet and supernatant,
respectively. From this, affinity constants for all the proteins were calculated using the Eq. 4,
where the percentage of protein bound (PB) to the LUVs is [PB] = Ipene/(Ip + Is). The fraction of
protein bound from the total protein (PT) added is related to an apparent association constant K

(i.e, the reciprocal of apparent partitioning constant (Kp), following the equation:

[PB] _  K[Llac Eq: 4

[PT] ~ 1+ K[L]acc

2.3.2 Multimerization assay on LUVs

A 100 uL of the basic composition LUVs was incubated at room temperature for 15 min with
either 0.9 uM (P/L* - 2) or 4.5uM (P/L* - 5) of FL-Gag or WM. After centrifugation at 10,000 g
for 5 min, 20uL of the supernatant was loaded on a 10% native-PAGE and proceed for
immunoblot as in (Hamard-Peron et al. 2010a). FL-Gag and WM were detected by a primary
anti-capsid antibody (HIV-1 p24 NIH AIDS Reagents) followed by secondary antibody
conjugated with anti-mouse HRP. The membrane was revealed by Femto substrate (Thermo-

scientific) and imaged under G: Box (Syngene).

2.3.3 Quartz Crystal Microbalance with Dissipation (QCM-D):

QCM-D is an ultra-sensitive mass sensor that works on the principle of converse piezoelectric
effect. While the piezoelectric effect is induced by mechanical deformation of materials like
Quartz crystal, QCM works on the opposite principle: applied electric field on piezoelectric

materials induces a strain, which under alternating current produces oscillations with a Q factor
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(frequency/bandwidth) as high as 10°. QCM exploits this high Q-factor that leads to the accurate
determination of a resonance frequency. And also based on Sauerbrey’s findings of change in
frequency is directly proportional to change in mass, QCM technique gives a very accurate

measurement of the amount of mass bound to the surface of the sensor.

Am = —C=Af Eq:5

Where Am & Afis changed in mass & frequency, n is harmonic overtone &C is the mass

sensitivity constant, 17.7ngem™s™

A typical QCM sensor is made of AT-cut Quartz crystal that is sandwiched between gold
electrodes. When a constant AC current was applied, at t=0, the voltage (U) was allowed to
decay as an exponentially damped sinusoidal which relays in time. And this decay curve was

fitted to determine the resonant frequency and dissipation factor simultaneously.

U, = Upe /= - sinif2nft + 0) Eq:6

Where t corresponds to the decay time constant and ¢ is the phase. And the dissipation factor

being inversely proportional to T was determined using the equation

—_— 1 -
D_E Eq:7

When we considered all three equations, one can deduce the adsorbed amount with Af and AD
providing information on the rigidity of the adsorbed material. Finally, using a multiple
frequency modeling one can also get information on the visco-elastic properties of the adsorbed

layer, swelling/hydration properties and even insights into structural changes.

Experimental Setup: SLBs for QCM-D measurements were prepared with a lipid composition of
68% POPC, 30% POPS & 2% PI(4,5)P,. For this, 0.1mg/mL concentration of liposomes was
passed over Ultra Violet-treated SiO; surface of Q-sensor in a Q-Sense Flow module, QFM 401
BiolinScientific, Sweden) at 10uL/min flux and for a period of 10-20 min.

Thus formed stable SLBs were rinsed initially with Citrate buffer (10 mM NaCitrate, 100 mM
NaCl, and 0.5 mM EGTA, pH 4.6) and then with diluted protein buffer (5 mM Tris& 100 mM
NaCl). At equilibrium, 200 pL of the protein solution (specific concentration) was injected into

the flow chamber encompassing the Q-sensor. After reaching a plateau in the signal, the system
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was rinsed with 5 mM Tris& 100 mM NacCl buffer pH 8. The same was repeated with increasing
protein concentrations until there observed saturation. Obtained sensorgrams were normalized to
the third harmonic in the case of varying harmonic curves. Consequently, Eq. 8 was used to

generate apparent Kp values from the plots of AF (plateau values) vs protein concentrations.

Bmax "X .
Y = KpT Eq: 8

Where, X is the protein concentration

2.4 Fluorescence Self-quenching:

Fluorescence Self-quenching is one the major methods that are being used to study the lipid
clustering ability of proteins on model membranes. In our study, we also used the same
technique to understand the PI(4,5)P, clustering by Gag protein. Fluorescence self-quenching is
used to ensemble studies of protease and nuclease activities (Jones et al. 1997), membrane fusion
(Weinstein et al. 1984)), and protein dimer formation (Wendt et al. 1995). Typically, quenching
is a decrease in fluorescence intensity as a result of multiple phenomena like excited state
reactions, collisional interactions, complex formation & energy transfer. In this study, self-
quenching properties of Topfluor®/Bodipy-FL labelled lipids were analyzed before using in the
protein-lipid interaction assay. As the name suggests, it is an interaction between two molecules
of same species within a reasonable concentration range. That interaction can occur either by
collision at the excited state, Collisional/Dynamic quenching or complex formation due to
hydrophobic attractions in the ground state itself, Static quenching. Either scenario, the
fluorophore has to be in contact with each other. Typically, both collisional and static quenching

can be explained using Stern-Volmer equation:

D= 14 k,7lQl = 1+ Kp[Q] Eq:9

Where Fy and F are the fluorescence intensities before and after the collision, respectively; kg is
the bimolecular quenching constant; 1y is the lifetime of the fluorophore before the collision, and

Q is the concentration of the fluorophore. Finally, Kp is the Stern-Volmer quenching constant.
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Figure 2.7: Comparison of collisional and static quenching (adapted from Principles in Fluorescence

Spectroscopy edited by Joseph R.Lakowicz)

Similarly, static quenching can also be deduced using a modified Stern-Volmer equation:

2 =14 Kq[Q] Eq: 10
Where K is the Stern-Volmer association constant given by:
s = FF:]_[S}, [F-Q] is the concentration of the complex. Importantly, in both cases, Fo/F

dependence on [Q] is linear. This suggests that only by intensity measurements it is not possible

to deduce the dynamic or static nature of self-quenching.

From figure 2.7, while fluorescence intensity measurements remain linear for both of the
quenching processes, high temperatures, and lifetime measurements showed differences with
increasing concentrations. At high temperatures, the complexes can dissociate when the
fluorophores are weakly bound. This shall result in lower static quenching. In the case of
collisional quenching, high temperatures increase the number of collisions and so the shift
towards y-axis. But when the bonding is strong and to maintain physiologically relevant

conditions, lifetime measurements are more accurate and preferable. One of the main

characteristics of collisional quenching isFO/ F= TO/ 1, there will be an equivalent decrease in
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fluorescence intensity and a lifetime as the number excited states decreases with increase in
collision rates. On the contrary, a fraction of fluorophores are unavailable for fluorescence
excitation at the ground state due to static quenching and during excitation, the emission

population remains constant. Meaning, even though the fluorescence emission decreases with

concentration — the lifetime remains constant: TO/T = 1.

In model membranes, when lipids are labelled with self-quenchable fluorophores, the 2D
diffusion of lipids can result in self-quenching mainly by the collision. On the other hand, lipids
labelled with TopFluor® are known to undergo static quenching because of the strong

hydrophobic attractions between the bodipydyes.

Self-quenching was measured using the spectrofluorometer (Photon Technologies International,
Inc.)) for TF-PI(4,5)P, (ex 495 nm/ em 510 nm). Amount of self-quenching due to the proximity
of neighboring labelled lipid was determined by comparing the fluorescence intensity of LUVs
containing increasing percentages of TF-PI(4,5)P; lipids (from 0 to 2% of FL-PI(4,5)P,, over a
total PI(4,5)P, concentration of 2%, I,) and of the same lipids after perturbation of the LUVs
membrane by addition of 1% Triton X100 (Ip). The total lipid concentration was 45 pM.

Percentage of self-quenching was calculated using the equation:

% Self — quenching = <1 — (%)) 100 Eq: 11

2.4.1 Fluorescence Quenching Measurements:
2.4.1.1 On LUVs:

Effect of different proteins on TopFluor ® (TF) labelled PI(4,5)P, quenching in LUVs were
monitored with a fluorescence spectrometer (Photon Technologies International, Inc.) using Aexc
= 485nm and Am = 510 = 10 nm. Excitation lamp intensity was calibrated using the Raman
spectrum of pure water and its fluctuations corrected every second. For the interaction assay, the

concentration of protein injected was adjusted to have desired protein/accessible PI(4,5)P; lipid
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ratio (named P/PI(4,5)P,™ in the figures). For every interaction assay, the obtained intensity
curve was corrected for both bleaching and dilution (by the addition of protein solution) effect
and then, normalized to the mean intensity before injection.The normalized curve was then

treated using an arbitrary bi-exponential growth process:

== Ay + A[1— e ]+ A1 — e/ Eg: 12
0
Here, Ao, A1, and A, correspond to initial intensity, the intensity at the time, 7, and intensity at the

time, 1o, respectively.

2.4.1.2 On SLBs:

Time-lapse fluorescence measurements of labelled SLBs before and after the addition of the
proteins (FL/P39/WM/MA/EFA6-PH) or buffer were recorded using ZEISS LSM780 confocal
microscope (Carl Zeiss, Inc.) with a 63x, 0.75 NA objective. To avoid any z-drift, Zeiss definite
focus system was employed in conjunction with a 2-photon excitation (930nm).Images were
acquired for every S5s in order to strongly reduce photobleaching. A typical time-lapse
fluorescence measurement was recorded at 512x512 pixels and 16 bit at a constant intensity. In
the case of a dual color acquisition, green channel was set at ex488/em498-500 nm and red
channel at ex 561/em 600-660 nm. To negate the bleaching effect in the overall quenching
measurements, a 2 min acquisition was done before addition of the protein. The sequential
acquisition was then done for a period of 10 min or till there observed a plateau in the signal.
Obtained time-lapse was corrected for bleaching if any. The mean intensity of each image was

normalized to the intensity before injection.

2.5 Confocal Microscopy:

Visualization of GUVs was done using ZEISS LSM780 Confocal microscope (Carl Zeiss, Inc.)
using a 63x, 0.75 NA objective. On the microscope, GUVs were added to the Attofluor cell
chamber (Thermo Fisher Scientific, Inc.) fitted with casein (2mg/ml) coated coverslip (25 mm,

Deckglédser). On stabilization, labelled proteins were added to the medium and imaged. Images
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were acquired with 512x512 pixels and 16 bit at constant intensity keeping the green channel at
ex488/em498-555 nm & red channel at ex561/em600-660 nm. For Spectral imaging, the
excitation is set at 488 and 561 nm for green and red fluorescence, the spectral range was set
from 496 to 660 nm. Linear Unmixing of the images was done to avoid the bleed-through from
Topfluor® to Alexafluor-594 channel using ZEISS 2012 software. In the case of GUVs labelled
with cholera toxin B-647, ex was set at 488/561/630 nm for green, red & far red channels.
Further, images were treated using Image J software. All experiments were conducted at room

temperature.

2.5.1 Fluorescence Recovery After Photobleaching (FRAP):

FRAP is a facile and reproducible method to elucidate the quality of the supported bilayers with
fluorescently labelled lipids as the method gives the diffusion of the laterally moving lipids in
this thin lipid bilayer. A typical experiment involves before and after the recording of
fluorescence intensity of a bleached region over time. For a good quality SLB, the recovery of
the fluorescent intensity should be 100%. In our study, we employed this technique to understand
the lipid trapping nature of the protein, assuming a trapped lipid will have a crippled diffusion

and the overall recovery will be less than 100% on the same time-scale.

FRAP experiments were performed on labelled lipid containing SLBs using a Zeiss LSM-780
confocal microscope. The image sequence was acquired at a 20 Hz frequency using the 488 nm
line of an argon ion laser at a very low power to avoid photobleaching during recording. After 50
images, 3 regions of interests (ROI), of 1 pm radius each, which correspond to 0.236 um waist
of a Gaussian beam were rapidly photobleached (t < 60 ms) at maximal laser power.
Fluorescence recovery was monitored at 20 Hz by acquiring successive images during 15 s. The
recovery curves were obtained by plotting the mean fluorescence intensity as a function of time
in this three ROI, and were corrected for fluctuations in axial position by another ROI located far
from the bleached areas and finally normalized to the mean value of each ROI before
photobleaching. The curves were fitted using Eq.13 which is a slightly modified 2D diffusion

model for FRAP taking into account normalization and fractional recovery (M):
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— o] (_K)n 1 _ -
F(t) =My — 1+"+2"?f/—2+ (1 - M)F, Eq: 13

In eq. 13, K measures the deepness of the bleach, t» corresponds to the time where half the

fluorescence has been recovered and is linked to the two-dimensional diffusion coefficient D, F
is the fluorescence intensity immediately after the end of the bleach, i.e. at t = 0. Equation 13 was
used to its 20™ order limited development for data fitting (n=20). The fractional recovery (M) is

defined as:

M =0 Eq: 14
1-Fy

2.5.2 Two-photon Laser Scanning TCSPC FLIM:

By calculating the exponential decay rate of a fluorescence emitted by an excited fluorophore,
Fluorescence lifetime imaging technique (FLIM) can calculate the lifetime of these fluorophores
and can generate an image based on the lifetime itself. In simple terms, the fluorescence decay
time is written as

1(t) = e '/ Eq: 15
Where 1/t = Z k;. lp&I(t) is the fluorescence intensity at the time, t, ki is the decay rate and 7 is
the fluorescence lifetime. As 1 is independent of concentration, molecular information at
different environments can be measured simultaneously despite the difference in the
concentration from one region to the other. In this study, this is achieved by time-correlated
single photon counting (TCSPC) method where the time of detection of the individual photons
by a photo-multiplier tube (PMT) was recorded. Further, a histogram of the entire event as across

the recorded time points was fit to extract the lifetimes of the fluorophore at the pixel level.

Fluorescence lifetime images were acquired with the Zeiss LSM 780 confocal microscope
equipped with a not-descanned output with a fast hybrid photomultiplier (HPM-100-40) and
SPC-830 time-correlated single photon counting (TCSPC) electronics (Becker &Hickl). A 40x,

NA 1.3 objective was used to image the sample. An excitation wavelength of a Chameleon
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Ultra-II (Coherent Inc.) was tuned to 900 nm and used at low intensity to avoid photobleaching.
The acquisition time was variable (5 < t <20 min) in order to keep the number of photons above
3000 for each decay in each pixel of the image. This authorizes to keep the fluorescence lifetime
measurement accuracy constant (<2%) in the presence or absence of quenching and strongly
decreases the contribution of the background. Moreover, confocal model and two-photon
excitation method almost completely negate the background. Finally, the number of photons
acquired per second was kept under the pile-up threshold (106 cts.s '). Fluorescence decays were
fitted with a single exponential and a generated instrument response function (IRF) using the
SPCImage software of Becker &Hickl.

2.5.3 Fluorescence Correlation Spectroscopy (FCS):

FCS is a fluorescence fluctuation based technique where the fluorescence intensity recorded over
time in a confined volume will be correlated by itself or in cross-correlation to provide details
about the local concentrations, molecular weights, translational and rotational diffusion
coefficients, chemical rate constants, association and dissociation constants, and photodynamics

in vitro as well as in vivo.

Background: To measure the dynamic properties of molecules it is important to understand the
diffusion property of a particle. Simply put, diffusion can be described as a random walk of a
molecule which is measured with a coefficient, Diffusion coefficient, with pmz/ sec as its unit.
While the trajectory over time of a diffusing particle is defined as the mean square distance
(MSD) (1%, it primarily depends on the diffusion coefficient of the molecule which in turn,
depends on various other factors related to the molecule and the surrounding medium. Stokes-

Einstein equation presents this in an elegant manner:
_ kgT :

Where Boltzmann's constant kg = 1.3806504. 10 J/K, T is the absolute temperature, 1 is the

solution viscosity and Ry, is the hydrodynamics radius.
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Studying the diffusion of a molecule using this equation is facile at large volumes. But is not
practical for biological systems where the components are confined to micro-nanometer scale
range. Nevertheless, fluorescence fluctuation based techniques like FCS can be of great help in

these cases, where a fluorescently tagged molecule can be studied at nanometer scale range.

Based on the method employed there are different FCS based methods. In this study, we have
employed spot variation FCS and linescan FCS to understand the assembly of HIV-1 Gag

interaction with PI(4,5)P, containing lipids.

Theory: As explained earlier, the technique employs correlating the change in fluorescence
intensity fluctuations over time, I(t). For example, in a defined homogenous volume, the average
number of diffusing particles (N) over time (N(t)) should be constant at equilibrium. So, the
intensity (I) should remain constant. As the particles move out and inside of the observation
volume, the change in fluorescence intensity due to change in a number of particles over time is

calculated 5N(t). Giving the overall number of particles over time as

N(t) = (N) + 6N(t) Eq: 17

In FCS, the fluctuations oN(t) or 6I(t) is analyzed while keeping the average (N) or (I) out of it.
Since the number of particles cannot be calculated directly, the change in fluorescence intensity
emitted by the particles is analyzed. As a particle enters the focal volume, it gets excited by the
laser and the constant cycle of excitation and emission occurs. Thus emitted photons are detected
on an Avalanche photodiode (APD)/ Gallium arsenide phosphide (GaAsp) detector. In terms of

fluorescence intensity:
I1(t) = (1) + 6I(t) Eq: 18
To know how fast the particle fluctuates, the intensity fluctuations (61(t)) are mathematically

treated using autocorrelation analysis tool. This gives the autocorrelation function g(t) that

measures the self-similarity of the fluorescence fluctuations dI(t) with time t and a lag time t. To

[ 66 L




have a high autocorrelation, the lag time should be lower than the average retention of the
particle in the focal volume. This will give a fair amount of self-similarity between 6I(t) and

dl(t+r) that is used to generate g(t).

_ (SI(t).61(t+71))¢ :
90 =0 Eq: 19

As these fluctuations occur because the volume is defined (Vops), it is imperative to pre-calibrate
the observational volume using a known fluorescent molecule such as Rhodamine B. This will
help in calculating the diffusion coefficient of the molecules. As the system used here is a
confocal microscope which has an ellipsoid focal volume with a width in xy-axis (o) and a
length (z,). In addition to the autocorrelation curve obtained from FCS measurements, further
evaluation has to be done by fitting with theoretical models that can provide with the diffusion

time (tp). A theoretical model for a single diffusing species can be as simple as

A+ At )T Eq-20

9@ =~

Where 7 is the structural factor, zo/oyy.

Adding to the complexity, during the excitation-emission cycle, molecules can crossover into
triplet state (T) rather than directly returning into the ground state. But the eventual relaxation
from triplet state to ground state results in a blinking process with a characteristic lifetime tr.

This leads to an additional factor in the correlation function:

1—Fp+Fpe /T Tyt
- — 1+ fD) (A +

9@ =7 =) Eq:21

Where Fr is the fraction of particles in the triplet state T

Finally, using the obtained tp and oazxy one can calculate diffusion coefficient, D and also the

concentration, c:
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D=y Eq: 21
c=-2= Eq: 23
Vers

WhereV. is Effective Volume = 1> .y.co3xy

Measurements: In our experiments, both svFCS and line-scan FCS was employed. FCS
measurements were performed using Zeiss LSM780 with an FCS module installed. Using an x40
water objective with a ring set at 0.17, both svFCS and line FCS were done. For svFCS, the
acquisition was made with repetition of 10 over 10s for every pupil radii (100, 70, 50, and 30)
using a GaAsp detector. The obtained correlation data was fitted with pycorr fit software for
calculating the diffusion coefficient of the labelled lipid. In the case of linescan FCS, laser scan
speed of 1.6KHz with a pixel dwell time of 0.5 psec and a scan length of 13.3 pm was used to
record 50000 images through a GaAsp detector. Analysis of the recorded images was done to
generate autocorrelation using custom made software. In the analysis, the initial bleached part
was removed to avoid the discrepancies. Thus obtained autocorrelation curves were fitted with a
single or two component models, wherever required. An average of the obtained correlation
curve was plotted and fitted to give the final diffusion time and to further calculate the diffusion

coefficient.
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Chapter-3

HIV-1 Gag is reorganising PI1(4,5)P, during multimerization on

model membranes
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3.1 Introduction

In order to elucidate whether Gag would bind to preexisting raft or lipid domains in the PM or
generate its own lipid domains while assembling, we have monitored the lateral reorganization of
PI(4,5)P,, cholesterol (Chol) and sphingomyelin (SPM) upon Gag multimerization. Above
question was addressed on different lipid mixtures, from the simplest (PC/PS/PIP,, called basic
composition) to more complex compositions mimicking either the inner leaflet cell plasma
membrane (Ingolfsson et al. 2014) or the "lipid rafts" domains (i.e. two separated phases, a liquid
disordered (Ld) and a liquid ordered (Lo) enriched in cholesterol and sphingomyelin) (Keller,
Kréusslich, and Schwille 2013) (See Sl tables S1 and S2 for detailed lipid compositions).

3.2 Approach
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Figure 3.1: Purified proteins used in this study. (A) Schematic representation of Gag full-length protein and
various mutants used in this study. Inset, shown the length of an open conformation FL-Gag protein ie., ~20 nm. (B)
All the different proteins purified were run through 10% SDS-PAGE and stained with coomassie brilliant blue.

For this study, highly purified Gag proteins (FL-Gag, P39, WM, & MA) (figure 3.1(B)) were
used as it was known that any polybasic protein can interact electrostatically with the lipid
bilayer and so are undesirable. For a multimerizable protein, the presence of unwanted proteins
might affect the availability of specific lipid and membrane surface. To understand the role of

different domains in the interaction with lipids & the effect of multimerization efficiency we
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have chosen various mutants of Gag, apart from the wild type (see figure 3.1). We compared MA
domain, P39 (lacking NC & P6 domains) and WM (multimerizing mutant) with that of the wild
type in their ability to interact and assembly on lipid bilayers. Finally, to study the interaction of

Gag protein with lipids, we choose to use model membranes as interaction substrate.

Model membranes for their simplistic nature and a possibility to control precisely the lipid
composition can help understand the role of specific lipids in the assembly of Gag protein along
the plasma membrane. Using model membranes with a difference in curvature like LUVs —
significant curvature, GUVs — less curvature & SLBs — zero curvature will provide the
opportunity to understand their interaction and assembly of proteins. Overall, this study uses
different types of model membranes and biophysical tools — initially to validate the methodology
binding ability and affinities of the proteins towards PI1(4,5)P, containing LUVs were performed
followed by quenching experiments on liposomes and SLBs. The property of the protein
multimerization in the observed effect was even answered. Further to this, as mentioned earlier,
the role of specific rafts lipids in Gag assembly was probed in different lipid composition
environments. Finally, GUVs were employed to visualize the binding and assembly of Gag and

to ascertain the Ld/Lo nature of assembly platforms.
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3.3 Results & Discussions

3.3.1 Affinity studies of Gag towards PI(4,5)P, containing membranes:

Gag protein binding to the plasma membrane is considered as a bipartite mechanism that
involves (a) interaction of the HBR region with the PI(4,5)P, present in the inner leaflet & (b)
insertion of the N-terminal myristate into the hydrophobic core of the plasma membrane. From
many studies, it was understood that the N- terminal myristyl group functions in concert with the
HBR to maintain membrane binding (Saad et al. 2006; Zhou and Resh 1996). However, some
retroviruses, such as Rous sarcoma virus (RSV)(Dalton et al. 2005; Inlora et al. 2014) and
Equine infectious anemia virus (EIAV) (Chen et al. 2008), despite lacking a myristate anchor,
Gag can bind to the PM merely by electrostatic interactions. Moreover, it was also shown that
the driving force for membrane association, in the case of myr MA, stems largely from ionic
interactions(Dalton et al. 2007). Therefore, in order to understand a potential role of HIV-1 Gag
in the lateral reorganization of PI(4,5)P,, we first tested the ability of the HIV-1 myr(-)Gag and
its mutants to bind model membranes containing PI(4,5)P,. These mutants include: (1) a mutant
of CA involved in CA-CA interaction and Gag multimerization (WM) (2) Gag lacking the C-
terminus NC-sp2-p6 domains that are involved in NC-RNA association (P39). The membrane
binding domain alone of Gag (MA) was also tested (see figure 3.1(A)). Results were compared
to the one obtained for a specific cellular PM PI(4,5)P, binding protein, the PH domain of EFA6
(PH-EFA6) (Macia et al. 2008b) and a peptide, MARCKS (151-175) that is known to laterally
redistribute PI(4,5)P,on model membranes (Gambhir et al. 2004). In order to understand the
potential role of HIV-1 Gag in the lateral reorganization of lipids, its affinity towards to the
"basic" lipid membranes was first assessed. For that purpose, we performed Large Unilamellar
Vesicles (LUV) co-sedimentation assays (figure 3.2(A)) with increasing lipid concentrations and
keeping the protein concentration at 1uM. In parallel with Quartz Crystal Microbalance (QCM-
D), by monitoring the association of increasing protein concentrations (from 107> to 10 pM) to
Supported Lipid Bilayers (SLB) at constant lipid concentration (figure 3.2(B) and (D)). Plots of
lipid-bound proteins as a function of increasing concentrations of lipids (figure 3.2(C)) or protein
(figure 3.2(D)) allowed determination of apparent partition coefficients (Kp) for the different
proteins used. Except for MA, Kp obtained for other proteins were less than 1uM.
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Figure 3.2: Binding of FL-Gag and its mutants, Matrix, PH-EFA6 and MARCKS to "basic" lipid membranes
Part A: An example of co-sedimentation assay obtained for FL-Gag with increasing concentrations of 2% mol
PI(4,5)P, containing LUVs. Part B : Typical change in resonance frequency observed during QCM-D experiments
after addition of different proteins at different concentrations on a basic composition SLB. Part C and D : Binding
isotherm curve obtained from different co-sedimentation assays (Part C, n=3) and different QCM-D experiments
(Part D, n=2) for the different proteins used in this study. Experimental values were fitted using equation 4 for
cosedimentation assay and equation 8 for QCM-D results., Kp obtained from these binding isotherms are
summarized in table

Table 3.1: Apparent Kp of the different proteins used in this study

Method FL P39 WM MA PH-EFA6 [ MARCKS
Cosedimentation | 0.13+0.05 [ 0.66+0.44 | 0.56+0.26 | 1.72+1.05 | 0.88+0.27 -

assay

QCM-D 0.40+0.11 | 0.47+0.26 | 0.26+0.13 [ 7.16+£3.33 | 0.68+0.03 | 0.65+0.23
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Figure 3.3: Concentration dependence of self-quenching property of TopFluor® labelled lipids in LUVs (A)
TopFluor® PI(4,5)P, (B) TopFluor® Chol

Interestingly, the Kp values of MARCKS and PH-EFA6 (0.7 < Kp<0.8uM) were found to be in
the range of the one obtained for Gag (FL) and its mutants (0.2 < Kp< 0.8uM). This suggests
that the ratio of membrane-bound over total protein will be approximately equivalent for all these
proteins, allowing direct comparisons of their respective roles in the lateral sorting of P1(4,5)P-.
A higher affinity for FL-Gag as compared to its mutants can be justified by the recent finding:
NC domain of Gag can bind to lipid membranes with an apparent Kp as high as 7 uM on LUV
containing 5% of PI(4,5)P,(Kempf et al. 2015b). Oligomerization state can also be a contributing
factor towards higher affinities. Recent studies using LUV with the same lipid composition as
that of this study have also suggested that this increase in binding for FL Gag compared to MA
may reflect an oligomerization state of Gag. Moreover, this result also emphasizes that the
driving force for membrane association stems largely from ionic interactions between
multimerized Gag and negatively charged phospholipids than from myristate insertion(Dalton et
al. 2007). This is consistent with the differences of Kp values seen with the mutants of Gag
protein. Myr(-) FL-Gag with its HBR region, NC domain and the high oligomerizing property
has higher affinity for the LUVs than myr(-)Gag WM (HBR, NC domain & mild oligomerizing
property) & myr(-)Gag P39 (HBR & oligomerizing property). Myr(-) MA being the crippled off

NC domain & CA domain (for oligomerization) has a distinctively lower affinity.
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Figure 3.4:MARCKS peptide induced quenching of labelled PI1(4,5)P, containing LUVs (A) Figure obtained
from (Gambhir et al. 2004) for comparison, (B) Our data showing the results of MARCKS peptide induced
quenching of BT-PI(4,5)P, labelled PI(4,5)P, containing liposomes, in direct comparison with the 30% PS variant of
already published data. (C) Similar quenching profile observed when Bodipy-TMR is replaced with TopFluor®,
showing dye independent nature of MARCKS peptide in PI(4,5)P, clustering and (D) No significant difference in
the extent of MARCKS induced quenching with varied labelled TF-PI(4,5)P, concentration.

Overall, these findings emphasize that various domains & properties of the protein can affect the

overall affinity of the Gag protein towards the inner-let of the plasma membrane, especially

towards PI(4,5)P.

3.3.2 Self-quenching of TopFluor® labelled lipids:
To understand the lipid lateral redistribution property of Gag, we employed quenchable

variants of lipids. As explained in the Methods section, self-quenching process occurs when two

dye molecules align close enough (<50A) to quench and it is an efficient way to study the
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protein-lipid interactions. So, as the concentration of the dye molecules increases, the probability
of one molecule encountering the other also increases — inducing quenching. In this study, the
degree of self-quenching of TopFluor PI(4,5)P, in LUVs of basic composition (EPC, BPS &
PI(4,5)P; at 68%, 30% & 2%, respectively) was estimated by employing varied percentage of
labelled PI(4,5)Py(from 0.1, 0.25, 0.5, 1, 1.25, 1.5 & 2 while keeping the overall percentage of
PI(4,5)P, at 2%) containing LUVs. The data obtained clearly suggests that TopFluor PI(4,5)P,
does self-quench quite effectively as the concentration of the labelled dye increases within the
liposomes. Self-quenching of TopFluor PI(4,5)P, is in good agreement with the previously
published data for Bodipy-FL PI1(4,5)P,(Blin et al. 2008). Similarly, self-quenching properties of
the TopFluor labelled Cholesterol was also studied (figure 3.3(B)). Both the lipids have shown a

similar profile, suggesting the quenching properties are similar and comparable.

To compare the self-quenching properties of Bodpiy-TMR PI(4,5)P, with that of TF-PI(4,5)P,
used in this study, quenching experiments on LUVs using MARCKS peptide was performed.
The initial attempt was to reproduce the earlier work of Gambhir et al. 2004 (figure 3.4(A)) by
using increasing concentrations of MARCKS peptide on Bodipy-TMR/TopFluor® labelled
PI(4,5)P; containing LUVs (figure 3.4). We found that by substituting BT-PI(4,5)P, by TF-
PI(4,5)P; does not change the effect observed after addition of MARCKS peptide (figure 3.4(C))
(neither at 1% or 2% molar concentration of the TF labelled lipid (figure 3.4(D)), confirming that

the interaction is dye independent.

3.3.3 HIV-1 Gag Multimerization induces lateral reorganization and nanoclustering of
P1(4,5)P, in model membranes (LUVs/SLBs/GUVs)

3.3.3.1 On LUVs

Lateral redistribution of lipids along the membrane is the hallmark of various proteins that have
an affinity for a specific lipid types. Proteins like AnnexinA2-pll (Gokhale et al. 2005),
MARCKS peptide (Gambhir et al, 2004) & Profilin (Krishnan et al. 2009) were proven to cluster
PI(4,5)P, on model membranes. Although, in most PI(4,5)P, clustering protein studies, self-
quenching dyes labelled variants of PI(4,5)P, were used, only MARCKS peptide & Profilin were
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Figure 3.5:P1(4,5)P, lateral reorganization induced by Gag multimerization on basic composition liposomes
(A) Typical time course of TF-PI(4,5)P, fluorescence on LUVs after addition of the different proteins or peptide at a
P/PTPacc2 = 10. (B) Relative quenching values observed for FL-Gag, its mutant, MA and PH-EFA6 onLUVs (mean
+ s.d. values of n > 3 for each P/PIPacc2 conditions, except P39(2 < n < 3)). (C) Relative weights from the bi-
exponential fit of fluorescence time course obtained for various P/PI(4,5)P,* of FL-Gag, WM & P39.

able to induce self-quenching by closely clustering Bodipy-TMR labelled P1(4,5)P,. Keeping this
in mind, we have performed quenching based experiments to study the myr(-) FL-Gag ability to
sequester TopFluor® labelled P1(4,5)P, on model membranes.

In order to understand the possible lateral reorganization of PI(4,5)P, during Gag interaction &
multimerization, we then performed acquisition of fluctuations in the intensity of overall
fluorescence with time upon protein interaction with the TF-PI(4,5)P, containing LUVs. When
monitoring the change in TF-PI(4,5)P, fluorescence after addition of Gag or its mutant for
"basic" LUVs, we observed an increase in TF-PI(4,5)P, fluorescence (figure 3.5(A)) opposite to
that of MARCKS peptide. From figure 3.5(A), it was evident that addition of increasing

concentrations of FL-
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Figure 3.6: PI(4,5)P, lateral reorganization induced by Gag multimerization on basic composition SLBs(A)
Typical time course of TF-PI(4,5)P, fluorescence on SLBs after addition of the different proteins or peptide at 1 pM.
(B) Fluorescence time course of TF-PI(4,5)P, after addition of increasing FL-Gag concentrations on different SLBs.

Gag, P39 and WM induced an increasing fluorescence unquenching of TF-PI(4,5)P,. On the
other hand, adding increasing concentrations of MA did not generate any change in the
fluorescence of TF-PI(4,5)P,. Identically, PH-EFA6, known to specifically bind PI(4,5)P,
without reorganising its lateral distribution, did not produce any effect either (figure 3.5(A) or
(B)). Figure 3.5(C) is depicting a characteristic change in fluorescence intensity over time for a
5:1 P/PI(4,5)P,acc ratio. A fit of these fluorescence time courses with an arbitrary bi-exponential
increase (see material and methods) was used to determine the presence or absence of a two-step
process and to measure, when present, their respective weights (namely A for the short life- time
(1 <50s) and Ay for the long lifetime (200< 2 <500s)). As stated previously, one would expect
multimerization to occur after binding. In that perspective, we plotted the ratio A2/A; of P1(4,5)P,
de-quenching as a function of P/PI(4,5)P,acc for FL-Gag and WM (the multimerization mutant).
Interestingly, FL-Gag overcame a Az/A+= 1 threshold at P/PI(4,5)P,acc = 2 ratios, showing that
the long lifetime step of the unquenching process occurs even at low concentrations of FL-Gag.
On the opposite, within the range of protein concentrations used in this study, WM, A/A; never
reached one even at the highest concentration, P/PI(4,5)P,acc = 10. A major difference between
the MA and the precursor proteins (FL-Gag, P39 and WM) is their capacity to form large
oligomer complexes via the CA-CA interactions (Datta, Curtis, et al. 2007a), although WM is
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less efficient (two orders of magnitudes in solution) in supporting this oligomerization (Fung and
Stryer 1978). Interestingly, this fluorescence unquenching was always less efficient in the case of
WM compared to FL-Gag (from 3 to 5 times), indicating that this fluorescence variation could be

an outcome of the Gag to multimerization capacity.

3.3.3.20n SLBs:

Although LUVs provided a simple, reliable and easy to control model membranes, the
Gag multimerization usually occurs on membranes with zero or no radius of curvature.
Therefore, time course fluorescence quenching of TF-PI(4,5)P, was also conducted on "basic"
SLBs that resemble the real world scenario. For FL-Gag and P39, the TF-PI(4,5)P, fluorescence
intensity changed on SLBs (figure 3.6) and was opposite to the one observed with LUVs (figure
3.5) while still being a function of the protein concentration (figure 3.6(B)). As it was the case
for LUV, the TF-PI(4,5)P, quenching induced on SLBs after the addition of WM mutant was
less efficient than in the case of FL-Gag. While PH-EFA6 and MA did not induce any changes in
TF-PI(4,5)P, fluorescence (figure 3.6(A)), interestingly, the same figure depicts that MARCKS
peptide addition induced the same TF-PI(4,5)P, quenching on SLBs, as it was the case on LUVs
(see figure 3.4). These results conclude that despite the opposite effects observed with change in
model membrane curvature, multimerization of HIV-1 Gag is laterally reorganising TF-

PI(4,5)P,.

3.3.4 Quantifying oligomerizing state of HIV-1 Gag and its multimerization mutant

Apparent affinity studies on HIV-1 myr (-) Gag mutants (FL, MA, P39 & WM) revealed
the role of NC domain and oligomerizing capability of the protein in enhancing the affinities of
the protein towards LUVs with basic lipid composition. While NC domain’s ability to bind lipids
has been established very recently, the oligomerization properties are not well characterized.

Although in the presence of high ionic strength buffer; isolated CA can self-assemble into hollow
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Figure 3.7: Multimerization induces lateral reorganization of PI(4,5)P,. Typical blot observed for WM and FL-
Gag at two different P/PI(4,5)P," and its quantification in terms of the relative proportion of n-mers in the total
protein (mean = s.d., n=3).

cylinders (Ganser-Pornillos et al. 2004), Gag requires low ionic strength (< 300 mM sodium
chloride) to oligomerize and subsequently assemble. In vitro studies revealed that myr(-)
GagApb6 exists at a monomer-dimer equilibrium in solution (Datta, Zhao, et al. 2007)(Deshmukh,
Ghirlando, and Clore 2015)& in the presence of IP6, it shifts to a monomer-trimer equilibrium
(Datta, Zhao, et al. 2007). Further, in a similar study, the myr(-)GagWMAp6 was shown to exist
primary as a monomer and its dimerizing capacity has been found to be ~100 folds lower when
compared to FL-Gag(Datta, Curtis, et al. 2007a). Apart from the oligomerization state in
solutions & IP6, no study has been done on the oligomerization state in the presence of actual
lipids and on bilayers. In this study, we tried to differentiate the oligomerizing capability of
myr(-) FL-Gag& myr(-) Gag WM in the presence of LUVs with basic lipid composition using a
non-denaturating gel electrophoresis. From figure 3.7, it is evident that myr(-) FL-Gag can even
oligomerize at lower P/LPI(4,5)P2).acc) concentrations compared to myr(-) Gag WM. But when
compared to the difference found in solution (~100 folds), the difference sensed in the presence
of actual lipids is rather low. This could be because the apparent concentration on the surface of
a 100 nm vesicle must be way larger than in solution and the probability of encountering a

partner to form a dimer or trimer is high. Considering the results from interaction with IP6, in the
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presence of actual lipid, PI(4,5)P,, one can obtain more than just dimers or trimers— even
multimers. The result obtained for WM was only two times less efficient than FL-Gag in
multimerization capacity (figure 3.7). Furthermore, this ratio was in the range of the relative
efficiency of TF-PI(4,5)P, unquenching observed between FL-Gag and WM — supporting the

role of Gag multimerization in the observed TF-PI(4,5)P, fluorescence changes.

3.3.5 Opposing effects on LUVs and SLBs by Gag multimerization

3.3.5.1 Effect of probe and probe concentration on fluorescence quenching

We tried to study the possible role of dye and dye concentration on the opposing effects
we observed on model membranes with a difference in curvature. We first conducted
experiments on the same “basic” composition LUVs but with a different labelled P1(4,5)P, (BT-
PI(4,5)P,) and compared to the results obtained with LUVs containing TF-PI(4,5)P,. Figure
3.8(A) shows a good reproduction of the BT-PI(4,5)P, quenching published in (Gambhir et al.
2004). In the same figure, substituting BT-PI1(4,5)P, by TF-PI(4,5)P, does not change the effect
observed after addition of MARCKS peptide, either at 1% or 2% molar concentration. Knowing
that TopFluor labelled PI(4,5)P, does self-quench and its dependence on concentration, we also
tested the quenching concentration dependency of TF-PI(4,5)P, upon addition of different FL-
Gag concentrations (figure 3.8(B)). Again, we did not observe any drastic change with different
dye molar ratios. All these results show a weak dependency of the induced P1(4,5)P; clustering
upon the nature of the fluorescent dye and its molar concentration in the LUVs. We then
performed a similar experiment on SLBs to ascertain that the opposing effect is not due to the
dye concentration. Figure 3.8(C) and (D) show the change in fluorescence of either TF- or BT-
labelled PI(4,5)P, after FL-Gag addition at different concentrations. At low FL-Gag

acce

concentration (i.e. equivalent to small FL-Gag/P1(4,5)P,™"), we could see differences depending
on the molar concentration and the nature of the fluorophore in the normalized fluorescence
value (0.4 for TF-PI(4,5)P, and 0.2 for BT-PI(4,5)P,). Importantly, these differences faded with
increasing FL-Gag concentration. At FL-Gag concentrations above 200 nM, the fluorescence of
either different dye molar ratio (figure 3.8(D)) or chemical nature always fall down to 0.2 0.1.

We concluded that at labelled lipid saturating FL-Gag
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Figure 3.8: Quenching and unquenching observed for different Bodipy derivatives labelled lipids at different
molecular ratio in LUVs and SLBs (A) Effect of MARCKS peptide on fluorescence quenching of Bodipy
derivatives labelled lipids in LUVs. Black : Relative quenching of BT-PI(4,5)P, in different LUVs (Closed square,
98% PC, 1% PI(4,5)P,,0pen square : basic composition. Red : Relative quenching of TF-PI(4,5)P, at 1% mol (open
square) or 2% mol(closed circle) in basic LUVs. (B) Effect of two different TF-PI(4,5)P,molar concentrations (2%
and 0.5%) on the fluorescence unquenching induced by FL-Gag in basic LUVs. (C) and (D) : Typical fluorescence
change after addition of 50nM (C) or 200nM (D) FL-Gag of different Bodipy derivatives labelled PI(4,5)P, at

different molar concentrations (1% or 2%) on basic SLBs

concentrations, the nature and the concentration of the dye do not have any influence on the

relative fluorescence decrease nor on the opposing effects observed between LUV and SLB upon

Gag interaction.
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3.3.5.2 Quenching/Unquenching and membrane curvature

BT-labelled lipids clustering generally induce fluorescence quenching on LUVs (figure
3.4(A)), i.e. fluorescence decrease (Gambhir, et al. 2014). Therefore,

A LUV B SLB

Before Before

3 3
8 3
. =
E o
——— Before (set1and 2) ———e== Before and After 50 nM FLGag
—— After FL Gag (P/L__=10) || ———e== Before and After 200 nM FLGag
1 y " | 1 —11 1 1
3 p 5 5 3 4 5 6
E t(ns) F t(ns)

B i
Pt e e -m""um"’ww
N s anssaanasssst’

T
Y 5 tl

r

Figure 3.9:. TF-PI(4,5)P, fluorescence lifetime change upon FL-Gag addition (A) and (B): Fluorescence
lifetime images before and after addition of FL-Gag in a LUV solution ( (A), P/L*,..= 10) or on SLB ((B), 200nM).
(C) and (D): Fluorescence lifetime distributions before and after addition of FL-Gag. Part C exhibits two different
measurements (red and black) in two different LUV solutions before (thin line) and after (thick line) addition of FL-
Gag at P/L*,..= 10 ratio. Black arrows show the direction of the change in the mean lifetime from short (1) to long
(12). Part D exhibits two different measurements on two different SLBs before (thin line) and after (thick line)
addition of FL-Gag at 50 nM (black) or 200 nM (red). Black arrows show the direction of the change in the mean
lifetime from long (1) to short (t;). (E): Schematic explanation of the opposite change in fluorescence lifetimes
upon addition of FL-Gag for LUV and SLB containing TF-PI(4,5)P,.
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unquenching observed in this study upon Gag and its mutant addition was unexpected.
Nevertheless, this TF-PI(4,5)P,unquenching result has also been observed with another viral
protein, Newcastle disease virus M protein (Shnyrova et al. 2007). Shnyrova et al. suggested that
the decrease of dynamic quenching due to lipid clustering upon addition of virus M protein could
be responsible for this unquenching (Shnyrova et al. 2007). So, a possible role for the dynamic

quenching to produce opposite effects on LUVs and SLBs has been examined.

Two different types of fluorescence quenching may occur, i.e. the dynamic quenching (Qd) and
the static quenching (Qs). Overall, the total quenching (QT) can be simply described by:
Qr =Qq + 0s Eq: 24

To simplify, dynamic quenching reflects the possibility of the quencher to collide with an excited
fluorescent molecule. It is proportional to the quencher concentration (here TF-P1(4,5)P;) and the
temperature. Static quenching reflects the possibility of the quencher to form a complex with the
quenched molecule at the ground state. This complex then becomes non-fluorescent. Both types
of quenching (dynamic and static) induce fluorescence intensity that decrease with increasing
concentration of the quencher. But, only an increasing dynamic quenching will result in
decreasing the fluorescence lifetime of the quenched molecule (for more details, see section
2.4).Therefore, to understand the respective role of dynamic and static quenching of the TF-
PI(4,5)P, after FL-Gag self-assembly on SLBs and LUVs, we acquired fluorescence lifetime
images. The fluorescence lifetime of a dye exposed to dynamic quenchers is expected to
decrease with increasing quencher concentration. Figure 3.9 (A) to (D), depicts the change in
lifetime observed on LUV (part A and C) or SLB (part B and D) upon FL-Gag addition.
Interestingly an opposite tendency has been observed. In the case of LUV, before addition of FL-
Gag, the lifetime distribution is centered at T, = 3.2 £ 0.1 ns and it is moved to a higher lifetime
valuet, = 5.1 £ 0.8 ns after FL-Gag addition (FL-Gag/TF-PIPacc2 =10). On the opposite, SLB
already exhibit two different lifetimes, respectively centered at 7,= 3.6 + 0.3 and 1,= 4.4 + 0.4
before FL-Gag addition. The first lifetime centered at 3.6 + 0.3 is close to the one observed for
LUVs and is likely due to the presence of vesicles not totally fused with the rest of the SLB.
Upon FL addition, the mean lifetime decreases slightly in the case of SLB instead of increasing.
The photophysics of TF lipid derivatives is poorly documented (Boldyrev et al. 2007).
Nevertheless, Karolin et al. measured lifetimes of tetra-methylbodipy (3,3’,4,4’-difluoro-1,3,5,7-

[ 85 L




tetramethyl-4-borato-3a-azonia-4a-aza-s-indacene) which is the closest chemical structure to the
TF label in lipid derivatives. They have shown the existence of two different lifetimes t; = 5.3
ns, in acetone and 3.0 <1,< 3.7 ns, when the dye was quenched with different dynamic quenchers
(Karolin et al. 1994). The fluorescence lifetimes obtained in this study are consistent with these
values and suggest that before FL-Gag addition, the dynamic self-quenching contribution to the
total self-quenching is higher in curved membranes (LUVs vs SLBs) than after FL-Gag addition.
As represented in the scheme of figure 3.9(E), multimerizing Gag and its mutants can impose a
strong local curvature to the membranes. This curvature is opposite to the one of LUVs and
could have therefore induced a local "flattening" of LUV, whereas on the opposite it will induce
a local curvature on flat SLBs. Formulated in terms of respective quenching type contributions, it
can be written as:

Qld << Qd! fOT' LUV
Qld > Qd! fOT' SLB

The two components of quenching are additive in the case of SLBs and opposite in the case of

Qgag = Q'¢ + Q' With{ while Q' > Q, for LUV and SLB Eq: 25

LUVs. This could explains why the fluorescence changes seen with TF-PI(4,5)P; are inverted in
membranes with opposite curvature upon Gag addition and why their absolute value is more
important in SLB than in LUV. Supporting this hypothesis, MARCKS peptide, which is not
inducing any curvature lead to the same overall quenching of TF-PI1(4,5)P, on flat and curved

membranes.

3.3.6 HIV-1 Gag Multimerization induces nanoclustering of PI(4,5)P, on model membranes

To emphasize the quenching effect observed in this work, Gag interaction on SLBs was
further monitored using FRAP experiments — before and after addition of FL-Gag to assess
clustering of PI(4,5)P,. The upper limit of Gag multimer diffusion coefficient (D) was assumed
to be 0.01 pm’.s '(Hendrix et al. 2015). Considering that clustered PI(4,5)P, in Gag multimer
will diffuse with the same coefficient, the fluorescence of TF-PI(4,5)P; in a 1um radius bleached
area containing multimers should not totally recover after 15s (figure 3.10(A)). In the absence of
FL-Gag, fractional fluorescence recovered to 1, as expected for freely diffusing lipids (figure
3.10(B)). On the opposite, addition of increasing FL-Gag concentrations induced a decrease in

PI(4,5)P; fluorescence fractional recovery, corresponding to the observed fluorescence
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Figure 3.10: PI(4,5)P, nanoclusterization induced by Gag multimerization on basic composition lipid
membranes (SLB/GUV). (A) Schematic representation of the effect of an immobile fraction on the fractional
recovery. Upper part, without FL-Gag, 15s after bleaching, the concentration of fluorescent TF-PI(4,5)P, fully
recovers, i.e. the fractional recovery = 1. Lower part, 15min after Gag addition, 15 s after bleaching the Gag trapped
PI(4,5)P, appears immobilized leading to a fractional recovery less than 1. (B) Plot box of the fractional recoveries
obtained from FRAP measurements before and after addition of increasing concentration of FL-Gag on the same
SLB (Boxes are 25, 75% with bars max and min values of n> 15, *** : p < 10 for Student t-test at 0.01 confidence
level). (C) Left, localization of TF-PI(4,5)P, (in green) and Alexa 594 FL-Gag(A594-FL-Gag) (in red) in a basic
composition GUV. Scale bar is Sum. (D) Right, autocorrelation of the fluorescence intensities of TF-PI(4,5)P, (in
green) and A594-FL-Gag (in red), (mean + s.d, n=4) (E) A594-tagged P39 binds to TF-PI(4,5)P, labelled GUVs (F)
A594-tagged WM binds uniformly on TF-PI(4,5)P, containing GUVs with basic composition. Scale bar corresponds

to 10 pm.
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quenching (figure 3.6(B)). This clearly confirms that Gag multimerization generates PI1(4,5)P;
clusters. In order to visualize these clusters, we imaged the surface distribution of TF-PI(4,5)P,
and a fluorescently labelled FL-Gag in "basic" GUVs. Both PI(4,5)P, and FL-Gag showed a
uniform distribution over the surface of the GUV (figure 3.10(C)). Moreover, fluorescence
spatial auto-correlation of both PI(4,5)P, and FL-Gag (figure 3.10(D)) exhibited a fast
decorrelation. This shows that the cluster sizes are less than 200 nm. Our data clearly suggest
that HIV-1 Gag is sorting PI(4,5)P, in the lipid membrane and that Gag multimerization is
responsible for generating these PI(4,5)P, nanoclusters in model membranes. This is significant
because we found a difference in the efficiency of quenching/unquenching when we employed a
non-multimerizing protein like EFA6-PH. Despite affinity studies revealed that the EFA6-PH
does interact with the model membranes with similar affinities like that of Gag and its mutants,
we haven’t observed any quenching/unquenching on LUVs or SLBs by EFA6-PH. This confirms
that it is the multimerizing property of Gag that is responsible for this quenching/unquenching of
labelled PI(4,5)P.. Further, other Gag mutants, P39 and WM were also labelled and checked for
their ability to bind PI(4,5)P, containing GUVs. Figure 3.10(E) and (F) demonstrates that the

mutants do bind the basic composition GUVs.

3.3.7 Line-Scan FCS on TF-PIP2 labelled basic SLBs

More strong evidence for the lipid binding & clustering can be obtained by studying the
diffusion of those lipids before and after protein interaction. From the figure 3.11, it is evident
that the addition of Gag decreases the diffusion of the TF-PI(4,5)P, present in the SLB. While
correlation carpets are visibly distinct from each other (figure 3.11 (a) and (c)), the
autocorrelation curves derived from these carpets exhibited a single component (figure 3.11(b)),
when there is no Gag and two components (figure 3.11(d)), in the presence of Gag. Histograms
of the diffusion time revealed that the diffusing components changed from a highly
monodisperse group (black) to a polydisperse group (red) after the addition of Gag (figure
3.11(C)). In this polydispersity, the minimum diffusion time of the lipid (0.1 pm?/sec) is 10 times
more than the diffusion of the lipids before the addition of Gag (1.19 pm?/sec). Further, there are

two distinct groups with one peak having a diffusion coefficient of 0.1 pm?*/sec and the other at
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Figure 3.11: Line-Scan FCS of TF-PIP, labelled basic SLBs before and after addition of FL-Gag. (A)
Before addition of FL-Gag and (B) After addition of FL-Gag. (a) and (c) correlation carpet, (b) and (d) the fitting
of the autocorrelation curves generated out of the correlation carpet. (C) the histograms of lipid diffusion before
and after addition of FL-Gag (n=5).

0.004 pm®/sec. This suggests that there are multiple diffusing components after the addition of
FL-Gag. Finally, the data from line-scan FCS & FRAP experiments concludes that Gag is
trapping TF-PI(4,5)P-.
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MA trimer MA-CA dimer

Figure 3.12: Comparing the distances of adjacent HBR regions in MA trimer and MA-CA dimer. (A) MA
trimer obtained from PBD, ID-1hlw, showing the distances from adjacent HBR regions. (B) MA-CA dimer
generated using I-TASSER suite, Spring software at 4A RMSD, spring score of 16.8 and TM score above 0.5.

3.3.8 Multimerization property of Gag and its domains

CA-CA interaction is considered as the prime multimerizing initiation factor during the
assembly of the HIV-1 Gag. CA domain is known to form hexamers and pentamers, apart from
dimers (Pornillos et al. 2009; Zhao et al. 2013). From the literature, it is evident that not only
ionic interactions of protein domains with lipid molecules help in membrane association but also
the multimerization of these domains do play a role in the membrane attachment (van den
Bogaart et al. 2011; Dalton et al. 2007). From the results obtained here, all the proteins that have
a CA domain were able to cluster PI(4,5)P, molecule, irrespective of the efficiency of
multimerization (figure 3.6). This suggests that multimerization is a crucial property that has a
significant effect in the Gag assembly. Nevertheless, another Gag domain that is also known to
form multimers is the Matrix domains. MA domain of HIV-1 Gag alone can form trimers (Hill et
al. 1996) and even hexamer of trimers at high concentrations (Alfadhli et al. 2007). In spite of its
ability to form trimers and even having the HBR region, our results suggest that the domain is
not efficient in clustering PI(4,5)P, as reported through quenching experiments (figure 3.5 (A)
and 3.6(A)). Typically, for quenching to occur the foster radius has to be less than S0A. When

we measure the distance between the HBR regions in trimer of MA produced from
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Figure 3.13: Multimerization property of MLV Gag and its ability to quench TF-PI(4,5)P,. (A) Concentration-
dependent quenching of TF-PI(4,5)P, by MLV Gag on basic composition SLBs (n=2). (B) and (C) Sedimentation
analysis of MLV gag and HIV-1 Gag at various concentrations using analytical ultra-centrifugation, reproduced
from (Datta et al. 2011).

Table 3.2: Monomer-dimer equilibrium of MLV Gag and HIV-1 Gag proteins

Gag Protein Kd (uM)
HIV-1 ~5
MLV ~400

NMR data, they lie as far as 57A from each other (see figure 3.12(A)). On the contrary, a dimer
of MA-CA generated using Spring protein-protein interactions software has it HBR regions
rather closer than in MA trimer ie., the HBR regions are separated by 18A, only in case of MA-
CA dimer (figure 3.12(B)). At this distance, it is highly likely that the lipids clustered by CA
containing Gag proteins can undergo quenching. In support of the multimerization role in
effecting the nano-clustering and thus quenching of TF-PI(4,5)P,, we have performed
experiments with MLV Gag protein on SLBs (figure 3.13(A)). When compared with that of
HIV-1 Gag quenching results (figure 3.6(A)), MLV Gag has not affected significant quenching
to the TF-PI(4,5)P, containing SLBs. Interestingly, Datta et al. 2011 have compared the
multimerizing capacities of the two proteins of the viruses. Figure 3.13 (B) and(C) represent the
multimerizing efficiency of the two proteins when studied using analytical centrifugation

technique.
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Figure 3.14: Gag multimerization is sorting cholesterol but not sphingomyelin. A and B: Typical fluorescence
time course after addition of increasing FL-Gag concentrations on substituted basic SLBs labelled with TF-SPM (A)
or TF-Chol (B) (n=2) (C) Fluorescent intensity time course of high concentration (5 pM) MA interaction with basic
SLBs labelled with TF-Chol (n=3).

Sedimentation velocity data reveals that at all concentrations tested there observed only a single

peak in case of MLV Gag (suggesting a monomeric state) but in the case of HIV-1 Gag there is

always a short peak and a long peak (suggesting a multimeric state). Moreover, the authors

calculated that the monomer-dimer equilibrium is very high for MLV Gag when compared to

that of HIV-1 Gag — making it difficult to multimerize (table 3.2). These results further confirm

that it is the multimerization property that is responsible for the quenching observed in case of

HIV-1 Gag protein.
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3.3.9 Cholesterol but not sphingomyelin is sensitive to HIV-1 Gag multimerization

Many findings on HIV-1 assembly process support the involvement of Cholesterol (Chol) and
Sphingomyelin (SPM) in the form of rafts. Literature evidence like the enrichment of cholesterol
and sphingomyelin in the envelope of produced virus and cholesterol induced enhancement of
protein targeting to the plasma membrane helped promote the idea of HIV-1 Gag assembly
towards raft domains. Since Chol and SPM are the main components of raft domains, their
enrichment into the Gag multimerization induced PI(4,5)P, nanoclusters was assessed. 2% mol
of egg phosphatidylcholine (EPC) present in our "basic" lipid composition, were substituted
either by SPM or by Chol with half of them being labelled with TF derivatives (see table 2.1).
This substitution allowed the net surface charge and the PI(4,5)P, content to be maintained,
limiting any drastic change in the partitioning constant (Kp). Time course fluorescence change of
either TF-SPM or TF-Chol was then monitored after FL-Gag addition. Figure 3.14(A) shows that
FL-Gag addition had no effect on TF-SPM fluorescence whereas there observed an increasing
quenching of TF-Chol with increasing concentrations of FL-Gag (figure 3.14(B)), as it was the
case for TF-PI(4,5)P, (figure 3.6(B)). While the protein is known to have an affinity for
cholesterol (Dick et al. 2012), this is the first time anyone has ever shown a direct proof of
cholesterol clustering by Gag. However, when a similar experiment was performed with high
concentrations of MA protein (5 uM), there observed no change in the fluorescence intensity of
the SLB (figure 3.14(C)). Once again confirming that multimerization property of Gag is

responsible for this clustering of lipids.

3.3.10 Co-clustering of lipids by Gag on SLBs

Co-clustering of different lipids was assessed by simultaneously monitoring the change in
fluorescence upon addition of FL-Gag with either TF-SPM and BT-PI(4,5)P, or TF-Chol and
BT-PI(4,5)P, labelled SLBs.TF-Chol and BT-PI(4,5)P, have been recently shown to exhibit
Forster resonance energy transfer (FRET) (Wang YH, Bucki R 2016). We examined the
possibility for TF-SPM (donor) and BT-PI(4,5)P, (acceptor) to achieve FRET in the "basic" SLB
used (figure 3.15). A typical x, y image of a basic SLB labelled with TF-SPM (green) and BT-
PI(4,5)P; (red) shows the good mixing properties of both dyes (figure 3.15(A)). To test the
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Figure 3.15: SLB TF-SPM fluorescence increase upon BT-PI(4,5)P, photobleaching (A) Confocal Laser
Scanning images of basic SLB (part A) labelled with TF-SPM (green), BT-PI(4,5)P, (red) and their overlay showing
a good miscibility at a sub-micrometer scale. (B) Mean recovery curve (n= 20 on 4 different SLBs) obtained after
pulsed photobleaching of BT-P1(4,5)P,.

occurrence of FRET in these SLBs, we repeated photobleaching of the acceptor (BT-PI(4,5)P,)
and monitored the fluorescence changes of both TF-SPM and BT-PI(4,5)P, (n=20 on 4 different
SLBs). As depicted in figure 3.15(B), BT-PI(4,5)P, exhibits a fluorescence recovery after
bleaching with a fractional recovery close to 1. Interestingly, immediately after the end of the
acceptor photobleaching pulse, TF-SPM exhibited an apparent increase in fluorescence which is
a characteristic of loss in FRET. Moreover, this increased TF-SPM fluorescence decreases with
increasing fluorescence of BT-PI(4,5)P, showing that FRET increase again with unbleached lipid
remixing. This clearly confirms the existence of FRET between TF-SPM and BT-PI(4,5)P, when
these two lipid derivatives are present in the SLB. Donor FRET efficiency is a function of
acceptor concentration in the lipid bilayer (Fung and Stryer 1978). FRET decreases when
acceptor concentration decreases, leading to donor fluorescence increases. TF-Chol and BT-
PI(4,5)P, exhibited simultancous quenching after addition of various concentration of FL-Gag,

suggesting
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Figure 3.16: Co-clustering of P1(4,5)P, and Cholesterol by Gag(A) and (B): Simultaneous fluorescence time
course after addition of increasing concentrations of FL-Gag on substituted basic SLBs labelled with TF-SPM (in
green) and BT-PI(4,5)P, (in red) (A) or TF-Chol (in green) and BT-PI(4,5)P, (in red) (B). (C) Schematic
representation of un-mixing due to FL-Gag multimerization. Concentration of BT-PI(4,5)P, out of the clusters is
decreasing, inducing an increase in fluorescence of TF-SPM.

that TF-Chol and BT-PI(4,5)P, are co-clustered in Gag multimerization induced nanodomains.
Interestingly, TF-SPM exhibited an apparent unquenching after Gag addition while BT-P1(4,5)P,
was still quenched. Apparent unquenching of TF-SPM upon addition of FL-Gag only occurred
when BT-PI(4,5)P, was present in the lipid composition (figure 3.16(A) vs figure 3.14(A)). We,
therefore, examined whether TF-SPM (as a donor) and BT-PI(4,5)P, (as an acceptor) were
exhibiting Forster type energy transfer (FRET) (figure 3.15(B)). This is what we observed in
figure 3.16(A), and, more interestingly, this is also what is seen in figure 3.16(B). This shows
that during P1(4,5)P; clustering, the outside BT-PI(4,5)P, (acceptor) concentration is decreasing,
while the outside cluster TF- SPM (donor) concentration remained unchanged. This can be
interpreted as a nano-unmixing of SPM and PI(4,5)P, during FL-Gag multimerization (figure
3.16(C)). Since donor FRET efficiency is a function of acceptor concentration in the lipid
bilayer, FRET will decrease when acceptor concentration decreases. This loss in FRET will

induce an
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Figure 3.17: Gag PI(4,5)P, and Cholesterol nanoclustering in complex membrane models(A) relative
quenching of at different P/P1(4,5)P;,c ratio. Mean + s.d., n>3) or SLBs ((B) Typical time course of TF-PI(4,5)P,
fluorescence addition of 1 uM FL-Gag. (C) Simultaneous fluorescence time course obtained on "inner leaflet" SLBs
for BT-PI(4,5)P, (in red) and in green TF-SPM (left panel) or TF-Chol (right panel). (D) Simultaneous fluorescence
time course obtained on "raft" SLBs for BT-PI(4,5)P, (in red) and in green TF-SPM (left panel) or TF-Chol (right
panel).

increase in the donor fluorescence (TF-SPM). Because Gag multimerization only clusters BT-
PI(4,5)P,, the BT-PI(4,5)P, concentration out of these clusters is decreasing. This decrease is
responsible for the apparent unquenching of TF-SPM fluorescence. Altogether, these results
show that HIV-1 Gag multimerization is generating PI(4,5)P, and cholesterol nanodomains while

excluding sphingomyelin.

3.3.11 Gag interaction on complex lipid mixtures

Cell PMs are complex lipid mixtures. The presence of other lipids can potentially affect the
interaction or the partition of the protein. This lead us to examine the possible role of lipid
complexity on the lateral sorting of PI(4,5)P,, Chol and SPM during HIV-1 Gag (FL-Gag)

multimerization. For that purpose, we used two different lipid mixtures mimicking either the
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inner leaflet of cells PM ("inner-leaflet") or a "raft" containing lipid mixture (table 2.2). We first
compared the effect of FL-Gag multimerization on P1(4,5)P, clustering for all the three different
lipid compositions used in this study. No change in TF-PI(4,5)P, fluorescence unquenching
(LUVs, figure 3.17(A)) or quenching (SLBs, figure 3.17(B)) could be clearly detected. This
showed that Gag has the ability to equivalently cluster the PI(4,5)P,, independently of the
surrounding lipids chemical nature. We then tested Chol and SPM ability to partition into these
FL-Gag induced PI(4,5)P, nanoclusters either using "inner leaflet" SLBs (figure 3.17(C)) or
"raft" containing SLBs (figure 3.17(D)). TF-Chol, TF-SPM and BT-PI(4,5)P, exhibited the same
fluorescence time course upon FL-Gag addition as the one observed in the "basic" SLBs. These
results showed that Gag multimerization induced PI(4,5)P, nanoclusters in complex lipid

mixtures were also enriched in Chol, but not in SPM.

3.3.12 HIV-1 Gag PI(4,5)P, and cholesterol nanoclustering mainly occurs in liquid
disordered lipid phases

Finally, as observed for "basic" lipid composition GUVs (figure 3.10(C)), the surface
distribution of labelled FL-Gag and PI1(4,5)P, on "inner leaflet" GUVs (figure 3.18(A)) did not
exhibit any phase separation above the diffraction limit. On the opposite, labelled FL-Gag was
essentially restricted to Ld phases in the "rafts" GUVs (figure 3.18(C) and (B)). Since these three
lipid compositions are favorable to FL-Gag multimerization, it seems reasonable to expect that
the multimerization will mainly occur in the Ld phase. Further ascertaining the preference of
Gag for Ld regions, we have carried out temperature induced partitioning of the bound Gag on
GUVs (figure 3.18(D)). Initially, the protein was allowed to bind TF-labelled GUVs at 37°C.
Later, the GUVs were cooled down gradually to lower temperatures. At around 31°C, A594-FL-
Gag bound GUVs of phase separating composition started to partition into L.d and Lo domains.
Importantly, Gag bound to the TF-PI(4,5)P, (1%) or un-labelled PI(4,5)P, (6.5%) partitioned
only into Ld phase of the GUV. For the same lipid composition, a multimerizable derivative of
MA protein preferentially partitioned into Ld phase (Keller, Krausslich, and Schwille 2013) like
that of FL-Gag. These results emphasize that Gag protein interacts with PI(4,5)P; in the Ld phase
but not Lo phase.
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Figure 3.18: Preferential partitioning of Gag on GUVs. TF-PI(4,5)P, fluorescence changes in lipid membranes of
different composition (basic, Inner Leaflet, Raft) using LUVs (A) and (C) Localization in "inner leaflet" GUVs (Part
A) or "Raft" GUVs (Part C) of TF-PI(4,5)P,(in green), A594 FL-Gag (in red) and GMI, a raft partitioning
ganglioside, labelled with Alexa 647 cholera toxin B (A647 Ctx-B) (in blue) and images overlay (Merge). Scale bar
is Sum. (B) Partitioning in Lo and Ld phase of "raft" GUVs for A594 FL-Gag, TF-PI(4,5)P, and A647-CtxB mean +
s.d., n=25 GUVs. (D) Partitioning of A594 FL-Gag and TF-PI(4,5)P, into Ld phases upon cooling from 37C to 24C
Scale bar is Spum (n=4).
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3.4 Conclusions:

Although the MA domain is primarily responsible for HIV-1 Gag binding to the PM, the ten
times higher apparent affinity for membrane models observed here, in the case of FL-Gag, P39
and WM, confirms that the NC domains and CA-CA multimerization of Gag are involved in
efficient membrane binding. Indeed, the NC domain of Gag alone has recently been described to
bind to PI(4,5)P, containing lipid membranes with an apparent Kp as high as 7 uM (Kempf et al.
2015a). It has also already been shown that the driving force for membrane association stems
largely from the ionic interactions between multimerized Gag and negatively charged
phospholipids (Dalton et al. 2007). Here, we show that FL-Gag multimerization not only plays a
role in membrane binding but, more importantly, in generating PI(4,5)P, and cholesterol
enriched lipid nanodomains in the membrane. Supporting this theory, a similar view on the role
of multimerization in reorganising micro-domains has been discussed earlier elsewhere (Hogue,
Llewellyn, and Ono 2012). As a general mechanism, proteins with basic interfaces can recruit
acidic lipids that, in turn, can facilitate recruitment and clustering of these proteins into
nanodomains (van den Bogaart et al. 2011). A similar cooperative mechanism could also happen
when HIV-1 Gag binds to PI(4,5)P, during viral assembly at the plasma membrane. Cytoplasmic
proteins such as ezrin (Al-Momany et al. 2014; X. Chen et al. 2015), syntaxin-1 (Honigmann et
al. 2013) have also been described to induce or interact with PI(4,5)P, nanoclusters.
Interestingly, the matrix domain of Gag is not able to induce this PI(4,5)P,clusterization,
suggesting that after maturation and particle release, the inner leaflet lipids of the virus envelope
might be free to diffuse again. It has been shown that cholesterol may facilitate Gag membrane
binding and that Gag could sense cholesterol (Barros et al. 2016; Dick et al. 2012). Moreover,
cholesterol has also been shown to be crucial for virus infectivity (Shahan Campbell et al. 2004;
Hawkes et al. 2015). Although there are still remaining critical issues about the PI(4,5)P, role in
the formation of cholesterol-dependent lipid domains, PI(4,5)P, could form clusters in the
presence of cholesterol alone (Jiang et al. 2014). Our results also show that cholesterol is
laterally redistributed during Gag assembly and participates in the formation of
cholesterol/PI(4,5)P,/Gag enriched domains. In contrast, sphingomyelin is not sorted during
HIV-1 Gag multimerization. The Gag multimerization and the associated PI1(4,5)P, enriched

nanoclusters mainly occur or, at least, initiate in Ld phases, i.e., more likely outside of lipid raft
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domains. The lack of myristate in the different Gag variants tested here could explain the Gag Ld
phase localization (Wolf Lindwasser and Resh 2002). Nevertheless, our results are consistent
with the Ld phase GUV localization of multimerizable myr(+)MA protein observed by Keller et
al. (Keller, Krausslich, and Schwille 2013). Since HIV-1 Gag has been often found into detergent
resistant membranes (DRM) (Ono and Freed 2001), Gag multimers could partition into rafts after
assembly, or rafts could be trapped by these nascent PI(4,5)P,-Gag nanodomains through
transbilayer lipid interaction, as we already proposed (Kerviel et al. 2013b) or as it has been

recently shown for GPi anchored proteins (Raghupathy et al. 2015).

In conclusion, we have shown using simple and complex lipid composition model membranes
that Gag multimerization is inducing nanoclusters enriched in PI1(4,5)P, and cholesterol. This
lipid nano-clusterization does not require sphingomyelin and mainly occurs out of the raft phases
in GUVs. Further, the different lipid composition tested here does not strikingly affect the

capacity of Gag to induce these lipid nanoclusters.
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Chapter-4

HIV-1 Gag protein multimerization induces vesiculation of P1(4,5)P,

containing model membranes
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4.1 Introduction

In retroviruses, protein oligomerization is a key aspect for the formation of assembly platforms,
required to recruit all the necessary components for a new viral particle formation. HIV-1 Gag
protein with multiple domains can play more than one role in orchestrating the assembly that
leads to budding event (Freed 2015). While the Gag protein is addressed to the inner leaf-let of
the plasma membrane — defined by MA-HBR region and polar head of PI(4,5)P, (Chukkapalli
and Ono 2011; Akira Ono et al. 2004), formation of assembly platforms along the plasma
membrane is achieved through hydrophobic interactions of CA domain present in the adjacent
Gag proteins (Bocanegra et al. 2013; Mateu 2009; Yu and Hagan 2012). In earlier chapter,
oligomerization of the HIV-1 Gag protein can induce the formation of PI(4,5)P, and cholesterol
clusters has been demonstrated. In the process, WM mutant which has ~100 times less
multimerizing efficiency than Gag-FL in solution (Datta, Curtis, et al. 2007b) was found to show
an improved multimerization efficiency of ~2-4 times in the presence of model membranes (see

section 3.3.4 in Chapter 3).

In general, Gag protein assembly along the inner leaf-let of PM is followed by or induces
membrane bending of the lipid bilayer and end up in a budding event in order to release a new
viral particle. Some researchers have reported the presence of cellular proteins such as annexins
and various ESCRT factor proteins that can help in membrane bending and assist in the release
of new viral particles. (Driicker et al. 2013; Harrist et al. 2009; Hurley et al. 2010; Votteler and
Sundquist 2013). This recruitment of cellular factors has raised a question of the role of the
multimerization of the capsid domain in inducing membrane curvature. Von Schwedler et al.
2003have shown that the mutations in the capsid region resulted in irregular Gag assembly and
thus lacked proper curvature to form closed particles. Furthermore, mutated CA-NTD domain,
P99A, has been shown to be unable to induce membrane budding as well as co-patching of lipid
raft and TEM markers (Hogue et al. 2011). Adding to this observation, Grover et al found that
CA mutations affecting the multimerization (CA P99A (40) and CA EE75,76AA ) resulted in the
formation of electron-dense patches underneath the plasma membrane and decreased the VLP
release (Grover et al. 2013). All these findings tentatively suggest that multimerization property

of HIV-1 Gag protein has a role to play in the formation of new viral buds. However, so far, no
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study has been performed in establishing the bud formation by HIV-1 Gag protein alone. In this
work, we aim to understand the ability of Gag itself, as a minimal system, to generate lipid

vesicles and the role of multimerization property of this protein in affecting the same.

4.2 Approach

Quartz crystal microbalance is an ultrasensitive and accurate mass measurement technique that
can be used to understand the intimate interactions between the adsorbent and the adsorbate.
Mass adsorbed on the vibrating surface of the sensor is recorded as change in the frequency
(frequency shift). Not only the mass and the trapped solvent, but also the change in the
conformation of the molecules can be studied using this technique. Dissipation (D) is defined as
the loss of energy per oscillation period divided by the total energy stored in the system. A
change in the dissipation (AD) is measured simultaneously along the change in the frequency
(AF) detected after the adsorption of components. This gives the advantage of knowing the
amount of substance adsorbed to the surface and also the viscoelastic properties of the adlayer
formed (Dixon 2008). Visco-elastic properties such as rigidity and softness of the adlayer can be
detected as the adsorbed molecule undergoes various structural conformations during the
interaction process. Other techniques like surface plasmon resonance spectroscopy, dual
polarization interferometry and ellipsometry can only provide information on the adsorption
kinetics but not the visco-elastic properties of the adlayer. Many studies have been done using
QCM-D to understand the biomolecular interaction between different molecules or between
substrate and molecules. Biomolecular components like DNA, proteins, and even cells
interaction on various substrates have been studied (see this review (Cheng, Chang, and Chu

2012; Cooper and Singleton 2007).

Recently, biomolecular interaction with cellular plasma membrane models like liposomes and
SLBs have grabbed the interest of the research community. After the successful understanding of
the mechanics of SLBs formation on QCM-D substrates (N.-J. Cho et al. 2010), many interaction
studies on this biologically relevant substrate have been conducted (Cheng, Chang, and Chu

2012). For example, interaction of nanoparticles (Bailey et al. 2015; Van Lehn et al. 2014),
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antimicrobial peptides (K. F. Wang, Nagarajan, and Camesano 2015), poly-electrolytic materials
(Alves et al. 2009; Rossetti et al. 2004) , and even viral components (N.-J. Cho et al. 2007; Nam-
Joon Cho et al. 2016) have been studied. In this work, we have tried to study the interaction of

Gag and other proteins on PI(4,5)P, containing SLBs using QCM-D technique.

Complementing the QCM-D study, fluorescence microscopic visualization of the Gag-PI(4,5)P,
interaction was studied on TF-labelled PI(4,5)P, containing SLBs. The data obtained from both
the techniques have been used to understand the complex interaction process of HIV-1 Gag

protein with PI(4,5)P; lipid and the role of its multimerization during this interaction.
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4.3 Results & Discussion

4.3.1 Protein - Membrane binding studies using QCM-D:

Quartz Crystal Microbalance is one of the accurate ways to measure the binding properties of the
proteins to physiologically relevant lipid bilayers, flat supported lipid bilayers with zero
curvature. Detailed procedure for the preparation of the supported lipid bilayer was mentioned in
the Methods section of this work. From figure 4.1, it is clear that the produced supported lipid
bilayers are of good quality. A frequency shift from 0 to -25Hz and AD*10° equals zero; signify
the quality of the SLB to be good. Care was taken to produce similar SLBs that are to be used in

the interaction of proteins. All the experiments were done at room temperature and in duplicates.
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Figure 4.1:Typical frequency shift and change in dissipation observed during the formation of SLB from
LUVs.

For the different proteins used in this study, we have determined their affinity towards simple

basic supported lipid bilayers (PC 68%, PS 30% and PI(4,5)P, 2%) from the frequency shift
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obtained after the injection of increasing concentrations of a protein. As presented in the table-
3.1 of the Chapter-3, the Kp values obtained with QCM-D are well within the range of the values
obtained for co-sedimentation assay. Despite the fact that the curvature of the model membranes
is completely different from each other, a similar Kp values suggests no role of curvature on the

binding affinity of the protein.
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Figure 4.2: Binding of Gag to PI(4,5)P, containing SLBs.QCM-D based Kp measurements of Gag and its
mutants. For the Kp values see table 3.1in Chapter 3.

4.3.2 Interaction of non-multimerizing proteins with PI(4,5)P, containing SLBs:

4.3.2.1 EFA6-PH and MARCKS peptide:

QCM-D measurements: Specific proteins were known to interact with high affinity towards
certain lipids. EFA6 protein with its PH domain has been shown to bind to PI(4,5)P, (Macia et al.
2008a) in cells. On the other hand, MARCKS peptide (151-175) can bind to both PS and
PI(4,5)P, (Gambhir, et al. 2004). But, both the proteins are not known to self-assemble or bend
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the membrane locally. Figure 4.3 & figure 4.4(A) depicts the change in frequency shift and
dissipation observed upon injection of EFA6-PH into the SLB containing chamber. Within the
60 sec period of injection, the binding of the protein was rather instant and resulted in a spiked
response in the frequency shift followed by a steady decay and plateau. At plateau, a rinse step
was performed which resulted in no change in the adsorbed protein level — suggesting that the
protein has high affinity for the lipid and bound strongly to the PI(4,5)P, present in the

membrane.
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Figure 4.3: A typical sensorgram obtained after the injection of EFA6-PH protein. Both Injection and rinse
steps were depicted in the plot. Protein cocentration — 250 nM.
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Figure 4.4: Sensorgram with multiple concentrations of protein interaction on PI(4,5)P, containing SLBs. (A)

EFAG6-PH and (B) MARCKS peptide (151-175)

Similarly, MARCKS peptide which is known to cluster PI(4,5)P, without even oligomerizing on

the surface of the lipid membrane was used. Figure 4.4 reports the obtained sensorgrams for all
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the different concentrations of both EFA6-PH and MARCKS peptide. It is evident from the plots
that even at same concentrations; the shift in frequency is completely different amongst both the
proteins, despite having similar Kp values (~0.6 uM) (figure 4.2, table 3.2). As mentioned
earlier, QCM-D measures the mass of the adsorbed molecules — that is represented in the form of
frequency shift. Even with same affinity, EFA6-PH (42 kDa) is heavier than MARCKS peptide
(~3kDa) and so higher shift in frequency. The change in dissipation is higher for EFA6-PH, but
almost remained at zero for MARCKS peptide — even at high concentrations. This could be
because EFA6-PH used in this study has a long C-terminal ie., a coiled-coil C domain that is
flexible and thus will lead to high dissipation values. Figure 4.5 depicts the change in dissipation
(AD) vs frequency shift (AF) plots of EFA6-PH. Such a plot is helpful for understanding the
nature of the adlayer formed on the surface of the SLB. A linear curve depicts that neither the
protein nor the lipid bilayer encountered significant morphological changes during the
interaction. Finally, EFA6-PH not only interacts strongly with P1(4,5)P, (Kp — 0.6 uM) but also
induce membrane ordering by forming a rigid layer, but a flexible c-terminal is responsible for
the increased dissipation. With no change in the dissipation, a similar plot for MARCKS peptide

has not been produced.

ADissipation (10‘)
N w
" 4
D

" 40 -30 20 -10 0
Frequency shift (Hz)

Figure 4.5: AD - AF plots of EFA6-PH obtained on interaction with P1(4,5)P, containing basic composition
SLBs. Plotted data was from all the concentrations depicted in figure 4.4(A) for EFA6-PH
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Figure 4.6: Patches of basic composition SLB labelled with 1% TF-PI(4,5)P, before and after interaction with
EFAG6-PH and MARCKS peptide, 1 pM. (A) EFA6-PH interaction (B) MARCKS peptide interaction.

Fluorescence Microscopy: It was shown in figure 3.5(A) and figure 3.6(A) of Chapter 3 that the
interaction of EFA6-PH with TF-PI(4,5)P, labelled SLBs does not affect the fluorescence
intensity and even the morphology of the SLB, as seen in figure 4.6(A). On the contrary,
MARCKS peptide’s interaction resulted in decreased fluorescence intensity (figure 3.4 and
3.6(A)) but without any change in the morphology of the SLB (figure 4.6(B)). Correlating the
data from fluorescence measurements on SLBs with that of QCM-D, it can be concluded that
EFA6-PH can bind PI(4,5)P, containing SLBs with high affinity but doesn’t affect the
morphology of the SLB. Instead, the observed increase in the dissipation values is merely due to
the presence of a flexible C-terminal ie., a coiled coil C domain. In case of MARCKS peptide,
the protein is able to cluster PI(4,5)P, which is evident from the decreased fluorescence intensity
of the SLB and from previously published data (Gambhir et al. 2004). But, no change in
dissipation from QCM-D and no visible morphological changes of the SLB suggest non-

curvature inducing nature of the peptide.

4.3.2.2 Matrix protein:

OCM-D measurements: MA of HIV-1 Gag is the major domain that is responsible for the
membrane targeting of the protein. In support of this, the domain as such is capable of binding to
lipid bilayers through its HBR region and so have yielded a Kp of ~7.16 £ 3.3 uM in our studies
using QCM-D (figure 4.2 and table 3.1). In figure 4.7 below, the QCM-D profile obtained for the
MA protein interaction on SLB is depicted.
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Figure 4.7: QCM-D results of MA protein interaction on PI(4,5)P, containing basic lipid composition SLB.
(A) Sensorgram of increasing concentrations of MA protein on SLB in QCM (B) AD - AF plots of and Matrix
protein obtained on interaction with PI(4,5)P, containing basic composition SLBs.

Note that the transient spikes observed in AF and AD are attributed to the fluctuation of

temperature during the solution exchange.
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Figure 4.8: Fluorescence Microscopy of MA interaction on PI1(4,5)P, containing basic lipid composition SLB.
(A) Fluorescence microscopic images of MA interaction (1 tM) on SLB at various time intervals.

As expected from its binding affinity value, the binding ratio is significant only at higher

concentrations.

From the sensorgram profile (figure 4.7(A)), MA protein binds to the membrane and stabilizes
immediately. But the loss of protein after the rinse step, for all the concentrations, emphasize that
the interaction is only electrostatic. Figure 4.7(B) depicts AD vs AF plot for MA protein.
Noticeably, the profile is similar to that of EFA6-PH ie., a straight line with no deviation for all
the different concentrations tested. As stated earlier,a straight curve for AD vs AF plot represents
a single adlayer adsorbed on the surface of the SLB. Further, the K value (slope = AD/AF) for
EFA6-PH (0.06) is lower than that obtained for MA protein (0.45). Suggesting that EFA6-PH
not only interacts strongly with PI(4,5)P, (Kp — 0.6 uM), but also induce membrane ordering by
forming a rigid layer compared to a protein like MA — whose interaction is weak (Kp - ~7 puM)

and only electrostatic in nature.

Fluorescence measurements: Fluorescence microscopic visualization of the MA protein
interaction on PI(4,5)P, containing basic composition SLBs revealed that the morphology of the
SLB remained the same before and after the addition of the protein (figure 4.8), without affecting
the fluorescence intensity of the SLB (figure 3.6(A) and 4.8). While QCM data confirms that the
protein interacts with the SLB even at lower concentrations, no quenching of TF-PI(4,5)P,
observed in fluorescence microscopy suggests that either the protein is unable to cluster
PI(4,5)P; or the needed concentration of membrane-bound MA that can induce multimerization

and TF-PI(4,5)P, quenching is not reached.
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4.3.2 Interaction of multimerizing proteins with P1(4,5)P, containing SLBs:

4.3.2.3 Gag and its mutants:

QOCM-D measurements: FL-Gag and its two mutants, P39 and WM were studied for their
affinity towards PI(4,5)P, containing SLBs and the effect of multimerization upon binding to the
membrane. Figure 4.9 reports the typical time course of interaction with the SLB for FL. Gag and
its mutants (WM, P39), MA and PH-EFAG6. The AF time course profile for Gag and its mutants
is different from any of MA, EFA6-PH or MARCKS
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Figure 4.9: Inverse Frequency shift plots of various proteins interaction on P1(4,5)P, containing basic lipid
composition SLBs. (A) Frequency shift of observed for FL Gag and its mutants. (B) Varied concentrations of Gag,
(C) comparing EFA6-PH with that of MA at 250 nM concentration, and (D) various concentrations of MA protein.
For all the experiments n=2.

peptide. In figure 4.9(A), the shift in frequency is more of a three-step process; an initial fast
protein binding onto the surface of the SLB is followed by a gradual decrease in the frequency
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Figure 4.10: Sensorgrams depicting the effect of crosslinking or oligomerization on proteins. (A) Gradual
binding and cross linking of Mefp-1 protein on a methyl-terminated non-polar surface (reproduced from (Fredrik
Hook et al. 2001) and (B) Innate protein oligomerization resulting in a drastic change in the frequency shift and
dissipation observed for FL Gag protein on PI(4,5)P, containing basic composition SLBs, concentration of the
protein, I uM.

shift and end in a plateau. This behavior is very much evident in the figure 4.9(B) for FL-Gag
protein; all the concentrations depicted have similar profile except for 10 nM. When the profile
of FL-Gag is compared to that of the sensorgrams of MA, the difference is profound. Indeed,
figures 4.9(B) and (D) show that whatever was the protein concentration used, there observed a
clear difference between the sensorgram profiles of FL-Gag and MA — even for expected
identical membrane bound protein concentrations i.e., MA 5000 nM as compared to FL-Gag 250
nM). MA protein is only binding to the SLB and reaches plateau immediately, like EFA6-PH,
but surprisingly FL-Gag and its mutants has a decreasing frequency shift after the initial binding

event. Different explanations could stand for this unexpected result.

A first scenario could be a non-specific association of the protein to the supported lipid bilayer.
This would lead to a protein release after a given time (Baumann et al. 2011). In this case, one

expect the ratio of the AF value (immediately after the injection) as to the AF value (at plateau) to
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increase with increasing concentrations of protein. This isn’t what observed, neither for FL-Gag
(figure 4.9(B)) nor for P39 or WM mutants. Another possibility is the formation of highly
ordered multimers on the surface of the SLB. For example, proteins like Mussel Adhesive
protein-1 (Mefp-1) that exist in monomeric state under normal conditions, when allowed to
oligomerize using a cross-linker such as sodium iodate (NalO4) has shown a sudden shift in the
frequency (figure 4.10(A)) (Fredrik Hook et al. 2001)— like the one observed in this study for
Gag and its mutants (figure 4.10(B) for FL-Gag). In case of Mefp-1, the sudden increase in the
frequency shift and a drop in dissipation is explained as the crosslinking of the protein followed
by the removal of the bound water from the surface of the proteins as they stack closer to one
another. When compared this to the result observed for Gag proteins, unlike Mefp-1, Gag
multimerize naturally upon binding to the surface of the lipid bilayer, thanks to CA-CA
interactions. The sensorgram depicted in figure 4.10(B) justifies this statement. After injection,
the sudden spike in the frequency shift is associated to the binding of the protein to the SLB
which is later followed by natural oligomerization resulting in a significant increase in the
frequency shift and a drop in the dissipation due to the removal of bound water on the
membrane, between protein-protein and in-between the bilayers. A similar scenario of increasing
frequency shift upon crosslinking of chitosan was observed elsewhere (Alves, Picart, and Mano
2009). These results suggest that crosslinking or oligomerization could yield in this sudden

change in frequency shift, after an initial binding event.

FL-Gag in solution is a horse-shoe shaped protein (Datta, Curtis, et al. 2007a; Munro et al.
2014). Conformational changes in the structure can be brought about by binding to the polar
head group of P1(4,5)P,(Datta, Zhao, et al. 2007). QCM with dissipation has a distinct advantage
of revealing the molecular conformational changes during the interaction process. A plot of
ADissipation (10°) - AFrequency gives information about the membrane ordering property due
to the formed adlayer and conformational changes of the protein. For example, changing
directions of the arrows, as observed in figure 4.11, can be related to several different processes
occurring on the surface of the membrane( Wang et al. 2015). The slope of the curves (K) is
indicative for changes in the kinetic and conformational processes during the interaction.
Theoretically, a small value of K indicates a rigid layer, whereas high value indicates a soft and

water rich layer.
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FL-Gag binding to SLB is immediately followed by multimerization. But multimerization can

occur only when sufficient concentration of the protein is available on the surface of the lipid

bilayer. Clearly, except for 10 nM concentration (figure 4.9(B) and 4.11(A)), rest of the

concentrations have very distinct profile. A straight curve for 10 nM (figure 4.11(A)) meant that

the concentration of FL-Gag protein bound to the surface is not enough for forming detectable

oligomers and so the profile remained similar to that of the AD-AF plot of MA protein (figure
4.7(B)). In fact, the slope of the 10 nM FL-Gag curve (0.22) is half-way in-between to EFA6-PH

(0.06) and MA (0.45). But, at higher concentrations, it is a different scenario. For example, at 50

nM concentration, AD-AF plot first increases fast and linear towards a negative AF (addition of

mass) - indicated by thin linear curve and suggesting the formation of a compact layer (figure

4.11(B)). As the frequency shift increased (towards positive value) after point ‘a’, the
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Figure 4.11: AD - AF plots for various concentrations of FL-Gag interaction with PI(4,5)P, containing basic
composition SLBs. (A) 10 nM, (B) 50 nM, (C) 250 nM, and (D) 1000 nM, n=2. Red color arrow depicts the
progression of the curve with time and transition points are labelled with a/b/c emphasizing the structural changes

occurred.
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formed protein adlayer can be concluded as a single layer (F Ho0k et al. 1998). Later, the kink at
point ‘a’ is followed by a steady increase in the frequency shift (towards positive value), but AD
varied with an increasing first and then decreased steeply later on. This behavior is unique and
different from that of 10 nM Gag or MA (for all concentrations) or EFA6-PH (for all
concentrations). Such a marked behavior suggests that after point ‘a’, there is a conformational
change in the protein that could be attributed to multimerization after a transition from horse-
shoe shape to a more linear structure upon binding to the head group of P1(4,5)P,. Moreover, this
kind of behavior is seen only from 50 nM concentration but not at 10 nM concentration. Low
concentration result resemblance to MA and EFA6-PH implies that higher concentrations

resulted in the multimerization of the protein in 50 nM and thereafter.
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Figure 4.12: Comparing the AD - AF plots and frequency shift of Gag and its mutants (P39 and WM) upon
interaction with PI(4,5)P, containing basic composition SLBs. (A-C) Normalized AD - AF plots of FL-Gag, P39
and WM, respectively. (D) Comparing Frequency shift of Gag and its mutants. Concentrations of FL-Gag and P39
are 1 uM, WM is 2 uM. Inset represents the slopes of the decreasing frequency shift obtained for FL-Gag and its
mutants at various concentrations. n=2

117



With respect to Gag mutants, P39 (lacking both NC and P6 domain ie., no NC-lipid interactions
(Kempf et al. 2015a) should be a better multimerizing protein compared to that of FL-Gag or
WM. This is because the FL-Gag and WM are full length proteins with a bent conformation in
solution and so require a conformational alteration step to form oligomers — leading to the
conclusion that the order of multimerizing capacity might be P39>FL-Gag>WM. Considering
that multimerization is responsible for the sudden change in the frequency shift after binding, the
slopes of the increasing frequency shift (towards positive value) should be in the same order as
their multimerizing capacity, while the time to reach a plateau for the three proteins should be in
the opposite order. This trend is clearly visible from the figure 4.12(D). Even at a higher
concentration (2000 nM), WM has a slope lesser than both FL and P39 that are at a lower
concentration (1000 nM). A similar trend is obtained from the slopes calculated at various
concentrations (inset in figure 4.12(D)). These results emphasize that (a) the assumption made
earlier regarding the order of multimerization capacity is true, P39>FL>WM, (b) multimerization
capacity of WM is lower as detected before (figure 3.7) and (c) bent conformation of the Gag
protein decreases the efficiency of the protein to multimerize and to form compact/ordered
structures. Further, the plot in figure 4.12(B) suggests that after P39 exposure there resulted in a
fast increase in mass and dissipation followed by a kink at point ‘a’ (figure 4.12(B)) paving to
rapid decrease in both mass and dissipation. WM being a multimerizing mutant is less efficient
than FL-Gag or P39. Moreover, requirement of conformation alteration further delayed its
multimerization capacity. Consequently, the slope of the increase in frequency shift (towards
positive values) is more gradual (blue, figure 4.12(D)) when compared to FL-Gag or P39.
Knowing that the concentration represented here for WM is double to that of P39 or FL-Gag, this
reassures the poor multimerizing property of Gag WM. Overall, for Gag and its mutants, it is
observed a three different profiles in the AD-AF plots for all the concentrations from 50 nM: an
initial fast and linear step (spaced dots/thin region) — suggesting the fast binding of the protein, a
slow process (thicker regions) is marked with increasing frequency shift (towards positive
values). But, the AD value wavered i.e., either increasing (coupled with hydrated layer) or
decreasing (coupled with rigid layer) or both after first transition point, ‘a’ (Voinova et al. 1999).

This primary transition point ‘a’ could be due to the conformation change occurring with the
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Figure 4.13: Comparing the Morphology of TF-PI(4,5)P, labelled basic composition SLBs before and after
the interaction with various proteins. (A-B) EFA6-PH, (C-D) FL-Gag, (E-F) Gag P39 and (G-H) Gag WM. All
the concentrations are at 1 uM.

protein upon multimerization, and later transitions in the curve could be the result of a higher
ordering. However, the results obtained for Gag protein interaction on SLBs under fluorescence
microscope gave a clear insight into the higher ordering of the protein and the resulting

consequences of such an ordering.

Fluorescence Microscopy: We performed fluorescence microscopy of Gag interaction with SLB
as a complementary method to better understand the results from QCM-D. While QCM-D
provides information of an intimate interaction occurring at the interface with high resolution,
fluorescence microscopy can let visualize the same process, albeit at lower resolutions.
Nevertheless, it can provide information on the morphological and fluorescence changes upon
protein interaction with the SLB. Non-multimerizing proteins, figure 4.6 and 4.8 revealed that
EFA6-PH, MARCKS peptide and HIV-1 MA protein doesn’t affect the morphology of the SLB
at the resolutions observed. With no deviations in AD - AF plots for these proteins (figure 4.5 and
4.7(B)) and no visible morphological changes within the SLB, it is safe to conclude that the
proteins doesn’t induce any curvature even at resolutions below the diffraction limit. On the
contrary, a significant change in the morphology of the “basic” composition SLBs has been

Figure 4.13 report the morphological changes induced upon protein interaction with PI1(4,5)P,
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Figure 4.14: Morphology of various TF-PIP2 labelled basic composition SLBs treated with various
concentration of FL-Gag. (A-C-E-G) are SLBs before addition of the FL-Gag. (B) 10nM, (D) 100 nM, (F) 250
nM, and (H) 1000 nMFL-Gag treated SLBs.

observed for Gag and its mutants — complementing the unique deviations in the AD - AF plots
containing SLBs. Among the four different proteins presented in the figure 4.13, except for
EFA6-PH, all the other proteins altered the morphology of the lipid bilayer. Correlating the
linear AD - AF curve (figure 4.5) obtained from QCM-D data, the EFA6-PH interaction result
(figure 4.12(B)) from fluorescence microscopy confirms that as a non-multimerizing protein
binds to the PI(4,5)P; present in the SLB without inducing or undergoing any morphological and
structural changes. However, from the figure 4.12, it is evident that vesicle-like structures (red
arrow) appeared on the SLBs after their interaction with the proteins — FL-Gag (D), Gag P39 (F)
and Gag WM (H). Bright spots formed on the surface of the SLB are representative of the
deformation of the bilayer by Gag proteins and its mutants. Correlating this vesicle creation to
the sharp increase observed in the frequency shift after an initial binding event gives a better
understanding of the mass decrease detected by QCM. This mass decrease can be attributed to
the lipid bilayer lift-off ie., local membrane curving by the interacting protein oligomer. A
similar decrease in mass and vesicle creation has been detected elsewhere(Rossetti et al. 2004).
Unlike the polymer used in that study, each Gag protein is a single unit. To be able to induce
such a curvature, multimers of the protein is essential. In addition to this, concentration is a

factor that can affect the multimerizing efficiency of the protein. Earlier, lower concentrations of
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Figure 4.15: FRAP experiments on formed vesicles upon interaction of Gag with PI(4,5)P, containing basic
SLBs. (A) Vesicle formed on the surface of the SLB (scale bar corresponds to 2 pm). (B) A very low recovery in the
FRAP profile of a vesicle formed on the surface of the SLB, suggested no connections of the newly formed
vesicules with the SLB (n=5).

Although FL-Gag is a multimerizing protein, at that lower concentration (10 nM) the
morphology of the SLB remain unchanged (figure 4.14 (B)). But the higher concentrations of
FL-Gag reported a decrease in the frequency shift (figure 4.9 (B)) and appearance of bright spots
corresponding to membrane deformation and vesicle formation (figure 4.14 (D) (F) & (H)).
These results further emphasize the role of multimerization capacity in vesicle formation by
these proteins. Figure 4.15(A) is depicting the vesicles induced by the Gag protein after
interaction with the TF-PI(4,5)P; labelled basic composition SLBs. While the image suggests the
formation of large sized vesicles that are bigger than the actual size of the HIV-1 virus, it can’t
be ruled out that there is no formation of smaller vesicles close the actual size of the viral
particles. It was visualized earlier by Campbell et al. using electron microscopy that Gag protein
alone can form immature VLPs as small as 50 nm to 100 nm in the presence either tRNA (S
Campbell and Rein 1999) or 1P6 alone (S Campbell et al. 2001a) in solution. But, on model
membranes it was shown very recently that Gag protein with RNA in urea medium produced
vesicles as large as the once observed in this study (Gui et al. 2015). FRAP experiments on these
formed vesicles resulted in almost no recovery in their fluorescence (figure 4.15(B)). This result

reconfirms the previously shown PI(4,5)P, trapping property of Gag in figure 3.10(B), in
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Chapter-3. Note that the vesiculation of the membranes by protein interaction is fascinating, but
it is not uncommon that only 40% of SLBs treated with the proteins here were positive for

vesiculation. Care was taken while presenting the self-quenching data from the non-deformed

SLBs upon Gag interaction (under chapter 3).
TF-PIP2 A594-labeled protein Merge

P39 FL-Gag

WM

Figure 4.16: Gag induced budding. 1% TF-PIP, labelled GUVs were incubated with FL-Gag/P39/WM tagged
with Alexa fluor-594. Images were acquired after 30 min of the incubation. Linear Unmixing of the images were
performed using the Zeiss software after acquiring the spectral image of the respective GUVs. Note the co-
localization of the labelled Gag protein and negatively charged TF-PIP, at the invaginations on the GUV under
Merge. Scale bar corresponds to 10 pm.
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Figure 4.17: Time profile of GUV vesiculation by Gag. (A) GUV shrunk over time upon interaction with Gag
protein. Scale bar corresponding to 10 um. (B) GUV diameter decreased as a function of time linearly due to the
formation of membrane invagination and vesicles.

While there are many parameters that can affect the vesiculation (Rossetti et al. 2004), having
defective SLBs could be one reason as put forth by Rossetti et al. However, in our study the

ability of the protein to induce vesiculation was also studied using GUVs.

4.3.5 Gag and its mutants induce membrane invaginations

Interactions of the labelled Gag protein with TF-PIP; labelled GUVs resulted in good binding of
the protein all over the membrane and also resulted in the formation of membrane invaginations
(figurer 4.16). Both Alexafluor-594 tagged FL-Gag and TF labelled PIP, lipids are colocalizing
along the surface of the GUV membrane. A similar trend is observed for both the Gag mutants;
P39 and WM (figure 4.16). Further, figure 4.17 presents the decrease in the diameter of the GUV
upon interaction with FL-Gag protein. Over the course of time, the GUV diameter decreased
from 74 um to 57um due to the constant membrane invagination induced by bound Gag. This
decrease corresponds to a rate of 10 vesicles of 120 nm diameter produced every second.
Interestingly, the size of the vesicles generated out of Gag-PI(4,5)P, interactions are larger in
size and not necessarily ~120 nm as expected for a new viral particle of HIV-1 (S Campbell et al.
2001b; Gentile et al. 1994). Similar kind of large membrane invaginations were reported for

vesicular stomatitis virus M protein interaction on GUVs (Solon et al. 2005).
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TF-PIP2 A594-B5A Merge

Figure 4.18: GUV incubation in Alexafluor-594 labelled BSA. Scale bar corresponds to 10 pm.

The authors reasoned the abnormal size of the membrane invagination (2-3 pm) when compared
to that of the actual viral particle (200 nm) by suggesting the possible role of cellular or viral
factors in regulating the size of the newly formed viral particle in cells. Indeed, very recently it
has been shown that RNA can act as a key determinant in the size control of the newly formed
VLPs in HIV-1 virus (Faivre-Moskalenko et al. 2014). Thus, in our study, lack of genomic RNA
could be one of the reasons for high polydispersity in the size of membrane invaginations.
Finally, to ascertain that the membrane invaginations are not due to mere aggregation of proteins
on the model membrane, BSA was incubated with the TF-PI(4,5)P; labelled GUVs. We found
that BSA did not induce any membrane vesiculation. (figure 4.18). The self-association property
of HIV-1 Gag in conjunction with its specific lipid interaction seems to be responsible of the
membrane reshaping up to vesicle release as it is the case for other viruses like the Vesicular

Stomatitis Virus (Solon et al. 2005).

4.3.6 Gag as a minimal system can induce vesiculation of membranes

Multiple factors can induce membrane curvature (Reinhard Lipowsky 2013; McMahon and
Gallop 2005; Simunovic et al. 2016). A detailed note on the various scenarios that can induce
membrane curvature is illustrated in the figure 1.14 under Chapter-1. Multimerization of proteins
along the surface of the membrane can exert sufficient pressure, when exceeds membrane
rigidity, which can initiate membrane bending (Reinhard Lipowsky 2013). Proteins like COPI-I,

COPI-II, and Clathrin gather as scaffolds to curve membranes that in turn can recruit curvature
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inducing proteins like epsin and BAR domain proteins (Kirchhausen 2012). Many retroviral
proteins assemble along the inner leaflet of the plasma membrane were known to alter the
membrane curvature and bud out of the host cell (Bush and Vogt 2014). Viral proteins of
retroviruses like New Castle disease virus (Shnyrova et al. 2007) and Vesicular Stomatitis Virus
(Solon et al. 2005) were shown to induce membrane invaginations and vesiculation. While
referring to the energy required in inducing a 100 nm radius vesicle from a flat membrane as
high, Shnyrova et al., proposed that protein condensation on the surface of the membrane can be
powerful enough to induce membrane curvature by surpassing the barrier of membrane rigidity
and even regulate membrane topology (Shnyrova et al. 2007). In the same work, the researchers

have shown that the protein is inducing vesiculation on both SLBs and GUVs.

In our study, the Gag protein tends to induce negative curvature to PI(4,5)P, containing SLBs,
similar to the data shown for M protein of New Castle disease virus (Shnyrova et al. 2007).Many
peptides/polymers induce negative curvature on SLBs (Arouri et al. 2010). Some compounds
does this by insertion of hydrophobic helixes into the bilayer (Arouri et al. 2010), others (protein
scaffolds) tend to curve the lipid membrane along the interaction point (Rossetti et al. 2004;
Shnyrova et al. 2007). For the later, the curvature can be generated by repulsive interactions
between the charged domains of adjacent adsorbed molecules (Adams et al. 2014; Rossetti et al.
2004) or decrease in entropy of those domains (Reinhard Lipowsky 2013).1t could be possible
that the repulsion between the charged domains (NC and P6) of the closely packed Gag
molecules in a multimer can impart the necessary curvature to the surface of the lipid - like it is
the case for Adams et al. 2014 and Rossetti et al. 2004. This will, indeed, induce the bound lipid
bilayer to bend — lifting off from the sensing surface of QCM-D. Nevertheless, such a
mechanism can’t be applied to P39 that lacks both the charged NC and P6 domains. However,
for a successful detachment of the SLB from the solid support, it is necessary to have sufficient
number of protein molecules per cluster (Reinhard Lipowsky 2013).The change in the membrane
shape observed during self-assembly of Gag can also be lipid domain driven. As mentioned
earlier, Gag protein is able to induce lipid clusters enriched in PI(4,5)P, and also Cholesterol.
These domains when exceeds specific linear size will acquire high free energy associated with
boundary line that propel to acquire a curvature at the expense of little bending energy(

Lipowsky 1993; Lipowsky and Dimova 2002). Interestingly, the energy required to detach these
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enriched regions will be higher for small protein clusters than for large multimers (Lipowsky et

al. 2013).

In our study, HIV-1 MA protein has never been shown to induce such vesicle creation. Even a
multimerizable derivative of the protein with or without myristate has not revealed any signs of
inducing vesiculation on GUVs (Keller, Krdusslich, and Schwille 2013). In that respect, and with
regards to the data obtained in this study using QCM-D and fluorescence microscopy, it is
evident that multimerization of a capsid domain containing protein is the main contribution to the

protein’s ability to bend lipid bilayer.
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4.4 Conclusion

Our work demonstrated the role of multimerization in the ability of protein to induce
morphological changes to the lipid bilayer. Different proteins used in this study are comparable:
for they have similar affinity towards PI(4,5)P, containing lipid bilayers, except for MA protein.
To compensate, higher concentrations of MA protein were tried so to attain better binding ratios
and multimerizing ability. In spite of this, MA protein tends to behave similarily to that of EFA6-
PH. Both these proteins bound to the membrane without affecting any morphological changes to
the lipid bilayer as revealed from the fluorescence microscopic experiments. Moreover, a single
slope AD-AF plot for both these proteins suggested the same conclusion. Contrary to the above
proteins, FL-Gag and its two multimerizing mutants, P39 and WM shown a completely different
profile for their interaction on SLBs. QCM-D results clearly suggested a conformational change
in the protein structure followed by destabilization of the membrane. For both FL-Gag and WM,
the change is very evident from the multiple slopes observed in the AD-AF plot. Lacking NC and
P6 domain, P39 is more linear and doesn’t need a conformational change to form multimers.
This is clearly evident from the slopes of the frequency shift compared for all the three proteins
in the figure 4.12(D). The slopes are proportional to the rate of multimerization and the AD-AF
plot is more linear for P39 than for FL-Gag or WM. Further, correlating the results from QCM
and fluorescence microscopy revealed that multimerization of the proteins is responsible for
destabilization of the lipid bilayer. Except for EFA6-PH, MA and MARCKS peptide, FL-Gag
and its mutants that are able to multimerize has shown to bend the membrane. While these
proteins were also found to cluster PI(4,5)P,, their ability to bend membranes has not been
reported before, in the absence of RNA or in a physiologically relevant medium. From previous
literature, the QCM-D results obtained for these proteins are found to be in supportive to the
assumption — “multimerizing Gag protein can induce membrane bending”. In addition, our
fluorescence microscopy data reassures the membrane bending property of the proteins and it is
dependent on the clustering of the proteins that can help detach the lipid bilayer from the solid
support. Many parameters could affect the process of membrane bending and equal number of
mechanisms has been proposed in the literature (Kirchhausen 2012; Reinhard Lipowsky 2013).
Ability of protein to cluster lipids and thereby creating a phase separation could be one way.

Followed by, the repulsion of charged domains in a tightly packed protein cluster could impart a
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curvature to the lipid interacting end of the cluster. In either scenario, sufficient energy is
required to overcome the bending rigidity and adhesive nature of lipid bilayer towards the solid
support. Like it was mentioned by Shnyrova et al. 2007 and Reinhard Lipowsky 2013, the
amount of energy required to bend membranes on SLBs is very high and this energy required is
inversely proportional to the area to be bent (Reinhard Lipowsky 2013). In support to our
findings, very recently, it was found that HIV-1 matrix protein alone is able to reduce the
bending moduli of PI(4,5)P, containing membranes and thus lowering the free energy required

for membrane structuring (O’Neil et al. 2016).
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Chapter-5

Conclusions and Future perspectives
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5.1 Conclusions

Lack of a prevention method and advancements in antiretroviral drug therapy made AIDS a
chronic and manageable disease. From the first HIV-1 specific antiretroviral drug therapy in
1990s to the current and more advanced combinational therapy (highly active antiretroviral
therapy, (HAART)), molecular mechanisms related to one or the other stages in the HIV-1
replication are being targeted (for a detailed review (Arts and Hazuda 2012)). Given the turnover
of HIV-1 replication, mathematical modeling suggested that targeting at least two mechanisms
through combinational therapy could provide a durable inhibition (Stengel 2008). But, the
efficiency of the therapy depends on multiple factors such as drug tolerance, drug-drug
interactions and optimal drug levels. Each of these can lead to virologic failure and the evolution
of drug resistance. While the pursuit for a prevention strategy is ongoing, current drug resistance
levels call for an immediate review of the existing antiretroviral drugs potency in improving the
longevity of the HIV-1 infected patients (Iyidogan and Anderson 2014; Siliciano and Siliciano
2013). At this stage, a lot of effort has to be put in for finding new drugs by exploiting novel
druggable viral targets (Shafer 2016; Waheed and Tachedjian 2016). Recently, the late stage of
HIV-1 replication ie., HIV-1 assembly and maturation, is being considered as a potential target
for the development of new class of drugs (Prevelige 2011a; D. Wang, Lu, and Li 2015). HIV-1
Gag protein is the prime orchestrator of new particle assembly. Gag interaction with PI(4,5)P,
lipid present in the inner leaflet of the plasma membrane is the initial step of this process,
followed by multimerization of the protein. Targeting these steps could potentially cripple the
formation of new viral particles and thus, decrease the number of new infective viral particles
produced(Prevelige 2011b; Spearman 2016). To develop a new class of drugs — mechanisms
occurring at the molecular-level has to be understood in-depth. Starting from what is already
known — so far, through this dissertation — we strived to answer specific questions relevant to the
early steps of the HIV-1 Gag assembly ie., the protein ability to interact with specific lipids and
the role of protein’s multimerization capacity in the assembly process. Using model membranes
and purified Gag proteins, we tried to replicate the assembly process /n vitro. The results of these
studies are described in detail in the previous chapters, and the conclusions arising from those

results are briefly described below.
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5.1.1 Gag can bind to P(4,5)P; containing basic composition lipid membranes

Co-sedimentation assay and QCM measurements confirmed that, despite lacking the myristate,
the proteins can still be able to interact with PI(4,5)P, containing lipid bilayers. Although the
MA domain is primarily responsible for HIV-1 Gag binding to the PM, the ten times higher
apparent affinity for membrane models observed for FL-Gag, P39 and WM confirms that the
NC domains and CA-CA multimerization of Gag are involved in membrane binding efficiency.
Indeed, the NC domain of Gag alone has recently been described to bind PI(4,5)P, containing
lipid membranes with an apparent Kp as high as 7 uM (Kempf et al. 2015a). It has already been
shown that the driving force for membrane association stems largely from ionic interactions
between multimerized Gag and negatively charged phospholipids (Dalton et al. 2007). With
nearly similar affinity towards PI(4,5)P, containing membranes as that of Gag protein and its

mutants, EFA6-PH and MARCKS peptide interaction with the lipid bilayers are comparable.

5.1.2 Fluorescence quenching studies revealed the difference in the interaction of protein
with P1(4,5)P.present in lipid bilayers with opposing curvature

Even though the affinity towards PI1(4,5)P, present in either LUVs or SLBs produced a similar
result, fluorescence quenching studies revealed the differential binding of Gag protein to lipid
bilayers with opposing curvature. Opposite change in the fluorescence intensity of labelled
PI(4,5)P; present in the LUV (increasing effect) or SLB (decreasing affect) has been observed
upon Gag addition. However, in both cases the change in fluorescence is proportional to the
concentration of the protein added — suggesting a concentration dependent nature of the
interaction. While there observed no effect of probe type or probe concentration on this opposing
result of fluorescence change either in LUVs or in SLBs, FLIM studies presented an interesting
explanation. Gag being a multimerizing protein can affect a local curvature by flattening of
LUVs and curving of SLBs during the interaction. Thus, this resulted in an opposite change in
the fluorescence intensity as the overall quenching of the TF-labelled PI(4,5)P, differed with the
lipid bilayer curvature. Supporting this hypothesis, MARCKS peptide which is not inducing any

curvature is leading to the same overall quenching of TF-PI(4,5)P, on flat and curved membranes.
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5.1.3 Gag multimerization on lipid bilayers induced the formation of PI(4,5)P;

nanodomains

In our studies, we found that the multimerization capacity of the protein is enhanced in the
presence of lipid membrane when compared to that of in solution. The multimerization property
of the mutant, WM, has found here to be only ~2 folds lower to that of FL-Gag on membrane
while it was found to be ~ 100 folds in solution. This is important because, Gag protein
multimerization not only enhanced the capacity to bind membranes, but also, most importantly,
in generating PI(4,5)P, enriched lipid nanodomains in the membrane. Another proof regarding
the role of multimerization in affecting the clustering of PI(4,5)P, on SLBs has been presented
with two other proteins. While EFA6-PH being a non-multimerizing protein has not induced any
change in the fluorescence intensity of TF-PI(4,5)P, containing LUVs or SLBs, MLV Gag
protein that has very low multimerization capacity yielded only a very little decrease in the
fluorescence intensity on SLBs. All these results proves that multimerization of protein is
responsible for clustering of lipids. Further, FRAP experiments on SLBs confirmed the
clustering of PI(4,5)P, by Gag as the fractional recovery does not reached to 1 after the addition
of the protein. Moreover, linescan FCS has also suggested this clustering property ot Gag as the
diffusion of the lipids varied after the addition of Gag. However, an attempt to visualize the
clusters on GUVs produced a uniform binding all over the membrane. But, a fast decorrelation
obtained for TF-PI(4,5)P, and A594-FL-Gag suggested the presence of PI(4,5)P; clusters that are
less than 200 nm in size. However, as a general mechanism, it can be concluded that proteins
with basic interfaces can recruit acidic lipids that, in turn, can facilitate recruitment and
clustering of these proteins into nanodomains (van den Bogaart et al. 2011). A similar
cooperative mechanism could also happen when HIV-1 Gag binds to PI(4,5)P, during viral
assembly at the plasma membrane. Cytoplasmic proteins such as ezrin(Al-Momany et al. 2014;
X. Chen et al. 2015), syntaxin-1 (Honigmann et al. 2013) have also been described to induce or
interact with PI(4,5)P, nanoclusters. Interestingly, the matrix domain of Gag is not able to
quench TF-PI(4,5)P,. This could be that the formed trimers of MA proteins have their PI1(4,5)P,
interacting regions far apart from each other (greater than the affective quenching distance, 50A)

to induce quenching of the clustered PI(4,5)P,. Although it can be argued that the affinity of the
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MA protein is low compared to the FL-Gag, a comparable high concentration has never yielded

any change in the fluorescent intensity (either on LUVs or on SLBs).

5.1.4 Gag induces co-clustering of lipids, but excludes Sphingomyelin

It has been shown that cholesterol may facilitate Gag membrane binding and that Gag could
sense cholesterol (Barros et al. 2016; Dick et al. 2012). Moreover, cholesterol has also been
shown to be crucial for virus infectivity (Shahan Campbell et al. 2004; Hawkes et al. 2015).
Although there are still remaining critical issues about the PI(4,5)P; role in the formation of
cholesterol-dependent lipid domains, PI(4,5)P, could form clusters in the presence of cholesterol
alone (Jiang et al. 2014). Our results also show that cholesterol is laterally redistributed during
Gag assembly and participate to the formation of cholesterol/PI(4,5)P,/Gag enriched domains.
Further, this clustering of lipids is concentration dependent and interestingly is independent of
the surrounding lipid chemical nature. In contrast, sphingomyelin is not at all sorted during HIV-
1 Gag multimerization — both in simple and complex lipid mixtures. From this result, it can be
hypothesized that sphingomyelin as such is not involved directly in the HIV-1 assembly, but it

can be trapped later on, like it was proposed earlier (Kerviel et al. 2013Db).

5.1.5 Gag assembly occurs in the Liquid disordered phase of the membranes

Experiments on phase separated GUVs revealed the preferred partitioning of Gag ie., in Ld
region where TF-P(4,5)P2 is present. Further, the results of temperature induced phase
separation of Gag bound GUVs (phase-separating composition) proved that the protein partitions
preferentially into Ld region. Thus, it can be concluded that Gag multimerization and the
associated PI(4,5)P, enriched nanoclustering mainly occur or, at least, initiate in Ld phases, i.e.,
more likely outside of lipid raft domains. The lack of myristate in the different Gag variants
tested here could explain the Gag Ld phase localization (O. Wolf Lindwasser and Resh 2002).
Nevertheless, our results are consistent with the Ld phase GUV localization of multimerizable
myristoylated MA protein observed by Keller et al. (Keller, Krédusslich, and Schwille 2013).
Since HIV-1 Gag has been often found into detergent resistant membranes (DRM) (Ono and
Freed 2001), Gag multimers could partition into rafts after assembly, or rafts could be trapped by
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these nascent PI(4,5)P,-Gag nanodomains through transbilayer lipid interaction, as already
proposed (Kerviel et al. 2013b) or as it has been recently shown for GPi anchored proteins

(Raghupathy et al. 2015).

5.1.6 QCM-D studies revealed a difference between non-multimerizing and multimerizing
proteins

Non-multimerizing proteins like EFA6-PH and MARCKS peptide produced a gradual decrease
in the frequency shift (mass adsorption) followed by a plateau. AD-AF plots of the QCM-D
results gave a linear curve for all the different concentrations used. This has shown that the
adlayer formed didn’t affect the morphology of the protein/lipid bilayer. Low aftinity of MA
towards PI(4,5)P, remained the same even on SLBs. To compensate, higher concentrations of
MA protein were tried to attain better binding ratios and multimerizing ability. In spite of this,
MA protein tends to behave similar to that of EFA6-PH by producing linear AD-AF plots. While
this result certainly doesn’t confirm the formation of multimers of MA, but definitely suggests
that MA protein doesn’t affect the morphology of the lipid bilayer. QCM-D plot for
multimerizing proteins, FL-Gag, P39 and WM resulted in completely different sensorgram
profiles from that of the non-multimerizing proteins. This protein binding resulted in decreased
frequency shift followed by a sharp increase and ended in a plateau, a three step process. Further,
the AD-AF plots have multiple slopes for these multimerizing proteins. But, at a lower
concentration of these multimerizing proteins there observed no such multiple slopes in AD-AF
plots and the frequency shifts is similar to that of non-multimerizing proteins. Thus, concluding
that this multimerization property is concentration dependent. Moreover, the bent conformation
of the protein also has an effect on the rate of multimerization. Lacking NC and P6 domain, P39
1s more linear and doesn’t need a conformational change to form multimers. This is clearly
evident from the slopes of the frequency shift compared to all the three proteins. This concludes

that rate of multimerization is in the order of P39>FL-Gag>WM.
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5.1.7 Gag as a minimal system can induce membrane vesiculation and multimerization is

responsible for this lipid bilayer deformation.

Fluorescence microscopy of SLBs and GUVs revealed the vesiculation of lipid membranes upon
Gag interaction. Except for EFA6-PH, MA and MARCKS peptide, FL-Gag and its mutants that
are able to multimerize has shown to bend the membrane. While the Gag proteins are found to
cluster PI(4,5)P,, their ability to induce membrane has not been reported before — vesiculation
despite lacking myristate and RNA. Both QCM-D and fluorescence microscopic data revealed
the role of multimerization on the ability of Gag protein to bend membranes. From the obtained
results, it can be concluded that membrane deformation upon Gag interaction is multimerization
dependent which is in turn dependent on the concentration of the protein. A linear decrease in the
size of the GUVs treated with Gag and the presence of membrane invaginations suggests that
membrane vesiculation is also observed on GUVs treated with Gag protein. Additionally,
previous literature on membrane vesicle-inducing proteins and polymers presented a similar
QCM-D profile. Finally, data from QCM-D and fluorescence microscopy resulted in the

conclusion that multimerizing Gag protein can induce membrane vesiculation.

5.2 Future Perspectives

This dissertation work presented the affinity of Gag protein towards PI(4,5)P, containing lipid
bilayers and emphasized the role of Gag multimerization in lipid clustering and membrane
deformation for the first time. For the questions asked in section 1.5 and results obtained here
supports that the “alternate hypothesis” (as defined in section 1.5) is the mechanism of gag/lipid

clustering as proposed by our team earlier (Kerviel et al. 2013b).

This “alternative hypothesis” suggests that the protein is able to bind acidic lipids present in the
membrane and induce the formation of lipid clusters. Further, this lipid enrichment could alter
the diffusion of lipids present in the membrane and eventually, trap raft components of the outer
layer. Figure 5.1 illustrates the possible mechanism that can occur during the HIV-1 Gag

assembly process derived from the results obtained in this study. While this work has been
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successful in presenting the initial steps of HIV-1 Gag assembly process, whether the lipid
enrichment on one side of the lipid bilayer can trap raft components has not been proved, yet.
Below are the possible experiments that can provide a definite answer to the question: how
sphingomyelin enrichment observed in viral membranes? And what are the possible regulars

involved in the size controlling of new viral particles?

Multimerization
assisted
lipid clustering

Multimerization
Induced
Membrane
curvature

, Gag ﬂ PI{4,5)R, Cholesterol

Figure 5.1: Schematic representation of possible assembly mechanism of HIV-1 Gag.

5.2.1 Development of asymmetric lipid bilayers and actin reconstituted lipid bilayers

Asymmetric membranes are the hallmark of plasma membranes. The highly complex lipid
compositions of both the monolayers have specific functions. Earlier, lipidomic results of
cholesterol and sphingomyelin enrichment in viral membranes has been addressed. Through
alternate hypothesis, our team proposed the trapping of these raft components by protein induced
lipid domains. To observe this phenomenon, it is important to use asymmetric bilayers similar to
that of cellular plasma membrane. Once developed, these bilayers can be used to study multiple
different proteins that are known to interact with plasma membrane. Further, to be biologically
relevant, reconstitution of actin network could affectively present the complete setting similar to
that of the plasma membrane to study the protein-lipid interactions. A possible role of actin in
regulating the size of the assembly platform of HIV Gag can be studied. For that it was proposed
that actin gets nucleated near PI(4,5)P, domains and can act as a potential diffusion barrier for
PI(4,5)P;pools and nanodomains, thus effectively hindering the fusion of adjacent pools and

domains (Arumugam and Bassereau 2015; Trimble and Grinstein 2015).
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5.2.2To study the formation of lipid domains and assembly platforms generated by HIV-1

Gag

In-depth knowledge on how the protein forms lipids domains and assembly platforms in the

process of developing into a new viral particle could help spot new target regions for antiviral

drug development.
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Figure 5.2: svFCScorrelograms obtained for the TF-PIP, present in basic SLBs. (A) Average autocorrelation
curves obtained at different waist lengths. Each autocorrelation curve is obtained from a minimum of 10-20
acquisitions. The obtained diffusion coefficient values are presented in the inset with an average D of 5.77+0.73
um?/sec. (B) Near perfect fitting of the autocorrelation curves. svFCS data was processed using the pycorr fit

software.
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Using techniques such as spot-variation FCS ((Favard et al. 2011; Wawrezinieck et al. 2005)and
single molecule methods can dramatically help us understand this process, for they have a
resolution as high as 40 nm. Very recently, researchers have employed these super resolution
techniques to understand various events in viral replication cycle such as viral disassembly on
entry (Yingxin Ma et al. 2016) and viral maturation process in the late phases (Janina Hanne et

al. 2016).

We performed spot-variation FCS measurements on TF-PIP, labelled basic supported lipid
bilayers. It is an interesting method to understand the lipid lateral diffusion as it can provide
good resolutions to probe nanoscale domains. As a preliminary study, TF-PIP, lateral diffusion
in simple basic membranes is studied. After calibrating the system with rhodamine B solution,
the ®* was determined for all the various pupil widths, 100, 70, 50, 40, 30, 25, 20 and 15. Using
this control, the lateral diffusion coefficient for the TF-PIP, in supported lipid bilayers was
determined. In figure 5.3, a similar plot resulted in a linear curve that deviates slightly from the

origin — suggesting the diffusion of the lipid is very much homogenous.

Figure 5.2(A) presents the autocorrelation

curves obtained at various pupil radii for the

TF labelled PI(4,5)P,. From which lateral

N
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diffusion coefficient of the labelled lipid was
extracted. Using svFCS, we found that in a
simple lipid bilayer with 68% egg PC, 30%
brain PS, 1% and brain PI(4,5)P,, the
diffusion of the lipid labelled 1% TF- & i i i i i
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3:2). Using this preliminary - data, the oo o . Fes diffusion time of TE-PIP, in basic
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presence of Gag will be calculated. By

gradually increasing the concentration of the Gag protein, it is possible to study the proportion of

freely diffusing TF-PIP2 and trapped lipids which extent of lipid trapping property of the protein.
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Further, by varying the pupil radii, it is even possible to understand the domain formation

induced by Gag protein.

5.2.3 Role of RNA in multimerization and thus, in the formation of lipid domains

Genomic RNA has been shown to be a part of the initial events in HIV-1 assembly (Kutluay and
Bieniasz 2010; Roldan et al. 2004). Another study suggested the role of RNA in preventing the
Gag from binding to lipids other than PI(4,5)P,(Chukkapalli, Oh, and Ono 2010). Very recently,
two different studies were performed to understand the role of viral RNA enrichment in new
particle formation (Carlson et al. 2016) and RNA requirement in Gag-mediated budding (Gui et
al. 2015) using in vitro models. While the earlier study hasn’t reported the formation of
membrane deformations, the later suggested that RNA is necessary for the formation of
membrane budding and non-myristoylated Gag/Gag CA protein alone doesn’t induce any
membrane invaginations. While our observations are opposite to that of Gui et al. 2015(Gui et al.
2015), the authors of that study has not shown whether the non-myristate Gag is able to bind the
lipid bilayers either in the presence of RNA or in its absence. Further, it is well known that urea
is a chaotropic agent and using the reaction buffer could potentially denaturate the protein
(Bennion and Daggett 2003; Yamaguchi and Miyazaki 2014). This questions the results obtained
in the presence of urea for both myristate Gag and non-myristate Gag shown in this study.
Nevertheless, the results of myristate Gag induced budding in the presence of RNA further
emphasize the role of RNA in the HIV-1 assembly process. But, it is yet to be established for its
role in multimerization and even viral size regulation, if any. Thus, studying the role of genomic

RNA in HIV-1 assembly could also present a potential target for antiviral drug development.

5.2.4 Cell based studies with labelled lipids and Gag protein

In vitro studies, using biomimetic membranes is often used to understand specific interactions
between molecules of relevance. These /n vitro studies can act as stepping stones in
understanding a complex process that is occurring in cells. While deciphering the pieces in a
puzzle using model membranes, ultimately, in cellulo studies will provide a holistic picture and

substantial proof for the results obtained on minimalistic model membranes. Especially,
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dynamics of lipids /in cellulo is completely different from that of the model membranes due to the
high complex nature of the plasma membrane. So, studying the lipid domain formation by

assembly platforms in relevant cell lines is still a challenge to overcome.
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Abstract

Gag polyprotein of HIV-1 is made of four main domains Matrix (MA), Capsid (CA), Nucleocapsid (NC), and P6
and is the prime orchestrator of virus assembly that occurs during the late phase of replication. It is well known that
Gag interacts with host cell lipids while self-assembling along the inner-leaflet of the plasma membrane in order to
generate virus-like particles (VLPs). Budding of these VLPs out of the living cell is described to be ESCRT
dependent. Structural, functional and simulation-based studies have shown that Gag membrane binding is mediated
by a bipartite interaction. One specific electrostatic interaction, between the highly basic region (HBR) of its MA
domain and the host cell acidic lipid phosphatidylinositol bisphophate (PI(4,5)P,), plus a hydrophobic interaction
through Gag’s myristate insertion in the plasma membrane. It is still an opened question whether Gag would
specifically recognise pre-existing lipid domains such as rafts to optimise its multimerization or, on the contrary,
would reorganise lipids during its multimerization. During my Ph.D., I explored the second hypothesis using

purified myr(-) Gag protein and model membranes containing fluorescently labelled P1(4,5)P..

Binding experiments have shown strong affinities of these purified proteins towards PI(4,5)P, containing lipid
bilayers. Using PI(4,5)P, fluorescence self-quenching properties, I found that the multimerizing Gag generates
PI(4,5)P,/Cholesterol enriched nanoclusters. On the opposite, sphingomyelin was excluded from these nanoclusters.
In addition to this, using a fluorescently labelled myr(-) Gag, I have observed its preferable partitioning into lipid
disordered (Ld) phases of the giant unilamellar vesicles (GUVs). Further, a possibility of whether HIV-1 Gag alone,
as a minimal system, can induce the formation of vesicles on PI(4,5)P,/PS containing supported lipid bilayers
(SLBs) & GUVs was tested. Using quartz crystal microbalance (QCM-D) and fluorescence microscopy techniques,
I monitored the self-assembly of HIV-1 Gag with time and found that Gag is sufficient to generate membrane
curvature and vesicle release. Moreover, using mutants of this protein, I found that having MA and CA domain is
enough for Gag to produce vesicle-like structures. Taken together, these results suggest that binding and
multimerization of Gag protein does not occur in pre-existing lipid domains (such as “rafts”) and this
multimerization is more likely to induce PI(4,5)P,/Cholesterol nanoclusters. This nanophase separation could locally

play a role in the membrane curvature needed for the budding of the virus.
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