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Abstract

HIV-1 Gag protein comprises of four key domains with two short spacer peptides. Starting
from N-terminus region it contains matrix (MA) domain which aids the Gag-plasma membrane
(PM) interaction by its N-terminal myristoylated glycine amino acid (AA) and a highly basic
region (HBR). The capsid (CA) domain that drives multimerization of Gag and the two CCHC
zinc fingers (ZFs) containing nucleocapsid (NC) domain flanked with two spacer peptides p2
and pl serve as a major determinant for gRNA selection. Finally, the p6 domain at the C-
terminus of Gag promotes viral budding from PM. HIV-1 contains two copies of genomic RNA
(JRNA). Their packaging is mainly driven by the interaction of two highly conserved ZFs of
NC domain of Gag with the gRNA during HIV-1 assembly. The assembly phase is a multistep
process which includes, selection of unspliced viral gRNA by Gag, Gag oligomerization,
trafficking and binding of Gag-gRNA complex to the inner leaflet of the PM, Gag
multimerization and budding of nascent virus particles by creating favourable lipid domains.
In these processes, interaction between gRNA and Gag, and coalescence of lipid domains are
of importance for the production of infectious viral particles. The function of each ZF and the
role of conserved AA residues in the selection of gRNA is still controversial. Also, the size of
HIV-1 particle, 100-150nm, versus the size of single lipid raft in the PM, 5-50nm, indicates
that it is unlikely that a virion assembles within and buds out from a single lipid raft. Rather,
virion assembly involves the recruitment and coalescence of small lipid domains into the large
and stable domains at the assembly sites. We used different microscopy techniques including
FRET-FLIM along with specific gRNA and lipid labeling techniques to study Gag-gRNA
interaction, and lipid domains coalescence in the presence of Gag at nano-meter scale. Our
results show that the simultaneous deletion of both ZFs or a complete NC domain abolished
the Gag-gRNA interaction completely in the cytoplasm. Deletion of either ZF didn’t prevent
Gag-gRNA interaction but delayed the delivery of gRNA to the PM. However, the deletion of
ZF2 played more prominent role than ZF1 in the accumulation of ribonucleocomplexes at the
PM. Similarly, Gag mutants carrying a single AA substitution, GagF16A or GagW37A, or the
mutation which disrupted ZF architecture, Gag6C6S, with the exception of double mutant,
GagF16A-W37A, interacted with the gRNA but the extent of interaction varies as a function
of the mutation. Interestingly, the deletion of a myristate group or the mutant unable to form
oligomers can also interact with gRNA in the cytoplasm and at the PM respectively, indicating
lack of their role in establishing Gag-gRNA interaction. Furthermore, upon examining the
coalescence of PM lipid domains in the presence of Gag, our results indicate that Gag bound
to the inner leaflet of the PM colocalized with outer leaflet SM (Sphingomyelin)-rich domains
and the Gag positive SM rich domains were larger than the Gag negative ones. Further analysis
revealed that binding of Gag to the inner leaflet of the PM restricted the lateral diffusion and
induced the coalescence of outer leaflet SM-rich domains. We further showed that Gag
oligomerization induced the coalescence of SM-rich and Chol-rich lipid domains.
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Bibliographic Review

1.1. Human Immune Deficiency Virus Type 1 (HIV-1)

1.1.1. Overview

Human immunodeficiency virus (HIV) is the infectious agent that irreversibly damages
the immune system of individuals and causes Acquired Immunodeficiency Syndrome (AIDS).
This syndrome was reported for the first time in 1980°s and since then it has affected more than
75.7 million individuals with 32.7 million mortalities. In 2019, thirty-eight million people
globally were living with HIV and 1.7 million become newly infected with it. Although, new
infections of HIV have been reduced by 40%, the progress on its prevention of transmission is
very slow, with three times higher number of infections in 2019 than UNAIDS 2020 target.
According to an estimation, it might become third leading cause of mortality with in next 10

years (UNAIDS and WHO).

1.1.2. Epidemiology and History

AIDS was reported in human for the first time in early 1980’s in United States of
America in young injection drug users and homosexual men with no history of compromised
immunity. Since the occurrence of opportunistic infections and neoplasm were known to be
associated with severe immune suppression, the center of disease control and prevention (CDC)
named these patterns of disease AIDS. HIV was isolated for the first time in Institute Pasteur
(Paris) from biopsy sample of lymph node from a patient with lymphadenopathy in 1983.
Owing to its isolation origin, this virus was then termed as lymphoadenopathy associated virus
(LAV), later its name was changed to Human immunodeficiency virus (HIV) (16). Later in
2008, for this discovery, Francoise Barre-Sinoussi and Luc Montagnier were awarded with
Nobel prize in Physiology and Medicine. Their research also led to the first food and drug
administration (FDA) approved enzyme linked immune sorbent assay (ELISA) diagnostic test

kit for HIV detection. Further, cluster of differentiation 4 (CD4) cell surface receptor was
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recognized as the chief receptor while chemokine receptor 4 (CXCR4) and chemokine receptor
5 (CCR5) were identified as co-receptors for the attachment of this virus to CD4" also known
as T cells (17, 18).

Researchers got success in gaining insights into HIV life cycle which led to the
discovery of drug targets and antiretroviral therapy, by the end of 20" century. Azidothymidine
(AZT) was approved as a first drug that prevent transmission of HIV from mother to offspring.
Following AZT, combination therapy was used which proved successful in treating a HIV
positive patient in Berlin. Though antiretroviral therapy proved successful, the error prone
nature of reverse transcription and viruses recombination has rapidly lead to drug resistance

which made its cure more difficult.

1.1.3. Classification and Transmission of HIV

HIV falls into genus lentivirus from family retroviruses, subfamily Orthoretrovirinae.
Members belonging to retroviruses are generally spherical in shape and are encapsulating an
RNA genome. This group causes infection in vertebrates. HIV resembles Simian
Immunodeficiency Virus (SIV) structurally.

HIV is classified into HIV-1 and HIV-2 (19, 20). HIV-1 is further subdivided into fours
sub-groups, major (M), outliner (O), non-M or non-O(N), and new type (P) (21). Among the
sub-groups, M is widely distributed across the globe and studied largely. Rest of the three
groups are distributed in < 1%. M is further classified into nine branches (A-D, F-H, J, K).
Also, M has forty additional Circulating Recombinant Forms (CRFs). These CRFs were
created when same population was infected with multiple forms of M subgroup. On the other
hand, HIV-2 has eight groups (A-H). out of all these, barely A and B have been detected in
human so far (22).

Both forms i.e. HIV-1 and HIV-2 have identical genetic organization; however, their

genomes differ by 55%. Among the two forms, HIV-1 is more diversified and infectious with
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more transmission risk compared to HIV-2. Epidemiologically both forms differ in their
regions of spread, HIV-1 infections are reported mainly in Europe, Asia, Central Africa and
North America, whereas HIV-2 infections are commonly seen in west Africa. Structurally both
forms resemble to the strains of SIV, HIV-1 resembles to that present in chimpanzees while
HIV-2 to sooty manga beys. Thus, immunodeficiency virus might have evolved from apes and
transmitted to human. Pathogenicity of HIV-1 is greater than that of HIV-2, also transmission

rate of HIV-1 is high with more risks of transfer from mother to offspring.

1.1.4. Structural Organization of HIV-1

The spherical shaped HIV-1 virion size ranges from 100-150 nm in diameter. In mature
HIV-1 particles, the innermost region consists of a conical shaped core called capsid which is
formed of ~ 1500 copies of capsid protein (CA, p24) (23-26). Enclosed in the capsid are 2
copies of un-spliced single-stranded positive sense genomic RNA (gRNA) which encodes for
8 viral proteins that play important role during the HIV-1 lifecycle. Each gRNA is coated with
~2000 copies of nucleocapsid protein (NCp7) to protect gRNAs from degradation by nucleases
(27-29). Enzymes like reverse transcriptase (RT), integrase (IN) and protease (PR) that are
essential for the development of the virion along with ~8 to ~25 copies of Lysine transfer RNA
(tRNA32®) which is used as a primer for reverse transcription are also enclosed in capsid (30).
CA is surrounded by ~2000 to ~3000 copies of the matrix protein (MA, p17) (31, 32), which
in turn is surrounded by a lipid bilayer acquired from the host cell/infected cell plasma
membrane (PM) during budding. Envelope proteins (Env) form spike-like structures displayed
on the surface of HIV-1 lipid bilayer. Env proteins are trimers of surface glycoprotein protein
120 (SU, gp 120) and transmembrane glycoprotein 41 (TM, gp 41) (33-35). Most of the
structural components of HIV-1 except Env proteins originate from the enzymatic cleavage of
the Gag polyprotein. Enzymatic cleavage of Gag converts immature viral particles into mature

viral particles. Gag represents almost 50% of the mass of a viral particle and is sufficient to
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produce non-infectious virus like particles in the absence of other proteins (36). Structural

representation of HIV-1 is shown in Figure 1.

Lipid bilayer
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IN (Integrase)

RT |
(Reverse transcriptase) MA (Matrix)
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Vif, Vpr, Nef
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NC (Nucleocapsid)

(Surface protein GP120)

Figure 1: Schematic representation of HIV-1 virion.

1.1.5. Human Immune Deficiency Virus-1 Genome

HIV-1 gRNA is 9,200 nucleotide long and flanked with 5’and 3’untranslated regions
(UTRs). Like other messenger RNAs, it is poly adenylated with 100 t0200 adenine nucleotide
residues at its 3’end whereas it is capped with trimethyl guanosine at its 5’end (37). HIV-1

gRNA is packed in a dimer form in the virion. Dimerization was first characterized in other
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retroviruses like Rous sarcoma virus (RSV), murine leukemia virus (MLV) and mouse
mammary tumor virus (MTV) by observing the decreased RNA sedimentation rate in sucrose
gradient (38) and the change in RNA migration pattern, analyzed by non-denaturing
electrophoresis (39). The gRNA is divided into two regions, the coding region which encodes
for structural proteins, enzymes, accessory and regulatory proteins, and non-coding regions

(also called UTRs) that play an important role in structural organization (Figure 2).

1.1.5.1. Untranslated Regions (UTRs): These non-coding regions are present on both
3’and 5’ends. UTRs are the most conserved regions of HIV-1 gRNA and consist of many
folded secondary and tertiary structures (Figure 3A). These regions play an important role in
gRNA dimerization, Gag recognition (packaging), translation and reverse transcription (40,
41). 5’°UTR exists in two functionally different conformations that are in equilibrium: the
gRNA packaging or dimer-prone (U5:AUG base pairing) conformation and the Gag translation

or monomer-prone conformation (U5:DIS base pairing) (Figure 3B) (40, 42-44).
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tat
5 Cap[[]| | A [ | g it | nef
U3,R,U5 NC . N AAAS
RNase I U3.R.US
pol | | RT | | IN  Vpr | gp120 | gp4l
PR Sp
ob ! Gene stop locations | é')%‘ 'QL J\‘%I“L\ ;;l@',
AR \"5’ V@‘ 6\%@ g%:c‘,’ﬁ ODQQ% D X

Figure 2: Genomic organization of HIV-1. The open reading frames are shown
in shaded rectangles and the black lines correspond to the connections
between domains in the polyproteins. Genetic organization of HIV-1
genome. Positions of 5° Cap, 3’ polyadenylation tail are indicated.
Adapted from (Watts et al., 2009) (12).
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A. The R Region: A 98 nucleotide R (repeat) region is present on both ends of HIV-1 gRNA
and is further sub-divided into two regions.
» Trans-activator Region (TAR): This region extends from nucleotide +1 to +59 in HIV-

1 UTR with several bulges and mismatches (Figure 3A). The nucleotide sequence and

structural integrity of this region is important for reverse transcription and regulation of
transcription of integrated viral DNA via Tat protein. Mutations in this region effects
viral expression too. Moreover, TAR serves as a binding site for several cellular proteins
that regulate transcription in the cells (45-49).
> Poly A: Like TAR, Poly A stem loop also plays significant role in viral replication. The

multiple adenine bases in this stem loop are responsible for the addition of Poly A tail
at the 3’ end of viral RNA (Figure 3A) (50, 51).

B. U5 Region: It is an 83 nucleotides long region located directly downstream to the R region

and directly upstream of the 18 nucleotides long reverse transcription initiation site called

primer binding site (PBS) which is located at the 3’ end of the U5 region (Figure 3A). It is a

first part of HIV-1 gRNA to be reverse transcribed.

PBS plays a crucial role in HIV-1 life cycle as it anneals to tRNAYS? to initiate reverse
transcription of HIV-1 gRNA (52). The U5 region is proposed to pair with DIS (stem-loop 1)
[Figure 3B(i)] or translation start codon (AUG) of Gag in stem loop 4 [Figure 3B(ii)]. The
paring of U5 with AUG Gag start codon (U5:AUG) exposes the DIS sequence of gRNA to
adopt a dimerization-competent conformation that promotes RNA dimerization and packaging
[Figure 3B(iii)]. In its alternative conformation in which gRNA exists as a monomer, U5 base-
pairs with the DIS sequence (U5:DIS) to adopt a conformation that favors Gag translation
[Figure 3B(i)] (40, 42-44).

It is well established that 5’capping of messenger RNAs (mRNAs) with guanosine

nucleotides is vital for its normal functioning. So, it is discovered recently that the number of
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guanosine nucleotides at the 5’end also decides the fate of HIV-1 gRNA transcript, which is
MRNA, to either being selected for packaging or retain in the cells for translation. The
transcript with one guanosine at its 5’end adopts a dimerization-competent conformation that
also exposes Gag binding sites for encapsidation. Similarly, transcripts that begin with two or
three guanosines adopt an alternate conformation that hides the DIS sequence, sequesters Gag
binding sites, exposes Gag translation start codon and thus facilitates translation of HIV-1
proteins (43, 44, 53-55).

C. Packaging signal (Psi (W)) site: Psi sequence is located between PBS and translation start
codon (AUG) of Gag (Figure 3A). This region is 120 nucleotides long and consist of 4 stem-
loops (SLs), SL1, SL2, SL3 and SL4. These SLs play important role in gRNA recognition and
dimerization. All these SLs are important for selective packaging of HIV-1 gRNA (56-59).

» Stem loop 1 (SL1): SL1 a highly conserved hairpin consists of an upper stem apical
loop and a lower stem bulge (56, 60, 61). Apical loop is a GC-rich 6 nucleotide
palindromic sequence called dimer initiation sequence (DIS) which facilitates HIV-1
gRNA dimerization and packaging (62). Two different DIS sequences exist in different
strains of HIV-1 (Figure 3A). Sub types B and D of HIV-1 were found to have GCGCGC
whereas all other sub types have GUGCAC DIS sequence (63). Prior to packaging, SL1
initiates RNA-RNA contacts through “kissing loop” interaction [Figure 3B] which is
possible due to the palindromic DIS sequence of both RNAs (64, 65). Role of SL1 in
encapsidation of gRNA is not yet known (66, 67).

The interaction between the apical loops of both RNAs is stabilized by Watson-
Crick base-pairing between the nucleotides(68-70). As mentioned in section (1.5.1. B),
these SL nucleotides base-pair with the nucleotides of U5 region forming U5:DIS

complex [Figure 3B(i)].
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» Stem loop 2 (SL2): SL2, contains a splice donor (SD) motif that is required for the
production of spliced mMRNAs. SL2 is a 19-nucleotide long hairpin with an upper stem
loop with four nucleotides (tetraloop) and a stem with a single nucleotide bulge (Figure
3A). SL2 also plays an important role in the selective recruitment of viral gRNA from
the pool of cellular and spliced viral MRNAs by interacting with the nucleocapsid (NC)
domain of HIV-1 Gag protein (71, 72).

» Stem loop 3 (SL3): SL3 is located at the 3’end of SL2. It is a 14-nucleotide hairpin
capped by a GGAG (purine rich) tetraloop (Figure 3A). Studies have shown that NC
domain of Gag interacts with SL3 with high affinity and that SL3 is sufficient to select
gRNA and drive its packaging in HIV-1 virions (73-75).

» Stem loop 4 (SL4): SL 4 contains a stretch of nucleotides having a Gag translation start
codon AUG and an apical GAGA tetraloop (Figure 3A) (76). The loop is proposed to
be involved in long distance intra RNA-RNA interactions that promote Gag translation

[Figure 3B(ii)] (40, 42-44).
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Figure 3: HIV-1 untranslated region (UTR) structural elements and
proposed conformation of HIV-1 5°UTR: A) Illustration of a working
model of the HIV-1 UTR showing the various stem loop structures
important for virus replication. The stem loop structures include, TAR
element, the poly(A) hairpin, the U5-PBS complex (green colored are
U5 nucleotides that base pair with DIS and AUG) , and stem-loops
(SLs) 1-4 containing the DIS, the major splice donor, the major
packaging signal, and the Gag start codon (AUG), respectively.
Adapted from Clever et al. (11) and Berkhout, B. and van Wamel, J.L.
(15). B) The unspliced monomeric RNA exists in i) Gag translation
conformation: DIS interacts with U5 region, thus exposing Gag
translation start codon (AUG) for Gag translation and ii) gRNA
dimerization conformation: (AUG:U5) in which Gag translation start
codon AUG interacts with U5 region and exposes the DIS region.
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Figure 3: iii) The exposed DIS in dimerization competent conformation forms
kissing loop interaction which results in gRNA homodimer formation.
The kissing loop interaction ultimately stabilizes into an extended
dimer structure. Adapted from Olson, E. D. etal., 2015 (1).

D. Other Non-Coding Sequences
The other non-coding sequences (Figure 2) exist within the viral genome outside the LTRs
include (77-79):

» The Poly Purine Tract (PPT) and Poly Purine Tract Central (PPTC): As indicated
from their names, these regions are purine rich domains of gRNA. PPT and PPTC are
located immediately at the upstream of U3 region and in the open reading frame of pol
gene, respectively. These purine rich sequences are resistant to the degradation by the
RNase H activity of reverse transcriptase enzyme which degrades viral gRNA during
reverse transcription. They serve as primers for the synthesis of positive strand DNA
(80, 81).

> Rev Response Element (RRE): RRE is a ~350 nucleotide sequence that consists of
several SLs and bulges (12). It is a site with which Rev protein interacts and helps in the
nuclear export of un-spliced HIVV-1 gRNA to the cytoplasm (82-86).

E. U3 region: U3 region located at the 3’end of gRNA is approximately 450 nucleotides
(Figure 2) long and contains the signals required for transcription of viral RNA from integrated

viral DNA by using the transcription machinery of the host cell (77-79).

1.1.5.2. Coding Regions: The coding regions of HIV-1 encode for structural,
functional and accessory proteins of the virus. For the detailed description of viral proteins, see

section 1.1.6.
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1.1.6. Viral Proteins:

The translation of HIV-1 mRNA is initiated either by the cap dependent ribosomal
scanning until the ribosomes encounter a start codon AUG in the stem loop 4 of an RNA or
through a region of RNA called internal ribosomal entry site (IRES) which directly recruits
40S ribosomal subunit located near an initiation codon. It was proposed that HIV-1 mRNA
contains two IRES sites, one in the 5’UTR region and the other in the Gag gene (87). HIV-1

contains following viral proteins:

1.1.6.1. Viral Structural Proteins:

» Gag Protein: The Gag gene in unspliced HIV-1 mRNA encodes for the 55 kDa Gag
polyprotein precursor (Pr55%). Due to overlapping of Gag and polyprotein (Pol)
sequences (205 to 241 nucleotides), Gag is also expressed within the context of the
precursor Gag-Pol (Pr160 ¢ The translation of the precursor Gag-Pol is due to the
-1 frame shifting event that occurs approximately 5% of the time, thus yielding
Gag/Gag-Pol ratios of around 20:1 in the infectious virus. After processing by the viral
protease (PR, p12), the precursor Pol results in three HIV-1 enzymes, namely protease
(PR), integrase (IN) and reverse transcriptase (RT) (88-90).

Pr55%4 s a multi-domain protein which upon cleavage by PR generates Matrix
(MAPp17), Capsid (CAp24), Spacer peptide 1 (SP1, p2), Nucleocapsid (NCp7), Spacer
peptide 2 (SP2, p1) and p6 protein (Figure 4). Proteins that originate from the enzymatic
cleavage of Gag play important functions during the viral life cycle and also are major

components of viral structural proteins (Figure 4) (91).
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Figure 4. Schematic representation of HIV-1 Gag polyprotein and its
different domains: MA: Matrix protein, CA: Capsid protein, NC:
Nucleocapsid protein, p6 and two spacer peptides SP1 and SP2. A N-
terminal myristoyl group is present at the N-terminal end of Gag
polyprotein (represented by black wave). The NC is characterized by
two conserved CCHC zinc fingers separated by a basic linker. Adapted
from Klingler, J. etal., 2020 (9).

SP1

» Matrix Protein (MAp): HIV-1 matrix protein is a 132 amino acid protein that is
myristoylated at its N-terminal as a part of Pr55%% (Figure 5A). In mature HIV-1
particles, it is present just beneath the lipid bilayer (Figure 1). The N-terminal
myristylation and positively charged (basic amino acid) amino acids at pH7 are required
for its interaction with negatively charged PM lipids, as part of full-length Gag or alone.
MA proteins assemble into trimers that are important for viral assembly. MA has several
key roles in different stages of the viral life cycle (92-96).

» Capsid Protein (CAp): Capsid is a 24 kDa protein consisting of a N-terminal domain

(NTD) and a C-terminal domain (CTD) separated by a flexible linker (Figure 5B). Each
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domain serves important functions as a part of Gag during virus assembly. As a part of
full-length Gag, the CTD promotes Gag oligomerization, while the NTD participates in
viral uncoating through cyclophilin A association. In a mature virion, after enzymatic
cleavage of Gag, ~1500 copies of CA protein adopt a cone shape structure in which two
copies of gRNA and enzymes are enclosed (Figure 1) (23-26). After virus entry into the
cells, CA protects gRNA from the cellular immune responses until the reverse

transcription is finished (8, 97).
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Figure 5: HIV-1 viral proteins: Cartoons representing HIV-1 structural proteins
[matrix (MA), capsid (CA), nucleocapsid (NC) and envelope (Env)
proteins], viral enzymes [protease (PR), integrase (IN) and reverse
transcriptase (RT)], regulatory proteins [trans activator of transcription
(Tat) and regulation of viral expression (Rev)] and accessory proteins
[viral protein (Vpr), viral infectivity factor (Vif) and viral protein U
(Vpu)]. Protein domains involved in protein interactions are indicated
accordingly. The (B) CA inhibitor PF-3450074, PR inhibitor darunavir
(E), nucleoside and non-nucleoside analogues of RT inhibitors,
zidovudine (AZT) and nevirapine (NVP), respectively (F) and IN
inhibitor raltegravir (G) are shown in green. Adapted from Li, G. and
De clercq, E. 2016 (4).

> Nucleocapsid Protein (NC): NC is a 7 kDa, 55 amino acid protein which harbors two
highly conserved CCHC Zinc fingers (ZFs) with a Zinc ion (Zn*?) in each. ZFs are
connected to each other by a basic linker region (RAPRKKG). NC exerts key functions
as free mature protein during the early phase of viral replication and during the late phase
of viral replication as a part of Pr55% protein (98-100). In mature virion, the coating of
HIV-1 gRNA by 1500 — 2000 copies of NC protect gRNA against several enzymes i.e.
nucleases and RNases. NC as a domain in Gag (101, 102) or in its mature form (52, 103-
105) also catalyzes the hybridization of the 3’end of tRNA™*3to PBS. NC also promotes
the annealing of cTAR to the 3’TAR region and the annealing of (-)PBS and (+) PBS
SLs (106-111) during reverse transcription (Figure 7). The role of NC as a Gag domain
in selecting and packaging of gRNA is explained in section 1.1.9.

» The Protein p6: It is a 6 kDa, 52 amino acid protein that helps in detaching assembled
virus particles from the host cell plasma membrane by recruiting the endosomal sorting

complex required for transport (ESCRT) machinery (112-114).
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> Spacer Peptide 1 (SP1) and Spacer Peptide 2 (SP2): Enzymatic cleavage of Pr55629,
during the maturation of virion, generates two small peptides called spacer peptides. SP1
separates CA and NC, whereas SP2 separates NC and p6 (112-114) (Figure 2). The

precise functions of these small peptides are still a matter of debate.

1.1.6.2. Viral Enzymatic Proteins:

A. Protease (PR): Protease is a 6 kDa, 99 amino acid protein, which is expressed as a Gag-Pol
fusion protein and only becomes functional as a dimer (Figure 5E). After viral assembly, Pol
is separated from Pr55%% by an auto-catalytic activity and cleaves Gag polyprotein into its
components (MA, CA, NC, SP1, SP2, and p6 proteins) during virion maturation. Protease
inhibitors are a class of drugs which act on PR, preventing the conversion of immature into
mature virions (115, 116).

B. Reverse Transcriptase (RT): Reverse transcriptase is obtained by cleavage of the Gag-Pol
polyprotein by protease during viral maturation (Figure 5F). Proteolytic cleavage of Gag-Pol
produces mature RT, which is heterodimeric in nature with two subunits, p66 and p51. p66
with a molecular weight of 66 KDa is 560 amino acids in length, whereas p51 of 51 KDa is
440 amino acids long. To carry out the process of reverse transcription, DNA polymerase and
RNase H activities are essential to convert single stranded viral gRNA into double stranded
DNA that is inserted into the host genome by integration. Thus, the larger subunit, p66, of RT
heterodimer possesses DNA polymerase and RNase H activity whereas the smaller subunit,
p51, has a structural role (117, 118).

C. Integrase: HIV-1 integrase enzyme is a 32 kDa protein with 288 amino acids. It is expressed
from the C-terminal region of the Pol gene (Figure 5G). It has three domains: The Zinc binding
HH-CC N-terminal domain, the central catalytic core domain and the DNA binding C-terminal
domain. All domains are joined to each other by flexible linkers. The integrase enzyme

catalyzes two reactions:
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1. 3’processing: In which it removes two or three nucleotides from the 3’ends of
the viral DNA.
2. The strand transfer reaction: In which the processed 3’ends of the viral DNA

are covalently ligated to the 5’end of the host DNA (119, 120).

1.1.6.3. Envelope Protein (Env): The HIV-1 viral Env protein is expressed as a gp160
precursor protein in rough endoplasmic reticulum (RER) and migrates to Golgi apparatus
where its maturation by protease yields the surface subunit (SU) gpl120 (Figure 5N) and
transmembrane subunit (TM) gp41 (Figure 50). The TM subunit is composed of an extra
cellular domain, which contains a N-terminal fusion peptide, a transmembrane domain and a
C-terminal cytoplasmic domain that interacts with MA. The gp120 has five variable regions
and five constant regions and exists as a trimer on the surface of the virion. Both, TM and SU
subunits are connected non-covalently to each other. The role of gp120 is to interact with CD4
receptors present on the cell membrane of target cells whereas gp41 is involved in the fusion

of cell and viral membranes during viral entry (121-124).

1.1.6.4. Regulatory Proteins:

A. Trans-activator of Transcription (Tat): Tat is a 9-11 kDa RNA binding protein which
promotes the transcription of viral genome by interacting with the TAR region of integrated
viral DNA (Figure 5K). Structurally, it consists of four domains. Starting from N terminal to
C terminal: the cysteine rich domain, the core domain, arginine rich basic domain which
recognizes and interacts with TAR and a glutamine rich domain (125, 126).

B. Regulation of Viral Expression (Rev): Rev is a 13 kDa, 116 amino acid protein with two
domains: N-terminal domain and C-terminal domain (Figure 5M). The N-terminal domain has
a nuclear localization signal (NLS), RNA binding domain and Rev multimerization domain.

On the other hand, the C-terminal domain harbors a nuclear export signal. Rev is engaged in
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the nuclear export of single-spliced and un-spliced RNAs by interacting with rev response

element (RRE) present in the RNAs (86, 127, 128).

1.1.6.5. Accessory Proteins:
A. Viral Protein (Vpr): Vpr is an 96 amino acid, 14 kDa protein. It is the most abundant non-
structural protein in viral particles (Figure 5L). It plays several roles during viral life cycle
which include nuclear import of pre-integration complex (PIC) in non-dividing cells, G2 phase
cell cycle arrest and apoptosis. Oligomerization of Vpr is necessary for its interaction with
Pr55%2 and its further incorporation into the nascent virion (112, 129-133).
B. Viral Infectivity Factor (Vif): HIV-1 Vifis a 23 kDa, 92 amino acid, basic protein enriched
with tryptophan residues at its N-terminus (Figure 5H). Due to the presence of a high number
of hydrophobic amino acids, it aggregates in solution. Vif consists of a zinc finger domain
flanked with N-terminal domain and C-terminal domain. Vif interacts and neutralizes the
cellular deaminase APOBEC3 (A3G and A3F) which catalyzes the deamination of cytidine to
uridine, in negative single stranded viral DNA, thus generating mutations which are lethal for
viral progression (134-137).
C. Viral Protein U (Vpu): It is an 81 amino acid protein expressed from the mRNA coding
for Env with N-terminal transmembrane and C-terminal cytoplasmic domains (Figure 51) (138-
140). Vpu helps in increasing the viral infectivity by two mechanisms:

» By degrading the CD4 molecules: CD4 molecules form stable complexes by
interacting with Env in the endoplasmic reticulum, thus preventing the transport of Env
to the plasma membrane. This ultimately results in a decreased incorporation of Env in
HIV-1 virion and thus, reduces the viral infectivity. Degrading the CD4 molecules
results in the production of infectious virions (138, 141).

» By facilitating virus particle release from plasma membrane: Vpu down-modulates

the expression of GPI-anchored tethrin protein present in plasma membrane. Tethrin is
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an interferon activated transmembrane protein that anchors the budding viral particle,
thus preventing the release of nascent virions. The tethered virions are then internalized
and degraded by endosomal/lysosomal pathway (139, 140).
D. The Viral Negative Regulatory Factor (Nef): Nef is a 27 kDa protein which undergoes
post translational modification by phosphorylation and N-terminal myristylation (Figure 5P).
Nef down-regulates the plasma membrane CD4 receptors, which prevents the interaction
between CD4 and Env to produce infectious virions. It also degrades the major

histocompatibility complex | and Il on the antigen presenting cells (142, 143).

1.1.7. HIV-1 Replication Cycle:

The life cycle of HIV-1 is divided into two phases, the early phase and the late phase.

1.1.7.1. Early Phase:

Early phase includes the binding of mature HIV-1 particle with the cell surface, the
process of reverse transcription and the integration of reverse transcribed DNA into the host
DNA. Infectious cycle of HIV-1 starts with protein-protein interaction in which HIV-1 gp120
glycoprotein binds to the CD4 receptors present on the CD4" cells. This interaction induces
conformational changes in the CD4 receptors which in turn promote the interaction of gp120
glycoprotein with chemokine receptors i.e. chemokine receptors 5 (CCR5), chemokine
receptors 4 (CCR4), present on the target cells. After viral attachment and coreceptor
engagement, conformational changes in gp120 glycoprotein allow the N-terminal hydrophobic
domain of gp41 glycoprotein to cross the target cell PM and reach the cytoplasm, and thereafter

promote the fusion of the viral membrane with the cell membrane (Figure 6).
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Figure 6: Early phase of HIV-1 life cycle. Env: Envelop glycoprotein, MA:
Matrix protein, CA: Capsid protein, NC: Nucleocapsid protein, RTC:
Reverse transcription complex, PIC: Pre-integration complex, NPC:
Nuclear pore complex. Adapted from Campbell, E.M. and Hope, T.J.,
2015 with some modifications (8).

Fusion of the viral membrane with the host cell PM is followed by the translocation of
the conical shaped capsid inside the cytoplasm. After many years of debate, it was recently
unveiled that capsid then travels to the nucleus where reverse transcription begins and converts
single stranded gRNA into double stranded DNA (Figure 7). Reverse transcription is followed

by uncoating of the pre-integration complex in the nucleoplasm (144-147).
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Figure 7: Schematic representation of reverse transcription: (1) Reverse

transcription is initiated by the annealing, facilitated by nucleocapsid
(NC) protein, of cellular tRNA (tRNAs"®) to the primer binding site
(PBS). (2) Next reverse transcriptase (RT) directs transcription of
nascent DNA towards the 5’end of the parent gRNA strand generating
minus-strand strong-stop DNA [(-)ssDNA], while due to RNase H
activity of RT it digests the parent RNA template. (3) In the third step,
first strand transfer or a minus strand DNA transfer takes place. In this,
the nascent minus strand DNA detaches from the 5’end of parent gRNA
and binds to the R region at 3’end of gRNA. NC also plays a significant
role in the annealing of R region of (-)ssDNA to the complementary R
region at 3’end of the genome. (4) RT synthesizes the cDNA (-) and
digests the parent gRNA due to the RNase H activity of RT except the
poly purine tract (PPT) which is resistant to it. (5) PPT serves as a
primer for the synthesis of plus-strand DNA and synthesis continues
until the first 18 nucleotides of the tRNA. tRNA is also removed from
(-) DNA template by RT due to its RNase H activity. (6) Removal of
tRNA leads to the second strand transfer or a plus strand DNA transfer
in which the plus strand detaches from 5’end of the (-) cDNA and
attaches to the 3’end of (-) cCDNA.
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Figure 7: The (+) PBS region of the plus strand DNA anneals with the
complementary (-) PBS region of the 3’end of the (-) cDNA. The
annealing of (+) PBS with the (-) PBS is facilitated by NC protein. (7)
Thus, annealing allows the completion of pro viral DNA synthesis for
integration. Adapted from Bourbigot, S. etal., 2008 (2).

Reverse transcription is followed by integration of reverse transcribed viral DNA into
the host genome, which is carried out by integrase enzyme. Integration is carried out in two
steps in which integrase enzyme catalyzes the reverse transcribed viral DNA cutting and
joining steps of integration with host cellular DNA. First step is the creation of 3’sticky ends
in which integrase cleaves two nucleotides from the 3’ends of the viral DNA and in second
step it catalyzes the reaction between the 3’hydroxyl groups of the processed viral DNA with

the phosphodiester bonds of the targeted DNA (Figure 8) (5).
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Figure 8: Schematic representation of viral DNA integration: (A) 3’ends
processing is carried out by integrase (IN) enzyme which exposes the
conserved CA to join the target DNA. (B) DNA strand transfer is also
catalyzed by IN enzyme which helps to covalently join the free OH
groups at 3’ends of viral DNA to a phosphodiester bond in target DNA.
Integration can occur at any location in the target DNA. Adapted from
Craigie, R. 2012 (5).
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1.1.7.2. Late Phase:

The late phase of HIV-1 begins with the transcription of integrated viral DNA by the
host cellular enzyme RNA polymerase Il. Transcription starts from the 5’end of the R region
of UTR and the transcription generates varying degrees of mRNAs which include full length
RNAs, partially spliced and fully spliced RNAs. Partially spliced and fully spliced RNAs
encode for important viral proteins which include Env, Vpu, Vif, and Vpr. Full length mRNAs
serve at least two functions: First, they are used as a template for the translation of Gag/Gag-
Pol polyproteins and second, they are packaged into the nascent viral particles as gRNA. Rev
protein facilitates the transportation of unspliced and incompletely spliced mMRNAs from
nucleus to the cytoplasm by interacting with RRE whereas the completely spliced mRNAs are
transferred directly to the cytoplasm via simple transfer mechanism (89, 128, 148).

Translation of proteins is followed by the assembly of viral particles. The assembly
process includes the oligomerization of Gag, dimerization of full-length gRNAs and the
selection and packaging of gRNA by Gag. The Gag-gRNA complex then travels to the inner
leaflet of PM for assembly. The detail of this process is explained in the next section.

The p6 and NC domains of Gag play important roles in virus budding from the PM by
interacting with cellular endosomal sorting complex required for transport (ESCRT)
machinery. Budding starts with the binding of PTAP and YPXL domains of HIV-1 p6 domain
with tumor susceptibility gene 101 (TSG101) subunit of ESCRT-1 complex and ESCRT factor
ALG2-interacting protein X (ALIX), respectively. Studies have also shown that NC also
facilitates the interaction of Gag with ALIX and TSG101 but in cooperation with the p6 domain
of Gag. As the budding proceeds, the recruitment of ALIX and TSG101 leads to further
recruitment of ESCRT-I11 and AAA ATPase vacuolar sorting protein 4 (VPS4) for fission and

virion release (6, 116, 149). The process of late assembly phase is illustrated in Figure 9.

26



Bibliographic Review  Chapter#1

Virion

Env incorporation .
Gag 4 T
( _ By

membrane

()
A
V-
»
BN
F28
.-<
=

Env binding
gp120 @ 4

mecams B Wi e
§ / gt RNA packaging ESCRT-

ESCRT recruitment
and virus budding

i Gag targeting

w Gag GagPol
MA
- CAg
e ,\:,% Protease

Reverse transcriptase
Integrase

v Q) ﬁl -}

Viral genomic RNA

RER Producer cell

Figure 9: Late phase of HIV-1 viral life cycle: Env: envelope glycoprotein,
MA: Matrix protein, CA: Capsid protein, NC: Nucleocapsid protein,
ESCRT: endosomal sorting complex required for transport, ALIX:
ALG2 interacting protein X, RER: rough endoplasmic reticulum.

Adapted from Freed, E.O. 2015 (6).

After budding HIV-1 undergo maturation. In immature viral particles, Gag molecules
are aligned in such a way that the NC domain is stretched toward the center of the virion while

the MA domain binds to the inner viral membrane. The transition from immature virion into
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the mature virion is carried out by the catalytic activity of PR enzyme. PR cleaves the Gag and
GagPol polyproteins to release MA, CA, NC, p6, PR, IN and RT. As a result, the internal
morphology of virion changes and gives rise to the conical shaped CA (6, 116, 133). (Refer to
Figure 1 for mature virion image).
Gag-RNA Specific Recognition for Packaging
The mechanism by which HIV-1 packages two copies of gRNA during viral assembly
has been studied extensively (62, 150). However, still the details about the selective packaging
of gRNA are unknown or partially understood (58, 62, 150, 151). Packaging of gRNA proceeds
by direct interaction between the packaging signal Psi (W) that contains series of stem- loops
SL1to SL4 (Figure 3 and section 1.5.1.), and the NC domain of HIV-1 Gag protein. The HIV-
1 gRNA packaging is highly specific and selective because full length gRNA is favored over
the abundant cellular and viral spliced RNAs despite its scarcity and the presence of common
packaging signals in the RNAs i.e. UTRs (62, 152). This selective recognition could be
explained by:
» The segregation of HIV-1 spliced mRNA in different cellular compartments away from
assembling or Gag translational sites.
> Different conformations of spliced mRNA and full-length mRNAs which leads to the
exposure of DIS sequence for possible gRNA dimerization which further leads to
possible interaction with Gag (Figure 3 and section 1.1.5.1.).
» Inefficient dimerization of spliced viral mMRNAs, which is required for efficient RNA
packaging. (153, 154).
» Absence of high affinity 5’UTR sequence (Psi) in cellular mRNA for Gag(NC)
recognition.
» The contribution of other factors that affect packaging such as binding of RNA to host

cellular or viral chaperone proteins (48, 62, 155, 156).
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The recognition and packaging highly depend upon the conformation of gRNA that
allows Gag binding. Different conformational models were proposed but two of them are now
being widely accepted (157, 158). The first one is a “long distance interaction (LDI)” model,
according to which the full length gRNA orients itself towards the translation of its proteins
and the in second model, “branched multiple hairpins (BMH)”, the orientation allows the
dimerization of gRNA and its packaging (158, 159). In LDI conformation, the DIS (SL1) is
sequestered due to base-paring with the U5 region poly A, that makes DIS inaccessible for
dimerization. The sequestering of DIS exposes Gag’s AUG start codon located in a bulge of
SL4, which in turn, favors the start of translation (160). On the other hand, in BMH, the AUG
sequence base-pairs with the U5 region, forming U5:AUG interaction. This conformation
exposes DIS to promote dimerization and Gag recognition rather than translation (40, 159, 161-
163). Recently Chen J. et al., by using microscopy technique has observed two distinct
populations of HIV-1 gRNA in cells; cytoplasmic translating and non-translating RNAs. Each
RNA population performs only one function whereas Gag packages only non-translating
RNAs, thus strengthening the existence of LDI and BMH RNA populations (148). The two
proposed conformations of the 5’ region of gRNA are shown and explained in Figure 3 and

section 1.5.1, respectively. Role of Gag in the selection of gRNA is explained in section 1.9.

1.1.8. Antiretroviral Therapy (ART)

Drug development against HIV requires full understanding of its viral life cycle. FDA
has approved only 28 drugs for the treatment of AIDS. These drugs are divided into the
following six groups on the basis of their mechanisms of action and resistance profile: (i)
nucleoside/nucleotide reverse transcriptase inhibitors (NRTIS/NtRTIs), (ii) non-nucleoside
reverse transcriptase inhibitors (NNRTIs), (iii) integrase inhibitors, (iv) protease inhibitors

(P1s), (v) fusion inhibitors, and (vi) coreceptor antagonists.
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1.1.8.1. Nucleoside/Nucleotide Reverse Transcriptase Inhibitors (NRTIs/NtRTIs)

This is the prototype class of drugs approved by FDA. Prior to exerting its antiviral
effects, NRTIs enter host cell and get phosphorylated by cellular kinases (164). Members of
this class are analogues of 2’-deoxynucleosides lacking 3’-hydroxyl group at sugar moiety.
Reverse transcriptase (RT) cannot distinguish NRTIs from Deoxynucleoside Triphosphate
(dNTPs), therefore the drug is taken up by the cell and incorporated into nucleic acid. Since 3’-
hydroxyl group is absent, 3°-5’-phosphodiester bond is not formed which is required for DNA
synthesis in between two dNTPs. Hence, elongation of viral DNA sequence is terminated
(165).

Presently, FDA has enlisted eight drugs in this group including abacavir
(ABC), didanosine (ddl), emtricitabine (FTC), lamivudine (3TC,), stavudine (d4T), zalcitabine
(ddC), zidovudine (ZDV) and Tenofovir (TDF). Resistance to this group involves deletion of
NRTIs/V/NtRTIs at the 3'-end of the growing chain of DNA through an ATP-dependent

pyrophosphorolysis and reversal of chain termination (166).

1.1.8.2. Non-nucleoside Reverse Transcriptase Inhibitors (NNRTISs)

NNRTIs are the front-line drugs as they are highly specific, low toxic and have
distinctive antiviral effect. Owing to these reasons, they are drugs of choice for HIV (167). As
the name indicates, NNRTIs hinder reverse transcription by attaching to the allosteric regions
of RT and thus modifying its conformation. This ultimately diminishes its polymerase activity.
The well-established structure of RT hydrophobic pockets allowed to tailor new therapeutically
improved NNRTIs more potent against NNRTIs resistant strains. The NNRT]I binding pockets
consists of several amino acid (AA) residues which are either hydrophobic such as Y181,
Y188, Y232, F227 and W229 or hydrophilic such as D192, E224, K101, K103 and S105. These
residues are of p51 and p66 subunits (165). This class contains only five approved drugs

namely delavirdine, rilpivirine, etravirine, nevirapine and efavirenz. Mechanism of resistance
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for NNRTIs involve mutations of the NNRTI pockets AA (E138, K101, K103, L100, V179,

Y188 and Y191) (168).

1.1.8.3. Integrase (IN) Inhibitors

This class of drugs targets the IN-viral DNA complex. IN functions by 3’end processing
of viral DNA followed by viral DNA strand transfer into host DNA (see Figure & and section
1.7.1. for details). All IN inhibitors target the strand transfer reaction. So, the well-defined
mechanism by which IN inhibitors work is that they bind to the specific IN-viral DNA complex
and also interact with the two magnesium metal ion cofactors in the enzyme. Only three
approved drugs are included in this group namely Elvitegravir, Dolutegravir and Raltegravir.
Resistance to Raltegravir is due to mutation of integrase at Q148, N155 or Y143 AA (165,

169).

1.1.8.4. Protease Inhibitors (Pls)

Viral PR helps in maturation of virus by cleaving Gag and GagPol polyproteins
precursors. Pls aim to hinder the activity of PR enzyme thus preventing maturation of immature
virus. FDA has approved ten drugs of this class including atazanavir (ATV), darunavir (DRV),
amprenavir (APV), fosamprenavir (FPV), lopinavir (LPV), indinavir (IDV), saquinavir (SQV),
ritonavir (RTV), tipranavir (TPV) and nelfinavir (NFV). Resistance of Pls are linked with 20
different substitutions in AA sequence. Mutations in PR cleavage sites in Gag and GagPol

proteins are also associated with resistance to Pls (165, 170, 171).

1.1.8.5. Entry Inhibitors
Entry inhibitors aim to interfere with the interaction between HIV-1 receptors and host
cell CD4 or CXCR4 and/or CCR5 receptors and coreceptors, respectively. This class is further

classified into two groups: small CCR5 antagonists and fusion inhibitors.
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A. Small CCR5 Antagonist: These allosteric inhibitors bind with the hydrophobic sites in the
transmembrane helices of CCRS5 receptors (172). These inhibitors prevent recognition of CCR5
receptors by stabilizing their configuration. Drugs belonging to this class include Maraviroc
(MVC), Vicriviroc (VCV) and Aplaviroc (APL) (173). Besides this, natural chemokines can
also interfere with the interaction of CCR5 coreceptor and gp41 by competing for binding site.
B. Fusion Inhibitors: Fusion of HIV-1 with the host cell is promoted by intermolecular
interactions between two gp41 domains. Based on this, fusion inhibitors are designed to disrupt
the intermolecular interaction between the two gp41 domains, thus preventing HIV-1 fusion
with host cell PM. FDA has approved only one 36 amino acid drug (Enfuvirtide) belonging to
this class. Mutation in the N-terminal heptad repeat region (a repeating pattern of seven AA,
HPPHCPC, where H represents hydrophobic, C represents charged and P represents polar

residues) of gp41 renders resistance against this group (174).

1.1.8.6. Combinational Therapy

Drug resistance has been observed for each individual drug. Therefore, to avoid such
resistances, combination of antiretroviral drugs are used instead of a single drug. Combination
may be used with drugs of the same class or with different classes. Highly Active Anti-
Retroviral therapy (HAART) combines three drugs, in which at least two should have different
mechanisms. Though, this therapy does not cure, it prolongs expectancy of life of infected

patient.

1.1.9. Role of Gag in gRNA Selection:

In vitro and in vivo studies have highlighted the retroviral Gag protein as a central
element which recruits viral gRNA via its NC domain. Gag is a polyprotein consisting of four
domains MA, CA, NC, p6 and two spacer peptides SP1 and SP2 (Figure 4). Membrane binding

of Gag protein is regulated by bipartite signals of MA domain: the N-terminus myristate group
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facilitates the hydrophobic interactions with the inner leaflet of PM whereas the highly basic
region (HBR) mediated the electrostatic interaction with negatively charged lipids especially
phosphatidyl inositol (4,5) bis phosphate [P1(4,5)P2]. The C-terminal domain of CA mediates
Gag-Gag interactions (14, 175). The NC domain of Gag specifically interacts with gRNA via
its two CCHC zinc fingers demonstrated by in vitro studies (176-178). However, recent studies
have demonstrated that Gag is more efficient in establishing interaction with gRNA than NC
alone, indicating the contribution of other Gag domains in the Gag-gRNA interaction (74, 179-
182). Important components exist both in Gag protein and gRNA which help to establish Gag-

gRNA interaction for the efficient packaging of gRNA.

1.1.9.1. Gag Protein and gRNA components important for gRNA packaging:
» NC-gRNA components and their interactions:

The primary nucleic acid (NA) binding domain in HIV-1 Gag protein is NC. NC is a
multifunctional protein involved in specific and non-specific NAs interactions, NA annealing
and chaperoning and rearrangements during reverse transcription process (183-185). As
discussed earlier that HIV-1 NC is a 55 amino acid long, highly basic, possessing 15 cationic
AAs protein with two NA binding CCHC ZFs (98-100). The two ZFs and the flanking basic
residues are thought to be instrumental in the specific selection of gRNA. ZF1 is thought to
play a predominant role in genome recognition whereas ZF2 may play its role during the other
stages of viral life cycle (186). In vitro binding of NCp7 with Psi, which consists of series of
stem-loops SL1 to SL4 (Figure 3), was found to be ZF1 dependent (187). Deletion of ZF1
resulted in the production of virus with abnormal core morphology and impaired proviral DNA
synthesis (188, 189). Alternatively, in vitro study showed that ZF2 initiates the first steps of
NC-NAs or NC-Psi association which is followed by the involvement of ZF1 in stabilizing the
association (190). Moreover, the NC domain was found to be defective in genome packing

when zinc (Zn*?) binding in both ZFs was impaired by point mutations (176, 191-193).
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Impairing the Zn*2 binding ability of NC by replacing the cysteines with serines (SSHS/SSHS
or 6C6S) in the ZFs led to an unstructured NC which resulted in the production of noninfectious
viruses with replication failure too (194-197).

The interactions between NC and NAs are likely mediated by a combination of
electrostatic and hydrophobic interactions but with a dominance of hydrophobic interactions
(198). Similarly, nuclear magnetic resonance (NMR) analysis also demonstrated that the
aromatic amino acids, phenyl alanine 16 in ZF1 and tryptophan 37 in ZF2, specifically interact
with the nucleobases of NAs (2, 70, 199). These NMR studies further highlighted that the
interaction between NC and NAs depends upon a hydrophobic platform formed by valine 13,
phenylalanine 16, isoleucine 24, alanine 25 in ZF1 and tryptophan 37, glutamine 45 and
methionine 46 in ZF2. Cellular analysis revealed that changes in ZFs architecture and mutation
of the two aromatic residues, F16 and W37, resulted in the loss of NCp7 function and HIV-1
gRNA content in the virus. Similarly, in vitro binding of NC with NAs was also strongly
affected by mutations of two aromatic residues, F16 and W37 (100, 106, 195, 196, 200-205).
The NC-NAs mechanism of interaction was mainly elucidated using NC in its immature,
NCp15 and NCp9, and mature states, NCp7 because the low solubility and the proteolytic
nature of full-length Gag prevents it to be used for elucidating Gag-NAs/gRNA interactions.
Also, the specific NA interaction of both mature and immature NC proteins were shown to be
similar too (176, 206).

Specific packaging of retroviral gRNA is accomplished by the interaction of NC with
the Psi (V) sequence within viral genome. Recently, it was revealed that HIV-1 GagAp6
showed more affinity towards Psi RNAs than NC alone and that the presence of competitor
tRNA had a greater ability to disrupt Gag: non-Psi complex than Gag: Psi complex (198). Also,
removal of NC domain from Gag produced virions that were morphologically identical to wild

type but did not contain the genomic RNA (207, 208). Similarly, super resolution microscopy
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revealed that Psi-deleted gRNA moves very rapidly in and out of the total internal reflection
(TIR) field in the presence of Gag as compared to non-truncated gRNA (209), and gRNA was
not found to colocalize with the Gag lacking NC domain (210). But still the exact role of NC
domain in gRNA selection and packaging is limited, because in the absence of NC, Gag was
still able to interact with gRNA and also helped in gRNA dimerization (211). This shows that
NC domain of Gag is a major determinant that recognizes the Psi region of gRNA and other
domains of Gag also play some role in Gag-gRNA interaction. Hence the process of the
selection of gRNA by Gag is a matter of debate.

The identified elements necessary for gRNA packaging are located within the 5’-leader
region of gRNA (¥-sequence) (163). The 5’-leader nucleotide sequences recognized by NC
region of Gag includes the SLs that exist between PBS region and the Gag translation start
codon. Recent studies revealed that 5’-leader exists in two conformations which are already
explained in the section 1.1.5.1. B and C (65, 66). One of the conformations, the dimer-
promoting, exposes the NC binding sites and promotes the packaging of gRNA. Deletion of
TAR, Poly(A) and PBS loops didn’t significantly impair gRNA packaging but mutations in
these loops or their deletion impaired the early phase of HIV-1 replication cycle (163). Mature
NC binds to the specific sites on the gRNA, whereas during packaging as a part of Gag or full-
length Gag it non-specifically binds to the various regions between upstream to the PBS and
downstream to the Gag translation start codon on gRNA (212). Several studies indicate that
multiple Gag proteins were able to bind to the several sites in the respected region even if
binding sites were deleted or mutated. Mutating one or two sites resulted in mild defects in
gRNA packaging whereas deletion or multiple sites mutations caused severe genome
packaging. Hence, the packaging efficiency of gRNA varies as a function of deletion or
mutations of SLs or nucleotides respectively (66).

As a major contributor in directing Gag/NC-gRNA interaction, the exact role of the two
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highly conserved ZFs of NC domain and the amino acid residues of the ZFs which play

important role in this process is still a matter of debate.

1.1.9.2. MA-RNA Interactions:

The MA domain is associated with the PM binding capability of HIV-1 Gag protein,
but it has also long been known to bind NAs (213, 214). As discussed above the MA domain
contains a sequence with positively charged AAs (HBR region). The HBR of trimeric MA is
endowed with a large cationic electrostatic charge which helps the protein to bind negatively
charged lipids in the inner leaflet of the PM. The MA domain of HIV-1 Gag protein is also
myristoylated which further enhances MA-PM interactions. The HBR of MA has been mainly
implicated in MA-NAs interaction (215-217).

The primary function of MA to interact with PM is thought to be dependent on its
interaction with -NAs. Indeed, the interaction of HIV-1 Gag with PI(4,5)P2 deficient
membranes was assumed to be blocked due to MA interaction with RNA but later on it was
observed that the MA domain of Gag pre-bound to RNA was still able to interact with P1(4,5)P2
containing membranes (218, 219). Thus, the requirement of Gag-RNA complex at the inner
leaflet of P1(4,5)P2 containing PM suggested a model in which binding of RNA to MA prevents
the interaction of Gag with the intracellular membranes and thus re-directs Gag to the assembly
sites at the inner leaflet of PM (14).

Studies made to identify the type of RNAs that could preferentially bind to the MA
region of Gag revealed that MA binds preferentially to tRNA and that RNase treatment led to
an increase in Gag-PM association (218). Hence, the association of Gag with PI(4,5)P2
deficient liposomes was compromised due to certain types of tRNAs. Also, tRNA more easily
outcompeted non-Psi RNA bound to Gag than Psi RNA and prevented Gag-non-Psi RNA
assembly at PM, suggesting a role of MA in upregulating Gag specificity for gRNA selection

and assembly (220). Recently, in-vitro experiments revealed that MA domain of Gag plays a
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role in selecting Psi RNA (221).

Despite decades of studies to elucidate the mechanisms of selective packaging of gRNA
by HIV-1 Gag protein, it is still not clear. It is assumed that multiple factors collectively
contribute to select and package the gRNA by Gag protein. Further work is thus required to

elucidate the precise mechanism of gRNA selection and packaging by HIV-1 Gag protein.

1.1.9.3. Proposed Model for Gag-gRNA Interaction:

After Gag translation in the cytoplasm, it likely binds to tRNA via its MA domain
whereas its NC domain preferentially interacts with Psi RNA. In vitro structural analysis
demonstrates that one guanine residue in Psi RNA first stacks with tryptophan 37 (W37) of
ZnF2 and then a second guanine interacts with phenylalanine 16 (F16) of ZnF1 to establish
NC-Psi RNA interaction (200). The NC-gRNA interaction modulates the Gag conformation
and converts it into its extended form, which facilitates Gag multimerization via CA-CA
interactions (97, 222-225). The Gag clusters formed on gRNA due to CA-CA interactions
direct them to associate with PI(4,5)P2 containing membranes. This association is assumed to
be facilitated by MA-tRNA interaction which prevents association with non-PI(4,5)P2
membranes. Once at the PM, Gag retains gRNA bound to its NC domain, while other
associated RNAs could be lost (Figure 10) (14). This model thus elaborates that Gag
preferentially binds Psi-containing gRNA via its NC domain whereas MA binds to non-Psi
RNAs/ tRNAs. This model also suggests that MA-non-Psi RNAs/ tRNAs interaction prevents

HIV-1 Gag association with P1(4,5)P2-deficient intracellular membranes.
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Figure 10: Proposed model for Gag-gRNA interaction and gRNA packaging
in HIV-1: This model suggests that different mechanisms function
together for the specific selection and packaging of ¥* RNA. Gag
domains are shown in colors in the Figure. (1) (2) The interaction of ¥*
RNA with NC domain changes folded Gag conformational equilibrium
to an extended conformation whereas the MA domain remains bound
to cellular tRNA. The role of tRNA-facilitated change in Gag
conformation is still unclear.
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Figure 10: (3) The Gag-gRNA interaction lead to Gag oligomerization and
multimerization via CA-CA domain interactions. (5,6) Then Gag-
gRNA complex reaches PI(4,5)P2 containing PM, where the MA
region of Gag releases tRNA to allow MA-PM interaction whereas Gag
retains " RNA.(4) The MA-tRNA interaction prevents Gag-gRNA
complex binding to PI(4,5)P2-lacking membranes. Right: (7,9) Gag
interacts with ¥ - RNA via its NC domain in either a bent or extended
conformation. (7,8,9) MA domain still interacts with tRNA and (10)
prevents Gag binding to PI(4,5)P2 lacking membranes. (11,12) Gag- ¥
~ RNA complex can interact with P1(4,5)P2 containing PM via only the
MA domain or via both NC and MA domains. In this Gag- ¥ - RNA
complex model, higher concentration of Gag is required to be efficient
as on ¥ " RNA (14).
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1.2. Cell Plasma Membrane

The plasma membrane (PM) is a 60 A thick layer that is composed of lipids and spanned
with various transmembrane proteins and attached with peripheral proteins. The PM maintains
the cell integrity and regulates the flow of materials, energy and information between the
cytoplasm and the extracellular environment. The PM lipids form a bilayer at the surface of the
cells. The lipid bilayers exhibit polar head groups on both sides whereas nonpolar acyl chains
associate with each other to form the hydrophobic interior of the PM. This structural

arrangement causes the PM to be semi permeable (226).
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Figure 11: Schematic representation of cell membrane.
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The “fluid mosaic” model proposed by Singer and Nicolson, according to which
proteins are floating in a sea of lipids, is still relevant but the complex nature of the PM is
underestimated in this model. In the new view, PM is an asymmetric, heterogeneous and
dynamically compartmentalized bilayer in which protein-protein, lipids-lipids and protein-

lipids interactions play a role in its organization (Figure 11) (227, 228).

1.2.1. Composition, Organization and Dynamics of Plasma Membrane

PM is composed of lipids, proteins and sugars. Lipids and proteins are held together via
noncovalent interactions, while carbohydrates are held with lipids and proteins via covalent
bonds. PM contains thousands of different types of lipids that differ in their acyl chain lengths,
saturation and structure of head groups (229, 230). As the PM composition is quite complex, |
will mainly focus on the lipid composition of PM.

The major PM lipids are classified into glycerophospholipids (GPLs), sphingolipids
(SL) and cholesterol (Chol).

A. GPLs are the most abundant lipids in the PM. They consist of a glycerol backbone with two
hydrophobic acyl chains attached to the sn-1 and sn-2 positions of glycerol, and a phosphate
group attached by an ester link to glycerol (Figure 12A). In GPLs, the attached head group
bound to the phosphate group defines the GPLs’ names. Phosphate group is esterified by a
choline in phosphatidylcholine (PC), serine in phosphatidylserine (PS), ethanolamine in
phosphatidylethanolamine (PE) and inositol in phosphatidylinositol (Pl) (Figure 12A). The
acyl chain attached to the sn-1 position is usually saturated whereas the one attached to sn-2
position is mono- or poly unsaturated (229).

B. SL are the second lipid type present in the PM. The backbone of SL consists of sphingosine
rather than glycerol (Figure 12B). A fatty acyl chain is attached to the amino group of the
sphingosine backbone via an amide linkage, forming ceramide. Sphingomyelin (SM) and

glycosphingolipids are the two types of SL present in human cell membrane. In SM the
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phosphocholine head group is attached with the ceramide whereas in glycosphingolipids
(GSLs) the phosphocholine head group of SM is replaced with mono-, di- or oligosaccharides
(Figure 12B) (229).

C. Chol is the third lipid type and the second most abundant lipid present in human cell PM.
Structurally it is different from the other lipids present in the PM and consists of four fused
rings called steroid backbone with a hydroxyl group and a short hydrocarbon tail (Figure 12C)

(229).
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Human cell membrane consists of thousands of different lipids (231, 232). Moreover,
the PM is highly heterogeneous and asymmetric. The two leaflets have different compositions.
In human cells, the inner leaflet is enriched with PS, PE and phosphatidyl inositol phosphate
(PIPn) whereas the outer leaflet is enriched with SM and PC (Figure 13) (10). In contrast, the

Chol distribution is not clear. By changing the phospholipids/ Chol ratio, the PM can regulate

its fluidity (233, 234).

Phospholipase SDS-FRL

100% _ 100%

0% 0%

100%

100%
SM PC PE PS PIP SM PC PE PS PIP:

IOuter leaflet

I Inner leaflet

Figure 13: Asymmetric trans bilayer distribution of lipids in red blood cells:
Values are shown in percentage for each phospholipid. (Left): Lipid
distribution measured using phospholipase and 2,4,6 trinitro benzene
sulfonic acid (TNBS). (Right): Lipid distribution measured using SDS-
FRL. Adopted from, Murate, M. and Kobayashi, T. 2016 (10).
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The PM is highly organized, but the lipids are in continuous motion. They possess
rotational movement, lateral diffusion and transverse diffusion or flip-flop between the two
leaflets. The rotational movement of a lipid molecule at its axis takes place over a scale of
nanoseconds whereas the lateral diffusion time of a lipid molecule depends upon the diffusion
length. For a lipid molecule, it takes 15 ns to cover a distance similar to its own size, about 0.8
nm, and it takes 60 ps to cover 50 nm (235, 236). These abovementioned movements are not
energy dependent. Spontaneous flip-flop movement of phospholipid is very slow. It takes days
for PC molecule to move from one layer to another. Flip-flop (inter-bilayer movements) are
catalyzed by enzymes. These enzymes include flippases, floppases and scramblases. Flippases
catalyze the movement of lipids from the outer to the inner leaflet while floppases move the
lipids from the inner to outer leaflet and scramblases move the lipids in both directions at the
same time. Flippase requires ATP whereas scrambling is ATP-independent process (237).

These movements help to replace old lipids with newly synthesized ones and to
transport the lipids required at specific places in the PM. Lipid dynamics also give rise to
several lipid domains on the PM that have various functions in the transport of intracellular or

extracellular substances across the PM, the signal transduction, and the PM fluidity (231).

1.2.2. Plasma Membrane Lipid Domains

Lipid bilayers undergo temperature-dependent phase transitions. The temperature at
which the lipid order of the bilayer changes, varies for each lipid species. The order below the
transition temperature is termed as solid gel (L) and above the transition temperature is termed
as liquid disordered (Lqg) phase (Figure 14). The Lq4 phase is characterized by high fluidity, so
that individual lipids can diffuse laterally unhindered and pack irregularly. The unsaturation of
acyl chains induces kinks, which also play an important role in the irregular packing of lipids.
These kinks also weaken the lipid-lipid interactions (Figure 14) (238, 239).

Solid gel (Lp) phase is characterized by tighter, more ordered lipid packing with
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hampered lateral diffusion of the lipids. The kinks in the fatty acyl chains become extended,
which result in a strengthening of lipid-lipid interactions (Figure 14) (238, 239).

A third phase which is hybrid of Lqand Lgis liquid ordered (Lo) phase. Sufficient
concentration of Chol in saturated phospholipid containing model membranes form L, phase
which have characteristics of both Lq and Lg phase. The Chol molecules lead to a tighter
packing of lipids like the Lg phase, but the individual lipids can diffuse unimpeded laterally as
in Lq phase. Chol at adequate concentration converts Lqand Lg phases into Lo and plays a key
role in Lo phase formation. It must be realized that L, phase coexists with Chol-poor Lg phase
thus consenting the coexistence of both phases in model membranes. The interaction of Chol
with phospholipids decrease in the following order: SM>PC>PS>PE and also Chol has
preference for interaction with lipids that have fully saturated acyl chains over lipids having
one or two unsaturated chains because in model membranes unsaturated lipids segregate into
Lq phase. In model membranes, it has long been known that mixtures of saturated SM,
unsaturated PC are phase separated and the addition of Chol facilitates phase separation.
Saturated SM and unsaturated PC are major components of the plasma membrane of
mammalian cells. However, it takes almost two decades to add this heterogeneity to the fluid
mosaic model where lipids are considered as a homogeneous solvent of floating proteins.

Current view is that, though lipids float freely and are in continuous lateral motion in
the PM, lipids are compartmentalized to form clusters of varying sizes known as lipid domains
as a consequence of lipid-lipid interactions (240). There are different types of lipid domains
that exist in the PM but to oversimplify the things it is assumed that the PM contains two types
of lipid domains, namely the lipid rafts (liquid order phase) and non-lipid raft domains (liquid
disordered phase) (238). Unfortunately, due to their small size, short lifetime and unavailability
of appropriate technology, it is complicated to study the domains in living cells.

Although, model membranes, namely giant unilamellar vesicles (GUVs) and giant
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plasma membrane vesicles (GPMVs) help the researchers to generate PM lipid models, there
is no universal model of the PM dynamic lateral organization. Studies with model membranes
revealed that mixture of lipids, Chol, SM and PC, showed the existence of three different
phases: Lq, Lpand Lo (238, 239, 241), but the question arises how do the model membranes relate
with cell PM?

Ultimately, detergent resistant membrane (DRM) assays and fluorescent probes in
GUVs and GPMVs suggest that lipids in the PM partitioned in such a way that they produced
Lo and Lq domains, as observed in model membranes. Data obtained from cells labelled with
solvatochromic and viscosity sensitive probes confirmed the existence of these domains and
suggested the existence of other lipid domains coexisting with L, and Lq domains in the PM
(242, 243).

Lipid binding proteins, such as non-toxic lysenin (NT-Lys) which binds to SM-rich
domains, D4 which binds to Chol-rich domains and Nakanori which binds to SM/Chol rich
domains (Lo) or rafts, suggest that SM-rich, Chol-rich and L, domains coexist in the PM (244).
The details about different fluorescent probes and lipid binding probes used to study lipid

domains in PM are mentioned in next section.

1.2.3. Functions of Rafts

Rafts are heterogeneous, Chol and sphingolipid-enriched membrane nanodomains that
have functional roles in cellular processes (245). However, it should be noted that the direct
mechanistic effects of lipid rafts in the PM on the cell function is still unclear. The first
described mechanism involving lipid rafts was described for immune signaling with
immunoglobulin E (IgE) (246). In this context the IgE receptor, the T cell receptor (247) and
the B cell receptor (248) were found in DSMs in resting cells but following activation they
were shifted to DRMs. This suggests that active signaling through these receptors is associated

with their translocation into PM lipid rafts.
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Host pathogen interactions are also associated with the interaction of pathogen with
lipid rafts. This notion has been boosted by the discovery of the enrichment of saturated lipids,
mainly SM, and Chol, and the presence of L, lipid domains in the viral lipid bilayer of HIV-1
(249-251). There are also substantial evidences that viruses and bacterial toxins bind to DRMs
to penetrate the cells. Glycolipids (GM1 ganglioside) or CD4, which function as cholera toxin
receptors (252, 253) or HIV-1 binding receptors (254) respectively, were enriched in raft
domains of the PM.

Furthermore, HIV-1 Gag protein which is necessary for viral budding has been shown
to bind preferentially to lipid rafts, which suggests that lipid rafts are the preferential sites for

viral budding too (255).

Solid gel phase Liquid disordered phase
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Figure 14: Schematic illustration of different phases adopted by plasma
membrane lipids.
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It is now known that numerous oncogenic proteins are lipid raft associated (256, 257).
As they initiate mitogenic signaling, this suggests the involvement of lipid rafts in cancer
progression and development. The DRMs associated proteins include mucin 1 (258), the over
expression of which causes several types of cancer; and RAS proteins, which are associated to
breast cancer (259).

Among cardiovascular diseases, atherosclerosis is a leading cause of cardiovascular
diseases (CVDs) which notably develop due to the interaction of macrophages with low-
density lipoprotein-cholesterol (LDL-chol). The uptake of LDL-chol convert macrophages into
foam cells which accumulate in the blood vessels and cause stroke, heart attack and vascular
diseases. In short, the LDL-chol receptors in macrophages partition into raft domains following
stimulation by LDL-chol and convert macrophages into foam cells, thus indicating the role of
lipid rafts in the progression of CVDs (260, 261). Furthermore, caveolae, a type of lipid raft
enriched with SM, Chol and caveolin protein, are important for normal cardiac functions as

various cardiac ion channels have been found in them (262).

1.2.4. Methods to Study Membrane Organization

1.2.4.1. Biochemical Methods:

The use of biochemical methods for the PM organization started with the observation of
differential solubilization of membrane lipids by detergents in 1971 (263). DSMs and DRMs
fractions were shown to have distinct compositions but this methodology was obsoleted
because it was found that detergent concentration and type (ionic or non-ionic) as well as
variations in temperature yield different results because they modify the PM organization (242,
264, 265).

Lipid asymmetry of PM can also be biochemically assessed using a two-step process in

which the outer leaflet lipids are chemically modified and then analyzed chemically:
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1. Selective irreversible modification of outer leaflet lipids performed by any of the

following procedures:

Chemical conjugation using 2,4,6 trinitrobenzene sulfonic acid (TNBS) and
N-hydroxysuccinimide esters (NHS) of biotin to examine transbilayer
distribution of PE and PS. Both chemicals label the lipids by interacting with
their primary amines. Chemical labelling does not apply to phosphatidylcholine
and sphingomyelin because of the unavailability of primary amines in their
structure (10, 266).

Enzymatic degradation, the lipids are hydrolyzed using specific
phospholipases which is followed by the extraction of the lipids from the PM
and their analysis. The enzymes being used for outer leaflet phospholipids
include sphingomyelinase (SMase) for sphingomyelin and phosphatidylcholine
specific phospholipase C (PC-PLC) (10, 267). Complete degradation of lipids
takes 10 to 30 minutes. The problem of this technique is that reaction products
like ceramide, lysophospholipid, diacyl glycerol (DAG) are membrane active
and might reorganize the membrane lipids during treatment (10, 242).
Selective exchange of lipids from the outer leaflet of PM (donor membrane) to
liposomes (acceptor) by using lipid transfer proteins. This has been used to
study distribution of lipids in the PM. A long incubation time of 1 to 6 hours is
required for this technique. Also, the exchange of lipids could cause the

reorganization of membrane lipids (10, 268).

2. Analysis of the ratio of modified to unmodified lipids in the samples. The chemically

conjugated, enzymatically modified or extracted lipids are analyzed by thin layer

chromatography (TLC) and mass spectrometry (MS) for the PM lipid composition. The

methods mentioned here have some drawbacks. For instance, in TLC unsaturated lipids
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undergo oxidation as lipids are exposed to environmental oxygen, while the MS method
works under ultra-high vacuum and with freeze dried samples. For mass spectrometry, the
samples need to be dried and it is difficult to distinguish the lipids in the PM from those in
the endosomes and other organelles. The methods mentioned here are best for single

membrane systems or immobilized model isolated membranes (10, 242, 269).

1.2.4.2. Physicochemical Methods:
Currently available probes used to study PM lipid organization by physicochemical

methods are divided into two categories.

A. Probes that Partition into Membrane Phases:

The partition probes are divided into two categories. The first one includes fluorescently

labelled lipids (lipid derivatives), while the second one includes lipophilic fluorescent probes

of nonlipidic nature (242, 243).

» Lipid Derivatives: The common approach to study the membrane lipid organization is

to use fluorescent membrane probes which are obtained after labelling lipids with a
fluorescent moiety. These fluorescently labeled lipid derivatives are easily delivered to
the model membranes or to the cells by adding them into the medium. In general, the
fluorescent moieties are attached to the side chain in case of cholesterol and to the polar
head group or acyl chain in case of phospholipids. It is challenging to preserve the
intrinsic physicochemical characteristics of lipids after attaching the fluorophore.
Frequently, labeling of lipids alter their physicochemical properties which in turn also
alter their partitioning. In general, labeling of the lipid head group impacts less on their
physicochemical behavior (243). It should be kept in consideration that these molecules
are not metabolically inert too. It is almost impossible to distinguish between the original
fluorophore-labeled lipids and their metabolites generated by enzymes e.g.

phospholipases. Thus, fluorescently labeled lipids are useful for model membranes but

52



Bibliographic Review

their use in cells is limited. Commonly used dyes to label the Chol side chain, lipids acyl
chain and head groups are 7-nitro-2,1,3-benzoxadiazole-4-yl (NBD), rhodamine
derivatives (lissamine rhodamine, Texas red and Texas red caproyl), Atto647N and
BODIPY dyes (242, 243, 269-271). The list of labeled lipids and their partitioning is

shown in table 1.

Table 1: Fluorescent lipid derivatives for plasma membrane labeling: This table
is adapted from (243).

Partitioning in GUVs Partitioning in GMPVs

Cholesterol derivatives

TF-Chol Lo (A) Lo
NBD-Chol Lq (A) -
Cholestatrienol Lo (A)
PE head group labeled
NBD-DOPE Ld (A) Lg
NBD-DPPE Lo/ La (A-C) Lo
Rh-DOPE Lq (A) Ld
Rh-DPPE Ld (A) Lg
Texas Red-DPPE Lda(A) -
PC acyl chain labeled
5-BODIPY-PC Lq (A) -
12-NBD-PC - Lq
SM acyl chain labeled
5-BODIPY-SM Lq (A) -
12-BODIPY-SM Lq (A) Lo
6-NBD-SM Lq (A) Lq
12-NBD-SM Lq (A) Ld
4-Atto647N-SM Ld (A) Lg
4-Atto532-SM Lq (A) Lq
SM head group labeled
SM-Atto647N Ld (A) Lq
SM-Att0532 Lq (A) Ld

GUVs in which the probes partition are made up of following mixtures: (A) SM/DOPC/Cholesterol; (B) DSPC/DOPC/Cholesterol.
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» Lipophilic Probes: lipophilic probes are simple alternative to fluorescently labeled
lipids and are classified into long chain hydrocarbons (LCH) and polycyclic aromatic
hydrocarbons (PAH).

LCH are further classified into alkylated cyanines and rhodamines. Cyanine derivatives
such as dialkyl-tetramethylindocarbocyanine (Dil) and dialkyl-oxacarbocyanine (DiO)
structurally match the lipids because they also bear two hydrocarbon chains together with a net
positive charge. The partitioning of these dyes in the PM depends upon the length and
unsaturation of the alkyl chains. Unsaturated chains bearing cyanines partition into Lq phase
whereas cyanines bearing saturated chains show partition into Lq phase and L, phase depending
upon their chain length. Increasing the chain length favors partitioning into L, phase (243, 269-
271).

Rhodamine-18, a common lipid marker that bears a positively charged fluorophore and
a long hydrocarbon chain, shows a clear preference for Lq phase (272).

PAH are neutral aromatic compounds without alkyl chains. The most famous PAH dyes are
terrylene and naphthopyrene (NAP) which show clear preference for L, phase due to their
planar structure which helps them to intercalate between the lipids of L, phase (272, 273).
However, their application of lipophilic probes is restricted to model membranes because of
their poor specificity to PM due to their non-polar binding site which could interact with any
biomolecule (243).

B. Environmental Sensitive Dyes/Probes That Distinguish Membrane Phases:

As mentioned above, the partitioning probes are powerful tools to use in model
membranes but their applications in live cells are limited, notably due to their imprecise
partitioning in lipid phases. To avoid such problem, there is an increase use of probes that
change their emission color, intensity and lifetime by sensing the environment around them

(274). Such probes are called environmental sensitive dyes/probes that change their
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spectroscopic properties in response to changes in environmental parameters around them like
viscosity, polarity and hydration (275). Two classes of probes fall in this category:
solvatochromic probes that change their color in response to the polarity of the environment
around them, and viscosity-sensitive probes that change their fluorescence intensity and
lifetime in response to the environmental viscosity around them. The L, phase is less hydrated,
and more viscous compared to Lq phase because of tight packing of lipids. Therefore, both
solvatochromic and viscosity-sensitive probes can distinguish both Loand Lq phases (243, 276).

Solvatochromic dyes to study lipid phases in biomembranes (GUVs) and cell
membranes include laurdan and C-laurdan, F2N12S, NR12S (derivative of nile red), and
PATMAN. FCVJ and BODIPY-Ph-C12 (derivative of BODIPY) are examples of viscosity-
sensitive probes but they are not adapted for cell PM because they show limited PM staining

as compared to intracellular staining.

1.2.4.3. Histochemical Methods:

Protein probes that bind specific lipid domains are useful tools to distinguish lipid
assemblies in the PM.

Conjugation of lipid binding proteins with a fluorophore provides a lipid specific probe
for live cells imaging. These lipid binding protein probes are added to the medium or expressed
in the cells to label the outer and inner leaflet PM lipids, respectively (269, 271, 277). There
are some drawbacks in using these probes. Indeed, their target partners might form clusters,
like GML1 ganglioside, which do not allow cholera toxin B subunit to bind to them. Moreover,
interaction of their binding partners with other proteins may prevent the binding of these
probes. Finally, their large size does not allow them to label all the lipids in the PM (278-281).
In spite of these limitations, a careful use of these lipid binding protein probes can provide a
landscape of lipid domains i.e. SM- and Chol-rich domains in the PM. Lipid binding protein

probes used to visualize membrane lipids are listed in table 2.
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Table 2: Lipid binding probes to visualize membrane lipids: This table is adapted

from (10).

Sphingomyelin

Phosphatidyl serine

Phosphatidylinositol
4,5-bisphosphate

Cholesterol

Sphingomyelin/Chol
esterol complexes

Lysenin

NT-Lysenin

Equinatoxin 11

Equinatoxin 11 (8-
69)

Annexin A5

Lactadherin C2
domain
Tandem fusion of
evt-2 PH

Phospholipase Co-
PH

D4 fragment of
perfringolysin O

Ostreolysin A

Nakanori

WwN -

NEFE NDEFE WON - O B WDN -

w

NEFE, W

w
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. Pore forming toxin.

. Oligomerize in the presence of sphingomyelin.

. Binds to clusters of 5-6 molecules of

sphingomyelin.

. Sphingomyelin binding fragment of lysenin.

. Does not oligomerize.

. Non-toxic.

. Binds to clusters of 5-6 molecules of
sphingomyelin.

. Available to multiple tags.

. Pore forming toxin.

. Selectively binds dispersed sphingomyelin.

. Available to multiple tags.

. Non-toxic.
. Cysteine insertion mutant of Equinatoxin II.

. Available to multiple tags.

. Requires high concentration (mM) of free
Calcium™2,

. Also binds phosphatidic acid, phosphatidylinositol,

and phosphatidylethanolamine.

. Available to multiple tags.

. Available to multiple tags.

. Available to multiple tags.

. No toxicity.

. Cholesterol-binding fragment of perfringolysin O.

. Available to multiple tags.

. Requires high membrane concentration of
cholesterol (~40%)

. Recently developed mutant detects lower
concentration of cholesterol (30%).

. Induce hemolysis and cytolysis.

. Selectively binds sphingomyelin/cholesterol rich
membrane domains.

. Also binds to phosphoethanolamine.

. Available to mCherry tag.

. Do not exhibit hemolytic activity or cell toxicity.

. Selectively binds sphingomyelin/cholesterol rich
membrane domains.

. 40% cholesterol is required for its binding to
domains.

. Available to multiple tags.
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1.2.5. Lipid Organization Modifying Reagents:

A common way to study the PM lipid domains is the use of drugs or enzymes that
modify cellular lipid levels, by interfering with their synthesis, degradation and distribution.
Modification of lipid levels can shed some light on the composition and function of lipid
domains. Cholesterol is enriched especially in lipid rafts and accounts for 20 to 25% of the total
PM lipids. The most common cholesterol disrupting agent is methyl-p-cyclodextrin (MBCD),
which effectively extracts cholesterol from the PM lipid domains. Modulation of PM Chol
disturbs the lipid organization of PM lipid microdomains i.e. rafts and non-rafts. This tool also
helps to study the involvement of lipids or lipid microdomains in cellular physiology (282).
However, it should be considered that beyond lipid microdomain disruption, MBCD is also
cytotoxic (283). Other cholesterol targeting agents include i) cholesterol synthesis inhibitors
such as statins and zaragozic acid, and ii) cholesterol modifying enzymes such as cholesterol
oxidase (284-286). Another core constituent of lipid rafts in cells is SM. Several reagents can
interfere with the synthesis of sphingolipids e.g. fumonisin and myriocin, or their stability e.g.

SMase, but the use of these reagents alter membrane properties (287-289).
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1.2.6. HIV-1 Gag Budding at the PM

Human immunodeficiency virus type 1 (HIV-1) obtained its lipid envelope during
budding from the PM of infected host cells. Various studies indicate that the lipid composition
of the viral membrane differs from that of the producer cell. Thus, it was inferred that HIV-1
assembly takes place at PM lipid rafts (290-293) and that HIV-1 particle membrane exists in
Lo like state (249-251).

Virus particles are significantly enriched with Chol and SM, compared to the infected

cell PM (13, 294, 295), as shown from the lipidome analysis of HIVV-1 compared to host cell

PM in HeLa P4 cells (Figure 15).
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Figure 15: Comparison between lipid composition of cells, plasma
membrane and HIV-1 viral particles: Lipid composition of HeLa P4
cells (red), of isolated plasma membranes of HelLa P4 cells by blebbing
method (GPMVs) (orange), or by silica method (SBM) (blue) and of
HIV-1 particles budded from HelLa P4 cells (green). This graph is
adapted from (13).
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Though the specific lipid composition of HIV-1 envelope is well known, the molecular
mechanisms of the selection of specific lipids from the host cell are not well understood. The
minimal component required for HIV-1 assembly at the PM is the viral Gag protein since its
expression is sufficient to promote the formation of virus-like particles carrying a lipidic
envelope derived from the host cell membrane (296). Gag is synthesized in the cytosol as a 55
kDa polyprotein comprising several domains that are cleaved into independent proteins after
budding. Binding of Gag to genomic RNA in cytoplasm is accompanied by the oligomerization
of Gag (3, 297). Gag oligomers are then targeted to the site of budding where they interact with
the membrane and further multimerize. The binding of Gag to the PM is dependent on
negatively charged lipids, especially P1(4,5)P2 (298-300). Deprivation of PI(4,5)P2 and Chol
from the PM completely prevented Gag anchoring to the PM and assembly site formation (301,
302). Moreover, Gag also immobilized PI(4,5)P2 and cholesterol (303), generating its own
P1(4,5)P2/Chol lipid domains at the inner leaflet of the PM (304).

As already discussed, lipids in the mammalian PM are asymmetrically distributed with
P1(4,5)P2, PE, and PS in the inner leaflet whereas SM, PC and glycolipids are mainly located
in the outer leaflet of the PM (237, 305). Chol is located in both outer and inner leaflets. Abe
et al., 2012 showed inter-bilayer colocalization of SM-rich domains at the outer leaflet with
P1(4,5)P2-rich domains of the inner leaflet of the PM. Astonishingly, removal of SM from the
outer leaflet by using SMase dispersed the PI(4,5)P2 domains of the inner leaflet (306).
Together with Chol, SM and glycolipids constitute lipid rafts. Different experiments based
upon detergent solubilization (290-292, 307), Chol depletion (292, 302), and
immunofluorescence localization (290, 308, 309) have suggested a potential role of “rafts” in
the assembly of Gag. Since the membranes of HIV-1 particles are enriched in lipids
participating in lipid rafts, an obvious question is, how does the binding of Gag to P1(4,5)P2 in

the inner leaflet recruits the lipids present in the outer leaflet of the PM?
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While the diameter of a lipid raft in PM is around 5-50 nm (244, 310-313), the diameter
of an HIV-1 particle is approx.100-150 nm, which corresponds to a surface area of lipid
membrane with 200-300 nm diameter. Therefore, it is unlikely that virus particles assemble
within and bud from a single lipid raft. Rather, it is more likely that virus particle assembly
involves recruitment and coalescence of small lipid domains into large stable domains at
assembly sites (314). Using protein markers, it has been reported that Gag induces coalescence
of lipid raft domains and tetraspanin-enriched domains (315). However, little is known about
how lipids are reorganized during Gag assembly. Thus, studying the mobility of SM and Chol
in the outer leaflet of the PM in the presence of Gag in the inner leaflet, could provide us the
information regarding the arrangement and selection of outer leaflet lipids. In the second part
of my thesis, | examined the reorganization of SM-rich and Chol-rich lipid domains during

Gag targeting to the PM by visualizing lipids using original bioprobes.

60



2. Objectives

61



62




Objectives

2.1. Objectives

HIV-1 Gag structural protein is a polyprotein with four main domains and two spacer
peptides. It orchestrates viral particle assembly in infected cells and its each domain play
different roles during assembly process. Starting from N-terminal, MA domain mediates Gag-
PM interaction, CA domain drives Gag multimerization, NC domain that contains two CCHC
ZFs constitutes gRNA selection and packaging. Finally, p6 domain promotes viral budding.
During assembly process, NC domain of Gag preferentially selects two copies of gRNA from
the pool of cellular and spliced viral mMRNAs for their incorporation into nascent virion. The
two ZFs in NC domain are thought to be instrumental in establishing Gag-gRNA interaction
and selection but the exact role of each ZF is still controversial. Hence, the first aim of my
study was to elaborate the contribution of each ZF within the NC domain of Gag in recognition
and cellular trafficking of HIV-1 gRNA.

Furthermore, in-vitro studies revealed that the NC-NAs interactions are predominantly
established by hydrophobic interactions. Within the hydrophobic plateau aromatic amino acid
residues, phenylalanine 16 in ZF1 and tryptophan 37 in ZF2, play a particular important role.
Hence, the second objective of my thesis was to decipher the role of two aromatic amino acid
residues and the ZF architecture in governing Gag-gRNA interaction.

HIV-1 obtained its lipid envelop during budding from the PM of infected host cells.
Various studies indicate that lipid composition of the viral membrane differs from that of
producer cells, and also HIV-1 is enriched with specific lipids obtained from the producer cells.
This indicates that lipids are reorganized during Gag assembly at the PM. Thus, the third
objective of my thesis was to examine the reorganization of SM-rich and Chol-rich lipid

domains induced by HIV-1 Gag assembly at the PM.
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3. Materials and
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Materials and Methods | Chapter#3

3.1. Materials

3.1.1. Reagents

Buffers used:
Transformation buffer (TB) (55mM MnCl2, 10 mM Hepes, 25 mM KCI, 250 mM CacCly,
pH 6.7).
Wash buffer (50 mM sodium phosphate buffer, 300 mM NaCl and 10 mM imidazole, pH
7).
Elution buffer (50 mM sodium phosphate buffer, 300 mM NaCl and 400 mM imidazole,
pH7).
Lysis buffer (10 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP 40).
Tris glycine transfer buffer (10X tris-glycine transfer buffer: Tris base 250 mM, glycine
2M, MilliQ gs 500 mL, pH 8.3).
Tris-buffer saline (TBS) (10 mM tris-HCI, pH 7.5, 150 mM NacCl).
Coloring buffer (TBS 10 mL, O-Phenylen diamine 3.7mM, H,O, 5 pL).
Tris buffer saline with tween (TBS-T) (Ready to use sachet dissolved in 1 L de-ionized
water).
3% Blocking buffer (3% skimmed milk in TBS-T).

1% Blocking buffer (1% skimmed milk in TBS-T).

3.1.2. Cell lines

HelLa cells: To study the localization of Gag and its oligomerization, HelLa cells

(ATCC® CCL-2) were maintained in DMEM (Dulbecco’s modified Eagle medium)

supplemented with 10% FBS (Fetal bovine serum, Lonza), 1% antibiotic solution (penicillin-

streptomycin) and glutamine, and for studying the re-organization of plasma membrane (PM)

lipids in the presence of Gag, HelLa cells were maintained in DMEM (containing glutamine)
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supplemented with 10% FBS and 1% antibiotic solution (penicillin-streptomycin). The cells
were kept at 37°C in humidified atmosphere containing 5% CO..

MS2-eGFP HelLa cells: To study the interaction between gRNA and Gag, MS2-eGFP-
HeLa cells were used that stably express MS2 coat protein fused to eGFP (called MS2-eGFP).
These cells were obtained from Dr. Nolwenn Jouvenet (Institute Pasteur, Paris) (209, 316).

In our system, MS2-eGFP is encoded with NLS (Nuclear localization signal) which
targets the MS2-eGFP protein into the nucleus and nucleoli of the cells. We used this system
because upon binding of MS2-eGFP protein with the expressed HIV-1 gRNA, harbouring
MS2-stemloops, made it easy to visualize the localization of gRNA in the cells.

Cells were grown in DMEM (Dulbecco’s modified Eagle medium) supplemented with
10% FBS (Fetal bovine serum, Lonza), 1% antibiotic solution (penicillin-streptomycin) and

glutamine at 37°C in humidified atmosphere containing 5% CO2.

3.1.3. Plasmids constructs

The constructs used to express Gag and Gag-mCherry were described by (317). The
plasmid encoding human-codon-optimized Gag was kindly provided by Dr. David E.Ott
(National Cancer Institute at Frederick, Maryland). Gag-NC mutants were constructed by Dr.
Hala EL MEKDAD, Dr. Salah Edin EL MESHRI under the supervision of Dr. Emmanuel
Butant and Dr. Hugues de Rocquigny, and by Dr. Eléonore Réal, whereas the blue fluorescent
protein (mTagBFP2) tagged Gag constructs were prepared by Dr. Nario TOMISHIGE.

Plasmids used are enlisted in Table 3.
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Table 3: Plasmids used during this study.

Gag-TC Ampicillin / CMV
Gag-ANC-TC Ampicillin / CMV
Gag-AZF1-TC Ampicillin / CMV
Gag-AZF2-TC Ampicillin / CMV

Gag-AZF1-AZF2-TC Ampicillin / CMV
Gag-G2A-TC Ampicillin / CMV
Gag-WM-TC Ampicillin / CMV
Gag-F16A-TC Ampicillin / CMV
Gag-W37A-TC Ampicillin / CMV

Gag-F16A-W37A-TC Ampicillin / CMV
Gag-6C6S-TC Ampicillin / CMV
Gag-P99A-TC Ampicillin / CMV

Gag-AL-TC Ampicillin / CMV

Gag-WT Ampicillin / CMV

Gag-mCherry Ampicillin C-Terminal (MA) CMV
Gag-ANC-mCherry Ampicillin C-Terminal (MA) CMV
Gag-AZF1-mCherry Ampicillin C-Terminal (MA) CMV
Gag-AZF2-mCherry Ampicillin C-Terminal (MA) CMV
Gag-G2A-mCherry Ampicillin C-Terminal (MA) CMV

Gag-AZF1-AZF2- Ampicillin C-Terminal (MA) CMV
mCherry
Gag-WM-mCherry Ampicillin C-Terminal (MA) CMV
Gag-F16A-mCherry Ampicillin C-Terminal (MA) CMV
Gag-W37A-mCherry Ampicillin C-Terminal (MA) CMV
Gag-F16A-W37A- Ampicillin C-Terminal (MA) CMV
mCherry

Gag-6C6S-mCherry Ampicillin C-Terminal (MA) CMV

Gag-eGFP Ampicillin C-Terminal (MA) CMV
Gag-ANC-eGFP Ampicillin C-Terminal (MA) CMV
Gag-AZF1-eGFP Ampicillin C-Terminal (MA) CMV
Gag-AZF2-eGFP Ampicillin C-Terminal (MA) CMV
Gag-AeZé?éI;AZFz- Ampicillin C-Terminal (MA) CMV
Gag-G2A-eGFP Ampicillin C-Terminal (MA) CMV
Gag-WM-eGFP Ampicillin C-Terminal (MA) CMV
Gag-F16A-eGFP Ampicillin C-Terminal (MA) CMV
Gag-W37A-eGFP Ampicillin C-Terminal (MA) CMV
Gag-Fggél-DWSYA- Ampicillin C-Terminal (MA) CMV
Gag-6C6S-eGFP Ampicillin C-Terminal (MA) CMV




Gag-mTagBFP2 Ampicillin C-Terminal (MA) CMV

n?'?’gglzslglf\z Ampicillin C-Terminal (MA) CMV

Gag-WM-mTagBFP2 Ampicillin C-Terminal (MA) CMV

Gag-AL-mTagBFP2 Ampicillin C-Terminal (MA) CMV

p-Intro Ampicillin / CMV

Rev Ampicillin / CMV
His6-eGFP-NT-Lys Kanamycin N-Terminal T7
His6-mCherry-D4 Kanamycin N-Terminal T7
SNAP-NT-Lys Kanamycin N-Terminal T7

TC: Tetra cysteine, ZF: Zinc finger, NC: Nucleocapsid, eGFP: enhanced green fluorescence protein, NT: Non-toxic, Lys:
Lysenin, CMV: cytomegalovirus, MA: Matrix.

Ampicillin and kanamycin were used at the concentration of 100 pg/mL and 50 pg/mL, respectively.

3.1.4. Antibodies used

Primary antibodies used in this study are listed in table 4 and secondary antibodies in table 5.

Table 4: Primari antibodies used.

Anti-His . CSB-
antibody Rabbit CUSABIO PA0000S6 / polyclonal
RNA
polymerase Il Rabbit Abcam ab5095 / polyclonal
phosphoS2
Anti-p24 Gag Mouse NIH 6521 / Monoclonal
Anti-GAPDH Rabbit CUSABIO CSB:E)A‘FSS 025 / polyclonal
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Table 5: Secondary antibodies used

Anti- HRP
mouse HRP Goat Promega |W402B/W4021 conjugated polyclonal
Anti-rabbit | Goat Invitrogen A11011 Alexa 568 polyclonal
Anti-rabbit HRP

HRP Donkey |GE Healthcare] NA934V conjugated polyclonal

3.1.5. Competent Bacteria

DH5a: Escherichia coli (E.coli) (DH5a) competent cells were used for the
amplification of plasmids. The cells were prepared and stored at -80 °C in TB buffer containing
2% DMSO. This strain was used because several mutations were found in this bacterium like
endAl and recAl which leads to an inactivation of intracellular endonuclease. This allows a
greater protection of foreign plasmid DNA.

BL21(DE3): E.coli [BL21(DE3)] competent cells were used for the expression of the
lipid binding probes (His6-eGFP-NT-Lys and His6-mCherry-D4). BL21 (DE3) is a protease
deficient strain that prevents the degradation of the expressed proteins. They are used for the
expression of T7 based promoter system that remains repressed until induction of T7 RNA
polymerase from a lac promoter using Isopropyl B-D-1-thiogalactopyranoside (IPTG). The
bacterial stocks harboring the expression plasmids for lipid binding probes were prepared and

stored at -80 °C.
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3.2. Methods

3.2.1. Transformation of E. coli Competent Cells and Purification of
Plasmid DNA

E.coli DH5a competent cells were thawed on ice for 30 minutes followed by addition
of 1 ng plasmid DNA to 50 pL of thawed competent cells. Eppendorf containing the mixture
was then placed at 42°C for 45 seconds and then immediately placed in ice for 10 minutes.
Afterwards the transformed bacteria were spread on the petri dishes containing LB agar media
and antibiotic against which the plasmid of interest was resistant (see Table 3). This procedure
was performed under laminar air flow hood to avoid any airborne contamination. The Petri
dishes were then incubated at 37°C for 16 to 18 hours.

After incubation, a single colony of transformed bacteria was inoculated in 3 mL LB
broth containing antibiotic and incubated at 37°C for 8 hours. This 3 mL pre-culture was further
inoculated in 300 mL LB broth containing antibiotic and incubated at 37°C for 16-18 hours on
shaking at 160 rpm. Bacteria were harvested by centrifuging the culture at 3500rpm for 30
minutes at 4°C. Purification of plasmids were carried out using Nucleobond Xtra Midi plus®
(Macherey-Nagel) by following manufacturer’s protocol. Concentration of DNA was
measured using nano drop with UV absorbance at 260 nm. Purity of plasmid DNA was checked
by finding the ratio Ase/Aso. Azl Azee> 2 indicates RNA contamination and Ass/As < 1.80

indicates protein contamination.

3.2.2. Expression, Purification and Quantification of Lipid Binding Probes

PET28 plasmidsthat express His6-eGFP-NT-Lysand His6-mCherry-D4 were
transformed into BL21(DE3). Cells were grown at 37°C in LB media containing 50 pg/mL

kanamycin until absorbance at 600 nm reached 2.3 for His6-eGFP-D4 and 1 for His6-mCherry-
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D4. Protein expression was induced with 125 pM IPTG. The incubation of cultures was
continued at 18°C for 18 hours with shaking at 120 rpm. Bacteria were harvested by
centrifugation at 4°C for 5 minutes at 8000 rpm. Harvested bacteria were lysed using
BugBuster® Master Mix (Novagen) at 4°C for 20 minutes in the presence of protease inhibitor
cocktail set I (Calbiochem) with constant shaking. The obtained lysates were clarified by
centrifugation at 4°C for 20 minutes at 11000 rpm. For further purification, the obtained
supernatants containing His6-eGFP-NT-Lys and His6-mCherry-D4 were loaded on a HiTrap
TALON crude (GE Healthcare) column. The columns were washed with 10 mL wash buffer.
The bound proteins were eluted using 5 mL elution buffer. The eluted proteins were dialyzed
at 4°C overnight against phosphate buffer saline (PBS) using slide-A-Lyzer dialysis cassettes™
10K MWCO (ThermoFisher Scientific) to remove the imidazole. The purified proteins were
pooled and concentrated using Amicon® Ultra-15 10K filter device (Millipore). The proteins
were then stored at -20°C after adding glycerol at final concentration 50%.

Concentration and activity of purified proteins were determined by Bicinchoninic acid
assay (BCA) and Enzyme linked immunosorbent assay (ELISA) respectively.

Enzyme Linked Immunosorbent Assay (ELISA): Binding of eGFP-NT-Lys to
sphingomyelin (SM) and of mCherry-D4 to cholesterol (Chol) was evaluated by ELISA as
described previously (318, 319). Briefly, 50 pL of 10 uM lipids i.e. porcine brain SM (Avanti
polar lipids), Chol (Avanti polar lipids) and phosphatidyl choline PC, (Avanti polar lipids), in
ethanol were added to an immulon 1B 96-well plate (Thermo scientific). PC served as a control
for each probe. After evaporation of solvent (ethanol) at room temperature, 200 puL of 3%
bovine serum albumin (BSA) in TBS was added to each well. The wells were washed three
times with 200 pL TBS after 2 hours of incubation and the plate was further incubated for one
hour at room temperature with 50 pL of various concentrations (7.8 nM to 1000 nM) of eGFP-

NT-Lys and mCherry-D4 in TBS containing 1% BSA. The bound lipid binding probes were
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detected by adding anti-His antibody (primary antibody) followed by incubation with
horseradish peroxide (HRP) conjugated anti-mouse antibody (secondary antibody). Both
antibodies i.e. primary and secondary, were used at 1:1000 dilution. The wells were washed
with 200 pL TBS three times before adding primary antibody, secondary antibody and coloring
buffer. The bound lipid probes were detected by the color developed due to the presence of o-
Phenylenediamine in the coloring buffer. The plate was incubated at room temperature for 30
minutes and the reaction was stopped by adding 50 pL of 4N H,SO.. Absorbance was measured

at 490 and 630 nm with plate reader.

3.2.3. Plating of Cells and Plasmid Transfection

To study the interaction between gRNA and Gag in cellular, MS2-eGFP HelLa cells
were seeded onto a cover glass in 12-well plates (confocal experiments) or onto a glass-bottom
dish, u-Dish (IBIDI GmbH, 35 mm dish with 21 mm glass bottom viewing area ) (FRET-FLIM
experiments) at the density of 7.5x10* cells/ml/well and 1x10° cells/ml/well, respectively, 24 h
before transfection. MS2-eGFP HeLa cells were then transfected using jetPRIME™ (Life
Technologies, Saint Aubin, France) with a mixture of plasmids encoding for pintro, Rev,
unlabelled Gag and mCherry Gag — proteins at the following ratios depending on the material
used [12 well plate: 1;0.25;0.2 pg — in IBIDI® chamber: 1.6;0.4;0.1ug]. Cells were observed
16 hours and 24 hours post transfection to monitor the interaction between Gag-RNA in
cytoplasm and at PM respectively (table 6).

To study the coalescence of lipid domains in the presence of Gag, HelLa cells were
seeded onto a glass bottom dish (ThermoFisher scientific, 35 mm dish with 12 mm glass bottom
viewing area) (FRET-FLIM experiments) in 2 mL media at the density of 75,000 cells /mL.
After 24 hours, cells in the dishes were transfected using jetPEI™ (Life Technologies, Saint
Aubin, France). Cells were transfected with 1 pug of empty vector pcDNA (control) or with 1

Kg of plasmid mixture composed of 0.8 pg of non-tagged Gag and 0.2 pg of mTagBFP2 tagged
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Gag (Gag-mTagBFP2) for the expression of each Gag derivative. Gag-mTagBFP2 constructs
were used to monitor the cellular distribution of Gag and Gag mutants. For control, cells were
transfected with 1 pg of empty vector, pcDNAS.

24 hours post transfection, the non-transfected cells were labelled with eGFP-NT-Lys
prepared in DMEM supplemented with 10% LPDS and 1% antibiotics (penicillin-
streptomycin). Cells were incubated at 37°C for 15 minutes in humidified atmosphere
containing 5% CO,. These non-transfected cells labelled with eGFP-NT-Lys only were used
to measure the lifetime of the donor alone. The cells labelled with both FRET donor and
acceptor (mCherry-D4) were labelled with the FRET donor for 15 minutes in the first step and
then with the acceptor for another 15 minutes period. FRET-FLIM measurements were
performed using an Olympus IX70 inverted microscope with an Olympus 60XW, 1.2 NA
objective, as previously described (320). Two photon excitation was at 930 nm for eGFP and
at 760 nm for mTagBFP2 using a femtosecond laser (Insight DeepSee, Spectra Physics).

To find the optimum working dilution of lipid binding probes and to study the
localization of mTagBFP2 tagged Gag by confocal microscopy, HelLa cells were seeded onto

a cover glass in 12-well plates. For detail see section 3.2.7.
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Table 6: Number of cells, amount of DNA, volume of jetPEI®/jetPRIME®
and volume for transfection of cells.

12 well 75,000 to -
plate | 150,000 ! 2 100-(4+X) 4
35mm | 150,000 to -
uDishes | 400,000 2 3 100-(4+Y) 6

“For 1 pg of DNA, 2 pL of jetPEI®/jetPRIME® was used.

The detailed transfection method is shown in Table 6. Cells were fixed with 4%
Paraformaldehyde (PFA) in PBS (PFA/PBS), 24 hours post transfection for confocal

microscopy analysis (cover glass in 12 well plate).

3.2.4. Immunolabelling

MS2-eGFP-HeLa cells were plated onto a cover glass in 12 well plate and transfected
with the plasmid pintro (modified HIV-1 proviral plasmid that expresses reporter pseudo-
gRNA, see Publication#1, Figure 1). Cells were fixed 24 hours post-transfection with 4%
PFA/PBS for 15 minutes and then rinsed 3 times, 5 minutes each with PBS. Cells were then
permeabilized with 0.2% triton X100. Blocking of the permeabilized cells was performed using
3% (W/V) BSA for one hour, and subsequently incubated for 1 hour at room temperature with
a rabbit polyclonal RNA polymerase Il (phospho S2) antibody (Abcam-ab5095) directed
against RNA polymerase 11 (RNAPII), followed by an incubation with secondary antibody,

fluorescent Alexa 568 anti-rabbit IgG (ThermoFischer Scientific A11011). Nucleus was
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stained by incubating the cells for 10 minutes in Hoechst 33258 (5 pg/mL) (Molecular Probes)
in PBS (317). The cover glass were then washed and mounted on microscope slides with

Fluoromount-G (Thermo Fischer Scientific 00-4958-02). Images were then acquired.

3.2.5. Cell Lysis and Protein Extraction

HeLa cells were lysed 24 hours post transfection to examine the protein expression.
Briefly, adherent cells were collected by scraping in DMEM in a well. The cells were pelleted
down and washed twice with PBS by centrifugation for 3-4 minutes at 1300 rpm. They were
lysed using 200 pL ice-cold lysis buffer supplemented with a protease inhibitor mixture
(complete mini EDTA free protease inhibitor cocktail tablets, Roche Germany 11836170001).
For complete lysis, samples were incubated on ice for 25 minutes and the debris was removed
by centrifuging the samples at 4°C for 30 minutes at 14000 rpm and supernatants were

collected. The extracted proteins in cell lysate supernatants were quantified by Bradford assay.

3.2.6. Western Blot

To check the expression of proteins, 10 uL of cell lysate supernatants (see section 3.2.5)
were submitted to SDS-PAGE (12 % gel) for separation in migration buffer. Before loading
into the wells of stacking gel, the protein samples were mixed with dithiothreitol (DTT) and
Laemmli sample buffer (Bio-Rad 1610747) and were denatured at 95°C for 5 minutes. The
proteins that were separated on SDS-PAGE were transferred to the previously activated
polyvinylidene difluoride (PVDF) membranes (activated by incubating PVDF membranes in
absolute ethanol for 5 minutes) in tris-glycine transfer buffer. Wet transfer was carried out on
ice for two hours at 110 volts. Membranes were blocked by constant shaking with 3% blocking
buffer at room temperature for one hour, followed by overnight incubation with primary
antibody (Table 4) in 1% blocking buffer at 4°C and later washed with TBS-T thrice for 5

minutes each. The membranes were then incubated with secondary antibody (Table 5) diluted
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in 1% blocking buffer at room temperature for one hour followed by three times washing with
TBS-T for 5 minutes each. Samples were visualized by using chemiluminescence ECL system
(Clarity™ ECL western blotting substrate, Biorad, 170-5060) on LAS 4000 system (GE

Healthcare).

3.2.7. Confocal Microscopy

Co-localization of fluorescently labelled Gag and gRNA in fixed MS2- eGFP-HelLa
cells was analyzed using confocal microscopy. Cells were seeded and transfected as mentioned
above. Cells were fixed 24 hours after transfection using 4% PFA/PBS at room temperature
with 2x washing with PBS before adding and after removing PFA/PBS. Cover glass were then
mounted on microscope slides with Fluoromount-G (Thermo Fischer Scientific 00-4958-02).
Images were acquired using Leica SPE equipped with a 63X oil immersed objective (1.4NA)
(HXC PL APO 63x/1.40 OIL CS) (317).

To quantify the phenotypes, we first analyzed localization of Gag proteins at the PM
(Red channel), followed by the localization of MS2-eGFP labelled RNA at the plasma
membrane or in the cytosol (Green channel). We assessed 100 cells per four independent
experiments.

To determine the optimum working dilution of eGFP-NT-Lys and mCherry-D4, cells
were seeded as mentioned before (section 3.2.3). After 24 hours of Gag transfection, cells were
washed twice with PBS and labelled with each probe at different dilutions i.e. x100, x50, x25
and x 12.5 in 250 puL of DMEM supplemented with 10% LPDS and 1% antibiotics (penicillin-
streptomycin) at 37°C for 15 minutes in an humidified atmosphere containing 5% CO,. Cells
were washed once with PBS and fixed with 4% PFA/PBS at room temperature for 30 minutes.
Cover glass were mounted on microscopic slides and observed with a LSM700 confocal
microscope (Carl Zeiss) equipped with a C-apochromat 63XW (1.2 NA) and, 488 and 561 nm

laser lines.
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3.2.8. Forster Resonance Energy Transfer (FRET) — Fluorescence Lifetime

Imaging Microscopy (FLIM)

FRET is a non-radiative transfer of energy from the donor fluorophore (in excited state)
to the acceptor fluorophore (in non-excited state) when both donor and acceptor fluorophores
are in close vicinity of each other (<10 nm). This transfer of energy occurs due to dipole-dipole
coupling and changes the lifetime or intensity of both fluorophores. Energy transfers only if:

1. The emission spectrum of the donor fluorophore overlap with the absorption
spectrum of the acceptor fluorophore. Only donor fluorophore is excited with the laser
whereas the excitation of the acceptor fluorophore is avoided (Figure 16).

2. The distance between the two fluorophores should be less than 10 nm (within
Forster radius) for effective transfer of energy from donor to acceptor molecule
(Figure 16).

In our experiments, we used FLIM microscopy to analyze the FRET between eGFP
(donor) and mCherry (acceptor). FRET-FLIM microscopy acquires the images based on
lifetime of donor fluorophore recorded at each pixel. Measuring the lifetime of donor
fluorophore is advantageous compared to the intensity-based energy transfer measurements
because intensity is sensitive to the concentration/variation in expression of fluorophore

whereas lifetime is insensitive to such changes.

3.2.8.1 Monitoring the Interaction Between Gag and RNA at PM and in Cytoplasm

The experimental set-up for FLIM measurements was previously described (3). Briefly,
time-correlated single-photon counting FLIM measurements were performed on a home-made
two-photon excitation scanning microscope based on an Olympus IX70 inverted microscope
with an Olympus 60 x 1.2 NA water immersion objective operating in the scanned fluorescence
collection mode. Two-photon excitation at 900 nm was provided by an Insight Deep see laser

(Spectra Physics).
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Figure 16: Two major factors of energy transfer from donor fluorophore to
acceptor fluorophore. (A.) Emission spectra of eGFP (green color)

overlaps absorption spectra of mCherry (pink color) (7). (B.) Transfer

of energy occurs only when the two fluorophores are close to each other

(<10nm).

Photons were collected using a short pass filter with a cut-off wavelength of 680 nm

(F75-680, AHF, Germany) and a band-pass filter of 520 + 17 nm (F37-520, AHF, Germany).

The fluorescence was directed to a fiber coupled APD (SPCM-AQR-14-FC, Perkin Elmer),

which was connected to a time-correlated single photon counting module (SPC830, Becker &
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Hickl, Germany).

To determine the fluorescent lifetime, the time resolved decays were analyzed obtained
from each pixel of the image using one component model. Numerical values were converted
into an arbitrary color scale producing an image ranging from blue (presence of FRET) to
yellow (absence of FRET).

For Fluorescence Resonance Energy Transfer (FRET) experiments, the FRET

efficiency (E) was calculated according to the equation 1:

E=1--24 e ___ Equation i

» where 1 pa is the lifetime of the donor in the presence of the acceptor and 1 p is the

lifetime of the donor in the absence of the acceptor.

To observe gRNA-Gag interactions in live-cells, the seeded cells on a glass-bottom dish
(IBIDI®) were transfected as previously described (section 3.2.3) and washed with PBS. A
freshly prepared Leibovitz’s L15 Medium (Gibco 21083-027) with 10% FBS was added prior

to observation.

3.2.8.2 Studying Coalescence of Lipid Domains in the Presence of Gag

To study the coalescence of lipid domains in the presence of Gag, HelLa cells were
seeded and transfected as mentioned before (see section 3.2.3 and table 6). To measure the
lifetime of the donor alone in the absence of Gag, empty vector (pcDNA), the transfected cells
were labelled with eGFP-NT-Lys added in 198 pL of freshly prepared Leibovitz’s L15
Medium (Gibco 21083-027) supplemented with 10% LPDS and placed at 37°C for 15 minutes

in humidified atmosphere containing 5% CO.. Furthermore, to measure the lifetime of the
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donor in the presence of acceptor, empty vector transfected cells and Gag transfected cells were
first labelled with the FRET donor for 15 minutes and then with the acceptor for another 15
minutes. FRET-FLIM measurements were performed using an Olympus 1X70 inverted
microscope with an Olympus 60XW, 1.2 NA objective, as previously described (320). Two
photon excitations at 930 nm for eGFP and at 760 nm for mTagBFP2 (Gag-mTagBFP2) were
performed using a femtosecond laser (Insight DeepSee, Spectra Physics).

Fluorescence decays of the FLIM images of the cells labelled with eGFP-NT- Lys in
the absence or in the presence of mCherry-D4 were analyzed using a commercial software
package (SPClmage V2.8, Becker & Hickl, Germany). A binning of two was applied before
processing the fluorescence decays. The FLIM data were further analyzed to obtain the FLIM
diagrams, using a homemade R scripts as described in a previous paper (321). In brief, two
populations are assumed to contribute to the eGFP-NT-Lys decay profile with one population
consisting in non-transferring eGFP-NT-Lys molecules (more than 10 nm apart from mCherry-
D4) and one population of eGFP-NT-Lys molecules with one or several mCherry-D4
molecules in close proximity (< 10 nm), so that FRET can occur. Based on this assumption,
the fluorescence decays can be fitted to a double exponential equation: I(t) = lo (cciexp(-t/t1) +
oexp(-t/t2)), where t1 is the short-lived lifetime of the eGFP-NT-Lys population undergoing
FRET and 72 is the lifetime for the unquenched donors. The relative contribution of each
population is given by al and a2, linked by a1l =1 - a2. By fixing 12 at 2.3 ns, the fluorescence
lifetime of the donor, a scatter plot of (t1, a1) points corresponding to the FLIM diagram plot
is obtained. The distribution and density of points on this plot have been shown to reveal the

main tendencies as well as the distribution of the individual parameters.

R Script analysis: In the context of protein-protein interactions, it is mentioned that
two populations contribute in the formation of fluorescence decay curve which includes non-

interacting (donor which does not undergo FRET) and interacting (donor which undergoes
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FRET) species. It is difficult to interpret double exponential decays due to the high variability
of lifetimes and amplitudes of individual components owing to limited number of photons in
the decays of individual pixels. Therefore, R script was used which segregates the population
and their corresponding lifetimes and constructs the plot to represent the data from each pixel
of an image in which 11 is plotted on y-axis as a function of a1% on x-axis. The center of the
density maps provides the information related to an average lifetime t1 and its corresponding

population percentage ou.

3.2.9. Fluorescence-Activated Cell Sorting (FACS) analysis

FACS analysis was performed to determine the method of the cell surface labeling with
lipid binding probes in the presence and the absence of Gag. In short, 250,000 cells were plated
in 2 mL DMEM supplemented with 10% FBS and 1% antibiotic solution (penicillin-
streptomycin) in 6 well plate. After incubation at 37°C for 24 hours in humidified atmosphere
containing 5% CO», cells were rinsed, trypsinized and resuspended in 2 mL PBS, followed by
centrifugation for 5 minutes at 230 x g. Cells were resuspended in 550 uL PBS and aliquoted
in two tubes (250 pL of the suspension in each tube). Added 250 pL of His6-eGFP-NT-Lys
and His6-mCherry-D4 diluted in PBS containing 2% (w/v) BSA to each separate tube of cell
suspension as a control (see Figure 3). The cells were incubated in humidified atmosphere at
37°C containing 5% CO: and fixed using 16% PFA (final concentration 4%) at room
temperature for 30 minutes. The cells were pelleted by centrifugation for 5 minutes at 230 x g
and resuspended in 1mL PBS (Figure 17).

Gag-mTagBFP2 transfected and non-transfected cells were labelled in the same way as
the control samples but after 15 minutes of incubation, at the pre-determined working dilution,
His6-mCherry-D4 was added to the tubes containing His6-eGFP-NT-Lys and the His6-eGFP-
NT-Lys was added to the tubes containing His6-mCherry-D4. The tubes were incubated at

37°C for 15 minutes in humidified atmosphere containing 5% CO., followed by fixing the cells
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using PFA (final concentration 4%) at room temperature for 30 minutes (Figure 17). We also
added both probes at the same time in the cell suspension for 15 minutes.

The incubation and cells fixation was followed in the same way as mentioned before.
The cells were then pelleted by centrifugation for 5 minutes at 230 x g and resuspended in 1mL
PBS. eGFP and mCherry fluorescence on individual cell was analyzed by flow cytometry.
Results were analyzed using the Flowjo software by Becton Dickinson (BD). Data was
represented by histogram showing the fluorescence intensity on x-axis and the number of

events on y-axis. A minimum of 10,000 events were counted.
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» Plating 250,000 cells / well (6 wells plate overnight incubation)
» Transfection of cells with Gag-mTagBFP2

Sample » Trypsinization and collection of cells

preparation| » Resuspension of cell pellet (550 puL)
>

Divide the cell suspension

=M ¥ W W

Adding Lipid probes and incubate for 15 mins at 37°C

%W OW W

Fixation with 4% PFA y@‘@y g@‘@y

Adding Lipid probes and

incubate for another 15

Fixation with 4% PF§

<€
FACS analysis

1 =eGFP-NT-Lys, 2 = mCherry-D4, * cells transfected with Gag-mTagBFP2

Figure 17: Schematic presentation of samples preparation for FACS
analysis. Schematic diagram is showing a procedure followed to
prepare the samples for FACS analysis and labeling pattern, of Gag
transfected and non-transfected cells, followed to label the cells with
eGFP-NT-Lys and mCherry-D4.
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4. Results and

Discussion
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4.1. Zinc Fingers in HIV-1 Gag Precursor are not
Equivalent for gRNA Recruitment at the Plasma

Membrane.

HIV-1 late phase is a multistep process which includes, selection of un-spliced viral
gRNA by Gag, Gag oligomerization, travelling and binding of Gag-gRNA complex to the inner
leaflet of plasma membrane (PM), multimerization of Gag and budding of virus particles.
Hence, Gag is a key protein that orchestrates the late phase of HIV-1 (36).

Gag precursor is composed of four key domains with two short spacer peptides. Starting
from N-terminus region it contains MA domain which facilitates the interaction of Gag with
the PM, the CA domain drives Gag multimerization, the two CCHC ZFs containing NC domain
flanked with two spacer peptides p2 and pl serve as a major determinant for gRNA selection
and finally the p6 domain at the C-terminus of Gag promotes viral budding from the PM. Gag
via its NC domain specifically binds to the ¥ domain that comprises four stem loops (SLI-4)
located within the 5' untranslated region of the gRNA. SL1 corresponds to the DIS that drives
dimerization of HIV-1 gRNA, SL2 contains the major splice donor site, SL3 has been
considered as the main packaging signal and SL4 contains the translation initiation codon of
Gag (62, 71, 72, 76).

Retroviral Gag protein specifically selects and encapsidates the HIV-1 un-spliced
gRNA via its NC domain from the pool of cellular and spliced viral RNAs, and is considered
as an essential determinant for Gag-gRNA interactions because the gRNA was not found to
colocalize with the Gag lacking NC domain. Therefore, the recognition and selection of gRNA
by Gag is governed by two CCHC ZF motifs of the NC domain of Gag (210). However, the
exact contribution of each ZF remains controversial.

To characterize the role of ZFs in recruitment and cellular trafficking of gRNA, we
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used several microscopy approaches including confocal microscopy, time-lapse microscopy,
FRET-FLIM microscopy and raster image correlation spectroscopy (RICS). To aim, we used
MS?2 labelling system which is based on, HeLa cells (so called MS2-eGFP cells) constitutively
overexpressing the capsid protein of the bacteriophage MS2 fused to eGFP (MS2-eGFP) and a
plasmid encoding for a modified packageable HIV-1 gRNA containing 12 MS2 stem-loops
recognized by the MS2-eGFP. Upon binding of MS2-eGFP to the modified gRNA with high
specificity, this technology allows to fluorescently label HIV-1 gRNA, thus enabling us to
visualize nascent un-spliced HIV-1 mRNAs in cells. Finally, we used plasmids encoding for
Pr55cag proteins with mutations in the NC domain and labelled by mCherry, inserted between
MA and CA domains of Gag (publication 1, Figures 1 and 2).

In our work, we compared the interaction between gRNA and wild type (WT) Gag or
Gag mutants carrying deletions in NC zinc fingers or non-myristoylated Gag. Our data showed
that Gag-gRNA interaction was completely abrogated in the cytoplasm with the deletion of
complete NC domain or simultaneous deletion of both ZFs (publication 1, Figure 6). The Gag-
gRNA interaction was not hampered in the cytoplasm and the PM with the deletion of any of
the ZFs (publication 1, Figures 5 and 6) but the delivery of the gRNA to the PM was delayed
(publication 1, Figure 4), indicating that both ZFs exhibit similar roles in this respect. However,
deletion of ZF2 delayed the relocation of Gag-gRNA complexes to the PM, signifying its role
more than ZF1 (publication 1, Figure 4). Our results also showed that the myristate group is
only essential to anchor the Gag-gRNA complex with the PM because non-myristoylated Gag
mutant (GagG2A) did not impair its gRNA binding in the cytoplasm but instead lost its PM

anchoring characteristic (publication 1, Figures 2 and 6).
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ABSTRACT The human immunodeficiency virus type 1 Gag precursor specifically selects the unspliced viral genomic RNA
(gRNA) from the bulk of cellular and spliced viral RNAs via its nucleocapsid (NC) domain and drives gRNA encapsidation at
the plasma membrane (PM). To further identify the determinants governing the intracellular trafficking of Gag-gRNA complexes
and their accumulation at the PM, we compared, in living and fixed cells, the interactions between gRNA and wild-type Gag or
Gag mutants carrying deletions in NC zinc fingers (ZFs) or a nonmyristoylated version of Gag. Our data showed that the deletion
of both ZFs simultaneously or the complete NC domain completely abolished intracytoplasmic Gag-gRNA interactions. Deletion
of either ZF delayed the delivery of gRNA to the PM but did not prevent Gag-gRNA interactions in the cytoplasm, indicating that
the two ZFs display redundant roles in this respect. However, ZF2 played a more prominent role than ZF1 in the accumulation of
the ribonucleoprotein complexes at the PM. Finally, the myristate group, which is mandatory for anchoring the complexes at the
PM, was found to be dispensable for the association of Gag with the gRNA in the cytosol.

SIGNIFICANCE Formation of HIV-1 retroviral particles relies on specific interactions between the retroviral Gag
precursor and the unspliced genomic RNA (gRNA). During the late phase of replication, Gag orchestrates the assembly of
newly formed viruses at the plasma membrane (PM). It has been shown that the intracellular HIV-1 gRNA recognition is
governed by the two zinc finger (ZF) motifs of the nucleocapsid domain in Gag. Here, we provided a clear picture of the role
of ZFs in the cellular trafficking of Gag-gRNA complexes to the PM by showing that either ZF was sufficient to efficiently
promote these interactions in the cytoplasm, whereas interestingly, ZF2 played a more prominent role in the relocation of
these ribonucleoprotein complexes at the PM assembly sites.

INTRODUCTION volves specific interactions between Gag and the 5" end of
the gRNA, which contains the packaging signal (Psi) en-
compassing stem loop 1 (SL1) to SL4 (Fig. 1 A) (for re-
views, see (4-7)). SLI corresponds to the Dimerization
Initiation Site (DIS) as it contains a short palindromic
sequence in its apical loop that drives dimerization of the
HIV-1 gRNA (8-12), and our group previously showed
that the SL1 internal purine-rich loop corresponds to a major
Gag recognition signal (13-15). SL2 contains the major
splice donor site, SL3 has been historically considered
as the main packaging signal (Psi) (16,17), and SL4 contains
the translation initiation codon of Gag.

During the late phase of human immunodeficiency virus
type 1 (HIV-1) replication, the retroviral 55-kDa precursor
(Pr55% or Gag) orchestrates the assembly of newly formed
viruses at the plasma membrane (PM) (1-3). Gag specif-
ically selects the HIV-1 unspliced genomic RNA (gRNA)
from the bulk of cellular and spliced viral RNAs for encap-
sidation via its nucleocapsid domain (NC). This process in-
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FIGURE [ Fluorescent tools used for microscopy imaging. (A) (/) Schematic presentation of the HIV-1 reporter construct (pIntro) is shown. The RNA
obtained from the cytomegalovirus-dependent (light blue square) transcription of this plasmid contains 12 copies of MS2 stem loops (SL) inserted between
the Psi () domain and RRE element. (2) HeLa cells constitutively expressing MS2-eGFP are shown. The fluorescence was found to be localized in the
nucleus and concentrated in the nucleoli in nontransfected cells (23). (3) Shown are schemes of the unspliced nascent HIV-1 mRNAs harboring the SL el-
ements that can be recognized by dimers of the fluorescently labeled MS2 capsid (CA) proteins (MS2-eGFP) and interact with mCH-labeled Gag proteins.
eGFP and m-Cherry constitute a donor-acceptor couple for FRET. (B) Shown is a schematic representation of the Gag proteins used in this study. Gag do-
mains are represented: from N-terminus the myristoyl group, matrix (MA), capsid (CA), nucleocapsid (NC), including two zinc fingers (ZFs), the spacer
peptides p! and p2, and the C-terminal p6 domain. We deleted either the entire NC domain (Gag4NC), both ZFs (Gag4ZF1-2), or only one ZF (Gag4ZF1
and GagdZF2). We also included in our study a nonmyristoylated version of Gag (GagG2A). The deletions were represented by a straight line linking the
bordering amino acid residues. All the Gag proteins were fused to mCherry (mCH), which was inserted between the MA and CA domains (63). To see this

figure in color, go online.

(18-24). Indeed, it was proposed that HIV-1 gRNA dimer-
izes at the PM (24), and the dimers would be stabilized at
those sites thanks to the chaperone activity of Gag
(18,19,25,26). Other studies showed that HIV-1 gRNA
would migrate to the PM as a preformed dimer (18,23) in
association with low-order Gag multimers (25-27), forming
a viral ribonucleoprotein (VRNP) (for reviews, (6,28,29)).
Although some aspects, including the cellular trafficking
of the VRNP, remain to be precisely described, it was sug-
gested that the viral core could be alternatively targeted to
late endosomes (30-33), and the dynein motor function
could regulate the vVRNP egress on endosomal membranes,
thus impacting viral production (34).

The Gag precursor is composed of four main domains and
two short spacers (for review, see (35)) (Fig. | B), starting
from the N-terminus with the matrix (MA) domain, which
mediates the association of Gag with the PM (36) via its
N-terminal myristoylated glycine (G2) and a highly basic
region, which associates with PI(4,5)P; (37,38). The capsid
(CA) domain drives Gag multimerization, leading to the for-
mation of the structural viral core. Besides, recent MD
simulation studies indicated that CA interacts with MA, sta-
bilizing the compact conformation of the precursor (39).
The NC domain flanked by two spacer peptides p2 and pl

420 Biophysical Journal 119, 419-433, July 21, 2020

contains two CCHC zinc finger (ZF) motifs and constitutes
the major determinant for gRNA recognition (40-42).
Importantly, the NC domain was also found to facilitate
Gag multimerization and viral assembly (43-46), and its
fully matured form, NCp7, fulfills multiple functions in
the early steps of the viral cycle by acting as a nucleic
acid chaperone. As such, NCp7 is thought to mediate struc-
tural gRNA rearrangements (for reviews, see (47-49)).
Finally, at the C-terminus, the p6 domain promotes the
budding of nascent virions at the PM by interacting with
host factors associated with the ESCRT (Endosomal Sorting
Complex Required for Transport) machinery (for a review,
see (50)). Our group recently showed that p6 is also a key
determinant for specific Gag-gRNA interaction (51).

Both MA and NC possess nucleic acid binding properties.
MA interacts with NAs in vitro (46) and in cells (27,52) via
its highly basic region domain. In particular, its interaction
with host transfer RNAs in the cytosol might regulate Gag
interaction with the PM (27). On the other hand, interactions
of NC with gRNA are mainly driven by the two highly
conserved ZFs (40,53-58). However, these ZFs do not
seem to be functionally equivalent, the N-terminal ZF
(ZF1) playing a more prominent role in gRNA selection
and packaging (57). Indeed, mutations in ZF1 and the NC
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N-terminal domain led to the formation of particles with
abnormal core morphology and affected proviral DNA syn-
thesis (59,60). Besides, specific in vitro binding of NCp7 to
the Psi was also found to be dependent on the ZF!1 and flank-
ing basic amino acid residues (61). However, the exact
contribution of each ZF remains controversial because a
recent in vitro study showed that the distal C-terminal ZF
(ZF2) would drive the first steps of association with NAs
because of its larger accessibility compared to ZF1, which
would contribute to stabilize the resulting complex (62).

Here, to decipher the role of the two ZFs in the cellular
trafficking of Gag-gRNA complexes to the PM, we com-
bined several quantitative approaches, including confocal
microscopy, time-lapse microscopy, fluorescence resonance
energy transfer (FRET)-fluorescence lifetime imaging mi-
croscopy (FLIM), and raster image correlation spectroscopy
(RICS). To this aim, the MS2 bacteriophage coat protein
was fused to eGFP to fluorescently label the gRNA (Fig. |
A), whereas Gag proteins were fused to the fluorescent pro-
tein probe mCherry (mCH) (Fig. 1 B). This allowed us to
compare in the cytoplasm and at the PM the interactions
of gRNA with wild-type (WT) Gag and Gag mutants car-
rying deletions in NC ZFs and a nonmyristoylated version
of Gag (GagG2A) (Fig. | B). As expected, the GagG2A mu-
tation prevented colocalization of Gag with the gRNA at the
PM but did not impair its gRNA binding. Importantly, we
found that the simultaneous deletion of the two ZFs
completely abolishes the Gag-gRNA interactions in the
cytosol and at the PM. Either ZF was found to be sufficient
to efficiently promote Gag-gRNA interactions in the cyto-
plasm, hence displaying redundant roles in this respect.
Interestingly, ZF2 played a more prominent role than ZF1
in the relocation of these ribonucleoprotein complexes at
the PM. Taken together, we show here that the intracellular
HIV-1 gRNA recognition and Gag-gRNA trafficking to the
PM are governed by ZF motifs within the NC domain.

MATERIALS AND METHODS
Plasmids DNA

The constructs for Gag and Gag-mCH were previously described
(44,63). The plasmid encoding human codon-optimized Gag was kindly
provided by David E. Ott (National Cancer Institute, Frederick, MD).
The deletion mutants (GagANC, GagdZF1, Gag4ZF2, and GagAZF1-
2) and the substitution mutant (GagG2A) were constructed by PCR-
based mutagenesis on Gag and Gag-mCH following the supplier’s
protocol (Stratagene, San Diego, CA). In addition, the pIntro plasmid
was obtained from E. Bertrand (The Institute of Molecular Genetics
of Montpellier, Montpellier, France (30)) and modified by EPIGEX
(Strasbourg, France (pcDNA3.1 plasmid; CMV promotor)). Then, a
TAG codon was introduced in the plasmid to stop the expression of
peroxisome localization signal (eCFP-SKL) using Phusion site-directed
mutagenesis kit (F-541; Thermo Fisher Scientific, Waltham, MA) and
a set of primers (FW: 5'-GATATGGTGAGCTAGGGCGAGGAGCTG-
3" and Rev: 5-GATACCGTCGAGATCCGTTCACTAATCG-3'). The
plasmid pPOM21-mCH was obtained from Euroscarf (Oberursel, Ger-
many) (64), whereas pRSV-Rev was obtained from Addgene (Water-
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town, MA) (plasmid # 12253). The integrity of all plasmids was
assessed by DNA sequencing (GATC Eurofins Genomics, Konstanz,
Germany).

Cell culture and plasmid transfection

HeLa cells stably expressing homogenous levels of MS2-GFP with a nu-
clear localization signal (NLS) (so called MS2-GFP) were obtained from
Nolwenn Jouvenet (Institute Pasteur, Paris, France) (23) and grown in
Dulbecco’s modified Eagle medium (11880-028; Gibco, Life Technologies,
Carlsbad, CA) supplemented with 10% fetal bovine serum (Lonza, Basel,
Switzerland), 1% antibiotic solution (penicillin streptomycin; Gibco, Tnvi-
trogen, Carlsbad, CA), and glutamine at 37°C in humidified atmosphere
containing 5% CO,.

To study the interaction between gRNA and Gag in cellula, MS2-eGFP
HeLa cells were seeded onto a coverglass in 12-well plates (see confocal
and super-resolution experiments) or onto an ibidi chambered coverglass
(see FRET-FLIM experiments) at the density of 7.5 x 10* cells/mL/well
or 1.5 x 10° cells/mLiwell, respectively, 24 h before transfection. MS2-
eGFP HeLa cells were then transfected using jetPRIME (Life Technologies)
with a mixture of plasmids encoding for pIntro, Rev, unlabeled Gag, and
Gag-mCH proteins at the following ratios depending on the material used:
12 well plate, 1; or 0.25; and 0.2 ug in IBIDI chamber, 1.6, 0.4, or 0.1 ug.

Immunolabeling

The MS2-eGFP HeLa cells were fixed 24 h post-transfection with 1.5-4%
of paraformaldehyde (PFA)/phosphate-buffered saline (PBS) for 15 min
and then rinsed three times for 5 min with PBS. Cells were then permeabi-
lized with 0.2% Triton X-100, blocked in 3% (W/V) bovine serum albumin
(BSA) for 1 h, and subsequently incubated for 1 h at room temperature with
rabbit polyclonal antibody directed against RNA polymerase IT phosphoS2
(ab5095; Abcam, Cambridge, U.K.), followed by an incubation with fluo-
rescent Alexa Fluor 568 anti-rabbit secondary antibody (A11011; Thermo
Fisher Scientific). For nuclear staining, the medium was replaced by
Hoechst 33258 (5 ug/mL; Molecular Probes, Eugene, OR) in PBS, and cells
were incubated for 10 min. Coverslips were then washed and mounted on
microscope slides with Fluoromount-G (00-4958-02; Thermo Fisher Scien-
tific). Images were acquired with a Leica TCS SPE II confocal microscope
equipped with a 63x 1.4 NA oil immersion objective (HCX PL APO 63 x/
1.40 OIL CS) and 405, 488, and 561 nm laser diodes.

Confocal microscopy

Fluorescence confocal images of tagged Gag proteins in fixed cells in the
presence or absence of MS2-¢GFP were taken 24 h post-transfection using
a Leica SPE microscope equipped with a 63 1.4 NA oil immersion objec-
tive (HCX PL APO 63x/1.40 OIL CS). The eGFP images were obtained by
scanning the cells with a 488 nm laser line and using a 500-555 nm emis-
sion bandwidth. For the mCH images, a 561 nm laser line was used with a
570-625 nm bandwidth filter. To quantify the phenotypes, we first analyzed
Gag proteins localized at the membrane (Red channel) and then checked if
MS2-eGFP-labeled RNA localized at the membrane or in the cytoplasm
(Green channel). We assessed 100 cells per experiment, and three indepen-
dent experiments were performed.

FLIM

The experimental setup for FLIM measurements was previously described
(44). Briefly, time-correlated single photon counting FLIM measurements
were performed on a home-made two-photon excitation scanning micro-
scope based on an Olympus IX70 inverted microscope with an Olympus
60x 1.2 NA water immersion objective operating in the scanned
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fluorescence collection mode. Two-photon excitation at 900 nm was pro-
vided by an InSight DeepSee Laser (Spectra-Physics, Santa Clara, CA).
Photons were collected using a short pass filter with a cutoff wavelength
of 680 nm (F75-680; AHF analysentechnik, Tiibingen, Germany) and a
band-pass filter of 520 + 17 nm (F37-520; AHF analysentechnik). The
fluorescence was directed to a fiber-coupled Avalanche photodiodes
(SPCM-AQR-14-FC; PerkinElmer, Waltham, MA), which was connected
to a time-correlated single photon counting module (SPC830; Becker &
Hickl, Berlin, Germany).

The time-resolved decays were analyzed using a one-component model
pixel per pixel to obtain the fluorescence lifetime distribution all over the
cell. Numerical values were converted into an arbitrary color scale, produc-
ing an image ranging from blue (presence of FRET) to yellow (absence of
FRET).

For Forster Resonant Energy Transfer (FRET) experiments, the FRET ef-
ficiency (E) was calculated according to the equation:

E=1- — (¢))
D

where Tpa and 7p are the lifetime of the donor in the presence and in the
absence of the acceptor.

To observe gRNA-Gag interactions in live cells, the seeded cells (on
IBIDI chamber) were transfected as described above and washed once
with PBS. A freshly prepared Leibovitz’s L15 Medium (21083-027; Gibco)
with fetal bovine serum (FBS) was added before observation.

DNA plasmid microinjection and time-lapse
microscopy

For time-lapse experiments, subconfluent MS2-eGFP HeLa cells plated
on glass coverslips (ina 12-well plate at 1.5 x 10° cells/mL the day before
the experiment) were mounted in a Ludin Chamber (Life Imaging Ser-
vices, Basel, Switzerland) following the protocol described in (44). The
cells were then placed on a Leica DMIRE2 microscope equipped with a
chamber at 37°C with 5% CO, (Life Tmaging Services). A mixture of
plasmids (72% plntro, 17% Rev, 5.5% Gag, and 5.5% mCH-Gag or
Gag mutants in the NC domain) were microinjected into the nucleus at
0.1 pg/uL with a fluorescent microinjection reporter solution (0.5 ug/
uL rhodamine dextran; Invitrogen), using a Femtojet/InjectMan NI 2 mi-
croinjector (Eppendorf, Hamburg, Germany). The coordinates of several
microinjected cells were memorized using a Mirzhauser (Wetzlar,
Germany) automated stage piloted by the Leica FW4000 software. Im-
ages were then acquired with a 100x HCX PL APO (1.4 NA) objective
every 5 min during 2-4 h using a Leica DC350FX CCD camera controlled
by the FW4000 software. Time-lapse videos were then analyzed using the
MetaMorph (Molecular Devices, San Jose, CA) and Image] (National
Institutes of Health, Bethesda, MD) software to determine at which
time the GFP signal appears at the PM (fluorescently labeled gRNA) as
well as when Gag multimers appear at the PM.

RICS

MS2-eGFP HeLa cells were transfected with specific plasmids (in IBIDI
chamber) as described above, and living cells were imaged at 16 h
post-transfection. RICS measurements were performed on a Leica SPE
microscope equipped with a 63x oil immersion objective (HCX PL
APO 63x/1.40 OIL CS; Leica, Wetzlar, Germany). eGFP and mCH
were excited with 488 nm and 561 nm laser lines, respectively. The
emitted fluorescence was detected by a photo multiplier (PMT) with a
detection window of 500-550 nm and 590-700 nm for eGFP and
mCH, respectively. For each RICS measurement, a stack of 50 images
(256 x 256 pixels with a pixel size of 50 nm) was acquired at 400 Hz
(2.5 ms between the lines with a pixel dwell time of 2.8 us). The
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RICS analysis was then performed using the SimFCS software devel-
oped by the Laboratory of Fluorescence Dynamics (http://www.lfd.uci.
edu) or alternatively by a package of plugins running under ImagelJ soft-
ware (https://imagej.nih.gov/ij/). In the latter case, the used tools were an
extension and improvement of the Stowers ICS Plugins developed by Jay
Unruh (http://research.stowers.org/imagejplugins/ics_plugins.html), al-
lowing us to generate RICS maps over several acquisitions in a fully
automated and optimized way.

Before the autocorrelation of the image, the contribution of the slowly
moving structures and cellular displacements were removed by subtracting
the moving average. Then, the correlations of all frames were calculated,
and the final averaged autocorrelation surface was fitted with the RICS
correlation function given by

Gs(x,3) = Glx,) x S(x,), @

where G(x.y) represents the temporal correlation resulting from the diffu-
sion of the fluorescent molecules, and S(x, y) takes into account the effect
of beam displacement in the x and y directions. These two terms are defined
as follows:

4D(rpx + my)\
Glay) = 1(1 +M>
N Wi 3)
4D(rpx +1y)\
(14 Bt
W
[i+ 2]
S(x,y) = exp| ——-4 @)

(l + 4D(T[r.\"+71"\2))

wy

where x and y are the spatial lags in pixels, and dx and dy are the pixel size
(50 nm). 7p and 7;_ are the pixel dwell time (2.8 us) and the interline time
(2.5 ms), respectively. wy is the beam waist, and w, represents the z axis
beam radius and is set to 3wy y is a shape factor due to uneven illumination
across the focal volume and is 0.3535 for a three-dimensional (3D)
Gaussian beam. N and D are the floating parameters that represent the num-
ber of fluorescent molecules in the focal volume and the diffusion coeffi-
cient, respectively. The waist of the beam w, was measured before each
experiment using 100 nM solutions of eGFP and mCH in water, assuming
their diffusion coefficients are 90 umzls (65,66). Finally, the diffusion maps
were obtained by calculating for each pixel of the image the average diffu-
sion coefficient in a surrounding area of 64 x 64 pixels (10.24 um?). In the
resulting diffusion maps, the pixels are color coded by the average D value
in the surrounding area.

RESULTS

Fluorescent labeling of HIV-1 gRNA and Gag
proteins in cells

We transfected a stable HeLa cell line expressing MS2 fused
to eGFP (here called HeLa MS2-eGFP) (23) with a plasmid
encoding a modified HIV-1 gRNA (pIntro) containing a
cassette of 12 MS2 SLs recognized by the MS2-eGFP pro-
tein (Fig. 1, Al and A3). Of note, in our system, the eGFP
contains a NLS that directs MS2-eGFP toward the nuclei
and nucleoli (Fig. 1 A2). To fluorescently label Gag proteins,
we fused the mCH probe upstream of the CA domain to

96



plntro

platro
+Rev

Nuclei

D
platro
+Rev
+Gag
+Gag-mCH

Gag + Gag-mCH

minimize the impact of the tag on protein activities (Fig. 1
B; (44,63)).

At first, we transfected the HeLa MS2-eGFP cells with
the plasmids mentioned above and imaged them 24 h later.
In cells transfected with pIntro, the phenotype observed was
characterized with nonfluorescent nucleoli in contrast to
nontransfected cells in which fluorescence was mainly
concentrated at those sites (Figs. | A and 2 A). Moreover,
by using immunofluorescence with an antibody directed
against the RNA polymerase II phosphoS2 (Fig. S1), we
observed that the bright green clusters in the nucleoplasm
(Fig. 2 A, white arrows) corresponded to active transcription
sites. In a further step, the cotransfection of plntro with a
Rev-encoding plasmid ensured the complete export of the
MS2-eGFP-labeled gRNA from the nucleus to the cyto-
plasm because of the specific recognition of the Rev
response element (RRE) sequence by Rev (Fig. 2 B).
Finally, when unlabeled Gag was expressed alone (Fig. 2
C) or together with Gag-mCH (Fig. 2 D), the gRNA was re-
localized to the PM. These observations indicated that the
MS2-eGFP-based strategy is well suited to investigate the
interactions between HIV-1 gRNA and Gag proteins by fluo-
rescence-based techniques.

Results and Discussion [NCHapter#ay
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FIGURE 2 Membrane relocalization of HIV-1-
gRNA by Gag. (A) HeLa cells stably expressing
MS2-eGFP were transfected with a construct encod-
ing pIntro (see Materials and Methods). Nuclei were
stained with Hoechst33258 (blue channel, column
1). Nontransfected cells showed GFP signal in the
nuclei and nucleoli, whereas in cells transfected
with plntro, the MS2-eGFP fluorescence signal
was only localized in the nuclei but no more in the
nucleoli (green channel, column 2). The merge is
in column 3. (B) The cells were then transfected
with a plasmid encoding for Rev. This cotransfection
ensured the complete export of the MS2-eGFP-
labeled gRNA from the nucleus to the cytoplasm
because of the specific recognition of the RRE.
When Gag alone (C) or in mixture with Gag-mCH
(D) was coexpressed, gRNA was relocalized to the
PM. Confocal microscopy was performed 24 h
post-transfection. Cartoons on the right illustrate
the observed localizations of MS2-eGFP-RNA.
Cyt, cytoplasm; N, nucleus; NU, nucleolus. To see
this figure in color, go online.

Scale bar: 10pm

At least one ZF of Gag is required for gRNA
enrichment at the PM

To investigate the impact of mutations in the NC domain of
Gag on the cellular localization of gRNA, we used a Gag
mutant in which the complete NC domain was deleted
(Gag4NC) as well as Gag mutants carrying either a single
(GagdZF1 or GagdZF2) or a double ZF deletion (4ZF1-
2) (Fig. 1 B). We also included a nonmyristoylated Gag pro-
tein in which the Gly at position 2 was substituted with an
Ala residue (GagG2A), thus preventing the addition of a
myristate group (Fig. | B). Globally, we observed 24 h
post-transfection by confocal microscopy that all tested
Gag proteins displayed a PM localization (Fig. 3 A, column
1), with the exception of the GagG2A mutant, which was
found exclusively in the cytoplasm, as expected (Fig. 3 A,
column 1; (67)). The intensity of MS2-eGFP-gRNA fluores-
cence was measured at PM and in the cytosol (Fig. 3 A, in-
sets). In the case of Gag-mCH, we observed an
accumulation of MS2-eGFP-gRNA at PM because the fluo-
rescence at that site resulted to be two to three higher than in
the cytoplasm. Conversely, in the presence of GagdNC-
mCH, MS2-eGFP-gRNA fluorescence was not found to
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FIGURE 3 Confocal microscopy of MS2-eGFP HeLa cells coexpressing Gag-mCH proteins and gRNA. (A) The localization of Gag-mCH proteins (col-
umn 1, red channel) and MS2-eGFP-gRNA (column 2, green channel) as well as the staining with Hoechst33258 as a fluorescent marker for the nucleus
(column 3, blue channel) and the merge of these images (column 4) are shown. Each panel indicates the major observed phenotype. Fluorescence intensity
of MS2-eGFP-gRNA was measured over 15 um, including the PM and cytosol (yellow line), and the corresponding distributions are indicated in the insets.
(B) Histograms show the percentage of cells in which gRNA was found to diffuse in the cytoplasm (large dots) or, alternatively, was localized at the PM
(small dots) in the presence of the different Gag-mCH proteins. Cells were imaged 24 h post-transfection by confocal microscopy. We counted 100 cells
per condition. The analysis was performed on four independent experiments, and error bars represent the standard error of the mean (SEM). Statistics
was obtained with a x test and revealed a significant difference (***p < 0.001). Scale bar, 10 um is indicated. To see this figure in color, go online.

increase at PM, suggesting that in this case, gRNA accumu-
lated in the cytoplasm.

In a further step, a careful quantification (see Materials
and Methods) showed that WT Gag and gRNA colocalized
at the PM in 84 £ 3% of cells, whereas this percentage
dropped to 71 £ 3 and 57 * 1% for GagdZFl and
GagAZF2, respectively (Fig. 3, A and B). Interestingly, in
the presence of GagdZF1-2 or Gag4ANC, no colocalization
of the proteins with gRNA was observed at the PM, and in
these cases, gRNA was found to accumulate in the cyto-
plasm (Fig. 3, A and B). Altogether, these experiments
show that the two ZFs of the NC domain of Gag are required
for an optimal trafficking of gRNA to the PM. However, the
presence of one ZF is sufficient to partially relocate gRNA
from the cytoplasm to the PM.

Real-time kinetics of gRNA coaccumulation with
Gag at the PM

Next, we performed two-color time-lapse microscopy ex-
periments to monitor in real time the events taking place
between gRNA transcription and its localization at the PM

424 Biophysical Journal 119, 419-433, July 21, 2020

in living cells. To this aim, HeLa MS2-eGFP-expressing
cells were microinjected with a combination of plasmids
expressing gRNA, Gag, and Rev and imaged every
5 min for 4 h. About 5 min after microinjection, the
MS2-eGFP fluorescence accumulated as clusters in the
nucleoplasm corresponding to active transcription sites
(Fig. S1), although the nucleoli appeared nonfluorescent
(Video S1). When the viral Rev factor was expressed,
the MS2-eGFP-labeled gRNA was then found to accumu-
late at the nuclear envelope and to colocalize with the nu-
clear envelope marker POM121-mCH (Fig. S1 B; Video
S1). The Rev-driven export of gRNA was subsequently
observed through the green fluorescence signal accumu-
lating in the cytoplasm. About 1 h after microinjection,
Gag-mCH appeared in the cytoplasm, and we evaluated
the average delay between the appearance of the Gag-
mCH proteins in the cytoplasm and the appearance of
the first MS2-eGFP clusters labeled gRNAs at the PM
(Fig. 4, A and B). In agreement with the conclusions of
the previous paragraph, we observed that the enrichment
of the MS2-eGFP-labeled gRNA at the PM after 4 h
was observable for less than 7% of cells expressing
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FIGURE 4 Kinetic analysis of gRNA localization at the PM induced by Gag proteins. (A) Shown is time-lapse microscopy on cells microinjected with a

combination of plasmids expressing MS2-eGFP-gRNA (column I, green channel
h. In the merge colum 3, the insets correspond to a zoom of the PM region. Scale

), Gag-mCH (column 2, red channel), and Rev and imaged every 5 min for 4
bar, 10 um is indicated. (B) Shown is the quantification of the average delay

separating the appearance of Gag-mCH (rounds), Gag4ZF1-mCH, (squares), and Gag AZF2 (triangles) proteins in the cytoplasm and the detection of the first

MS2-eGFP-gRNA clusters accumulating at the PM. (C) Shown is the quantific
GagAZF1-mCH (squares), GagAZF2 (triangles), and MS2-eGFP-gRNA clus

ation of the average delay separating the detection of Gag-mCH (rounds),
ters at the PM. Individual data points, corresponding mean values, and

SEM are indicated. The statistical analysis was performed by one-way ANOVA associated to Tukey’s multiple comparison tests and revealed significant
differences (**p < 0.01, ***p < 0.001) between Gag, Gag4ZF1, and Gag4ZF2 (26-50 cells analyzed per experiment). To see this figure in color, go on-

line.

GagdZF1-2 (Video S2) or Gag4NC (Video S3). For cells
expressing GagdZF1(Video S4) and GagdZF2 (Video
S5), we noticed gRNA accumulation to the PM but with
a significant delay as compared to WT Gag proteins.
Indeed, whereas gRNA accumulated at the PM within
47 = 4 min (n = 39) in the presence of WT Gag, it
took ~73.5 = 4 min (n = 39) and 94.5 £ 5 min (n =
50) in the case of GagdZF1 and GagdZF2, respectively
(Fig. 4 B). In a further step, we monitored the mean
delay between Gag-mCHclusters appearance at the PM
and the accumulation of MS2-eGFP-labeled gRNAs at
the same sites. Similarly, to our previous observation,
GagdZF2 showed a significantly increased delay 45 =+
3 min (n = 50) compared with WT Gag 17 = 3 min
(n = 26) or to GagdZFl 235 £+ 5 min (n = 39)
(Fig. 4 C). These results suggest that deletion of the ZF
motifs in Gag introduces a delay in the colocalization of
gRNA at the PM and that the deletion of ZF2 was found
to have a greater effect than ZF1 in the delayed gRNA
accumulation at the PM.
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Monitoring the interactions between Gag proteins
and gRNA at the PM

To further demonstrate the direct interaction between Gag
and gRNA at the PM, we performed FRET-FLIM. FRET oc-
curs when the FRET donor (eGFP linked to MS2) and
acceptor (mCH bound to Gag) are less than 10 nm apart.
The FLIM technique is based on the analysis of the donor
lifetime at each pixel of the image. When FRET occurs,
the donor lifetime decreases. Of note, the lifetime is inde-
pendent of the local concentration of fluorophores and the
instrumental setup. Typically, FLIM images are built up us-
ing a false color scale covering the range of donor lifetimes
from 2 ns (red) to 2.4 ns (blue). This allows a direct descrip-
tion of each pixel in terms of FRET efficiency and thus pro-
vides information on the spatial distribution and proximity
of the probes.

About 24 h after transfection of MS2-eGFP HeLa cells,
the lifetime value of MS2-eGFP-gRNA in the presence of
unlabeled Gag and free mCH was found to be similar to
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the lifetime of MS2-eGFP in the nuclei of nontransfected
cells (~2.3 ns). This analysis reflected the absence of
FRET between the probes at PM under these conditions
and indicated that the fluorescence lifetime of MS2-eGFP
is not influenced by its binding to gRNA (Fig. 5 A/). In
the presence of Gag-mCH proteins, we observed a decrease
of the lifetime of the MS2-eGFP-gRNA complexes at the
PM (Fig. 5 A2), demonstrating that FRET occurs between
Gag and gRNA at those sites. According to Eq. | (see Ma-
terials and Methods), the corresponding value for FRET ef-
ficiency was 5 + 0.5%. (Fig. 5 B). In cells transfected with
the mCH-labeled GagAZF1 or Gag4AZF2, FRET efficiency
was ~8 = 1 and 9 = 2%, respectively (Fig. 5, A3, A4,
and B). It is possible that the deletion of either ZF could
modify the conformation of the protein or its binding
mode to the gRNA. This could affect the orientation of
the probes, which can impact FRET efficiency and result
in unexpectedly higher values for Gag4ZF1 or Gag4ZF2
compared to the one obtained for WT Gag. On the other
hand, FLIM-FRET analysis confirmed that Gag proteins
and gRNA interact at PM, and the deletion of one ZF does
not affect the interaction of Gag with gRNA at these sites.

Monitoring the interaction between Gag proteins
and gRNA in the cytoplasm

We then investigated the interaction between Gag and
gRNA in the cytoplasm. We imaged by FRET-FLIM the
cells 16 h after transtection when large quantities of Gag
proteins are still present in the cytoplasm. Interestingly,
the expression of Gag-, GagdZFl-, and GagdZF2-mCH
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GagAZF2-mCH

4 FIGURE 5 FRET-FLIM analysis of the interac-
tion between gRNA and Gag at the PM. (4) MS2-
eGFP HeLa cells were transfected with a combina-
tion of plasmids, and FLIM analysis in the cyto-
plasm was carried out 24 h post-transfection. The
fluorescence lifetime of MS2-eGFP-gRNA was
determined by using a single exponential model
and was color coded, ranging from red (2.0 ns) to
blue (2.4 ns). Shown are FLIM images of gRNA in
the presence of unlabeled Gag and free mCH (1),
Gag-mCH (2), GagdZF1-mCH (3). or GagdZF2-
mCH (4). (B) Shown are corresponding plots repre-
senting FRET efficiencies for Gag-mCH (circles),
GagdZF1-mCH (squares), and GagdZF2-mCH
(triangles). We performed three independent exper-
iments on at least 30 cells. Above the threshold value
(5%), FRET efficiencies can be considered as corre-
sponding to a direct interaction between fluores-
cently labeled gRNA and Gag proteins. (44) FRET
efficiency values were calculated as described in
Materials and Methods (Eq. 1). Individual data
points, corresponding mean values, and SEM are
indicated. The statistical analysis was realized by a
Student’s #-test with significant differences repre-
sented by *p < 0.05. All images were acquired using
a50 x 50 um scale and 128 pixels x 128 pixels. To
see this figure in color, go online.

proteins led to a decrease of MS2-eGFP/gRNA (the donor)
lifetime in the cytoplasm as can be seen from the color
change from blue (Fig. 6 AI) to green (Fig. 6 A2-A4).
The corresponding FRET efficiency values were of 6.6 *
0.8, 63 = 0.2, and 64 =+ 1%, respectively, indicating
that these proteins interact with the gRNA in the cytosol.
In contrast, FRET efficiencies for Gag4ZF1-2-mCH and
GagANC-mCH were only 1.3 + 0.9 and 1.6 + 1%, respec-
tively, suggesting that one ZF motif is necessary and suffi-
cient for the interaction between Gag and gRNA in the
cytoplasm (Fig. 6 A5 and A6). Finally, the nonmyristoylated
Gag mutant (GagG2A-mCH) was also found to interact with
¢RNA in the cytoplasm, with a FRET efficiency of 7.8 *
0.1% (Fig. 6 A7), indicating that myristoylation is not neces-
sary for Gag-gRNA interaction in the cytosol.

Next, the cytoplasmic diffusion of Gag and gRNA was
investigated by RICS (65,68,69). This method is based on
the analysis of the fluorescence intensity fluctuations be-
tween neighboring pixels by spatially autocorrelating the
image in x and y directions. The resulting spatial correlation
surface (SCS) is fitted with a 3D diffusion model to obtain
the value of the diffusion coefficient (D) of the macromole-
cules in the scanned area. In a first experiment, we measured
the cytoplasmic diffusion of MS2-eGFP. Stacks of 50 im-
ages were recorded in the cytoplasm of living cells (Fig. 7
A, red frame, and Fig. 7 B), and the mean SCS were calcu-
lated (Fig. 7 C). As a result of the presence of the NLS
sequence, the majority of the MS2-eGFP molecules were
located in the nucleus, (Fig. 7 A) even though a fraction of
the MS2-eGFP molecules (~25-30% based on RICS and in-
tensity fluorescence measurements) was found to diffuse in
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(B) The corresponding plots represent FRET efficiencies for Gag-mCH (filled circles), GagdZF1-mCH (squares), GagdZF2-mCH (upward triangles),
GagAZF1-2-mCH (downward triangles), GagANC-mCH (diamonds), or GagG2A-mCH (empty circles). Individual data points, corresponding mean values,
and SEM of three independent experiments on at least 30 cells are indicated. Above the threshold value (5%), FRET efficiencies can be considered as cor-
responding to a direct interaction between fluorescently labeled gRNA and Gag proteins (44). The statistical analysis was realized by a Student’s t-test with
significant differences represented by *p < 0.05, **p < 0.01, and ***p < 0.001. All images were acquired using a 50 x 50 um scale and 128 x 128 pixels. To

see this figure in color, go online.

the cytoplasm. The average diffusion coefficient of the cyto-
plasmic MS2-eGFP molecules was 1.8 um’s (Fig. 7 D,
white bar), which is not consistent with the theoretical esti-
mation based on the size of MS2-eGFP construct. Indeed,
the hydrodynamic radius (R;) of the MS2-eGFP protein
ms2-egrp (calculated as described in (70)) is 3.35 nm, and
this value is 1.12-fold larger than the Ry, of eGFP alone
(regrp = 2.8 nm (71)). Because the diffusion coefficient is
inversely proportional to the radius of the diffusing mole-
cule, a D value of 16.7 um?s for the free MS2-eGEP is ex-
pected from the ratio of the regrp/tmsaegrr and the
previously determined Dgpp value (~20 umz/s (72)). The
comparison between the expected and experimental D
values strongly suggests that MS2 protein may bind to
cellular factors, likely cellular RNAs in the cytoplasm. Be-
sides, in the absence of pIntro, the expression of Gag-mCH
or GagANC-mCH did not affect the diffusion of MS2-eGFP
(Fig. 7 D). In contrast, the expression of pIntro and Rev led
to a strong decrease in the D value, likely as the result of the
binding of MS2-eGFP to viral gRNA and its subsequent
relocation from the nucleus to the cytoplasm (Fig. 7 A, yel-
low frame). The mean value of D for MS2-eGFP bound to
gRNA was ~0.3 um/s, in line with previous analysis on

HIV-1 RNA diffusion by tracking assays (73). Furthermore,
the interaction with Gag-mCH or GagANC-mCH proteins
did not significantly affect the diffusion of HIV-1 gRNA,
which is consistent with the binding of a limited number
of Gag copies to gRNA (27).

In a next step, we monitored by RICS the cytoplasmic
diffusion of Gag-mCH. Because the size of Gag is signif-
icantly smaller than the size of gRNA, the association of
Gag proteins with gRNA should produce a large decrease
in the value of their diffusion coefficient. The measure-
ments were performed in a cytoplasmic volume in the
midplane of the cell (Fig. 8 A). The focal planes of the
acquisition were chosen carefully to minimize possible ar-
tifacts due to Gag-mCH molecules bound to the PM. The
mean D value for Gag in the absence of gRNA was 1.1 +
0.6 um?/s (Fig. 8 B), in reasonable agreement with previ-
ous reported D values of 2.4 + 0.5 umZ/s (74,75). On the
other hand, these values are considerably smaller than the
theoretical value (13.8 ,umZ/s) calculated assuming that
the molecular weight of Gag-mCH is ~82 kDa and using
an empirical formula relating the molecular weight to the
Ry, (70). Besides, our measured D value for the cyto-
plasmic diffusion of eGFP trimers (104 + 2.1 pm?/s) is

Biophysical Journal 719, 419-433, July 21, 2020 427

101



Boutant et al.

A

Spatial Correlation

Surface

FIGURE 7 RICS analysis of MS2-eGFP diffusion
in the cytoplasm. (A) Shown are confocal images of
MS2-eGFP expressing cells transfected with plas-
mids expressing pIntro and Rev. For the RICS mea-
surements, stacks of 50 images were recorded in the
cytoplasm (B), and the average spatial correlation
surfaces (SCS) were then calculated (C) and fitted
with a 3D free diffusion model. (D) Shown are diffu-
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in good agreement with a previous estimation (9.5 um?*/s
(74)). Importantly, eGFP trimers have also approximately
the same size as Gag-mCH and are not supposed to bind
to any cellular components (44,76,77). Moreover, previ-
ous ex vivo analysis also revealed that the cytosolic Gag
proteins are likely not a monomer and possibly bind to
larger cytosolic complexes (74,75). Accordingly, all these
results suggested that the discrepancy between our theo-
retical and experimental values of Gag-mCH could be
due to Gag-mCH capacity to multimerize as low order
multimers, as previously suggested (26,27), and/or to
interact with cellular factors (74,75).

In line with a previous study (77), mutations affecting the
myristoylation site do not affect Gag mobility (Dg,e24 =
13 + 0.6 um?s). Interestingly, D values of 1.7 £ 0.6
and 1.6 + 0.5 um*s were obtained for Gag4ZF1 and
GagdZF2, respectively, whereas deletion of the two ZFs
or the complete NC domain resulted in increased D values
of 23 = 09 and 47 * 1 um%s. These high D values
(77) are likely related to the inability of GagdZF1-2 and
GagANC to multimerize and bind to cellular RNAs and pro-

428 Biophysical Journal 119, 419-433, July 21, 2020

teins (44,76). We then performed the same analysis in cells
expressing HIV-1 gRNA. The diffusion coefficients of Gag-
mCH, GagG2A, GagdZFl, and GagdZF2 proteins
decreased significantly (~25-30%) in the presence of
¢RNA (Fig. 8 B), whereas no effect was observed for
GagANC and Gag4ZF1-2 mutants.

To further strengthen our analysis, we mapped the
diffusion coefficients of the Gag proteins in a larger part
of the cell. To this aim, a window of 64 x 64 pixels
was shifted pixel by pixel along the images, and an
average D value was calculated for each position (Fig. 8
C). A diffusion map was then generated by representing
the D values obtained in each pixel. Examples of diffusion
maps of Gag-mCH proteins in the presence and absence
of gRNA are shown in Fig. 8 D. The histogram of the
diffusion maps (Fig. 8 E) revealed that the D values are
highly variable and significantly decreased in the presence
of gRNA. Comparison of the D values at the maximum of
the histograms (D,,,,) indicated that, in good agreement
with our analysis (Fig. 8 B), the Dy, value decreased
by 20-35% for Gag-, GagG2A-, GagdZFl-, and
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FIGURE 8 RICS analysis of Gag-mCH diffusion in the cytoplasm. (A) Shown are confocal images of MS2-eGFP and Gag-mCH expressing cells in the
absence (fop panels) and the presence (bottom panels) of plntro and Rev. MS2-eGFP-gRNA was observed in the cell cytoplasm (green channel), and the
RICS measurements were performed on the labeled Gag proteins in the red channel. (B) Shown are diffusion coefficient values of Gag proteins in the pres-
ence and the absence of pIntro and Rev. (C) Shown are confocal images and (D) corresponding diffusion maps of Gag-mCH in the absence (top panels) and
the presence (bottom panels) of pIntro and Rev. (E) Shown is a histogram representation of the D values of the diffusion maps. The arrows show the positions
of the most frequent D values, called Dyyyy. (F) Dynay values of Gag proteins in the presence and absence of pIntro and Rev are shown. In (B) and (D), the
measured values, the mean values, and the corresponding SEM of 50-60 measurements in three independent experiments (15-20 cells analyzed per exper-
iment) are indicated. The statistical analysis was realized by a Student’s -test with significant differences represented by *p < 0.05, **p < 0.01, and **¥p <

0.001. To see this figure in color, go online.

GagdZF2-mCH proteins, whereas the Dy, value re-
mained constant for Gag4ZF1-2- and GagANC-mCH mu-
tants (Fig. 8 F). Thus, the RICS data confirmed that Gag,
GagG2A, and Gag mutants carrying only one ZF deletion
bind to the gRNA, whereas GagdZF1-2 and GagdNC
mutants do not, in agreement with our FRET/FLIM con-
clusions (Fig. 6).

DISCUSSION

Previous biochemical and genetic studies have extensively
investigated in vitro the role of the two ZFs of NCp7
(56,57,59-62,78-83). In this study, we combined several
imaging techniques to obtain a clear picture of the role of
both ZFs in the NC domain of Gag in the intracellular traf-
ficking of HIV-1 gRNA to the PM assembly sites. Even
though cellular Gag-gRNA interactions were already

described (18,74), our analysis focused on the comparison
of the gRNA interactions with WT Gag and Gag mutants
in which either one or both ZFs were deleted. Our analysis
evidenced that at least one ZF is required for an efficient
interaction between Gag and gRNA in the cytoplasm and
at the PM. Although the two ZFs seem to be redundant
for this interaction, ZF2 played a more important role than
ZF1 in the trafficking of the ribonucleoprotein complexes
to the PM (Figs. 5, 6, and 8).

By performing real-time analysis in the presence of
Gag, we found that gRNA accumulated at the PM within
46.7 + 3.7 min in the presence of Gag (Fig. 4, A and B).
This result is in good agreement with previous studies
showing an accumulation of gRNA dimers at the PM dur-
ing virus assembly in ~30 min (3,21,25). On the other
hand, the deletion of a single ZF delayed the gRNA accu-
mulation at the assembly sites, as it took ~73.5 = 3.7 and
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94.5 = 4.7 min to accumulate gRNA at the PM in the
case of GagdZFl and GagdZF2, respectively (Fig. 4
B). Data from the literature showed that the NC domain
and the C-terminal p6 domain in Gag are both involved
in the budding cellular machinery because deletions of
the NC domain or its two ZFs were found to interfere
with virus release by impairing the recruitment of
Tsgl01 ESCRT-I proteins and their co-factors, such as
ALIX (44,84,85). Moreover, it was reported that the
deletion of the distal ZF2 led not only to an abnormal
uptake of Tsgl01 but also to biogenesis defects during
virion formation (83). Here, we observed that the delay
of GagdZF1 or GagdZF2 to reach the PM (Fig. 4) is
another consequence of ZF deletion. However, further
analysis would be necessary to establish if those effects
are related.

In a further step, the nonequivalence of the two ZFs in
viral RNA recruitment to the PM was confirmed by the
mean delay observed between Gag-mCH appearance at
the PM and the accumulation of MS2-eGFP-labeled gRNAs
at the same sites (Fig. 4 C). Indeed, GagdZF2 showed a
significantly increased delay 45 + 3 min compared to
WT Gag 17 = 3 min or to GagdZFl 23.5 = 5 min
(Fig. 4 C), confirming that ZF2 has a greater impact than
ZF1 in the recruitment of gRNA to the PM. Thus, even
though the two ZFs displayed redundant roles in the cyto-
plasmic context, we observed that ZF2 played a more prom-
inent role in the trafficking of the gRNA/Gag complexes to
the assembly sites at the PM. The idea that the two ZFs do
not seem to be functionally equivalents was also supported
by recent in vitro data showing that in the NCp7 context,
7ZF2 would initiate the association with NAs, whereas ZF1
would play a role in the stabilization of the resulting com-
plex (62).

Our RICS analysis in the cytoplasm further showed that
Gag proteins did not affect the diffusion of HIV-1 gRNA
(Fig. 8), likely because of the limited size increase of the
gRNA upon the binding of a few Gag proteins. This is
fully consistent with the notion that Gag multimerization
could be initiated in the cytoplasm and then triggered by
RNA binding (26,75,76,86-88) and with our previous
in vitro data showing that a limited number of Gag pro-
teins (i.e., about two trimers) bind to gRNA fragments
(14). Deletion of the NC domain induced a significant in-
crease in diffusion compared to WT Gag (4.7 + 1 um%s
vs 1.1 % 0.6 um%s), in line with previous data on Gag
mutants in which all basic residues of the NC domain
were replaced by Ala residues (77). This increased diffu-
sion could be explained by the impacted capacity of Gag
to multimerize and to bind to cellular factors when its NC
domain is deleted (44,76).

QOur data also included the G2A mutant, in which the
absence of myristate does not only abolish the anchorage
of Gag at the PM but also impacts Gag oligomerization
(76,89). In good agreement with the literature (77), our
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findings showed that mutations affecting myristoylation
did not affect Gag mobility nor cytosolic binding to
¢RNA. This definitely supports the conclusion that the
binding of HIV-1 Gag to viral RNA and to PM are indepen-
dent events governed by different domains (Figs. 3 and 6).
However, how MA and NC domains are employed by
retroviral Gag to interact with RNA is retrovirus specific
because previous observations on deltaretrovirus showed
that HTLV-2 MA has a more robust chaperone function
than HTLV-2 NC and contributes importantly to the
2RNA packaging (90).

Altogether, our findings show for, to our knowledge, the
first time that the two ZFs in the NC domain of the HIV-1
Gag precursor are equivalent for the interaction with the
gRNA in the cytoplasm, and ZF2 has a more important
role than ZF1 for the intracellular trafficking of the ribonu-
cleoprotein complex to the PM. Our data thus contribute to
the current understanding and knowledge of the determi-
nants governing the HIV-1 gRNA cellular trafficking to
the assembly sites at the PM.
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4.1.2. Conclusions:

The first aim of thesis work was to evaluate the contribution of each ZF within the NC
domain of Gag in recognition and cellular trafficking of HIV-1 gRNA. For this we used
different microscopic techniques to study the interaction between gRNA and wild type (WT)
Gag or Gag mutants carrying deletions in NC ZFs or non-myristoylated Gag. First, we
investigated the impact of NC domain mutations on cellular localization of gRNA by confocal
microscopy. We observed 24 hours post transfection that all the tested Gag proteins displayed
PM localization (Publication 1, Figure 3A panel 1) but GagG2A was exclusively found in the
cytoplasm. In the case of Gag-mCherry, colocalization of MS2-eGFP-gRNA was observed
with the protein at the PM because mCherry and eGFP fluorescence at that site resulted to be
higher than in the cytoplasm. Conversely, in the presence of Gag mutants with deleted both
ZFs (Gag-AZF1-2-mCherry) or complete NC domain (Gag-ANC-mCherry), no colocalization
of gRNA with the proteins at the PM was observed. Interestingly, the percentage of cells
showing the colocalization of Gag-AZF1-mCherry and Gag-AZF2-mCherry with gRNA was
decreased compared to the cells transfected with WT Gag (Publication 1, Figure 3B). This
indicates that the two ZFs in the NC domain of Gag are required for the trafficking of gRNA
to the PM but the presence of one ZF is sufficient to complete this task.

We then evaluated the real time events of gRNA accumulation with Gag or Gag mutants
at the PM using two-color time-lapse microscopy in living cells (publication 1, Figure 4). We
measured the mean delay between the appearance of mCherry-labeled Gag or Gag mutants in
the cytoplasm and the appearance of the first MS2-eGFP labeled gRNA at the PM. We also
measured the mean delay between the appearance of mCherry-labelled Gag or Gag mutant
proteins and the gRNA appearance at the PM. The results showed that the two ZFs do not seem
to be functionally equivalent. Though, deletion of a single ZF significantly delayed the

accumulation of MS2-eGFP labeled gRNAs at the PM but the deletion of ZF2 was found to
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have a more prominent role in the trafficking of Gag/gRNA complexes to the assembly site
(publication 1, Figure 4).

We then monitored the interaction between Gag proteins and gRNA in the cytoplasm
(16 hours post transfection) by FRET-FLIM microscopy and RICS. Interestingly, the
expression of Gag-, GagAZF1- and GagAZF2-mCherry proteins led to a decrease of MS2-
eGFP/gRNA (donor) lifetime in the cytoplasm (publication 1, Figure 6). Also, the diffusion
coefficient of Gag-, GagG2A-, GagAZF1- and GagAZF2- mCherry proteins decreased
significantly in the presence of gRNA whereas no effect was observed for GagANC- and
GagAZF1-2-mCherry (publication 1, Figure 8). Hence the decrease in donor lifetime and the
diffusion coefficient of Gag proteins evaluated by FRET-FLIM and RICS analysis,
respectively, indicated that the deletion of a single ZF does not impact the interaction of Gag
with gRNA in the cytoplasm. On the other hand, FRET-FLIM analysis also confirmed that the
deletion of one ZF does not affect the interaction of Gag with gRNA also at the PM (24 hours
post transfection) (publication 1, Figure 5).

After deciphering the role of each ZF in the recruitment of gRNA, we were interested
to investigate in depth the Gag-gRNA by deciphering the role of conserved aromatic F16 and
W37 residues, the ZFs architecture, and the Gag oligomerization, in the interaction between
HIV-1 Gag and its gRNA. In-vitro characterization of NC-NAs binding revealed that the
aromatic AA residues of NC established direct contacts and were also the most contacted
residues in establishing the interaction with NAs (212). Disrupting the stacking interaction of
these AAs with NAs by mutating them or by disrupting the ZFs structure abolished NC-NAs
interaction. Similarly, oligomerization competent form of Gag showed more strong binding
affinity towards non-specific RNAs than the non-oligomerized form of Gag. Most previous
studies did not use full length 5’UTR region bearing P-sequence of HIV-1 gRNA. Hence,

additional in-cellulo experiments are required to directly probe the role of conserved aromatic
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AA residues, ZFs structure and the Gag oligomerization in establishing the interaction with
HIV-1 gRNA. For this purpose, to investigate the impact of Gag mutations on the cellular
localization of gRNA, we used Gag mutants carrying either a single amino acid substitution
(GagF16A or GagWa37A), or a double substitution (GagF16A-W37A), or in which the three
cysteines in each zinc finger were substituted with serine (Gag6C6S). We also included in our
study a Gag oligomerization defective mutant (GagWM) in which Trp and Met at positions
184 and 185, in the N-terminus region of CA domain, were substituted with alanine (GagWM)
respectively (Figure 18). It was observed 24 hours after transfection by confocal microscopy
that all the Gag mutants displayed a PM localization (Figure 19A, column 1). A careful
observation of the cells expressing Gag-mCherry by confocal microscopy, we observed an
accumulation of MS2-eGFP-gRNA at the PM because eGFP fluorescence was comparatively
higher at these sites than in the cytoplasm. Conversely, eGFP fluorescence was not found to
increase at the PM in the presence of GagF16A-W37A-, Gag6C6S- and GagANC-mCherry
indicating accumulation of the gRNA in the cytoplasm.

In the next step, quantification of the cells showed that in 84 + 2.6% of the transfected
cells, WT Gag and gRNA were colocalized at the PM whereas this percentage was decreased
to 31.75 + 4.4 %, 10.25 £ 1.1% and 1.75 + 1% for GagF16A-, Gag-W37A- and GagF16A-
W37A-mCherry, respectively (Figure 19B). No PM co-localization of Gag6C6s-mCherry and
GagANC-mCherry with gRNA was observed at the PM of the transfected cells, the
fluorescence of MS2-eGFP/gRNA remained in the cytoplasm (Figure 19A). Interestingly, 62
+ 2% of the transfected cells showed PM colocalization of the GagWM-mCherry (unable to
oligomerize) with the gRNA (Figure 19B). Altogether, our results indicate that the two
aromatic amino acids present in each ZF of NC domain of Gag and the ZF architecture are
required for the optimum trafficking of gRNA to the PM. Also, the gRNA trafficking to the

PM is independent of Gag oligomerization (Figure 19A and B).
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Figure 18: Diagram showing GagNC mutants used in this study. Site directed
mutations were done by either substituting phenylalanine at position 16
(F16) with alanine (A) (GagF16A), or substituting tryptophan at
position 37 (W37) with alanine (A) (GagW37A), or double substitution
at positions 16 and 37 (GagF16A-W37A), or substituting the 6 cysteine
(C) residues in NC zinc fingers with 6 serine (S) residues (Gag6C6S),
or substitutina trvptophan (W) and methionine (M) at positions 184

R —————————
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Figure 18: and 185, respectively, in the N-terminus of capsid (CA) domain with
alanine (A). The mCherry (mCH) fluorescent protein was fused
between matrix (MA) and capsid (CA) domains of all Gag proteins. The
deletions are represented by straight line linking the amino acids (AAS)
at the borders whereas substitutions are denoted by a red letter (red
color) used to represent the amino acids.
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and gRNA in the cytoplasm.

Figure 19: Confocal microscopy of MS2-eGFP HelLa cells co-expressing
Gag-mCherry proteins and gRNA. (A.) The localization of Gag-
mCherry proteins (column 1, red channel) and MS2-eGFP-gRNA
(column 2, green channel), as well as the staining with Hoechst33258
as a fluorescent marker for the nucleus (column 3, blue channel) and
the merge of these images (column 4) are shown. Each panel indicates
the major observed phenotype. The scale bar of 10 um is indicated.
(B.) Histograms show the percentage of cells in which gRNA was
found to diffuse in the cytoplasm (large dots), or alternatively was
localized at the PM (small dots), in the presence of the different Gag-
mCherry proteins.
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Figure 19: Cells were imaged 24 h post-transfection by confocal microscopy.
We counted 100 cells per condition. The analysis was performed on 4
independent experiments and error bars represent the standard error of
the mean (SEM). Statistics was obtained with a y 2 test and revealed a
significant difference (*** p < 0.001).

We then investigated by FRET-FLIM microscopy the interaction between Gag and
gRNA in the cytoplasm 16 hours after transfection when the Gag proteins are still present in
the cytoplasm. The fluorescence decays of MS2-eGFP/gRNA at each pixel were first analyzed
with a single exponential fit. The obtained lifetimes were represented using a false colors scale
ranging from 2.2 ns red to 2.6 ns blue (Figure 20A). Using this analysis, the FRET efficiencies
with GagF16A-, GagW37A-, GagF16A-W37A-, Gag6C6S-, GagANC- and GagWM-mcherry
were less than 5% (Figure 20B), and thus, somewhat than the FRET efficiency observed with
the WT Gag. This indicates Gag mutants interact less efficiently with gRNA than WT Gag in
the cytoplasm, but more precise conclusion cannot be drawn from this analysis. Careful
examination of the color encoded images of the cells transfected with GagF16 A-mCherry-,
GagF16A-W37A-mCherry-, GagANC-mCherry- and GagWM-mcherry-gRNA clearly
revealed pixels with shorter lifetimes (Figure 20A, small red dots in the images) that indicate
the presence of interacting species at localized positions of the cell. Moreover, we cannot
exclude that complexes of the Gag mutants with the gRNA might be present all over the
cytoplasm but might be masked by the non-interacting population which might be largely
dominant. To investigate this point more accurately, we further fitted the fluorescence decays
with a two exponential component model. The long-lived lifetime t, was fixed to 2.3 ns
whereas the short-lived lifetime t1 and the relative contribution of each component a; and oz

were allowed to float. The 2D density plots of 11 as a function of its component o1 were drawn
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to represent the observations made over all the pixels of the FLIM images (Figure 21). The
spatial distribution of the pixels in the plots provide us an estimation of the lifetimes (t1) of the
transferring donor and its associated amplitude (a1). The plots of all the tested Gag-/Gag-
mCherry mutants are showing a significant number of pixels with lifetimes between 1 and 2
ns, except for the Gag double mutant (GagF16A-W37A-mCherry), compared to their negative
controls (unlabeled Gag/Gag mutants and free mCherry). This indicates that all the mutants
with the exception of the double mutant GagF16A-W37A interact with the gRNA in the
cytoplasm, but the extent of interaction varies as a function of the mutation. The highest FRET
populations (up to 30%) were observed for Gag-mCherry (Figure 21B), GagF16A-mCherry
(Figure 21D) and GagWM-mCherry (Figure 21N). FRET FLIM diagrams are also showing a
cluster of pixels with mean lifetime shorter than 1 ns that is also present in the controls and

thus, is attributed to cell autofluorescence.
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Figure 20: (A) FRET-FLIM analysis of the interaction between gRNA and
Gag in the cytoplasm. (A.) MS2-eGFP HelLa cells were transfected
with our combination of plasmids and FLIM analysis in the cytoplasm
was carried out 16 h post transfection. The fluorescence lifetime of
MS2-eGFP was determined by using a single exponential model and
was color coded, ranging from red (2.2 ns) to blue (2.6 ns). FLIM
images of gRNA in the presence of unlabeled Gag and free mCherry
[1], Gag-mCherry [2], GagF16A-mCherry [3], GagW37A-mCherry [4],
GagF16A-W37A-mCherry [5], Gag6C6S-mCherry [6], GagANC-
mCherry [7], or GagWM-mCherry [8] .
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Figure 20: (B) Percent of FRET efficiencies for Gag-mCherry 6.6 £ 0.23 %
(filled circles), GagF16A-mCherry 4.1 £ 0.28 % (filled squares),
GagW37A-mCherry 0.75 £ 0.26 % (upward triangles), GagF16A-
W37A-mCherry 2.4 £ 0.4 % (diamonds), Gag6C6S-mCherry 1.8 £ 0.31
% (hexagones), GagANC-mCherry 1.4 £ 0.15 % (empty circles), or
GagWM-mCherry 1.8 £ 0.36 % (empty squares). Individual data
points, corresponding mean values, and SEM of three independent
experiments on at least 30 cells are indicated. Above the threshold value
(5%), FRET efficiencies can be considered as a direct interaction
between fluorescently labelled gRNA and Gag proteins (3). The
statistical analysis was realized by a Student’s T-test with significant
differences represented by 4* p<0.0001. All images were acquired
using a 50 umx50 pum scale and 128 pixels x 128 pixels
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Figure 21: FRET-FLIM measurements of the Gag-/Gag-mCherry mutants -

gRNA interaction in the cytoplasm of live cells: Density maps with
contour lines (11, az) showing clusters of pixels for MS2-eGFP/gRNA
(Donor) in the absence of free mCherry labeled Gag-/Gag-mutants (A,
C,E, G, I, K, M) and in the presence of Gag-/Gag-mCherry (Acceptor)
mutants (B, D, F, H, J, L, N). FLIM analysis was carried out 16 h post
transfection. (A, C, E, G, I, K, M) Cells were transfected with MS2-
eGFP/gRNA, free mCherry and Gag, GagF16A, GagW37A, GagF16A-
W37A, Gag6C6S, no Gag-/Gag-mutant or GagWM respectively,
expressing vectors. (B, D, F, H, J, L, N) Cells were transfected with
MS2-eGFP/gRNA and Gag-mCherry, GagF16A-mCherry, GagW37A-
mCherry, GagF16A-W37A-mCherry, Gag6C6S-mCherry, GagANC-
mCherry or GagWM-mCherry respectively, expressing vectors. Each
data point represents the lifetime and amplitude of the interacting
population in a given pixel of the FLIM image .

122



Results and Discussion [NCHapter#ay

Further, we also investigated the interaction of Gag/ Gag-mutants and gRNA at the PM
24 hours post transfection when the protein accumulates at the PM. In the presence of Gag-
mCherry proteins, we observed a decrease of the lifetime of the MS2-eGFP-gRNA complexes
at the PM (Figure 22A and B), demonstrating that FRET occurs between Gag and gRNA at
those sites. According to Eq.1 (see Materials and Methods), the corresponding value for FRET
efficiency was 5 £ 0.25 % in the cells transfected with Gag-mCherry (Figure 22A panel 2, and
Figure 22B) and the cells transfected with mCherry-labelled GagF16A and GagWM, the FRET
efficiency was about 7.5 £ 0.8% and 7.6 = 0.5 %, respectively (Figure 22A panels 3-4, and
Figure 22B). The FLIM-FRET analysis confirmed that Gag WT, GagF16A or GagWM
proteins and gRNA interact at the PM. The higher FRET % values of GagF16A and GagWM
compared to Gag-mCherry though statistically significant is not supposed to be meaningful. A
more straightforward interpretation would request a two-population analysis.

After performing two component analysis, the 2D density plots of MS2-eGFP/gRNA
11 as a function of its component o1 were drawn to represent the observations made over all the
pixels of the FLIM images (Figure 23). The spatial distribution of the pixels in the plots of the
cells transfected with Gag-, GagF16A or GagWM-mCherry mutants and MS2-eGFP/gRNA
are showing significantly higher number of pixels with lifetimes between 1 and 2 ns compared
to their negative controls (unlabeled Gag/Gag mutants and free mCherry). Interestingly, the
Gag-gRNA interacting population in the cells transfected with GagF16A-mCherry and
GagWM-mCherry are almost same (Figure 23D and F), and can be comparable to their almost
similar FRET efficiencies calculated by single component analysis, 7.5 £ 0.82% and 7.6 = 0.46
%, respectively (Figure 22B). Alternatively, the 2D density plot representing the full-length
Gag-mCherry (Figure 23B) is also showing a significantly higher number of interacting
populations between 1 ns and 2 ns compared to the other two mutants too. Additionally, the

Gag mutant unable to oligomerize (GagWM) was also found to interact with gRNA at the PM,
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Gag oligomerization is likely not necessary for Gag-gRNA interaction at the PM. All the Gag
proteins were well expressed after transient transfection as indicated by western blot analysis
(see supplementary Figure 2).

The distributions of lifetimes (t1) of Gag- and Gag-mutants (post 16 hours and post 24
hours) between 1 ns and 2 ns are more informative than the calculated FRET % values by single
component analysis. Conclusions are difficult to draw from the FRET values, because the
FRET population is usually about 10% and is thus very minor compared to the non-interacting

Gag-/Gag-mCherry mutants-gRNA population.

Contribution of Student:

In this work | have contributed in characterizing the interaction between fluorescently
labeled gRNA and Gag/Gag-mutants by confocal microscopy and FRET-FLIM microscopy.
Along with this, | also performed immunolabeling experiments (supplementary data) and
statistically analyzed the data of the experiments.

Poster presentation of this work was also presented in the following conferences:

I.  Poster presentation on, Impact of zinc finger (ZF) motifs in HIV-1 Gag on
the specific selection of genomic RNA and its trafficking to the plasma
membrane in “LES JOURNEES DU CAMPUS D'ILLKIRCH” held on 1st and
2nd April 20109.

Il.  Poster presentation on, Impact of zinc finger (ZF) motifs in HIV-1 Gag on
the specific selection of genomic RNA and its trafficking to the plasma
membrane in “Seminaire de Microbiologie de Strasbourg” held on 28 March
2019.
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Figure 22: FRET-FLIM analysis of the interaction between gRNA and Gag
at the PM. (A.) MS2-eGFP HeLa cells were transfected with a
combination of plasmids and FLIM analysis at the PM was carried out
24 h post transfection. The fluorescence lifetime of MS2- eGFP-gRNA
was determined by using a single exponential model and was color coded,
ranging from red (2.0 ns) to blue (2.4 ns). FLIM images of gRNA in the
presence of unlabelled Gag and free mCherry [1], Gag-mCherry [2],
GagF16A-mCherry [3], or GagWM-mCherry [4]. (B.) Corresponding
plots representing FRET efficiencies for Gag-mCherry (circles),
GagF16A-mCherry (squares) and GagWM-mCherry (triangles). We
performed three independent experiments on at least 30 cells. The FRET
efficiencies indicate a direct interaction between fluorescently labelled

gRNA and Gag proteins (3).

125



Figure 22: FRET efficiency values were calculated as described in Materials and

Methods (Eq.1). Individual data points, corresponding mean values, as
well as SEM are indicated. The statistical analysis was realized by a
Student’s T-test with significant differences represented by 2 star **
p<0.01, 4 stars **** p<0.0001. All images were acquired using a 50
umx50 pm scale and 128 pixels % 128 pixels.
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Figure 23: FRET-FLIM measurements of the Gag-/Gag-mCherry mutants -
gRNA interaction at the PM of live cells: Density maps with contour
lines (11, a1) showing clusters of pixels for MS2-eGFP/gRNA (Donor)
in the absence of free mCherry labeled Gag-/Gag-mutants (A, C, E) and
in the presence of Gag-/Gag-mCherry (Acceptor) mutants (B, D, F).
FLIM analysis at the PM was carried out 24 h post transfection. (A, C,
E) Cells were transfected with MS2-eGFP/gRNA, free mCherry and
Gag, GagF16A, and GagWM respectively, expressing vectors. (B, D,
F) Cells were transfected with MS2-eGFP/gRNA, Gag-mCherry,
GagF16A-mCherry or GagWM-mCherry respectively, expressing
vectors. Each data point represents lifetime and amplitude of the FRET
population in a given pixel of the FLIM image .
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Zinc fingers in HIV-1 Gag precursor are not equivalent for gRNA

recruitment at the plasma membrane.
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Supplementary Figure 1: HIV1-gRNA colocalizes with active transcriptional sites in the nucleoplasm and
accumulates at the nuclear envelope during the nuclear export. (A) Plasmids encoding pIntro were transfected
in MS2-eGFP Hela cells and immunostaining was carried out 24 h later with an antibody directed against RNA
Polymerase Il (phosphor S2), and cells were then imaged by confocal microscopy. Our results display gRNA
accumulating as dots in the nucleoplasm (column 1-white arrows) and at active sites of transcription with
accumulated signal in the nucleoplasm (column 2-white arrows). The nuclei were stained with Hoechst33258
(column 3). Merged images of the three signals (column 4) show an accumulation of MS2-eGFP indicating the
presence of HIV-1 gRNA, in active sites of transcription (column 4-white arrows). (B) MS2-eGFP HelLa cells
were transfected with pintro, Rev and POM121-mCherry, a nucleoporin which is a nuclear envelope marker. The
merge (column 4) shows a clear colocalization of MS2-eGFP (column 1) with POM121-mCherry (column 2)
during the export of HIV1-RNA.
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Supplementary Figure 2: Western blot analysis of HIV-1 Gag/Gag-mutants expressed in HelLa cells:
Western blots are revealed with anti-p24 Gag antibody. HeLa cells were transfected with (1) Gag-mCherry, (2)
Gag, (3) GagF16A-mCherry, (4) GagF16A, (5) GagW37A-mCherry, (6) GagW37A, (7) GagF16A-W37A-
mCherry, (8) GagF16A-W37A, (9) Gag6C6S-mCherry and (10) Gag6C6S encoding plasmids and the cell lysates
were prepared 24 hours post transfection and probed with antibody.
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4.2. HIV-1-Gag targeting to the plasma membrane

reorganises sphingomyelin-rich lipid domains

HIV-1 assembly is a multistep process driven by viral Gag protein that binds the inner
leaflet of PM (322). Gag consists of three fundamental structural domains, namely matrix
(MA), capsid (CA) and nucleocapsid (NC) along with two spacer SP1 and SP2 peptides and
P6 peptide on its C terminal (323). Gag is synthesized and myristoylated on its N-terminal MA
domain in the host cell cytoplasm and then traffics to the PM (322). The CA domain is
responsible for Gag oligomerization whereas NC domain recruits viral RNA for its packaging
into the virion (176, 291). Gag alone is sufficient to drive the assembly of virus like particles
(VLPs) (296). N terminal myristoylation and the positively charged patch of amino acids in the
MA domain govern its binding with phosphatidylinositol(4,5)bisphosphate (P1(4,5)P. present
in the inner leaflet of PM (301). The concept that HIV-1 assembles in specific PM lipid
domains first arose when it was found that HIV-1 lipid bilayer was enriched with
sphingomyelin (SM) and cholesterol (Chol) as compared to host cell PM (294, 295). SM and
Chol mixture form specific liquid ordered (Lo) membrane domains (“lipid rafts”) that are
segregated from liquid disordered membrane on the plasma membrane. The concept of HIV-1
assembly in lipid rafts was supported by studies which demonstrated that HIV-1 Gag protein
was associated with DRMs that are said to be enriched with SM and Chol (290-292, 308, 324-
326). However, it has been pointed out that the presence of detergent biases the formation of
lipid domains (327). Recently, Favard et al., reported that the expression of Gag restricts the
lateral diffusion of fluorescent analogs of Chol and P1(4,5)P2 but not SM added to the medium
(303). However, it is reported that the SM analog used in this study partitions to Ld domains
in model membranes (243, 328). It is also not clear whether exogenously added fluorescent

lipid analogs equilibrate with endogenous counterparts. Thus, it is still an open question
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whether Gag influences the distribution and dynamics of raft lipids.

To monitor the dynamics of SM-rich and Chol-rich lipid domains during Gag
expression in live cells we employed lipid binding proteins that specifically bind SM- and
Chol- rich lipid domains. We used the non-toxic lysenin (NT-Lys), an earthworm-derived
protein that specifically binds SM clusters and the D4 fragment of Chol binding toxin
perfringolysin that selectively binds Chol-rich domains (>30% Chol) (306, 329-331). These
proteins were conjugated with fluorescent proteins, eGFP and mCherry, respectively. Gag non-
transfected and transfected cells were labelled with eGFP-NT-Lys and mCherry-D4 added to
the medium and then visualized using Fluorescence lifetime imaging microscopy (FLIM) to
measure Fluorescence resonance energy transfer (FRET). In FRET-FLIM when two
fluorophores i.e. donor (eGFP) and acceptor (mCherry) are in close proximity (< 10 nm), a
transfer of energy from donor to acceptor molecule takes place, thus resulting in a decreased
lifetime of the donor fluorescence. In addition to wild-type Gag (Gag-WT), we also used
different Gag mutants which include the budding deficient Gag-AL, the curvature formation
deficient Gag-P99A and the oligomerization deficient Gag-WM (315, 332). Our results suggest
that Gag-WT, Gag-P99A and Gag-AL reorganize the SM/Chol-rich lipid domains and
converted the two discrete populations into one whereas the Gag-WM does not impact the
SM/Chol clusters. Thus, our results indicate that the Gag oligomerization but not PM curvature

or budding is crucial to alter the distribution of SM and Chol in the PM.
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4.2.1. Publication # 2
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HIV-1-Gag targeting to the plasma membrane reorganises sphingomyelin-
rich lipid domains
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Abstract

Although it is reported that human immunodeficiency virus type 1 (HIV-1) lipid envelope is
enriched with sphingomyelin (SM) and cholesterol (Chol) derived from host plasma membrane (PM),
the molecular mechanism of the selection of the lipid from the host cell is not well understood.
Expression of Gag is sufficient to promote the formation of virus-like particles carrying a lipidic
envelope derived from the host cell membrane. We examined the interaction between Gag and SM in
the PM in Gag-transfected HeLa cells using different quantitative and super-resolution optical
microscopy techniques in combination with SM-specific probe, non-toxic lysenin (NT-Lys) and Chol-
specific probe, D4. Our results indicate that Gag bound to the inner leaflet of the PM colocalized with
the outer leaflet SM-rich domains and the expression of Gag restricted the mobility of endogenous
SM. We further showed that Gag oligomerization induced coalescence of SM-rich lipid domains and
Chol-rich lipid domains.

Introduction

Human immunodeficiency virus type 1 (HIV-1) lipid envelope is obtained during budding from
the plasma membrane (PM) of infected host cells. Various studies indicate that the lipid composition
of the viral membrane differs from that of the producer cell. Virus particles are significantly enriched
in sphingomyelin (SM), ganglioside GM3 and phosphatidylinositol diphosphate (PIP,) (Aloia et al.,
1993; Brugger et al., 2006; Chan et al., 2008; Lorizate et al., 2013; Mucksch et al., 2019) whereas they
showed reduced levels of phosphatidylinositol and unsaturated phosphatidylcholine (PC) species.
These results suggest that the virus buds from specific lipid domains of the PM. Accumulating
evidence indicate the importance of the lipid composition of HIV-1 membrane during virus entry and
budding (Dumas and Haanappel, 2017; Ono, 2010 ; Waheed and Freed, 2010 ; Yandrapalli et al.,
2014 ).

Although the specific lipid composition of HIV-1 envelope is well recognized, the molecular
mechanisms of the selection of specific lipids from the host cell is not well understood. The minimal
component required for HIV-1 assembly at the PM is the viral Gag protein since its expression is
sufficient to promote the formation of virus-like particles carrying a lipidic envelope derived from the
host cell membrane (Gheysen et al., 1989). Gag is synthesized in the cytosol as a 55kDa polyprotein
comprising several domains that are cleaved into independent proteins after budding. Binding of Gag
to genomic RNA in the cytoplasm is accompanied by oligomerization of Gag (de Rocquigny et al.,
2014; El Meshri et al., 2015). Gag oligomers are then targeted to the site of budding where they
interact with the membrane and further multimerize. The binding of Gag to the PM is dependent on
negatively charged lipids, especially phosphatidylinositol 4,5-bis phosphate (PI(4.5)P,) (Kerviel et al.,
2013; Olety and Ono, 2014; Yandrapalli et al., 2014) as well as on cholesterol (Chol) (Ono et al.,
2007; Dick et al., 2012).
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In the PM of mammalian cells, lipids are asymmetrically distributed: PI(4,5)P,,
phosphatidylethanolamine and phosphatidylserine are in the inner leaflet whereas PC, SM and
glycolipids are mainly located to the outer leaflet (Kobayashi and Menon, 2018; Murate et al., 2015).
One major question of the assembly of HIV-1 is how does the binding of Gag to inner leaflet P1(4,5)P,
recruits SM and glycosphingolipids. Colocalization of Gag and ganglioside GM1 labelled with cholera
toxin has been shown by fluorescence microscopy (Jolly and Sattentau, 2005; Krementsov et al.,
2010). However, lipid domains are heterogeneous (Fujita et al., 2007) and SM-rich domains have been
shown to segregate from GM1-rich domains by electron microscopy (Kiyokawa et al., 2005).

Together with Chol, SM and glycolipids are major components of lipid rafts, whose estimated
diameter is around 5-50 nm (Eggeling et al., 2009; Makino et al., 2017; Pralle et al., 2000; Prior et al.,
2003; Sharma et al., 2004). The diameter of HIV-1 particle is approx.100-150 nm so that the surface
area corresponding to lipid membrane is about 200-300 nm diameter. Thus, it is unlikely that a virus
particle assembles within and buds from a single lipid raft. Rather, it is more likely that virus particle
assembly involves recruitment and coalescence of small lipid domains at assembly sites (Ono, 2010).
In line with this hypothesis, it was reported that Gag induces coalescence of lipid raft domains and
tetraspanin-enriched domains (Hogue et al., 2011). However, little is known on how lipids are
reorganized during Gag assembly.

We have developed and/or characterized various proteins that bind specific lipids, including non-
toxic lysenin (NT-Lys), a SM-binding protein that does not crosslink lipid domains (Hullin-Matsuda et
al., 2016; Kishimoto et al., 2016; Kiyokawa et al., 2005) and D4, a Chol-specific probe (Abe et al.,
2012; Mizuno et al., 2011). In the present study, we examined the interaction of Gag with SM and
Chol in the PM of Gag-transfected HeLa cells using different optical microscopy techniques in
combination with the lipid-specific NT-Lys and D4 probes. Our results indicate interbilayer co-
localization of Gag and SM-rich domains, Gag-induced restriction of the mobility of endogenous SM,
and reorganization of SM-rich domains during Gag-targeting to the PM.
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Results

To distinguish the different observed lipid assemblies, we will use the term “cluster of lipids™ to
indicate small aggregates composed of fewer than 10 lipid molecules, while a “domain” refers to a
specific membrane area with a high labelling density of lipid binding proteins under super resolution
microscope. “Dot” indicates a fluorescent signal derived from one fluorophore observed by super
resolution microscopy.

Interbilayer co-localization of Gag and SM-rich lipid domains in the PM

Lysenin is an earthworm-derived protein toxin that specifically binds SM (Yamaji et al., 1998). In
the presence of SM, lysenin oligomerizes and forms pores (Yamaji-Hasegawa et al., 2003; Yilmaz et
al., 2018). Lysenin binds to clusters of 5-6 molecules of SM (Ishitsuka et al., 2004). In this study, we
examined the effect of Gag expression on the cell surface distribution and dynamics of endogenous
SM-rich lipid domains labeled with NT-Lys (Kiyokawa et al., 2005), a truncated mutant of lysenin
deficient in its N-terminus 160 amino acids that are required for oligomerization and are involved in
protein toxicity. Similar to lysenin, NT-Lys binds SM when SM forms clusters (Kiyokawa et al., 2005;
Makino et al., 2015). However, unlike lysenin, NT-Lys does not oligomerize and does not induce lipid
clustering. NT-Lys is very slowly endocytosed (Kishimoto et al., 2020; Kiyokawa et al., 2005),
indicating that NT-Lys selectively labels cell surface SM-rich lipid domains.

In Fig. 1, HeLa cells were transfected with a mixture of Gag/Gag-mCherry. After 20 h, cells were
labeled with EGFP-NT-Lys and observed by confocal microscopy. Under this experimental condition,
EGFP-NT-Lys labeled the full cell surface along, sometimes forming aggregates as described
previously (Kishimoto et al., 2020). In Gag/Gag-mCherry-transfected cells, mCherry fluorescence also
accumulated at the PM, colocalizing well with EGFP-NT-Lys.

EGFP-NT-Lys Gag-mCherry

Bar, 10 um

Figure 1. Localization of Gag and NT-Lys in confocal microscopy. HeLa cells were transfected
with Gag/Gag-mCherry. After 20 h, cells were labeled with EGFP-NT-Lys. Cells were then fixed and
observed by confocal microscopy. Green, EGFP-NT-Lys; Red, Gag-mCherry; Blue, Hoechst 33342
for nuclear staining.

Fig. 1 suggests that EGFP-NT-Lys labeled the entire PM. However, this conclusion may be biased
by the diffraction-limited resolution of confocal microscopy, since previous electron microscopy and
super resolution microscopy studies showed that in fact, NT-Lys and lysenin label SM-rich lipid
domains of 20-250 nm diameter (Abe et al., 2012; Kiyokawa et al., 2005; Makino et al., 2017; Murate
et al., 2015). Therefore, we investigated at higher resolution the localization of Gag and NT-Lys
labeled SM-rich domains using PALM/dSTORM. To do this experiment, we used Gag-mEos2 and
Alexa Fluor647-NT-Lys (AF647-NT-Lys) instead of Gag-mCherry and EGFP-NT-Lys, respectively.
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mEos2 and AF647 have fluorescence properties that are suitable for PALM/ASTORM imaging.
PALM/dSTORM visualized domains of different sizes labeled with both fluorophores. In many
domains, mEos?2 fluorescence overlapped or was adjacent to AF647-NT-Lys (yellow arrows in Fig. 2),
in line with the confocal microscopy data. In addition, there were AF647-NT-Lys-labelled domains
that did not co-localize with Gag-mEos2 (white arrows in Fig. 2). In contrast, only a low number of
Gag-mEos2 domains did not associate with AF647-NT-Lys.
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AF647-NT-Lys Gag-mEos2 Merge

Figure 2. Localization of Gag and NT-Lys, as evidenced by PALM/dSTORM. HelLa cells were
transfected with Gag/Gag-mEgg2. After 20 h, cells were labeled with Alexa Fluor647-NT-Lys
(AF647-NT-Lys). Cells were then fixed and observed by PALM/dASTORM. Red, AF647-NT-Lys;
Green, Gag-mEos2. The area surrounded by a square in (A) was enlarged in (B). In A, cell boundary
was manually drawn in white. Yellow arrows in the Merge image in B show mEos2 fluorescence
overlapped or adjacent to AF647 fluorescence. White arrows indicate AF647 fluorescence not
associated to mEos2.
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Figure 3. Colocalization of Gag-mEos2 and AF647-NT-Lys. Colocalization coefficient (Cy;)
distribution of AF647-NT-Lys against Gag-mEos2 (left) and that of Gag-m Eos2 against AF647-NT-
Lys (right). All dots in Fig. 2A were analyzed. The numbers on the X-axis indicate the upper limit of
each bin. Regions in yellow show relative frequencies of C,; > 0.5.

Each domain is composed of hundreds to thousands of fluorescent dots. To analyse the
colocalization between Gag-mEos2 and AF647-NT-Lys, we introduced the cordinate-based
colocalization (CBC) analysis (Malkusch et al., 2012). In this analysis, a colocalization coefficient Cy;
is attributed to each single-molecule localization in each channel, by calculating the Spearman’s rank-
order correlation based on the numbers of molecules in both channels within the distance r and R .«
around each single molecule. A colocalization value Cy; =1 indicates full colocalization whereas C,; =
0 indicates the an absence of colocalization. While positive correlation (0 < Cy; < 1) indicates spatial
proximity and overlap between the two signals, a negative correlation (-1 < C4; < 0) indicates spatial
proximity but lack of overlap (Georgieva et al., 2016; Malkusch et al., 2012). The localization
precision of Alexa 647 was 13.4 = 0.1 nm whereas that of mEos2 was 19.9 + 0.4 nm. Based on these
values, we calculated Cy; using r and R, as 20 and 200 nm, respectively. In Fig. 3, the right most
bars (0.9 < C4; < 1) indicate that 17 % of Gag-mEos2 dots very closely localized with AF647-NT-Lys
whereas 9 % of AF647-NT-Lys dots localized in close proximity to Gag-mEos2. Since thresholding of
C,;at 0.5 has been shown to give a reliable estimation of colocalization (Georgieva et al., 2016), it can
be inferred from Fig. 3 that 40 % of Gag-mEos2 and 26 % of AF647-NT-Lys colocalize.
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Figure 4. Gag accumulates in large lipid domains labeled with AF647-NT-Lys. (A) Different 1
pum x 1 pm regions of interest (ROI) selected from Fig. 2B. Green, Gag-mEos2 ; red, AF647-NT-Lys ;

yellow, colocalization of Gag-mEos2 and AF647-NT-Lys.

Upper panels, AF647-NT-Lys domains

colocalized with Gag-mEos2 domains; lower panels, AF647-NT-Lys-labeled domains not associated
with Gag-mEos2 domains. (B) Size distribution of AF647-NT-Lys-labeled lipid domains associated
with (red) or not associated with (blue) Gag-mEos2 in the five ROIs in (A). (C) Diameters of AF647-
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NT-Lys domains and number of AF647-NT-Lys molecules included in the AF647-NT-Lys domains
associated without (left) or with (right) Gag-mEos2 domains.

Gag associates large AF647-NT-Lys-positive lipid domains

In Fig. 4A, five ROIs (1 pm x 1 pm) containing AF647-NT-Lys-labeled domains that were in
close proximity to Gag-mEos2 and five ROIs containing AF647-NT-Lys domains not associated with
Gag-mEos2 were selected from Fig. 2B. Visual inspection of these ROIs suggests that Gag-positive
NT-Lys domains were larger than Gag-negative ones. We thus quantified the size of AF647-NT-Lys-
labeled domains and the number of AF647-NT-Lys dots that were included in each domain by
ClusterViSu, a software based on Voronoi tessellation of individual fluorescence events (Andronov et
al., 2016). A Voronoi diagram is a tessellation where a tile corresponding to a given data point is a
locus of all points of space closest to this data point (Voronoi 1908). The diameter of AF647-NT-Lys
positive lipid domains not in the vicinity of Gag-mEos2 was < 225 nm, most domains being < 50 nm.
In contrast, Gag-mEos2-positive lipid domains exhibited very large domains with 275-475 nm
diameter, as well as small lipid domains (Fig. 4B). Fig. 4C indicates that small (diameter < 50 nm)
domains contain < 20 AF647-NT-Lys dots whereas 950-2000 dots were distributed in > 275 nm
diameter domains. These results indicate that Gag was associated to large SM domains.

Expression of Gag does not alter gross lipid composition of HeLa cells

The size of NT-Lys positive SM-rich lipid domains has been shown to depend on the content in
SM (Makino et al., 2015), Chol (Abe et al., 2012) and glycolipids (Ishitsuka et al., 2004) as well as on
the lipid composition (Makino et al., 2015) of the PM. Association of Gag to large NT-Lys domains
may be due to an alteration of the lipid metabolism by Gag. To examine this possibility, we examined
glycolipid and total lipid composition in control and Gag-expressing cells (Fig.5). Both vector and
Gag-expressing cells contain GM3, GlcCer, LacCer and Gb4, as major glycolipids. SM and Chol
contents normalized by protein contents were similar in the two cells. In addition, the total SM content
examined by HPTLC was not significantly different in the two cells. These results suggest that the
expression of Gag did not affect the gross lipid composition of HeLa cells.
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Figure 5. Lipid composition of control and Gag-transfected HeLa cells. Total lipids were extracted
from HeLa cells after 24 h of transfection with an empty vector (upper panels) or a Gag plasmid
(lower panels). Glycosphingolipids, phospholipids and neutral lipids were analyzed on HPTLC as
described in Materials and Methods. GlcCer, glucosylceramide ; LacCer, lactosylceramide ; PC,
phosphatidylcholine; PE, phosphatidylethanolamine, PI, phosphatidylinositol; PS, phosphatidylserine;
SM, sphingomyelin; CL, cardiolipin; Chol ester, cholesterol ester; TAG, triacylglycerol.
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Figure 6. FRAP measurement of EGFP-NT-Lys in the absence or presence of Gag expression.
After 20 h of transfection of HeLa cells with empty vectors (blue) or a mixture of Gag and Gag-
mCherry (red), FRAP of EGFP-NT-Lys was measured in 13 cells for each condition. The averaged %
recoveries at each time point were plotted. The standard errors of mean (SEMs) were shown.

Expression of Gag restricts the lateral diffusion of cell surface SM-rich lipid domains

NT-Lys labels SM in the outer leaflet of the PM whereas Gag binds PI(4,5)P; at the inner leaflet.
Interbilayer co-localization of NT-Lys and Gag suggests an interaction between Gag expressed in the
inner leaflet of the PM and SM in the outer leaflet of the PM. We thus interrogated whether Gag alters
the dynamics of endogenous SM domains. In Fig. 6, we measured fluorescence recovery after
photobleaching (FRAP) of EGFP-NT-Lys in the absence and presence of Gag expression. HeLa cells
were transfected either with empty vectors or a mixture of Gag and Gag-mCherry for 20 h, at which
time most transfected cells localized mCherry fluorescence at the PM. We measured FRAP of 13
cells/condition, and drew recovery curves based on the averaged values at each time point (Fig. 6).
The average diffusion coefficients of EGFP-NT-Lys were marginally decreased by Gag expression
(control cells, mean + SEM = 0.0170 + 0.0034 um?/s ; Gag transfected cells, 0.0152 + 0.005 pm?/s).
In contrast, at the end of the chase, fluorescence recoveries of EGFP-NT-Lys reached 60% and 30% in
the absence and presence of Gag expression, respectively, indicating that the immobile fraction of
EGFP-NT-Lys molecules was increased from 40% to 70% by Gag expression. This strong increase in
the immobile fraction clearly suggests that Gag at the inner leaftet at the PM strongly restricts the
diffusion of the SM-rich lipid domains at the outer leaflet. As the diffusion constant of the mobile
fraction was not affected by Gag, this mobile fraction may correspond to SM-rich domains not in
interbilayer contact with Gag proteins.
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Figure 7. FLIM diagram plot of EGFP-NT-Lys/AF546-SNAP-NT-Lys. (A) HeLa cells labeled
with EGFP-NT-Lys (FRET donor). (B) Cells labeled with EGFP-NT-Lys and AF546-SNAP-NT-Lys
(FRET acceptor). (C) Gag/Gag-mTagBFP2 or (D) Gag-WM/Gag-WM-mTagBFP2 transfected cells
labeled with EGFP-NT-Lys and AF546-SNAP-NT-Lys. The distributions of lifetimes (t;) and
amplitudes (o) of the interacting population are shown in the FLIM diagram plot.
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Figure 8. Distribution of FRET population for the interaction of EGFP-NT-Lys and AF546-
SNAP-NT-Lys. The data were extracted from Fig. 7. The distributions of o, values are shown.
Median values of o, and 1, are determined after fitting the data with Gaussian (shown by red curves)
and indicated below figures.

Gag targeting to the PM is accompanied by reorganization of SM-rich domains

Above results suggest that Gag assembly on the cytoplasmic domain of PM beneath SM-rich
domains reorganizes these domains and induces their fusion. We further investigated the
reorganization of the SM-rich domains by monitoring the Gag-induced changes in the intermolecular
distances between the NT-Lys molecules bound to SM-rich domains. These intermolecular distances
were analyzed by FRET-FLIM measurements using EGFP-NT-Lys as a FRET donor and Alexa Fluor
546-SNAP-NT-Lys (AF546-SNAP-NT-Lys) as a FRET acceptor. Assuming that non transferring
EGFP-NT-Lys proteins (at distances > 10 nm from the closest acceptor) coexist with transferring
EGFP-NT-Lys proteins (at distances < 10 nm from one or several close acceptors), two populations of
lifetimes are expected. The non-transferring population will exhibit a lifetime, t,, corresponding to
free EGFP while the transferring one will exhibit a shorter lifetime, 1,. We have recently introduced
the FLIM diagram plot as a simple and convenient mean to visualize the distribution of the 1, values
and their amplitudes in the FLIM image (Godet and Mély, 2019). In this study, we analyzed the FLIM
data using this FLIM diagram plot.

When HeLa cells were labeled only with EGFP-NT-Lys at 37 °C, a minor population (< 20%) of
2.2 ns lifetime very close to the lifetime of free EGFP (2.3 ns) was observed (Fig. 7A). This minor
population may be ascribed to a concentration-dependent self-quenching resulting from a pseudo-
homo FRET mechanism between different, spectrally shifted emissive forms of the protein (Grailhe et
al, Chemphyschem, 2006). When cells were doubly labeled with EGFP-NT-Lys and AF546-SNAP-
NT-Lys but in the absence of Gag, the FLIM diagram plot was dramatically changed (Fig. 7B). The
lifetime 1, corresponding to EGFP-NT-Lys molecules in close proximity to AF546-SNAP-NT-Lys
molecules, showed a single population centered at 1.3 ns, with an amplitude of 56 % (Fig. 7B and Fig.
8). This result indicates that more than 50 % of the NT-Lys molecules are in close proximity on the
PM, in line with the PALM/dSTORM data (Fig. 4) showing that EGFP-NT-Lys accumulate in lipid
domains of different sizes. In Fig. 7C, we measured the effect of Gag/Gag-mTagBFP2 expression on
the FRET between EGFP-NT-Lys and AF546-SNAP-NT-Lys. Expression of Gag increased the
amplitude to 63 %, confirming that Gag induces the fusion of SM-rich lipid domains. We then
investigated whether the re-organization of SM-rich domains depends on Gag oligomerization. To this
end, we expressed the Gag-WM mutant, which is unable to oligomerize but can traffic and bind to the
inner leaflet of the PM (Hogue et al., 2009). The FLIM diagram plot was similar to that with Gag
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expression, showing a t; lifetime of 1 .25 ns with an amplitude 64 % (Fig. 7D, Fig. 8). These results
suggest that the binding of Gag to the inner leaflet of the PM is sufficient to induce fusion of SM-rich
lipid domains.

Binding of Gag to the PM is inhibited by Chol depletion (Ono et al., 2007). However, the
enrichment of Chol in the HIV-1 enveloppe is debated (Chan et al., 2008; Lorizate et al., 2013;
Mucksch et al., 2019). Although it is well established that Chol has a high affinity to palmitoyl SM
(Slotte 2013), the relative abundance of Chol (40 % of the PM lipids) compared to SM (10 %),
suggests that, in addition to SM, Chol interacts with other PM lipids. To better understand the possible
effect of Gag on the lipid distribution in the PM, we investigated by FRET-FLIM the interaction of
Chol-rich lipid domains with SM-rich lipid domains and its dependence on Gag. To visualise Chol-
rich lipid domains, we used mCherry-D4 (Abe et al., 2012). D4 is a non-toxic Chol-binding fragment
of the Chol-binding pore-forming toxin, perfringolysin O (PFO) (Shimada et al., 2002). Chol
accessible to D4 and PFO is dependent on the lipid composition of the membrane (Nelson et al., 2008).
D4 has been shown to bind Chol in 1-palmitoyl-2-oleoyl phosphatidylcholine/Chol membrane when
the Chol concentration in the membrane is higher than 40 % (Ishitsuka et al.. 2011).

When cells were doubly labeled with EGFP-NT-Lys and mCherry-D4 (FRET acceptor). but in the
absence of Gag, the FLIM diagram plot (Fig. 9) revealed that the short-lived lifetime t; was clearly
distributed in two main populations centered at 198 ns and 1.52 ns (Fig. 9). These lifetimes
correspond to FRET efficiencies of ~ 13% and 35%, respectively. These two populations represented
37 and 27 % of the EGFP-NT-Lys molecules in the PM. These data are indicative of lipid domains
where SM and Chol were close together on the cell surface of HeLa cells. The existence of two
populations with different FRET efficiencies further suggests that the domains containing both SM
and Chol are heterogeneous.

We then investigated whether Gag re-organizes the SM-rich and Chol-rich lipid domains. The
FLIM diagram plot in the presence of Gag (Fig 9) revealed that 7 and o values are scattered over a
single and broad distribution centered at 1.46 ns with an amplitude of about 49% (Fig. 10). This FLIM
diagram plot clearly differs from that observed in cells which did not express Gag, suggesting a re-
organization of lipids in the PM by Gag proteins.

Since the assembly sites at the PM continuously increase their curvature as Gag accumulates, the
re-organization of SM/Chol clusters may be due to a change in the membrane curvature at the
assembly sites. Previous studies have shown that the increase in membrane curvature induced by Gag
facilitated the enrichment in membrane proteins preferring the L, lipid phase (Sengupta et al., 2019).
To investigate the effect of PM curvature on the lipid domains, we used the Gag-P99A mutant which
does not induce any curvature but forms a relatively flat platform after its oligomerization. We also
used the Gag-AL mutant which does not prevent the changes in PM curvature, but generates VLPs that
remain attached to the PM (Hogue et al., 2011; Sengupta et al., 2019). For the Gag-P99A mutant, 1,
was centered at 1.52 ns with an amplitude of 39 % whereas in Gag-AL, 1 was centered at 1.35 ns with
an amplitude of 45 % (Fig. 9, 10). These FLIM diagram plots and FRET population distribution with
Gag-AL were similar to those with the wild-type Gag. Although the effect was less significant, Gag-
P99A also altered the distribution of the interacting population compared to that without Gag.

We then investigated the role of Gag oligomerization on the FRET-FLIM between EGFP-NT-Lys
and mCherry-D4. When Gag-WM mutant was expressed, the FLIM diagram plot was similar to that
without Gag expression, with a bimodal distribution of 1, values centered at 2 ns and 1.44 ns,
respectively, with amplitudes of 33 and 23%, respectively, indicating no significant difference
between the absence of Gag and the expression of Gag-WM. This suggests that oligomerization of
Gayg is necessary for re-organization of SM/Chol domains.
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In Table 1, the data of Fig. 8 were compared using Kolmogorov-Smirnov test (KS test). KS test is
a nonparametric test of the equality of two samples. A P value <0.05 indicates significant difference of
data distribution in the two samples. P value between the absence and the presence of Gag, Gag-P99A,
Gag-AL and Gag-WM are 0.0235, 0.0033, 0.0235 and 0.405, respectively. These results support the
idea that Gag, Gag-P99A and Gag-AL but not Gag-WM reorganized the SM/chol domains.
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Figure 9. FLIM diagram plot of EGFP-NT-Lys (donor)/mCherry-D4 (acceptor). Distributions of
lifetime (t;) and amplitude (0,) in cells labeled only with EGFP-NT-Lys (A), cells labeled with EGFP-
NT-Lys and mCherry-D4 in the absence (B), or in the presence of transfected Gag-WT (C), Gag-P99A
(D), Gag-AL (E) and Gag-WM (F).
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Figure 10. Distribution of the FRET population for the interaction of EGFP-NT-Lys and
mCherry-D4. The data were extracted from Fig. 9. The distributions of o; values are shown. Median
values of o, and t, are determined after fitting the data with Gaussian (shown by red and blue curves)
and given below figures.
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Table 1. Significance test of Figure 9. Data are analyzed as described in Materials and Methods. In
the table, p-values showing significant difference (p < 0.05) are indicated in bold. D and D + A
indicate donor alone, and donor and acceptor, respectively. In the presence of Gag derivatives, both
donor and acceptor molecules were in the experiments.

D D+A Gag Gag-P99A Gag-AL  Gag-WM
D - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
D+A - - 0.0235 0.0033 0.0235 0.4005
Gag - - - 0.635 0.5121 0.0033
Gag-P99A - - - - 0.3048 0.0019
Gag-AL - - - - - 0.0149
Gag-WM - - - - - -
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Discussion

It is not well understood how HIV-1 acquires specific lipids from host PM. Our results indicate that 1)
Gag protein expressed in the cytoplasmic leaflet of HeLa cell PM colocalizes with SM-rich lipid
domains of the outer leaflet; 2) Expression of Gag restricts the lateral diffusion of SM-rich domains
and; 3) Gag induces the coalescence of SM-rich domains and Chol-rich domains in a Gag-
oligomerization dependent manner.

Interbilayer colocalization of Gag and SM-rich lipid domains in the PM

In this study, we employed a non-toxic truncated mutant of lysenin, NT-Lys, to visualize cellular
SM. Lysenin binds SM only when 5-6 SM molecules form clusters (Ishitsuka et al., 2004 ; Ishitsuka
and Kobayashi, 2007). In cell membranes. SM distributes both in clusters and as dispersed lipid
molecules (Makino et al., 2015 : Yachi et al., 2012). Lysenin and NT-Lys-positive SM clusters are
mainly distributed on the outer leaflet of the PM (Abe et al., 2012 ; Murate et al., 2015). NT-Lys
added to the medium binds to the cell surface and is very slowly endocytosed (Kiyokawa et al., 2005).
Thus NT-Lys used in this experiment reveals SM on the cell surface. Moreover, PALM/dSTORM
experiments previously showed that part of the SM clusters labelled by NT-Lys formed lipid domains
as reported previously (Abe et al., 2012 ; Makino et al., 2017 ; Mizuno et al., 2011).

In our study, PALM/dSTORM results indicate that 40 % of Gag-mEos2 are localized with AF647-
NT-Lys, while 26 % of AF647-NT-Lys are localized with Gag-mEos2. These percentages as well as
the presence of a large number of Gag-mEos2 negative AF647-NT-Lys domains are likely reflecting
the relative abundance of SM and Gag in the Gag-transfected cells.

It is a matter of debate whether Gag binds pre-existing lipid domains or induces the formation of
lipid domains. The binding of Gag to the PM requires PI(4.5)P, and Chol (Dick et al., 2012 ; Kerviel
et al., 2013; Olety and Ono, 2014; Ono et al., 2007; Yandrapalli et al., 2014). Thus the question is
whether there is interbilayer communication between PI(4.5)P»/Chol and SM. Our results do not
answer this question. However, previously we showed interbilayer colocalization of SM-rich lipid
domains in the outer leaflet and PI(4,5)P;-rich lipid domains in the inner leaflet of the PM using
PALM/dSTORM in combination with NT-Lys and the PH domain of PLCJ, that binds PI(4,5)P, (Abe
et al., 2012). Removal of SM by SMase or inhibition of de novo SM biosynthesis abolished both SM
and PI(4,5)P, domains, suggesting that outer leaflet SM regulates the organization of PI(4,5)P:
domains (Abe et al., 2012). Present results are consistent with the idea that the binding of Gag to
PI(4.5)P, colocalizes with SM through pre-existing SM-rich and PI(4,5)P,-rich lipid domains.
However, further experiments are necessary to understand the molecular mechanisms governing the
colocalization of Gag with SM-rich domains.

Expression of Gag restricts the lateral mobility of SM-rich lipid domains

FRAP experiments indicate that the expression of Gag significantly decreased the mobile fraction of
SM-rich domains. Since PALM/dSTORM experiment showed the association of Gag to large SM-rich
domains, it might be speculated that this association restricts the lateral diffusion of the involved SM-
domains, thus increasing the proportion of immobile SM fraction in FRAP measurements.

Interestingly, the diffusion coefficient (0.013 pm?s) obtained by single-molecule tracking of
Dronpa-D4 that binds endogenous Chol-rich domains (Mizuno et al., 2011) is similar to the diffusion
cocfficient that we measured for the SM-rich domains (0.015 um?/s). This is in variance with the 10-
fold higher diffusion coefficient reported for the lateral diffusion of SM in HIV-1 infected cells, as
measured by a fluorescent SM analog, ATTO647N-SM (Favard et al., 2019). This discrepancy can be
explained by the fact that ATTO647N-SM has been shown to distribute in Ld (liquid disordered)
domains (Klymchenko and Kreder, 2014) while in contrast, NT-Lys or lysenin-positive SM cluters are
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distributed in Lo (liquid ordered) domains (Ishitsuka et al., 2004, Makino et al., 2015, Yilmaz and
Kobayashi, 2015). Thus, our data suggest that NT-Lys selectively monitors the lateral mobility of
endogenous SM-rich Lo domains.

Gag-induced re-organization of the PM

PALM/dSTORM indicated that Gag accumulates in enlarged NT-Lys labeled domains. Moreover,
FRET-FLIM between EGFP-NT-Lys and AF546-SNAP-NT-Lys showed that the high FRET
efficiency between NT-Lys molecules in control cells. This FRET was slightly enhanced by the
expression of Gag or the oligomerization-deficient Gag-WM mutant.

We also measured FRET between the SM-rich domains and the Chol-rich domains. When HeLa
cells were labeled with EGFP-NT-Lys and mCherry-D4 in the absence of Gag, FRET-FLIM data
showed two main interacting SM/Chol populations corresponding to median t;=1.98 ns and 1, =1.52
ns, respectively. These data confirm that SM and Chol molecules interact in the PM outer leaflet,
forming heterogeneous complexes or domains that may differ by the arrangement and/or packing of
SM and Chol molecules. The existence of SM/Chol complexes at the cell surface of HeLa cells is fully
in line with the previously observed labelling of HeLa cells by nakanori, a lipid binding protein that
specifically binds to SM/Chol complexes (Makino et al., 2017). Assuming that all EGFP-NT-Lys
proteins bind to the same number of SM molecules, the amplitude associated to the short-lived
lifetimes suggests that these clusters include about 27% of the SM molecules in the outer leaflet of the
PM. The other 73% associated with the unquenched long-lived lifetime indicate that 73% of SM
molecules are not closely associated with Chol-rich domains. As the size of the confocal area (0.2
um?) in which each decay curve is recorded is orders of magnitude larger than the area occupied by a
complex of a few SM/Chol molecules (>10 nm?), it can be speculated that each confocal area contains
a large number of these complexes, which likely form domains.

When wild-type Gag was expressed in HeLa cells, the observation of a single FRET population
centered at t; 1.4-1.5 ns, suggests that Gag assembly at the PM reorganizes the SM/Chol-rich lipid
complexes. In addition, the amplitude associated to this short-lived lifetime suggests that the
percentage of SM molecules involved in clusters increased to ~50%. This is consistent with an
increase in the size of the domains. Similar results were obtained with Gag mutants that either do not
induce membrane curvature or are defective in membrane budding. In contrast, the Gag-WM mutant,
that is unable to oligomerize in the cells but can bind to the inner leaflet of the PM. does not impact
the SM/Chol domains. These results indicate that Gag oligomerization but not membrane curvature or
budding is crucial to modify the relative distributions of SM- and Chol-rich domains.

The Gag-induced reorganization of SM/Chol complexes may be related to either 1) Gag-induced
SM and/or Chol metabolism and subsequent changes in PM lipid composition. or ii) Gag-induced
changes in lipid distribution of the PM. Figure 5 indicates that expression of Gag did not significantly
alter lipid composition of HeLa cells. so that the Gag-induced reorganization of SM/chol complexes is
unlikely related to changes in SM and Chol metabolism. In contrast, our data show that Gag increases
the size (Fig. 4) and the immobile fraction of SM-rich domains (Fig. 6). Moreover., the changes in the
FLIM diagram plot of EGFP-NT-Lys and mCherry-D4 from two populations to a single population
(Fig. 9). induced by Gag oligomerization further suggest that Gag induces the coalescence of lipid
domains. This conclusion is in line with the data of Ono’s group reporting that Gag induces
coalescence of lipid raft domains and tetraspanin-enriched domains (Hogue etal., 2011).

Thus, our results indicate that HIV-1 Gag alter the SM/Chol domains, likely due to the
coalescence of pre-existing domains with different lipid composition. Recently, Sengupta et al.
reported that proteins are recruited into and removed from the HIV-1 assembly sites through lipid-
based partitioning, initiated by Gag oligomerization and amplified by changes in membrane curvature
at the assembly site (Sengupta et al.. 2019). Merging of lipid raft protein and tetraspanin was also
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reported to be less efficient when curvature-deficient Gag was expressed (Hogue et al., 2011). In
contrast, since curvature-deficient Gag mutant induced lipid merging as efficiently as wild type Gag

(Figure 9 and 10), our results suggest that lipid-reorganization occurs prior to protein assembly during
HIV-1 budding.
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Materials and Methods
Materials.

Cells. The HeLa cell line was obtained from the American Type Culture Collection (ATCC; Manassas,
VA). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM. Gibco
LifeTechnology) supplemented with 10% fetal bovine serum (FBS, Lonza), 100 U/mL penicillin, and
100 pg/mL streptomycin (DMEM/FBS/P/S) at 37°C. Plasmid constructs were transfected into HeLa
cells using jetPRIME reagent (Polyplus transfection, France). For transient expression, cells were used
in experiments 24 h after transfection.

Construction, expression, and purification of lipid probes. EGFP-NT-Lys, NT-Lys and mCherry-
D4 plasmids were prepared as previously described (Abe et al., 2012). Expression of tagged NT-Lys
and mCherry-D4 were induced in E.coli BL21(DE3) by culturing at 18°C for two overnights and 18 h,
respectively, in the presence of 125 pM isopropyl beta-D-1-thiogalactopyranoside (IPTG). Lipid
probes were bound to a HiTrap TALON crude column (GE healthcare) after lysing bacteria in
BugBuster Master Mix (Novagen) supplemented with protease inhibitor cocktail set I (Calbiochem),
because all the lipid probes used have His tag at their N-terminus. Bound lipid probes were eluted with
phosphate buffer containing 400 mM imidazole and dialyzed in PBS. Purified lipid probes were stored
as 50% glycerol solution at -20°C after the measurement of protein concentration.

Preparation of Gag and Gag mutants. Expression plasmids of Gag-mCherry (El Meshri et al., 2015),
Gag-WM-mCherry, and Gag-mEos2 were prepared as previously described. The plasmid
pcDNA/Gag-WT for expression of non-tagged wild-type Gag was constructed by deleting the
mCherry sequence from pcDNA/Gag-mCherry by PCR using the primer pairs(5°-
GTGAGCCAGAACTACCCCATCGTGCAGAAC-3° and 5-
CTGGCTGCTGTTGCCGGTGCCGGC-37). The plasmids pcDNA/Gag-mTagBFP2 and pcDNA/Gag-
WM-mTagBFP2 were constructed by replacing mCherry in Gag-mCherry with mTagBFP2 amplified
by PCR using mTagBFP2-Lifeact-7 as a  template and primers (5-
TAGGATCCATGGTGTCTAAGGGCGAAGAGCTG-3" and 5-
CCGAATTCATTAAGCTTGTGCCCCAGTTTGCTAGG-3"). The plasmid pcDNA/mTagBFP2 was
constructed by cloning the mTagBFP2 sequence amplified in the above PCR into respective sites in
pcDNA3 vector. The plasmid mTagBFP2-Lifeact-7 was a gift from Michael Davidson (Addgene
plasmid #54602 ; http://n2t.net/addgene:54602; RRID :Addgene_54602). The plasmids, pcDNA/Gag-
P99A, and pcDNA/Gag-AL, were constructed by PCR mutagenesis using pcDNA/Gag-WT as a
template and primers (5°-GCCCGCGGCAGCGACATCGCCGGC-3° and 5°-
CTCGCGCATCTGGCCGGGGGCGATGG-3" for Gag-P99A; 5-
GCCGCCGCCGCCCCCGAGGAGAGCTTCCGCTTCGGC-3° and
CTCGGGGCGGCTCTGCAGGAAGTTGCCGGGGCGGCC-3" for Gag-AL). The plasmids,
pcDNA/Gag-P99A-mTagBFP2, and pcDNA/Gag-AL-mTagBFP2, were constructed in the same
manner as the non-tagged counterparts except that pcDNA/Gag-mTagBFP2 was used as a template.
The absence of unwanted mutations was confirmed by DNA sequencing.

Fluorescence recovery after photobleaching (FRAP). HeLa cells in 35-mm glass-bottom dishes
were transfected with a mixture of pcDNA/Gag-WT and pcDNA/Gag-mCherry, or pcDNA3.1 and
pmCherry-N using jetPRIME reagent 20 hours before experiment. The cells were labeled with EGFP-
NT-Lys at 37°C for 15 min. The 13 labeled cells expressing Gag-mCherry or mCherry alone were
selected under the confocal microscope LSM700 (Zeiss, Germany) equipped with a C-Apochromat
63XW Corr (1.2 NA) objective (Zeiss). 10 frames and 40 frames were recorded before and after
photobleaching at a spot of 2 pm diameter with 488 nm laser. The image processing and analysis were
performed as described in (Soumpasis, 1983) and (Snapp et al, 2003). In brief, raw data in each
measurement was fitted and the diffusion coefficient was calculated to obtain the averaged value. To
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draw the recovery curve, values at each time point were averaged and the standard errors of mean
were calculated.

Thin-layer chromatography analysis of sphingolipids, phospholipids and neutral lipids. Lipids
were extracted with chloroform/methanol (1:2 by vol., and then 2:1, by vol.) and applied to high-
performance thin layer chromatography (HPTLC, Merck) plates. The plates were developed
sequentially in 1. chloroform/methanol/formic acid/water (65:25:8.9:1.1 [vol/vol/vol/vol]), 2.
chloroform/methanol/4.4 M ammonia (50:40:10 [vol/vol/vol]) and 3.diethylether (Kishimoto et al.,
2020; Yokoyama et al., 1997). After sphingolipids were visualized by spraying orcinol reagent and
heating at 100 °C, while phospholipids and neutral lipids were visualized by spraying cupric acetate
solution to the same plates and heating at 180 °C. The position of each lipid on HPTLC was
determined using lipid standards.

PALM/dSTORM HeLa cells were seeded in 2 mL of DMEM/FBS/P/S at the density of 5 x 10
cells/mL on a 18-mm coverslip in a 12-well plate one day before transfection. Next day, the cells in a
well were transfected with a mixture of 1 pug of non-tagged and 1 pg of fluorescent protein-tagged
plasmids using jetPRIME reagent according to the manufacturer’s protocol. The transfected cells were
labeled with AF647-NT-Lys in DMEM supplemented with 5% lipoprotein-deficient serum (LPDS) at
37°C for 15 min after 24 hours of transfection. The labeled cells were washed with PBS twice and
fixed with 4% paraform aldehyde (PFA) at room temperature for 30 min. After neutralization of the
residual PFA, cells on a coverslip were placed on mounting medium upside down and sealed for
observation. PALM/dSTORM imaging was performed by using a home-built set up based on a Nikon
Eclipse Ti microscope with 100x 1.49 NA oil-immersion objective according to Glushonkov et al.,
(2018). Image acquisition was sequentially carried out in the red (AF647) and the green (mEos2)
channels. Image acquisition was sequentially carried out in the first red (AF647) and the second green
(mEos2) channels. Fluorescence emission was imaged by using 642 nm laser for AF647 and both 405
nm and 561 nm lasers for mEos2 photoconversion and excitation, respectively. Acquired image data
were analyzed by DoM plugin for Fiji (Detection of Molecules (DoM) plugin v.1.2.1 for Image J)) to
detect molecular coordinates and correct for chromatic aberration and drifting. The obtained
coordinates were imported to ThunderSTORM (Ovesny et al., 2014) plugin for Fiji to further filter
them, calculate CBC, and export a new coordinate file corresponding to a ROI (I pm X 1 um) for the
domain analysis. The coordinates within the ROI were imported into and analysed by the ClusterVisu
(Andronov et al., 2016) program to detect AF647-NT-Lys domains and calculate the diameters of the
domains and number of AF647-NT-Lys molecules included in the domains. The localization
precision was calculated by Lama (Malkusch and Heilemann, 2016) program using a Nearest
Neighbor in Adjacent frames (NeNA) (Endesfelder et al., 2014) approach.

The colocalization Cy; value is calculated for each single localization in CBC analysis as follow
(Malkusch et al., 2012). If A and B are assumed to be molecular species detected in the first and
second channel, respectively, the distributions of localization of molecules A and B around Ai (Dy; a(r)
and Dy,; g(r)) are calculated as:

Ny, A(r) IIR;M Ny, 4(n R?

= max D (r) _
a2 Ny, ARmar)  Np, aAQRpad) 7 A, B

Ny s R,
NA,, B(Rmax) r2

DA.v, AN =

where Ny; 4(r) and Ny; p(r) are the numbers of localizations of species A and B within the distance r
around Ai. A uniform distribuition is expected to give a value of D(r) = 1 for all r. Then Spearman’s
rank correlation Sy; for each molecule Ai is calculated as:

27 (0p,, A7) = s, ) (00, ) - O, ,)

' R, = 2 R, = 2
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J

156



Results and Discussion [NCHapter#ay

where Opy; A(r) is the rank of Dy4; A(r) and Opy; 4 is the arithmetic average of ODjy; (r). Finally, the
colocalization value CAi is calculated as:
Ep. B

CAi = SA,- . e(— R"x‘u)

where Ej; 5 is the distance from Ai to the nearest neightbour B molecule. In this study, r and R, are
defined as 20 nm and 200 nm, respectively.

FRET-FLIM analysis. FLIM images of the cells labelled with with EGFP-NT-Lys in the absence or
in the presence of acceptor (AF546-SNAP-NT-Lys (Figure 7) or mCherry-D4 (Figure 8)) were
analyzed using a commercial software package (SPCImage V2.8, Becker & Hickl, Germany). A
binning of two was applied before processing the fluorescence decays. The FLIM data were further
analyzed to obtain the FLIM diagram plots, using a homemade ImageJ plugin and R scripts as
described in a previous paper (Godet and Mely, 2019 ; Manko et al., 2020). In brief, two populations
are assumed to contribute to the EGFP-NT-Lys decay profile with one population consisting in non-
transferring EGFP-NT-Lys molecules (more than 10 nm apart from an acceptor) and one population of
EGFP-NT-Lys molecules with one or several acceptor molecules in close proximity (< 10 nm), so that
FRET can occur. Based on this assumption, the fluorescence decays can be fitted to a double
exponential equation: I(t) = Iy (o,exp(-t/t)) + awexp(-t/12)), where 1, is the short-lived lifetime of the
EGFP-NT-Lys population undergoing FRET and 7, is the lifetime for the unquenched donors. The
relative contribution of each population is given by al and o2, linked by al = 1 - 02. By fixing 1, at
2.3 ns, the value of the donor only fluorescence lifetime, a scatter plot of (t,, a;) points corresponding
to the FLIM diagram plot is obtained. The distribution and density of points on this plot have been
shown to reveal the main tendencies as well as the distribution of the individual parameters. In fact,
the fluorescence decays in the data of Figure 9 were first fitted by a single exponential equation and a
double exponential equation. The > were : donor, 1.068 + 0.013; donor + acceptor, 1.232 + 0.043;
Gag, 1.221 £ 0.038 for the single exponential equation, and donor, 1.099 + 0.023; donor + acceptor
1.102 + 0.031; Gag, 1.099 + 0.023 for the double exponential equation). These values and t-test
indicated that the double exponential equation significantly better fitted the decay curves in the
presence of acceptor than the single exponential equation did (p-values: donor, p < 0.73; donor +
acceptor, p < 7.0 x 107; Gag, p < 3.2 x 107). The data were further analyzed by Gaussian fitting of the
lifetime (t;) and amplitude (o) distributions, and a Kolmogorov-Smirnov test was performed to
compare the distributions.
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4.2.2. Conclusions:

In our study we aimed to provide insight in an interesting interaction between the inner
PM leaflet bound HIV-1 Gag protein and the outer PM leaflet SM in Gag-transfected HelLa
cells. Hence, we used different fluorescence microscopy techniques in combination with
fluorescently labeled SM and Chol specific probes, NT-Lys and D4 respectively. The selected
probes were used to monitor i) the trans-bilayer colocalization of Gag and SM-rich domains,
ii) the restriction of lateral diffusion of SM-rich domains and iii) the coalescence of SM and
SM/Chol rich domains in the presence of Gag.

Firstly, we observed by confocal and then by PALM/STORM microscopy that Gag
binds to the inner leaflet of the PM and colocalizes well with the NT-Lys bound to the SM-rich
domains in the outer leaflet of the PM (Publication 2, Figuresl, 2 and 3), indicating interbilayer
colocalization of Gag and SM-rich domains. The detailed investigation of high resolution
PALM/STORM microscopy results unveiled that the Gag positive NT-Lys domains were
larger than the Gag negative ones (Publication 2, Figure 4), indicating that Gag may associate
to the larger SM domains or coalesce the small SM-rich domains to form large domains.

Furthermore, fluorescence recovery after photobleaching (FRAP) of eGFP-NT-Lys
indicated that the expression of Gag increased the immobile fraction of eGFP-NT-Lys. This
immobile fraction was 40% and 70% in the presence and absence of Gag, respectively
(Publication 2, Figure 6). This suggests that Gag bound to the inner leaflet of the PM strongly
restricts the diffusion of SM-rich domains in the outer leaflet of the PM.

To confirm that the binding of HIV-1 Gag to the inner leaflet of PM coalesces the SM-
rich domains, we performed FRET-FLIM experiments. The eGFP-tagged SM binding probe
NT-Lys (eGFP-NT-Lys) was used as a FRET donor whereas AlexFluor546-labelled NT-Lys
(AF546-SNAP-NT-Lys) was used as a FRET acceptor. The results indicate that the expression

of Gag in cells increased the amplitude of the SM interacting population to 63% as compared
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to the amplitude (56%) of the non-Gag transfected cells. Further, the FLIM diagram plot of the
Gag oligomerization deficient mutant, Gag-WM, is showing an amplitude similar to the WT-
Gag, 64% (Publication 2, Figure 7). This suggests that Gag induces the fusion of SM-rich lipid
domains and this fusion does not depend upon Gag oligomerization. Hence, Gag binding to the
inner leaflet of the PM is sufficient to induce the coalescence of SM-rich domains in the outer
leaflet of the PM.

In addition, we also investigated by FRET-FLIM the interaction of Chol-rich lipid
domains with SM-rich lipid domains and its dependence on Gag. Before our experiments we
first determined the working dilution of eGFP-NT-Lys and mCherry-D4 that could evenly label
the PM and generate optimal fluorescence signal for the experiments (supplementary Figures
2 and 3). Treatment of cells with sphingomyelinase and methyl beta cyclodextrin abolished the
eGFP-NT-Lys and mCherry-D4 staining, respectively, confirming that NT-Lys recognizes SM
whereas D4 recognizes Chol in the outer leaflet of the PM. It is known that NT-Lys binds only
to SM clusters composed of 5 or 6 lipid molecules (319, 333) whereas D4 only binds to domains
containing more than 30% Chol (334, 335). Our data showed that the eGFP-NT-Lys and
mCherry-D4 proteins effectively labelled the cell PMs, when diluted 100X and 12.5X,
respectively (supplementary Figures 2 and 3).

We also investigated the possible competition between eGFP-NT-Lys and mCherry-
D4 by FACS (materials and methods). Cells were discriminated using forward scatter area
(FSC-A) and side scattered area (SSC-A) (Supplementary Figure 4, columns A). Each dot
represents one cell. Data were further represented by univariate histograms showing
fluorescence intensities on X-axis and number of cells on Y-axis. The eGFP and mCherry
fluorescence distributions are shown in supplementary Figure 4 column B and C, respectively.

Both lipid binding probes, eGFP-NT-Lys and mCherry-D4, labelled the cells, giving

high fluorescence signals (supplementary Figure 4, rows 2 and 3, columns B and C). In
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contrast, an appreciable decrease in eGFP-NT-Lys labeled cells was observed when cells (Gag
transfected and non-transfected) were labelled with both eGFP-NT-Lys and mCherry-D4 in all
labelling protocols (supplementary Figure 4, rows 4, 5, 8, 9, columns B and C), except for the
protocol where cells (Gag transfected and non-transfected) were first labelled with mCherry-
D4 and then with eGFP-NT-Lys (supplementary Figure 4, rows 6 and 10, columns B and C).

The decrease in eGFP fluorescence in the presence of mCherry indicates a competition
between the two lipid binding probes. Both probes might thus compete for the same lipid
domains in the PM that are enriched with both SM and Chol. It is already known that NT-Lys
binds only to SM clusters composed of 5 or 6 lipid molecules (319, 333) whereas D4 only binds
to the Chol-rich domains containing more than 30% Chol (334, 335). Hence, lipid domains
enriched with both SM and Chol could be the sites for which both lipid binding probes compete
to bind with. This competition likely favors mCherry-D4, due to its higher affinity as compared
to eGFP-NT-Lys.

Our data suggest that mCherry-D4 detaches bound eGFP-NT-Lys if cells are first
labelled with eGFP-NT-Lys and then with mCherry-D4, whereas eGFP-NT-Lys does not
detach bound mCherry-D4. Therefore, we selected for all our experiments the labelling
protocol in which cells were first labelled with mCherry-D4 and then with eGFP-NT-Lys.

FRET-FLIM analysis of Gag/Gag-mutants transfected cells labelled with eGFP-NT-
Lys and mCherry-D4 indicates that Gag reorganizes the SM/Chol-rich domains. Two
populations of SM/Chol domains associated with lifetimes centered at 1.98 ns and 1.52 ns in
the absence of Gag (Publication 2, Figure 9B) were converted into a single FRET population
in the presence of Gag with lifetimes centered at 1.4-1.5 ns (Publication 2, Figure 9C). Similar
results were obtained with the membrane curvature and membrane budding deficient Gag
mutants, GagP99A and GagAL respectively (Publication 2, Figure 9D and 9E). In contrast, the

non-oligomerized mutant, GagWM, did not impact the SM/Chol lipid domains upon binding
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to the inner leaflet of the PM (Publication 2, Figure 9F).

Thus, our results indicate that Gag induces the coalescence of SM-rich domains and
SM/Chol-rich lipid domains. Fusion of SM-rich domains does not depend on Gag
oligomerization, but only on the binding of Gag to the inner leaflet of the PM. Further, the

coalescence of SM/Chol-rich domains depends on Gag oligomerization only.

Contribution of Student:
In this work | have contributed in:

1. Elaborating the reorganization of SM-rich domains by FRET-FLIM microscopy using
eGFP-NT-Lys and AF546-SNAP-NT-Lys in HeLa WT cells.

2. Characterizing the coalescence of SM-rich and Chol-rich lipid domains by FRET-FLIM
microscopy using eGFP labeled SM binding probe, NT-Lys and mCherry labeled Chol
binding probe, D4 in HeLa WT, HeLa CER2-KO cells, HeLa CER2+CER2 (CER2 rescued
cells) and HeLa CER5 and 6 double KO cells.

3. All preliminary experiments mentioned in supplementary data page # 164 (ELISA,
determination of optimal working dilutions of lipid binding probes and FACS analysis).

Oral presentation of this work was also presented:

Nasim MB, Tomishige N, Pollet B, Mely Y, Kobayashi T. HIV-Gag protein
induces lipid domain merging. 1% Japan-Europe Workshop on
Glycosphingolipids and Membrane Homeostasis, Sep 2-4, 2019, Strasbourg.
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Supplementary Data
HIV-1-Gag targeting to the plasma membrane reorganises sphingomyelin-

rich lipid domains

Activity of eGFP-NT-Lys and mCherry-D4 by ELISA
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Supplementary Figure 1: Activity of eGFP-NT-Lys and mCherry-D4 by their binding to lipids, as
measured by ELISA. eGFP-NT-Lys and mCherry-D4 were detected by sequential incubation with anti-His
antibody and peroxidase-conjugated anti-rabbit antibody. SM, Sphingomyelin; Chol, Cholesterol; PC,
phosphatidyl choline.
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1. eGFP-NT-Lys 2. Nuclei 3. Merge

A.
eGFP-NT-Lys 25X

B.
eGFP-NT-Lys 50X
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eGFP-NT-Lys 100X
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eGFP-NT-Lys 100X +

Sphingomyelinase

Scale bar: 10um

Supplementary Figure 2: Determination of optimal working dilution of eGFP-NT-Lys by confocal
microscopy. HeLa cells were labelled with various dilutions of eGFP-NT-Lys i.e. X25, X50, X100 and X200.
Cell surface labelling was performed as described in materials and methods. Nuclei were stained with
Hoechst33342 (blue channel, column 2). (C.) 100X dilution of eGFP-NT-Lys (column 1) was sufficient to evenly
label the cells PM. (E.) No labelling with eGFP-NT-Lys was seen when cells were treated with sphingomyelinase,
from Staphylococcus aureus, for 30 minutes prior to the staining (column 1).
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1. mCherry-D4 2. Nuclei 3.  Merge
C. A.

mCherry-D4 3.125X

mCherry-D4 6.25X
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Scale bar: 10um

Supplementary Figure 3: Determination of optimal working dilution of mCherry-D4 by confocal
microscopy. HelLa cells were labelled with various dilutions of mCherry-D4 i.e. X3.125, X6.25, X12.5 and X25.
Cell surface labelling was performed as described in materials and methods. Nuclei were stained with Hoechst
33342 (blue channel, column 2). (C) 12.5X dilution of mCherry-D4 (column 1) was sufficient to evenly label the
cells PM. (E) No labelling with mCherry-D4 was seen when cells were treated with methyl beta cyclodextrin (10
mM) for 30 minutes prior to the staining (column 1).
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Supplementary Figure 4: eGFP-NT-Lys and mCherry-D4 compete each other for binding to SM/Chol rich
domains. The cells were stained with eGFP-NT-Lys and mCherry-D4 by following three different protocols (for
details see Figure 3 in materials and methods). i) Cells stained simultaneously with eGFP-NT-Lys and mCherry-
D4 (4 and 8). ii) Cells first stained with eGFP-NT-Lys and then with mCherry-D4 (5 and 9). iii) Cells first stained
with mCherry-D4 and then with eGFP-NT-Lys (6 and 10). Cells were analyzed by flow cytometry. Histograms
displaying the number of cells analyzed (y-axis) as a function of eGFP-NT-Lys and mCherry-D4 fluorescence
intensity (x-axis) in columns B and C, respectively. 1-6 show data in non-transfected cells, 7-10 Gag-transfected
cells. 2 and 3 data of cells labelled with only eGFP-NT-Lys and mCherry-D4 (columns B and C). Column D
shows the percentages of cells labelled with eGFP-NT-Lys and mCherry-D4. Column A is showing scatter plots
with forward scatter (FSC-A) om x-axis and side scatter (SSC-A) on y-axis.
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Supplement
Effect of the concentration of FRET acceptor on FLIM diagram.

FLIM diagram is dependent on the ratio of acceptor and donner (Godet and Mely, 2019).
In Fig. S1, we measured FRET-FLIM under the same condition as Fig. 7, except for 2.5 times
more donor (AF546-SNAP-NT-Lys) was added. In the absence of Gag, the lifetime 1, showed a
single population centered at 0.8 ns, with an amplitude of 86 % (Fig. S1 and S2). The 11 value
was shorter and o, amplitude was higher than the values observed in Fig. 7 (1.3 ns and 56%,
respectively), indicating that most of the NT-Lys are in close proximity on the PM under this
condition. Shortening of the lifetime and increase of the FRET population are consistent with
our theoretical and experimental observation (Godet and Mely, 2019). Due to very high
efficiency of FRET in the absence of Gag, the effect of Gag on FRET is difficult to evaluate.
However, small increase of FRET population (86 to 91 %) was observed in the presence of Gag.
Similar to Fig. 7, small increase of o, was also observed in Gag-WM mutant expressing cells.
These results suggest that acceptor/donor ratio does not significantly affect the measurement of

the effect of Gag on FLIM diagram.
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Figure S1. FLIM diagram plot of EGFP-NT-Lys/AF546-SNAP-NT-Lys. (A) HeLa cells
labeled with EGFP-NT-Lys (FRET donor). (B) Cells labeled with EGFP-NT-Lys and
AF546-SNAP-NT-Lys (FRET acceptor). (©) Gag/Gag-mTagBFP2 or (D)
Gag-WM/Gag-WM-mTagBFP2  transfected cells labeled with EGFP-NT-Lys and
AF546-SNAP-NT-Lys. Concentration of AF546-SNAP-NT-Lys was 2.5 times higher thatn Fig.
7. The distributions of lifetimes (t;) and amplitudes (o) of the interacting population are shown

in the FLIM diagram plot.
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Figure S2. Distribution of FRET population for the interaction of EGFP-NT-Lys and
AF546-SNAP-NT-Lys. The data were extracted from Fig. 7. The distributions of a; values are
shown. Median values of a,; and 1, are determined after fitting the data with Gaussian (shown

by red curves) and indicated below figures.
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Effect of fatty acid composition of SM on Gag-induced coalescence of SM-rich domains

and Chol-rich domains
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Figure S3. De novo synthesis pathway of sphingolipids (Hanada et al., 2009). The fatty acid
chain length of sphingomyelin and  glycosphingolipids are deteminded by

(dihydro)sphingosine-N-acyltransferase (ceramide synthase, CERS) 1-6.

How does the binding of Gag to the inner leaflet lipid PI(4.5)P, induces the coalescence
of SM-rich domains and Chol-rich domains that were labeled exclusively from the outer leaflet
of the plasma membrane ? It has been suggested that physical interaction of outer leaflet and
inner leaflet lipids through interdigitation by long chain fatty acids plays roles in
glycolipid-mediated signal transduction (Iwabuchi et al., 2007) and clustering of
glycosyphosphatidylinositol (GPI)-anchored proteins (Raghupathy et al., 2015). In giant
unilamellar vesicles (GUVs) containing cholesterol, the presence of outer-leaflet milk SM

4
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(enriched with C22 :0, C24 :0, C24 :1 fatty acids) strengthened interleaflet coupling relative to
egg SM (mainly C16 :0) (Lin and London, 2015). The fatty acid composition of SM in HeLa
cells is C16:0, 27.7 % ; C18:0, 6.1 %; CI18:1, 4 % ; C22:0, 8.4 % ; C24:0, 11.9 % and
C24 :1, 41.9 % (Fig. S4). Fatty acid composition of SM is determined by different ceramide
synthase (CERS) (Fig. S3). CERS2 is involved in the biosynthesis of SM with very long chain
(>C22) fatty acid (Zelnik et al., 2019). We employed CERS2 KO mutant stably transfected with
either vector or CERS2 gene (Fig. S4) (Yamaji et al., 2016). In contrast to wild-type HeLa cells,
fatty acid composition of SM from CERS2 mutant was C16 :0, 87.4 %, C18:0, 7.5 % and
C18:1, 5.1 %. The introduction of CERS2 gene into CERS2 KO cells (CERS2 KO + CERS2
cells) recovered the fatty acid composition of CERS2 KO to a similar level as that of wild-type
HelLa cells (Fig. S4).

A B
o mwWT 1 I
60 uKO i
" B KO+vec ‘ WC24:0
£ 0 B KO+CERS2 70% mC24:1
S & z €22:0
Sw : pos WC18:0
£ | o m 1C18:1
5 20% WC16:0
: e Wi l nd Ji g nd .

C16:0 C18:1 C180 (C22:0 (C24:1 (C24:0
+vector +CERSZ

Figure S4. Fatty acid composition of SM in CERS2 KO and CERS2 KO + CERS2 HeLa
cells. Fatty acids of SM were analyzed by GCMS according to Materials and Methods.
Quantities of SM species (A) and their compositions (B) are shown. In panel A, nd indicates not

detected.
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Figure S5. FRAP measurement of EGFP-NT-Lys in the absence or presence of Gag
expression. After 20 h of transfection with vectors or a mixture of Gag and Gag-mCherry,
FRAP of EGFP-NT-Lys was measured in 14 CERS2 KO cells (A) and 14 CERS2 KO + CERS2
(B). The averaged % recoveries at each time point were plotted. Blue in (A) and pink in (B),
absence of Gag; Red in (A) and green in (B), presence of Gag. Bars indicate the standard errors
of mean (SEMs). Significances in differences between cells with and without Gag expression

were p < 0.005 by t-test.

EGFP-NT-Lys similarly labeled CERS2 KO and CERS2 KO + CERS2 cells (not shown),
indicating that EGFP-NT-Lys binds both C16:0 SM and C24 :0/C24 :1 SM. Since NT-Lys
binds SM cluster, this results suggest that C16 :0 SM, C24 :0 SM and C24 :1 SM form clusters
in the plasma membrane of HeLa cells. In Fig. S5, we measured the fluorescence recovery after
photobleaching (FRAP) of EGFP-NT-Lys in the absence and presence of Gag expression in
CERS2 KO and CERS2 KO + CERS2 cells. In CERS2 KO + CERS2, fluorescence recoveries
of EGFP-NT-Lys reached 50 + 4.5% and 35 * 2.9% in the absence and presence of Gag
expression, respectively, indicating that Gag expression increased immobile fraction in these
cells. These results are consistent with those of wild type HeLa cells. The values were changed
to 37 £ 3.5% and 29 £ 1.7% in CERS2 KO cells. The difference of fluorescence recovery of
EGFP-NT-Lys between CERS2 KO + CERS2 and CERS2 KO in the absence of Gag suggest
that very long chain-containing SM has more mobile fraction than C16 :0 SM. The average
diffusion coefficients of EGFP-NT-Lys for CERS2 KO + CERS?2 in the absence of Gag was
0.0064 + 0.0028 um’/s which was slightly slower that of wild type cells. The diffusion
coefficient was not affected by Gag expression (0.0086 = 0.0031 pum?/s). In contrast to wild type
and CERS2 KO + CERS?2 cells, the average diffusion coefficients of EGFP-NT-Lys for CERS2
KO cells was significantly decreased by Gag expression (0.019 + 0.0061 um’/s in the absence
of Gag whereas 0.0026 + 0.0014 pum?s in the presence of Gag, p < 0.05). These results suggest

6
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that Gag expression preferentially affected the lateral diffusion of C16 :0 SM molecular species.
Loweing the mobile fractions by Gag in both CERS2 KO + CERS2 and CERS2 KO cells

suggest that the lipid reorganization by Gag occur in both cell types.
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Figure S6. FLIM diagram plot of EGFP-NT-Lys (donor)/mCherry-D4 (acceptor) of
CERS2 KO/CERS2 cells. Distributions of lifetime (t,) and amplitude (o) in cells labeled only
with EGFP-NT-Lys (FRET donor) (A), cells labeled with EGFP-NT-Lys and mCherry-D4 in
the absence (B) or presence of Gag-WT (C), Gag-P99A (D), Gag-AL (E) and Gag-WM (F).
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Figure S7. Distribution of the FRET population for the interaction of EGFP-NT-Lys and
mCherry-D4 in CERS2 KO + CERS2 cells. The data were extracted from Fig. S6. The

distributions of o, values are shown. Median values of o, and 1, are determined after fitting the

data with Gaussian (shown by red and blue curves) and given below figures.
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Table S1 Significance test of Figure S6. Data are analyzed as described in Materials and
Methods. In the table, p-values showing significant difference (p < 0.05) are indicated in bold.
D and D + A indicate donor alone, and donor and acceptor, respectively. In the presence of Gag

derivatives, both donor and acceptor molecules were in the experiments.

D D+A Gag Gag-P99A  Gag-AL  Gag-WM

D - <0.0001 0.0002 0.0002 0.0002 <0.0001
D+A - - 0.0149 0.0011 0.0235 0.164
Gag - - - 0.164 0.116 0.081
Gag-P99A - - - - 0.401 0.0006
Gag-AL - - - - - 0.0092

Gag-WM - - - - - -
10
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Figure S8. FLIM diagram plot of EGFP-NT-Lys (donor)/mCherry-D4 (acceptor) of
CERS2 KO cells. Distributions of lifetime (t;) and amplitude (o) in cells labeled only with
EGFP-NT-Lys (A), cells labeled with EGFP-NT-Lys and mCherry-D4 in the absence (B), or in
the presence of transfected Gag-WT (C), Gag-P99A (D), Gag-AL (E) and Gag-WM (F).
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Figure S9. Distribution of the FRET population for the interaction of EGFP-NT-Lys and
mCherry-D4 in CERS2 KO cells. The data were extracted from Fig. S8. The distributions of
o, values are shown. Median values of o, and t, are determined after fitting the data with

Gaussian (shown by red and blue curves) and given below figures.
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Table S2 Significance test of Figure S8. Data are analyzed as described in Materials and
Methods. In the table, p-values showing significant difference (p < 0.05) are indicated in bold.
D and D + A indicate donor alone, and donor and acceptor, respectively. In the presence of Gag

derivatives, both donor and acceptor molecules were in the experiments.

D D+A Gag Gag-P99A  Gag-AL  Gag-WM
D - 0.0002 0.0019 <0.0001  <0.0001 0.0006
D+A - - 0.305 0.0546 0.0806 0.401
Gag - - - 0.226 0.401 0.0759
Gag-P99A - - - - 0.999 0.116
Gag-AL - - - - - 0.226
Gag-WM - - - - - -

We then asked whether very long chain SMs affect the reorganization of lipid domains of
SM and Chol. When CERS2 KO + CERS2 cells were doubly labeled with EGFP-NT-Lys and
mCherry-D4, the short-lived lifetime t, was distributed in two main populations centered at
~2.0 ns and ~1.0 ns (Figure S6). These lifetimes correspond to about 36% and 23% of a,
respectively. The FLIM diagram was similar to that of wild-type HeLa cells. However, in wild
type cells, the shortest t; lifetime was ~1.5 ns (Fig. 9 and 10). Although fatty acid composition
of SM of CERS2 KO + CERS2 and wild-type HeLa cells were similar, there was slight increase
of C24:0 SM, and SM content of the cells was slightly decreased in CERS2 KO + CERS2 cells
(Figure S4, SM content: 96.5 nmol/mg protein in wild-type cells; 72.1 nmol/mg protein in
CERS2 KO + CERS2 cells). These differences may cause the change of t,.

The FLIM diagram of CERS2 KO + CERS2 was altered by the expression of Gag,
Gag-P99A, and Gag-AL but not Gag-WM. The amplitude of o, at the peak of 1, were 41%
(Gag), 44% (Gag-P99A), 39 % (Gag-AL) and 27 % (Gag-WM), respectively (Fig. S7). P
values between the absence and the presence of Gag, Gag-P99A, Gag-AL and Gag-WM were
0.0149, 0.0011, 0,0235 and 0.1641, respectively (Table S1).
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In FLIM diagram plots of cells labeled with donor and acceptor, CERS2 KO cells showed
a main peak centered at ~1.4 ns with around 31% of o, (Fig. S7 and S8). The reduction of the
longer lifetime ~2 ns peak in CERS2 KO cells is consistent with the fact that C16:0 SM has
higher affinity to Chol than C24:0 SM (Slotte, 2013; Courtney et al., 2018). In contrast to wild
type and CERS2 KO + CERS?2, transfection of Gag and Gag mutants did not significantly affect
the FLIM diagram. P value between the absence and the presence of Gag, Gag-P99A, Gag-AL
and Gag-WM were (0.3048, 0.0546, 0.0806 and 0.4005, respectively (Table S2). However, the
amplitude of a, at the peak of 1, were increased in Gag (46 %), Gag-P99A (45%), and Gag-AL
(48 %) but not in Gag-WM (38%) (Fig. S8, 9). FLIM diagram in the presence of Gag was
similar in CERS2 KO and CERS2 KO + CERS2. These results indicate that in CERS2 KO,
FRET between SM-rich domains and Chol-rich domains was efficient even in the absence of

Gag and the effect of Gag was small.

We then examined the depletion of C16:0 SM on the FLIM diagram in the presence and
absence of Gag. Both CERSS and 6 are involved in the formation of C16:0 SM (Zelnik et al.,
2019). We first prepared CERSS5 knockout HeLa cells and further established CERS5/CERS6
double knockout mutant cells (Fig. S10, CERS5/6 KO). Fig. S11 shows characterization of lipid
composition of CERSS KO and CERS5/6 DKO cells by TLC. In wild type cells, SM gives
doublet bands, corresponding to C16 :0 and C18 :0 molecular species (lower band) and C22 :0,
C24:0 and C24 :1 molecular species (upper band). Wild type HeLa cells clearly showed two
bands. In contrast, lower bands were weak or almost disappeared in CERSS knockout and
CERS5/6 DKO cells. Present study utilized CERS5 KO2_8 CERS6 KO3_1 and CERSS5 KO3_5
CERS6 KO2_6 clones.
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CERS5 KO2_8 clone

Chromosome 12, exon 7 in CERS5 gene

CCTTCTCCTACATCAACAATATGGT!CGAGTGGGAACTCTGATCATGTGTCTACATGATG WT

CCTTCTCCTACATCAACAATATGGTT--AGTGGGAACTCTGATCATGTGTCTACATGATG KO2 8 #1
———————————————————————————————————— CTCTGATCATGTGTCTACATGATG KO2 8 #2

CERS5 KO2_8 #1: deletion of 2 bp
CERSS5 KO2_8 #2: 90 bp deletion

CERS5 KO2_8 CERS6 KO3_1 clone

Chromosome 2, exon 7 in CERS6 gene

TTTTCATATGTCAACAATATGGCCCGAG&A—GGAACGCTGGTCCTTTGTCTTCATGATTC WT

TTTTCATATGTCAACAATATGGCCCGAGTAAGGAACGCTGGTCCTTTGTCTTCATGATTC KO3 1 #1
TTTTCATATGTCAACAATATG—————————=———~— GCTGGTCCTTTGTCTTCATGATTC KO3 1 #2

CERS5 KO2_8 CERS6 KO3_1 #1: 1 bp deletion
CERS5 KO2_8 CERS6 KO3_1 #2: 14 bp deletion
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CERS5 KO3 _5 clone

Chromosome 12, exon 3 in CERS5 gene

ATGTCCGAAAAATCCAATGCTGGTTTC—GCCATdEGAGGAATCAGGACAAGCCCCCAACG WT

ATGTCCGAAAAATCCAATGCTGGTTTCCTCCA-AGGAGGAATCAGGACAAGCCCCCAACG KO3 5 #1
ATGTCCGAAAAATCCAATGCTGGTTTC-GCC-TCGGAGGAATCAGGACAAGCCCCCAACG KO3 5 #2
—————————————————————————————————————————— CAGGACAAGCCCCCAACG KO3_5 #3
ATGTCCGAAAAATCCAATGCTGGTTTC-GCCATCGGAGGAATCAGGACAAGCCCCCAACG KO3 5 #4

CERSS5 KO3 _5 #1: exchange of G with CT and TC with A

CERSS5 KO3 _5 #2: 1 bp deletion

CERS5 KO3 _5 #3: 90 bp deletion in all the earlier part of exon 3
CERSS5 KO3_5 #4: 77 bp insertion between T and C indicated in red

CERS5 KO3_5 CERS6 KO2_6 clone

Chromosome 2, exon 7 in CERS6 gene

e
TTTTCATATGTCAACAATATGGCCCGAGTAGGAACGCTGGTCCTTTGTCTTCATGATTCA WT

TTTTCATATGTCAACAATATGGCCCG-—-—————————————— C---GTCTTCATGATTCA KO2 6 #1
TTTTCATATGTCAACAATATGGCCC--GTAGGAACGCTGGTCCTTTGTCTTCATGATTCA KO2 6 #2

CERSS5 KO3_5 CERS6 KO2_6 #1: 15 bp deletion and 1 bp insertion
CERS5 KO3_5 CERS6 KO2_6 #2: 2 bp deletion

Figure S10. CERS5/6 DKO cells were established by knocking out CERS6 gene in two CERSS5
KO clones, #2_8 and #3_5. Red arrows indicate target sequences of CRISPR/Cas9 and
underlined 3 bps indicate PAM sequences. HeLa cells have 4 copies of CERSS gene in
chromosome 12 and 2 copies of CERS6 gene in chromosome 2. Genomic DNA sequencing of

CERSS KO2_8 clone revealed that each two alleles have the same genomic modification.
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Fig. S11. Lipid profile in HeLa CERS5 CERS6 DKO cells. Lipids were extracted from cells,
separated on HPTLC in solvent (CHCly/acetone/methanol/acetic acid/H,O = 80: 30: 26: 24: 10),
and visualized by spraying primuline. Brain SM was loaded as a standard (Std SM) in the left of
lane 3. Very-long chain-SM (C20, C22, and C24) and long-chain SM (C16 and C18) were
migrated faster and slower, respectively, giving doublet bands as shown by arrow heads. In this
study, CERS5 KO2_8 CERS6 KO3_1 and CERSS5 KO3_5 CERS6 KO2_6 clones were used

(marked by red circles).
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Figure S12. FLIM diagram plot of EGFP-NT-Lys (donor)/mCherry-D4 (acceptor) of
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Figure S13. Distribution of the FRET population for the interaction of EGFP-NT-Lys and
mCherry-D4 in CERSS KO3_5 CERS6 KO2_6 cells. The data were extracted from Fig. S12.
The distributions of o, values are shown. Median values of a; and 1, are determined after fitting

the data with Gaussian (shown by red and blue curves) and given below figures.
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Table S3 Significance test of Figure S12. Data are analyzed as described in Materials and
Methods. In the table, p-values showing significant difference (p < 0.05) are indicated in bold.
D and D + A indicate donor alone, and donor and acceptor, respectively. In the presence of Gag

derivatives, both donor and acceptor molecules were in the experiments.

D D+ A Gag Gag-WM
D - 0.0011 0.0011 0.0092
D+A - - 0.0362 0.0546
Gag - - - 0.0056
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Figure S14. FLIM diagram plot of EGFP-NT-Lys (donor)/mCherry-D4 (acceptor) of
CERSS KO2_8 CERS6 KO3_1 cells. Distributions of lifetime (t;) and amplitude (a;) in (A)
Cells labeled with EGFP-NT-Lys. (B) Cells labeled with EGFP-NT-Lys and mCherry-D4. (C)
Gag/Gag-mTagBFP2 or (D) Gag-WM/Gag-WM-mTagBFP2 transfected cells labeled with
EGFP-NT-Lys and mCherry-D4.
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Figure S15. Distribution of the FRET population for the interaction of EGFP-NT-Lys and
mCherry-D4 in CERSS KO2_8 CERS6 KO3_1 cells. The data were extracted from Fig. S14.
The distributions of o, values are shown. Median values of o, and 1, are determined after fitting

the data with Gaussian (shown by red and blue curves) and given below figures.
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Table S4 Significance test of Figure S14. Data are analyzed as described in Materials and
Methods. In the table, p-values showing significant difference (p < 0.05) are indicated in bold.
D and D + A indicate donor alone, and donor and acceptor, respectively. In the presence of Gag

derivatives, both donor and acceptor molecules were in the experiments.

D D+A Gag Gag-WM
D - <0.0001 <0.0001  <0.0001
D+A - - 0.0011 0.1641
Gag - - - 0.0033
. 0.05 | 0.06 0.05
| A 004 | B :0-05 c 0.04
0.04 lo.03
0.03
. 0.02
0.02
I3 0.01

.00
222018161412100800°° 22201.81.61.41.21.0080.8
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2220181614121.003806

11 (ns) 1 (ns) 1 (ns)

Figure S16. Distribution of 1, from FLIM diagram of (A) CERS2 KO, (B) CERS5/6 KO
(CERSS KO3_5 CERS6 KO2_6) and (C) CERS5/6 KO (CERSS KO2_8 CERS6 KO3_1) cells.
Cells labeled with EGFP-NT-Lys and mCherry-D4 in the absence of Gag.

In FLIM diagram plots of CERS5/6 DKO cells labeled with donor and acceptor, the
short-lived lifetime T, was distributed in two main populations centered at ~2.0 ns and ~1.7 ns
(CERSS5 KO3_5 CERS6 KO2_6) and ~2.0 ns and ~1.7 ns (CERSS5 KO2_8 CERS6 KO3_1)
(Figure S12-15). These lifetimes correspond to about 37% and 29% of a, (CERS5 KO3_5
CERS6 KO2_6) and 38% and 32% of a, (CERSS KO2_8 CERS6 KO3_1), respectively. FLIM
diagrams of CERS5/6 DKO cells were very different from that of CERS2 KO cells. Fig. S16
shows 1, distribution of CERS2 KO and CERS5/6 DKO cells. Whereas the short 1, population
(shown in red in Fig. S16) was accompanied by small shoulder of longer 1, population (shown
in blue in Fig. S16) in CERS2 KO, there was a clear peak of longer 1, population in CERS5/6
DKO. P values between CERS2 KO and CERS5 KO3_5 CERS6 KO2_6 and CERS5 KO2_8
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CERS6 KO3_1 were both 0.0019.These results indicate that C16:0 SM has higher affinity to

Chol than very long chain fatty acid-containing SM.

The FLIM diagrams of CERS5/6 KO cells were dramatically changed by the expression
of Gag (Fig. S12-15). Longer lifetime 1, peak disappeared and the amplitudes of a,; at the peak
of 1, were increased to 42% (CERS5 KO3_5 CERS6 KO2_6) and 39% (CERSS KO2_8 CERS6
KO3_1), respectively. In contrast, Gag-WM did not significant alter the FLIM diagrams. P
values between the absence and the presence of Gag and Gag-WM were 0.0362 and 0.0546
(CERS5 KO3_5 CERS6 KO2_6), and 0.0011 and 0.1641(CERS5 KO2_8 CERS6 KO3_1),
respectively (Table S3 and S4).

Fig. S17 shows the distribution of 1, of wild type HeLa, CERS2 KO + CERS2, CERS2
KO, CERS 5/6 KO (CERS5 KO3_5 CERS6 KO2_6), and CERS 5/6 KO (CERS5 KO2_8
CERS6 KO3_1) cells in the presence of Gag. Fig. S17 indicates that Gag induces similar
SM/Chol domains irrespective of the fatty acid composition of SM.

Our results indicate that C16:0 SM and C18:0 SM are not necessary for the coalescence
of SM-rich and Chol-rich lipid domains. The effect of very long chain-containing SM on the
domain coalescence is less clear due to high efficiency of FRET in very long chain
SM-deficient CERS2 cells in the absence of Gag. However, the significant increase of the
amplitude of a; by Gag in CERS2 cells suggests the increase of domain coalescence in these

cells.
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Figure S17. Distribution of 1, from FLIM diagram of (A) Wild type HeLa, (B) CERS2 KO +
CERS2, (C) CERS2 KO, (D) CERS 5/6 KO (CERS5 KO3_5 CERS6 KO2_6), and (E) CERS
5/6 KO (CERS5 KO2_8 CERS6 KO3_1) cells. Cells labeled with EGFP-NT-Lys and
mCherry-D4 in the presence of Gag.

Our results suggest that Gag induces domain coalescence of SM and Chol both with
C16:0 SM and C24:0 SM. There are several possibilities.

1. Fatty acyl chain of SM is not important for domain coalescence and interdigitation does not

play a role in this event.
2. C16:0 is long enough to induce interdigitation between Gag-bound PI(4,5)P, and SM.

In case I, interbilayer interaction may be mediated by a protein. We cannot exclude this
possibility. In case 2, it should be noted that both Gag and C16:0 SM have high affinity to Chol
Recently Koyama-Honda et al. reported signal transduction via transbilayer interaction in the
plasma membrane (Koyama-Honda et al., 2020). They showed that crosslinked outer leaflet
GPI-anchored proteins interact palmitoylated and myristoylated inner leaflet signal molecules in
Chol-dependent manner. Our system is opposite in that Gag binds PI1(4,5)P2 and Chol-rich lipid
domains in the inner leaflet, oligomerizes and induces domain coalascence. Free energy
calculations suggested that cholesterol has a preference for the inner leaflet if C24
sphingomyelin is in the outer leaflet (Courtney et al. 2018). Thus, P1(4,5)P2 and Chol-rich
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domains can be formed at the opposite site of C24 :0 SM-riched lipid domains. On the other
hand, rapid spontaneous flip-flop of Chol may facilitate C16 :0 SM/Chol-rich domains at the
opposite site of P1(4,5)P2 and Chol-rich domains. Further studies are necessary to clarify

molecular organization of the Gag-associated lipid domains.
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Supplemental Materials and Methods

Quantification of fatty acid species of SM in CERS2 KO cells by GCMS Five ug of C17:0
SM was added as internal standard. Lipids were extracted from the cell lysate, and separated by
HPTLC using solvent (acetone/methanol/acetic acid/chloroform/H20 30: 26: 24 : 80: 10
[vol/vol/vol/vol/vol]). SM spots were visualized after spraying primuline solution (0.1%
[wt/vol] primuline solution/H2O/acetone 1 :1:8 [vol/vol/vol]), scraped, and subjected to the
transmethylation reaction to isolate the fatty acid portion as fatty acyl methyl esters (FAME).
The transmethylation reaction was performed at 100 °C for 90 min in toluene/methanol/14%
boronfluoride-methanol 2 :3 :5 [vol/vol/vol] in a screw-cap glass-tube filled with N2. After the
incubation, 5% [wt/vol] K2CO3 and hexane were added to the tube placed on ice, followed by
mixing and centrifugation. The supernatant was dried under N2 stream and dissolved in hexane
for GCMS injection. The samples were run on GCMS-QP2010 Ultra (Shimadzu, Kyoto, Japan)
using electron impact ionization mode. One microliter of sample was manually injected into the
gas chromatograph inlet in a splitless mode. Separation was performed on a HP-5ms 30 m
capillary column (0.25 mm i.d., 0.25 pm phase thickness), using helium as carrier gas at a flow
rate of 1.33 ml/min. The column temperature was initially held at 100 °C for 1 min, increased at
a rate of 20 °C/min until reaching 160 °C, further raised to 300 °C at a rate of 5 °C/min and held
at this temperature for 1 min, giving total runtime of 33 min. The measurements were carried
out for triplicated samples and each FAME species was quantified using measurements of
standard FAME (F.A.M.E. Mix C8-C24, SUPELCO, PA). The results are shown as mean %+
S.D.

Construction of plasmids wused for gene knockout The  plasmids,
pX459/hCERSS5KO1_sgRNA, pX459/hCERS5KO2_sgRNA, pX459/hCERSS5KO3_sgRNA,
pX459/hCERS6KO1_sgRNA, pX459/hCERS6KO2_sgRNA, and pX459/hCERS6KO3_sgRNA
for CERS5 and CERS6 gene knockout were constructed by inserting the annealed primers into
Bbsl site in pX459v2 vector (a gift from Feng Zhang (Addgene plasmid #62988 ;
http:/n2t.net/addgene:62988; RRID: Addgene_62988), Ran et al., 2013). The used primers are
as follow (hCERS5KOI1 sgRNA. 5-CACCGGGTAACCGTAGCCGTCGGC-3" and

5’-AAACGCCGACGGCTACGGTTACCC-3 ; hCERS5KO2_sgRNA,

5’-CACCGATCAACAATATGGTTCGAGT-3" and

5’-AAACACTCGAACCATATTGTTGATC-3" ; hCERS5KO3_sgRNA,

5’-CACCGAATGCTGGTTTCGCCATCGG-3" and

5’-AAACCCGATGGCGAAACCAGCATTC-3"; hCERS6KO1_sgRNA,
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5’-CACCGAGGGCTATGGCGCACGGTT-3’ and

5’-AAACAACCGTGCGCCATAGCCCTC-3" hCERS6KO2_sgRNA,
5’-CACCGTCAACAATATGGCCCGAGT-3’ and
5’-AAACACTCGGGCCATATTGTTGAC-3’ ; hCERS6KO3_sgRNA,
5’-CACCGAAAGGACCAGCGTTCCTACT-3’ and

5’-AAACAGTAGGAACGCTGGTCCTTTC-3").

Establishment of CERSS CERS6 double knock out cell lines CERSS and CERS6 genes were
knocked out by CRISPR/Cas9 system (Ran et al., 2013) using HeLa mCAT#8 cells (Yamaji et
al., 2010) as parental cells. HeLa mCAT#8 cells were transiently transfected with
pX459/hCERSS5KO1_sgRNA, pX459/hCERS5K0O2_sgRNA, or pX459/hCERS5KO3_sgRNA
plasmid using jetPRIME transfection reagent according to the manufacturer’s manual. After the
selection of puromycin-resistant cells, the surviving cells were purified by limiting dilution. The
purified clones were screened first by a decrease in shorter SM and the same profile of the other
lipids as parental cells in TLC analysis, and second by the presence of indels in their genomic
CERSS locus (Figure S9). Two CERSS KO clone#2_8 and #3_5 selected in this screening were
used as parental strains to establish the CERS5 CERS6 double KO cell lines in the same manner
as the above. In brief, CERS5K0O2_8 and CERS5KO3_5 cells were transiently transfected with
pX459/hCERS6KO1_sgRNA, pX459/hCERS6KO2_sgRNA, or pX459/CERS6KO3_sgRNA
plasmid, and transfected cells were selected in the presence of 1 pg/ml puromycin. After the
purification of the surviving cells by limiting dilution, candidate clones were screened first by a
profile of SM species in TLC analysis, and second by the presence of indels in their genomic

CERSG6 locus (Figure S9).

Genotyping of CERSS and CERS6 KO cell lines The indels in the genome of KO cell lines
were confirmed by DNA sequencing. Approximately 800 bp sequence around the site targeted
by Cas9 was amplified by PCR using a genome purified from each KO cell line as a template
and primers (for CERS5K02 clones, 5 -TTTGAGCAATTCTCCTGCC-3°, and
5’-TACCACAACTCTACAGCCC-37; for CERS5KO03 cloncs,
5’-GCCCTCAGCCTTCAAAAATC-3° and 5 -GTGTTCCAGTTCCCTTCTTTC-3°; for
CERS6K0O2 and CERS6KO3 clones, 5 -CCTGCACCACCTTGTATCTATT-3"° and
5-TTCACAGGAGCCACAGTTAAA-3"), cloned into pCR-Blunt vector (ThermoFisher
scientific, MA) and provided to DNA sequencing. At least 12 clones of the genomic DNA

sequence were read in case of gene having 2 copies. The copy numbers of genes in HeLa
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genome (Adey et al., 2013; Landry et al., 2013) and the occurrence rates of indels in the DNA

sequencing were used to determine the genotype of KO cell lines.
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General Conclusions and Perspectives

General Conclusions and Perspectives

The aim of our work was to investigate the role of each zinc finger (ZF) in nucleocapsid (NC)
domain of Gag in the interaction between Gag and gRNA, and in the cellular trafficking of
Gag-gRNA complex to the plasma membrane (PM) assembly sites. We further deciphered the
role of conserved aromatic amino acid residues and ZF architecture in governing Gag-gRNA
interaction. Finally, we also studied the reorganization of PM lipid domains induced by HIV-
1 Gag protein during assembly.

Firstly, Gag protein was found to recruit gRNA upon deletion of either of the ZFs in
NC domain of Gag observed by confocal, RICS and time lapse microscopy. Also, FRET-FLIM
analysis confirmed that Gag protein and gRNA interact in the cytoplasm as well as at the PM,
and the deletion of one ZF does not affect their interaction. However, deletion of complete NC
domain or both ZFs completely abolished the Gag-gRNA interaction. Interestingly, the non-
myristoylated Gag mutant was also found to interact with gRNA in the cytoplasm indicating
that myristylation is not necessary for establishing Gag-gRNA interaction. In the nutshell, our
data indicates that one ZF motif is sufficient and myristylation is not necessary for Gag-gRNA
interaction both in the cytoplasm and the PM. However, time lapse microscopy revealed that
deletion of either of the ZFs delayed the delivery of gRNA to the PM.

Secondly, upon deciphering the role of conserved aromatic AA residues and the ZF
architecture in the NC domain Gag we observed that the Gag mutants carrying either a single
AA substitution (GagF16A or GagW37A) or double substitution (GagF16A-W37A), or in
which the three cysteines in each ZF were substituted with serine (Gag6C6S) significantly
decreased the Gag-gRNA colocalization at the PM observed by confocal microscopy. Our
FRET-FLIM data by single component analysis indicates that Gag mutants, GagF16A,

GagWa37A, GagF16A-W37A, Gag6Co6S, GagANC and GagWM showed % FRET efficiencies
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less than WT-Gag. Data obtained by single component analysis did not provide us with
meaningful conclusions. Hence, after performing two component analysis, the 2D plots of
FRET-FLIM clearly showed that all the mutants with the exception of double mutant
GagF16A-W3T7A interact with the gRNA but the extent of interaction varies as a function of
mutation. Additionally, the Gag mutant unable to oligomerize (GagWM) was also found to
interact with the gRNA at the PM indicating that Gag oligomerization is likely not necessary
for Gag-gRNA interaction at the PM. To conclude the role of conserved aromatic AA residues
and the ZF architecture in the NC domain Gag further experiments are required. To justify our
results obtained from confocal and FRET-FLIM microscopy, further microscopy experiments
which include RICS and time lapse microscopy are required.

The lipid envelop of human HIV-1 virus is enriched with SM and Chol obtained from
host cell PM. Lastly, we tried to determine the molecular mechanism of the selection of lipids
from the host cell PM, which is not well understood. We first examined the interaction between
the inner PM leaflet bound HIV-1 Gag protein and the outer PM leaflet SM in Gag-transfected
HeLa cells. Our results indicate that the inner PM leaflet bound Gag colocalized well with outer
leaflet SM-rich domains and the Gag positive SM rich domains were larger than the Gag
negative ones. Further analysis revealed that the binding of Gag in the inner leaflet of the PM
restricted the lateral diffusion and induced the coalescence of outer leaflet SM/ SM-rich
domains. We further showed that Gag oligomerization induced the coalescence of SM-rich and
Chol-rich lipid domains.

No doubt the existing retroviral drug therapy is improving the life expectancy of the
HIV-1 infected patients, but the evolution of drug resistance needs a lot of effort to put in
finding new drugs. Recently, HIV-1 assembly is being consider a potential target for the new
class of anti-retroviral drugs. Targeting this step could potentially impair the formation or

production of new immature viral particles.
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General Conclusions and Perspectives

To further extend this work in future, many perspectives could be proposed. Several

points are still needed to extend the work.

1.

4.

We tried to determine the determinants in the Gag protein important for establishing
Gag-gRNA interaction. The role of other AA residues in the NC domain of Gag are
needed to be deciphered.

The determinants in the HIV-1 gRNA especially in the stem loops that are important
for the Gag-gRNA interaction are also needed to be determined.

We showed that Gag oligomerization induced coalescence of SM-rich lipid domains
and Chol-rich lipid domains without considering the role of gRNA in the assembly
events of HIV-1. Nevertheless, the results of Gag induced coalescence of lipid domains
in the presence of gRNA further emphasize the role of HIV-1 gRNA in this process.
To understand the molecular mechanism regarding the coalescence of lipid domains by
HIV-1 Gag protein we can further extend our work by deciphering the role of Chol, PM
proteins and the acyl chain length of PM lipids in governing this process.

Thus, studying these steps in depth could help the researchers to develop a potential

anti-retroviral drug by creating hindrance during the assembly process of HIV-1 virus.
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Summary in French

Etude par FRET-FLIM de I'interaction de la protéine Gag
du VIH-1 avec I'ARN génomique et les domaines

lipidiques de la membrane plasmique.

Introduction :

Le virus de I'immunodéficience humaine de type 1 (VIH-1) est I'agent responsable du
syndrome d'immunodéficience acquise SIDA, une maladie pandémique mondiale. Ce
rétrovirus enveloppé contient deux copies d'/ARN génomique (ARNg) codant pour trois
polyprotéines majeures. La phase tardive du cycle de VIH-1 est un processus en plusieurs
étapes qui comprend la sélection de I'ARNQg viral non épissé par Gag, I'oligomérisation de Gag,
le trafic intracellulaire et la liaison du complexe Gag-ARNg au feuillet interne de la membrane
plasmique (PM), la multimérisation de Gag et le bourgeonnement des particules virales. Dans
ces processus, l'interaction entre I’ARNg et Gag, et la coalescence des domaines lipidiques sont
importants pour la production de particules virales infectieuses. Nous avons utilisé le FRET-
FLIM ainsi que des techniques spécifiques de marquage des ARNg et des lipides pour étudier
I'interaction Gag-ARNg et la coalescence des domaines lipidiques en présence de Gag a
I'échelle nanométrique.

Le précurseur Gag est composé de quatre domaines clés et de deux courts peptides
espaceurs. En partant de la région N-terminale, Gag contient le domaine de la matrice (MA)
qui facilite I'interaction de Gag avec la membrane plasmique (PM) via une glycine myristoylée
N-terminale et une région hautement basique (HBR). Le domaine de la capside (CA) dirige la
multimérisation de Gag. Le domaine de la nucléocapside (NC) comportant deux doigts de zinc
(ZF) CCHC et flanqué de deux peptides espaceurs p2 et pl sert de déterminant majeur pour la
sélection de I’ARNg. Gag se lie spécifiquement au domaine ¥ de ce dernier qui comprend
quatre tige-boucles (SLI-4) situées dans la région 5' non traduite. SL1 correspond au site
d'initiation de la dimérisation (DIS) qui entraine la dimérisation de 'ARNg du VIH-1 en raison
de la présence d'une petite séquence palindromique dans sa boucle apicale. SL2 contient le
principal site donneur d'épissage. SL3 est le principal signal d'encapsidation et SL4 contient le
codon d'initiation de la traduction de Gag. Enfin, le domaine p6 a I'extrémité C-terminale de

Gag favorise le bourgeonnement viral a partir de la PM en interagissant avec la machinerie
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cellulaire hote du complexe de tri endosomal requis pour le transport (ESCRT). Récemment,
il a été dévoilé que p6 est également un facteur clé pour l'interaction Gag-ARNGg.

NC et MA possedent tous deux des propriétés de liaison aux acides nucléiques (NAS).
MA interagit avec les NAs via son HBR et I'interaction de MA avec la PM pourrait étre régulée
par son interaction avec les ARNt de la cellule hote. D'autre part, I'interaction de NC avec les
NAs est principalement dirigée par ses deux ZFs hautement conservés, mais la fonction de
chaque ZF est encore debattue. La délétion de ZF1 entraine la production de virus présentant
une morphologie anormale du noyau et une altération de la synthése de I'ADN proviral. De
plus, la liaison in vitro de NCp7 avec ¥ dépend de ZF1. Par ailleurs, une étude in vitro a montré
que ZF2 initie les premieres étapes de I'association NC-NAs qui sont suivies par I'implication
de ZF1 dans la stabilisation de I'association.

L'interaction entre les NC et les NAs dépend de la plateforme hydrophobe formée par
plusieurs acides aminés dans les deux ZFs et les résidus de liaison au zinc (Zn?*) du motif
CCHC. La mutation des résidus de liaison au Zn?* ol toutes les cystéines sont remplacées par
des sérines (SSHS/SSHS ou 6C6S) conduit & une NC non structurée. Parmi les acides aminés
qui forment la plate-forme hydrophobe, la phénylalanine en position 16 (F16) et le tryptophane
en position 37 (W37) sont particulierement importants. La mutation 6C6S ou la mutation des
deux résidus aromatiques, F16 et W37, entrainent la production de virus non infectieux. De
méme, les modifications de I'architecture des ZF entrainent la perte de fonction de la NC et du
contenu en ARNg dans le virus. De méme, la liaison in vitro de NC avec les NAs est également
affectée en raison des mutations des deux résidus aromatiques, F16 et W37.

La liaison de Gag a I'ARNg dans le cytoplasme s'accompagne de I'oligomérisation de
Gag. Le complexe Gag-ARNg oligomérisé se déplace ensuite vers le site de bourgeonnement
ou il interagit avec la membrane et se multimérise encore. La liaison de Gag a la PM dépend
du cholestérol (Chol) et des lipides chargés négativement, notamment le phosphatidylinositol
4,5-bis phosphate (P1(4,5)P2).

Les lipides sont distribués de maniere asymeétrique dans la PM des cellules de
mammiferes. Le PI(4,5)P2, la phosphatidyléthanolamine (PE) et la phosphatidylsérine (PS) se
trouvent dans le feuillet interne, tandis que la phosphatidylcholine (PC), la sphingomyéline
(SM) et les glycolipides sont principalement situés dans le feuillet externe. Le chol est localisé
a la fois dans les feuillets externes et internes. Avec le chol, la SM et les glycolipides peuvent
former des radeaux lipidiques. Puisque les membranes des particules de VIH-1 sont enrichies
en lipides participant aux radeaux lipidiques, une question évidente est de savoir comment la

liaison de Gag au feuillet interne recrute les lipides présents dans le feuillet externe de la PM.
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Etant donné que le diamétre d'un radeau lipidique dans la PM est d'environ 5-50 nm et
que le diametre d'une particule de VIH-1 (100-150 nm) présente une surface a la PM de 200-
300 nm de diamétre, il est probable que I'assemblage de la particule virale implique la
coalescence de petits domaines lipidiques en grands domaines stables aux sites d'assemblage.
En utilisant des marqueurs de protéines, il a été rapporté que Gag induit la coalescence de
radeaux lipidiques et de domaines enrichis en tétraspanine. Cependant, on sait peu de choses
sur la fagcon dont les lipides sont réorganises pendant I'assemblage de Gag. Dans la deuxiéme
partie de ma these, j'ai examiné la réorganisation des domaines lipidiques riches en SM et en
Chol pendant le ciblage de Gag sur la PM en visualisant les lipides a I'aide de la lysénine non
toxique (NT-Lys) et du domaine 4 (D4) de la toxine O de la perfringolysine, liant la SM et le
Chol, respectivement.

Objectifs:

Dans notre étude, notre objectif a été d'utiliser plusieurs techniques d'imagerie pour
déchiffrer le role des deux ZFs, du domaine NC de Gag dans l'interaction entre Gag et gRNA,
et dans le trafic intracellulaire du complexe Gag-ARNg vers les sites d'assemblage a la PM.
Afin d'identifier les déterminants qui régissent I'interaction Gag-ARNg, nous avons également
examiné le réle des acides aminés aromatiques conservés et l'architecture des ZFs. Enfin,
comme on sait peu de choses sur la fagcon dont les lipides sont réorganisés pendant I'assemblage
de Gag, nous avons utilisé les techniques d'imagerie pour étudier la réorganisation des
domaines lipidiques induite par Gag.

1. Déchiffrage du réle des deux ZFs dans I'interaction entre Gag et gRNA

Afin de caractériser I'implication du domaine NC de Gag dans le recrutement des ARNg
non épissés, nous avons utilisé le systeme de marquage MS2 qui est basé sur:(i) des cellules
HeLa (appelées cellules MS2-eGFP) surexprimant de maniére constitutive la protéine de
capside du bactériophage MS2 fusionnée a I’eGFP et (ii) un plasmide codant pour I’ARNg du
VIH-1 modifié contenant 12 tige-boucles reconnues par la MS2-eGFP. Par la liaison spécifique
de MS2-eGFP a I'ARNg modifié, cette technologie permet de marquer par fluorescence
I'ARNg du VIH-1, ce qui nous permet de visualiser les ARNm naissants non épissés du VIH-
1 dans les cellules.

Des plasmides codant pour des protéines Gag avec des mutations dans le domaine NC
et marquées par mCherry ont été générés. Les différents phénotypes de localisation des mutants
Gag-mCherry avec I’ARN-MS2-eGFP marqué ont été étudies par microscopie confocale. Les
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cellules ont été quantifiées sur la base de la colocalisation de Gag-mCherry et de ’ARNg a la
PM. En utilisant des mutants de délétion de Gag, mon premier objectif était de déterminer quel
doigt de zinc (ZF) dans le domaine NC de Gag est requis pour la sélection spécifique des
ARNg. De maniére intéressante, GagAZF1-mCherry et Gag AZF2-mCherry sont capables de
recruter des ARNg au niveau de la PM. En revanche, Gag AZF1-2-mCherry (ou les deux doigts
sont absents) et GagANC-mCherry (ou la séquence NC complete est absente) abolissent le
recrutement de I’ARNg a la PM. Pour quantifier davantage les différences, le pourcentage de
cellules présentant une colocalisation des mutants Gag et de I'ARNg marqué a I’eGFP au
niveau de la PM a été calculé. Alors que dans 84 £3 % des cellules transfectées avec Gag-
mCherry, une colocalisation claire a été observée a la PM, seules 71+3 % et 57+1 % des cellules
transfectées avec GagAZF1-mCherry ou GagAZF2-mCherry, respectivement présentent cette
colocalisation.

Pour examiner I'interaction des mutants de Gag avec I'ARNg au niveau de la PM ou
dans le cytoplasme, nous avons également utilisé la microscopie a imagerie par temps de vie
de fluorescence combinée au transfert d'énergie par résonance de Forster (FRET-FLIM). Cette
technique a été appliquée sur des cellules vivantes en utilisant I'ARNg marqué par MS2-eGFP
comme donneur d'énergie et les mutants Gag marques par mCherry comme accepteur. Nous
avons pu confirmer I'interaction dans le cytoplasme et a la PM de Gag-mCherry, GagAZF1-
mCherry et GagAZF2-mCherry avec I’ARNg. A I’inverse, I'absence de FRET avec GagAZF1-
2-mCherry et GagANC-mCherry, demontre lI'importance des deux ZF dans le recrutement de
I’ARNg. Le mutant Gag non myristoylé (GagG2A-mCherry) empéche la co-localisation a la
PM de Gag avec I’ARNg mais n'altére pas sa liaison a I’ARNg dans le cytoplasme.

La microscopie « time-lapse » a deux couleurs a été réalisée en complément. Des
cellules HeLa MS2-eGFP ont été micro-injectées avec une combinaison de plasmides
exprimant ’ARNg, Gag et Rev et les images ont été acquises toutes les 5 minutes pendant 4
heures. Le délai moyen entre I'apparition des protéines Gag-mCherry dans le cytoplasme et
I'accumulation de I’ARNg marqué par MS2-eGFP au niveau de la PM a été évalué. Dans le cas
de Gag sauvage (Gag WT), I'ARNg s'est accumulé a la PM en 47+4 minutes, mais il a fallu
73,514 et 94,5+5 minutes dans le cas de GagAZF1 et GagAZF2, respectivement. Moins de 7
% des cellules transfectées par GagAZF1-2 et GagANC ont montré un enrichissement de
I'ARNg marqué a la PM quatre heures apres la micro-injection des plasmides. De plus, le délai
moyen entre I'apparition de Gag-mCherry a la PM et I'accumulation des ARNg marqués aux
mémes sites a été évalué. Il a fallu 45+3 minutes pour que I’ARNg s'accumule a la PM dans le
cas de GagAZF2 contre 17+3 minutes et 23,5+5 minutes dans le cas de Gag WT et GagAZF1,
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respectivement. Ces résultats suggerent que la délétion des motifs ZF entraine un retard dans
la co-localisation de Gag et de I’ARNg a la PM et que la délétion de ZF2 a un impact plus
important que celle de ZF1 dans le recrutement de I’ARNg aux sites d'assemblage a la PM.

Par la suite, la diffusion cytoplasmique de Gag et de I’ARNg a été étudiée par
spectroscopie de corrélation RICS. Cette méthode est basée sur I'analyse des fluctuations de
I'intensité de fluorescence entre pixels voisins par autocorrélation spatiale de I'image dans les
directions x et y. La surface de corrélation spatiale (SCS) qui en résulte est une mesure de la
diffusion cytoplasmique. La SCS résultante est ajustée par un un modéle de diffusion 3D pour
obtenir la valeur du coefficient de diffusion (D) des macromolécules dans la zone scannée. De
maniere intéressante, les coefficients de diffusion des protéines Gag-mCherry, GagG2A,
GagAZF1 et GagAZF2 diminuent de maniére significative (~25-35%) en présence de I'ARNg,
mais non ceux des mutants GagANC et GagAZF1-2.

En conclusion, nos données ont montré que la délétion du domaine NC complet ou des
deux ZFs abolit I'interaction Gag-ARNg dans le cytoplasme. La délétion de I'un ou l'autre ZF
retarde le recrutement de I'ARNg a la PM mais n'empéche pas l'interaction Gag-ARNg dans le
cytoplasme, ce qui indique que I'absence de l'autre ZF peut étre partiellement compensée par
le ZF restant. ZF2 semble jouer un role plus important que ZF1 dans le trafic intracellulaire du
complexe Gag-ARNg vers la PM. Enfin, le groupement myristate N-terminal qui est nécessaire
pour l'ancrage des complexes ribonucléoprotéiques a la PM semble non essentiel pour
I'interaction de Gag avec I’ARNg dans le cytosol.

L'article correspondant a ce travail a été publié :

Boutant, E., Bonzi, J., Anton, H., Nasim, M. B., Cathagne, R., Réal, E., Dujardin, D., Carl, P.,
Didier, P., Paillart, J. C., Marquet, R., Mély, Y., de Rocquigny, H., & Bernacchi, S. (2020).
Zinc Fingers in HIV-1 Gag Precursor Are Not Equivalent for gRNA Recruitment at the
Plasma Membrane. Biophysical journal, 119(2), 419-433.
https://doi.org/10.1016/j.bpj.2020.05.035.

Ces travaux ont également fait I'objet d'une présentation par affiches:

I1l.  Présentation d'un poster sur, Impact des motifs en doigt de zinc (ZF) de Gag
dans la sélection de I'ARN génomique de VIH-1 et son trafic vers la
membrane plasmique dans "LES JOURNEES DU CAMPUS D'ILLKIRCH"
tenues les ler et 2 avril 2019.
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IV.  Présentation d'un poster sur, Impact des motifs en doigt de zinc (ZF) de Gag
dans la sélection de I'ARN génomique de VIH-1 et son trafic vers la
membrane plasmique "Seminaire de Microbiologie de Strasbourg" tenu le 28
mars 2019.

2. Dechiffrage du réle des acides aminés aromatiques conserveés et de I'architecture des
ZFs dans I'interaction entre Gag et ’ARNGg.

Ensuite, nous avons voulu déterminer le r6le des résidus F16, W37 et des Cys du
domaine NC de Gag dans la sélection spécifique de I’ARNg. Quatre mutants ont été testés :
Gag-F16A, Gag-W37A, Gag-F16A-W37A, et Gag-6C6S (marqués par fluorescence -eGFP ou
-mCherry). Selon des études in vitro, le tryptophane (W) en position 37 (deuxieme ZF du
domaine NC de Gag) et la phénylalanine en position 16 (premier ZF du domaine NC de Gag)
jouent un réle important pour la liaison de Gag a 'ARNg. Le mutant Gag6C6S a été utilisé
pour étudier I'impact de la structure de la ZF. En effet, ce mutant, dans lequel toutes les
cystéines ont été remplacées par des sérines, est incapable de lier le Zn?*, conduisant & une NC
non structurée.

En utilisant des approches de microscopie confocale et de FRET-FLIM, nous avons
démontré que chaque mutant se localise a la PM et dans le cytoplasme de fagon similaire a la
Gag-WT et s'oligomérise a la PM avec des pourcentages de FRET variant de 13 a 20 %.
Ensuite, nous avons évalué par microscopie confocale, les phénotypes de localisation des
mutants Gag-mCherry avec I’ARNg-MS2-eGFP dans des cellules HeLa MS2-eGFP. De
maniere intéressante, GagF16A-mCherry et GagW37A-mCherry sont capables de recruter
I’ARNg au niveau de la PM (33 et 10% des cellules, respectivement) mais en quantité moindre
par rapport aux 84% de cellules exprimant Gag-mCherry, utilisées comme contréle. De plus,
GagF16A-W37A-mCherry et Gag6C6S-mCherry ne permettent pas le recrutement de I’ARNg
a la PM, car seule une colocalisation cytoplasmique a été observée.

Pour examiner l'interaction des mutants Gag avec I'ARNg a la PM ou dans le
cytoplasme, nous avons également utilisé | FRET-FLIM en utilisant ' ARNg marqué par MS2-
eGFP comme donneur d'énergie et les mutants de Gag marqués par mCherry comme accepteur.
Nous avons pu confirmer l'interaction a la PM de GagF16A-mCherry et GagWM-mCherry
(version non-oligomérisée de Gag) avec I’ARNg. Aucun FRET n'a par contre été observé pour
ces mutants avec I’ARNg dans le cytoplasme. Enfin, aucun FRET et donc, aucune interaction
au niveau de la PM ou dans le cytoplasme n'a été observé avec les autres mutants de Gag :
GagW37A-mCherry, GagF16A-W37A-mCherry et Gag6C6S-mCherry. Dans I'ensemble, nous
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montrons ici que la reconnaissance intracellulaire de I'ARNg de VIH-1 par Gag et leur trafic
vers la PM sont régis par, i) les motifs ZF avec un rdle clé du résidu Trp37 dans le second ZF,

ii) le repliement des ZFs et iii) I'oligomérisation Gag-Gag.

3. Etude de la réorganisation des domaines lipidiques riches en SM/Chol induite par
Gag.

Dans la présente étude, nous avons examineé la réorganisation des domaines riches en
SM/Chol dans la PM des cellules HeL a transfectées par Gag en utilisant différentes techniques
de microscopie optique, incluant le PALM/dSTORM, la récupération de fluorescence apres
photoblanchiment (FRAP) et le FRET-FLIM. Pour atteindre cet objectif, nous avons utilisé
une sonde spécifique a la SM, la lysénine non toxique (NT-Lys) et une sonde spécifique du
Chol, D4. NT-Lys se lie a la SM lorsque celui-ci forme des clusters de 5-6 molécules alors que
D4 se lie au Chol lorsque la concentration en Chol de la membrane dépasse 40 %.

Dans la premiére expérience, des cellules HeLa ont été transfectées avec un mélange
de Gag/Gag-mCherry. Apres 20 h, les cellules ont été marquées avec eGFP-NT-Lys, puis
fixées et observées en microscopie confocale. Dans ces conditions expérimentales, le Gag-
mCherry et I'eGFP-NT-Lys marquent tous deux I'ensemble de la PM, ce qui rend difficile toute
analyse détaillée.

Nous avons ensuite analysé la colocalisation de Gag et des domaines riches en SM en
utilisant le PALM/dSTORM. Pour réaliser cette expérience, nous avons utilisé Gag-mEos2 et
Alexa Fluor647-NT-Lys au lieu de Gag-mCherry et eGFP-NT-Lys, respectivement. Nos
résultats indiquent que la plupart des protéines Gag-mEos2 colocalisent avec I'Alexa Fluor647-
NT-Lys alors qu'une partie importante de I'Alexa Fluor647-NT-Lys n’est pas colocalisée avec
Gag-mEos2. Une analyse minutieuse des images a également montré que Gag se localise dans
de grands domaines lipidiques riches en SM. En effet, alors que les diametres des domaines
lipidiques en absence de Gag sont majoritairement de l'ordre de 25-50 nm, ces diamétres
passent a 300-500 nm en présence de Gag.

Nous avons ensuite analysé si Gag modifiait la dynamique des domaines riches en SM.
Par FRAP, nous avons montre une récupération de 60 % et 30 % de la fluorescence de I'eGFP-
NT-Lys, en I'absence et en présence de Gag, respectivement. En d'autres termes, la fraction
immobile des molécules eGFP-NT-Lys a été augmentée de 30% par I'expression de Gag. En
revanche, les coefficients de diffusion n'ont pas été significativement impactés par I’expression
de Gag. Ce resultat indique que lI'assemblage de Gag restreint le mouvement des domaines

lipidiques riches en SM de la surface cellulaire.
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Bien que I'assemblage de Gag se produise au niveau du feuillet interne de la PM, cet
assemblage modifie la taille et la dynamique des domaines riches en SM du feuillet externe.
Ces résultats suggerent que Gag réorganise les domaines lipidiques riches en SM. Pour mieux
comprendre cette réorganisation, nous avons mesuré l'interaction entre les domaines riches en
SM et les domaines lipidiques riches en Chol par FRET-FLIM en I'absence et en présence de
Gag ou de mutants de Gag. Lorsque les cellules HeLa sont marquéees avec eGFP-NT-Lys
(donneur FRET) a 37 °C, la durée de vie moyenne du fluorophore est de 2,3 ns (Fig 1A, p223).
Lorsque les cellules sont doublement marquées par eGFP-NT-Lys et mCherry-D4 (accepteur
de FRET), le diagramme FRET-FLIM (Fig 1B) révele que la durée de vie courte Tl est
distribuée en deux populations principales centrées a ~1,8 ns et ~1,1 ns. Ces durées de vie
correspondent a des efficacités FRET de ~ 20 % et 50 %, respectivement et représentent 20 a
30% (al) des molécules eGFP-NT-Lys dans la membrane. Ces données sont révélatrices de
domaines lipidiques ou SM et Chol sont proches a la surface des cellules HeLa. L'existence de
deux populations avec des efficacités FRET différentes suggere également que les domaines
lipidiques sont hétérogénes.

Nous avons ensuite cherché a savoir si Gag réorganise les domaines lipidiques riches
en SM et en Chol. Le diagramme FRET-FLIM en présence de Gag-WT (Fig 1C) révele que les
valeurs t1 sont réparties sur une distribution unique et large centrée a environ 1,4 ns avec une
population d'environ 40%. Ce diagramme FRET-FLIM differe clairement de celui observé
dans les cellules qui n'expriment pas Gag, ce qui suggére que Gag-WT induit la coalescence
des domaines riches en SM et des domaines riches en Chol & la PM.

Puisque les sites d'assemblage de la PM augmentent continuellement leur courbure au
fur et @ mesure que Gag s'accumule, la réorganisation des domaines SM/Chol pourrait étre due
a un changement de courbure de la membrane au niveau des sites d'assemblage. Des études
précédentes ont montré que l'augmentation de la courbure de la membrane induite par Gag
facilite I'enrichissement en protéines membranaires qui préférent les radeaux lipidiques. Pour
étudier I'effet de la courbure de la PM sur les domaines lipidiques, nous avons utilisé le mutant
Gag-P99A qui n'induit aucune courbure mais forme une plateforme relativement plate apres
son oligomérisation. Nous avons également utilisé le mutant Gag-AL qui n'empéche pas les
changements de courbure de la PM, mais génére des VLP qui restent attachées a la PM. Les
diagrammes FRET-FLIM en présence de ces mutants Gag (Fig 1D et E) montrent des
distributions similaires a celles de Gag-WT (Fig. 1C). Une valeur t1 1égérement plus élevée
(1,5 ns) est observée a la fois dans Gag-P99A et Gag-AL mais le pourcentage al reste le méme

que celui de Gag-WT.
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Nous avons ensuite cherche a savoir si la réorganisation des domaines SM/Chol dans
le feuillet externe de la PM pouvait dépendre de I'oligomérisation de Gag. A cette fin, nous
avons exprimé le mutant Gag-WM, qui est incapable de s‘oligomériser mais qui peut se lier au
feuillet interne de la PM. Le diagramme FRET-FLIM (Fig 1F) est similaire a celui obtenu sans
I'expression de Gag (Fig 1B), avec une distribution bimodale de valeurs 11 centrées sur ~ 1,8
ns et ~ 1,2 ns, suggérant que I'oligomerisation de Gag est nécessaire pour la réorganisation des
complexes SM/Chol.

Nous avons précédemment montré la colocalisation inter-feuillet des domaines
lipidiques riches en SM et des domaines riches en P1(4,5)P2. Nos résultats sont cohérents avec
le modeéle selon lequel Gag se lie a des domaines riches en SM/PI1(4,5)P2 préexistants. Nous
avons montré que la liaison de Gag est accompagnée par la formation de grands domaines
lipidiques et la restriction de la mobilité latérale des domaines riches en SM. La coalescence
des domaines riches en SM et des domaines riches en Chol peut expliquer I'agrandissement et
la modification de mobilité des domaines riches en SM. Nos expériences utilisant des mutants
Gag indiquent que la coalescence des domaines lipidiques dépend principalement de
I'oligomérisation de la protéine Gag et est indépendante de la courbure de la membrane formée
pendant I'assemblage de Gag. Il a été récemment rapporté que les protéines membranaires de
I'néte sont recrutées dans le site d'assemblage du VIH et en sont par la suite retirées par le biais
d'un partitionnement lipide-dépendant, initié par I'oligomérisation de Gag. Les changements de
courbure de la membrane au niveau du site d'assemblage amplifient encore ce processus de tri.
Comme le mutant Gag déficient en courbure induit la fusion des lipides aussi efficacement que
le Gag de type sauvage, nos résultats suggeérent que la réorganisation des lipides se produit
avant l'assemblage des protéines, pendant le bourgeonnement du VIH.

> Ces travaux ont fait I'objet d'une présentation orale :
Nasim MB, Tomishige N, Pollet B, Mely Y, Kobayashi T. HIVV-1 Gag protein
induces the fusion of lipid domains. ler Atelier Japon-Europe sur les
glycosphingolipides et I'homéostasie membranaire, 2-4 septembre 2019,

Strasbourg.

Publication originale
Tomishige N, Nasim MB, Murate M, Pollet B, Didier P, Godet J, Richert L, Sako S, Mely
Y, Kobayashi T. HIV-1 Gag targeting to the plasma membrane reorganises

sphingomyelin- and cholesterol- rich lipid domains. Manuscrit en préparation.
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Figure 1: Diagramme FRET-FLIM de la réorganisation et la coalescence des complexes SM/Chol dans des
cellules vivantes. Cartes de densité montrant les parametres (t1, a1) des déclins de fluorescence d’eGFP-NT-Lys
et mCherry-D4 en (B) I'absence de Gag et (C), (D), (E) et (F) en présence de mutants Gag/Gag. (A) Cellules
transfectées avec vecteur vide (pcDNA) et marquées avec le seul donneur eGFP-NT-Lys dilué 100x, (B) Cellules
transfectées avec vecteur vide (pcDNA) et marquées avec le donneur eGFP-NT-Lys et 1’accepteur mCherry-D4
dilué a 12,5%, (C) Cellules transfectées par Gag-WT, (D) Cellules transfectées par Gag-P99A, (E) Cellules
transfectées par Gag-AL, (F) Cellules transfectées par Gag-WM, marquées avec le donneur (eGFP-NT-Lys) et

I'accepteur (mCherry-D4).
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Etude par FRET-FLIM de I'interaction de la protéine Gag du VIH-1 avec
I'’ARN génomique et les domaines lipidiques de la membrane plasmique

Résume

La protéine Gag du VIH-1 participe aux différentes étapes de I'assemblage du virion qui comprennent la sélection de
I'ARN génomique (ARNQ), l'oligomérisation de Gag via le domaine capside (CA) et la liaison a la membrane
plasmique (PM) via le domaine de la matrice (MA) pour I'assemblage du virion. La sélection de I'ARNg est médiée
par le domaine de la nucléocapside (NC) de Gag via ses deux doigts de zinc (ZF). Le domaine p6 a I'extrémité C-
terminale aide le virion naissant a bourgeonner a partir de la PM. On sait que les virions produits ont une composition
unique de leur bicouche lipidique, différente de la PM d'origine. Malgré des efforts considérables, les réles de chaque
ZF, des acides aminés aromatiques (AA), de l'architecture des ZF, de I'oligomérisation de Gag et de la myristylation
du domaine MA dans l'interaction Gag-ARNg sont encore mal connus. On ignore également si I'interaction Gag-PM
réorganise les domaines lipidiques de la PM. Nos résultats montrent que la délétion des deux ZF ou du domaine NC
complet abolit complétement I'interaction Gag-gRNA. La délétion d’un seul ZF retarde I’adressage de 'ARNg a la
PM tout en maintenant I'interaction Gag-ARNg. Cependant, le ZF2 et tout particulierement le tryptophane en position
37 joue un role plus important que le ZF1 dans l'interaction Gag-gRNA. De méme, la structure repliée du domaine
NCp7 joue un rdle primordial. Il est a noter que la Gag non myristoylée interagit avec I'ARNg au niveau
cytoplasmique, alors que la Gag non oligomerisée interagit avec I'ARNg uniquement au niveau de la PM. D’autres
résultats indiquent que la Gag liée au feuillet interne de la PM colocalise avec les domaines riches en sphingomyéline
(SM) du feuillet externe et que les domaines riches en SM liés par Gag sont plus grands que les domaines
correspondants en absence de Gag. Une analyse plus poussée a révélé que la liaison de Gag au feuillet interne de la
PM restreint la diffusion latérale et induit la coalescence des domaines riches en SM du feuillet externe. Nous avons
finalement montré que I'oligomérisation de Gag induit la coalescence des domaines lipidiques riches en SM et ceux
riches en cholestérol.

Mot clé: Protéine Gag, ARNg, membrane du VIH-1, FRET-FLIM, oligomérisation de Gag, PALM-STORM, RICS.

Abstract

HIV-1 Gag protein orchestrates various steps of virion assembly which include genomic RNA (gRNA) selection
accompanied by Gag oligomerization via capsid (CA) domain and plasma membrane (PM) binding via matrix (MA)
domain for virion assembly. The selection of gRNA relies on its interaction with the nucleocapsid (NC) domain of
Gag bearing two zinc fingers (ZFs). The p6 domain at the C-terminus helps the nascent virion to bud from the PM. It
is known that HIV viruses have unique lipid bilayer composition, different from the originating PM. Despite
substantial efforts, the roles of each ZF, aromatic amino acid (AA) residues, ZF architecture, Gag oligomerization
and MA domain myristylation in Gag-gRNA interaction are still not fully understood. It is also unknown whether the
Gag-PM interaction reorganizes the lipid domains of the PM. Our results showed that deletion of both ZFs or the
complete NC domain completely abolished the Gag-gRNA interaction. Deletion of either ZF delayed the delivery of
gRNA to the PM but did not prevent Gag-gRNA interaction. However, ZF2 played a more prominent role than ZF1
in establishing Gag-gRNA interaction. Furthermore, our data also indicate that gRNA recognition and trafficking to
the PM, are governed by ZF motifs with a key role of the Tryptophan 37 in the second ZF and the ZFs architecture.
Interestingly, non-myristoylated Gag was found to interact with the gRNA, whereas, non-oligomerized Gag was
found to interact with the gRNA only at the PM. Furthermore, our data indicate that the Gag bound to the PM inner
leaflet colocalized well with outer leaflet sphingomyelin (SM)-rich domains. Moreover, Gag-bound SM rich domains
were larger than the SM domains in the absence of Gag. Further analysis revealed that the binding of Gag to the inner
leaflet of the PM restricted the lateral diffusion and induced the coalescence of outer leaflet SM-rich domains. Finally,
we showed that Gag oligomerization induces the coalescence of SM-rich and cholesterol-rich lipid domains.
Keyword : Gag protein, gRNA, HIV-1 membrane, FRET-FLIM, Gag-oligomerization, PALM-STORM, RICS.






