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Abstract

A distinguishing feature of the Mason-Pfizer monkey virus (MPMV) packaging signal
RNA secondary structure is a single-stranded purine-rich sequence (ssPurines;
UTUAAAAGUGAAAGUAAZ) in close vicinity to a palindromic stem loop (Pal
SL) that functions as MPMYV dimerization initiation site (DIS). However, unlike other
retroviruses, MPMV contains a partially base-paired repeat sequence of ssPurines
(bpPurines) in the adjacent region. Both purine-rich sequences have earlier been
proposed to act as potentially redundant Gag binding sites to initiate the process of
MPMV genomic RNA (gRNA) packaging. The objective of this study was to
investigate the biological significance of ssPurines and bpPurines in MPMV gRNA
packaging by systematic mutational analysis using an in vivo packaging and
propagation assay combined with biochemical RNA structure probing analysis.
Deletion of either ssPurines or bpPurines individually had no significant effect on
MPMV gRNA packaging, but it was severely compromised when both sequences were
deleted simultaneously. Selective 2° hydroxyl acylation analyzed by primer extension
(SHAPE) analysis of the mutant RNAs revealed only mild effects on structure by
deletion of either ssPurines or bpPurines, while the structure was dramatically affected
by the two simultaneous deletions. This suggests that ssPurines and bpPurines play a
redundant role in MPMV gRNA packaging process. Additionally, this study also
investigates the role of a single stranded GU rich region, (G**UGUU?%; present
immediately downstream of bpPurines) recently identified to function as a redundant
Gag binding site along with the ssPurine loop. Biological data presented here confirms
the role of both these regions (ssPurine and the GU-rich region) functioning as
redundant cis acting elements required for MPMV gRNA packaging. Finally, the
deletion of bpPurines revealed no significant effect on MPMV gRNA packaging.
However, this deletion indicated a severe defect on RNA propagation that was
independent of the presence or absence of ssPurines or the gRNA structure of the
region. These findings further suggest that the bpPurines play a vital role in the early

steps of MPMV replication cycle that is yet to be identified.

Keywords: Mason-Pfizer monkey virus, RNA packaging, RNA secondary structure,
single-stranded purines, base paired purines, RNA-Gag interaction, retroviruses,
SHAPE.



Osszefoglald

A Mason-Pfizer majom virus (MPMV) becsomagolast elindito masodlagos RNS
szerkezet jellegzetesége az MPMV dimerizacid kezdd helyeként (DIS) szolgalo,
palindromikus hajcsat hurok (palindromic stem loop (Pal SL)) kdzelében elhelyezkedd
egyszalu, purinban gazdag (ssPurinok; U191UAAAAGUGAAAGUAA206)
szekvencia. Azonban, egyéb retrovirusoktol eltéréen, a szomszédos régioban az
MPMV rendelkezik egy tovabbi szekvenciaval is, ami csak részlegesen bazis-
parositott (bpPurines) ismétlddé ssPurinokbdl all. Korabban mindkét purinban gazdag
szekvencidval kapcsolatban felmeriilt, hogy potencidlisan redundans Gag
kotéhelyként szolgalnak az MPMV genomidlis RNS (gRNS) becsomagolasanak
megkezdésében. Munkank célja az volt, hogy in vivo becsomagolasi és propagalasi
teszteket biokémiai RNS szerkezet analizissel kombinalva megvizsgaljuk az
ssPurinoknak és bpPurinoknak az MPMV gRNS becsomagolasaban jatszott szerepét.
Az ssPurinok, vagy a bpPurinok egyenkénti delécidja nem volt jelentds hatassal a
MPMYV gRNS becsomagolasara, de mindkét szekvencia delécidja sulyosan karositotta
azt. Az ssPurinok vagy bpPurinok delécidja sordn a mutans RNS-ek primer extenzios
analizissel (SHAPE) vizsgalt szelektiv 2 hidroxi-acilal&si analizise csak mérsékelt
szerkezeti valtozasokat tart fel az RNS szerkezetében, azonban, amennyiben minkét
struktira delécioja létrejott, a hatas jelentds volt. Mindez azt sugallja, hogy az
ssPurinok és bpPurinok redunddns szerepet jatszanak az MPVM ¢gRNS
becsomagolasdban. Ezen talmenden vizsgaltuk egy egyszalu, a bpPurinokat
kdzvetleniil kovetd, GU-ban gazdag régio (G 254UGUU258) bioldgiai szerepét is,
melyrdl a kdzelmultban deriil ki, hogy a ssPurin hurok mellett egy redundans Gag
kotohelykeént miikodik. Eredményeink megerdsitik, hogy mindkét régid (az ssPurin és
a GU-ban gazdag régio) cisz-hatdsu elemként szikseges az MPMV gRNS
becsomagolasahoz. VVégezetil, a bpPurinok delécidja, bar nem gyakorolt szignifikans
eredményezett, mely fliggetlen volt az ssPurinok hianyatol vagy meglététdl, illetve a
gRNS masodlagos helyi szerkezetétdl. Mindezek az adatok felvetik, hogy a bpPurinok
fontos szerepet jatszanak az MPMV replikacié még feltaratlan korai Iépései soran.
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CHAPTER 1: INTRODUCTION

1.1 Overview

Over the years increased understanding of molecular biology have opened
avenues for using vectors from several viruses to deliver the therapeutic genes in order
to treat various gene disorders. These disorders include metabolic, cardiovascular,
muscular, hematologic, ophthalmologic, infectious diseases, and different types of
cancer. Nearly all human diseases have a genetic basis; some inherited from the
parents, for example, sickle cell anemia, Down’s syndrome, and other rare diseases,
while others such as cancers are caused due to acquired genetic alterations (Genetic
Disorders, n.d.). Conventionally, genetic disorders were assumed to be not amenable
to any treatment or cure until the advent of gene therapy. Gene therapy is a therapeutic
intervention where the “faulty” or the “missing” gene is replaced by the functional
copy of the gene to obviate the disease complications. The success of gene therapy
resides on many factors such as knowing the correct pathogenesis of the disease, an
effective gene(s) and efficient delivery system targeting the specific cells or tissues,
and an animal model mimicking the disorder for preclinical trials. In recent years,
viruses have been utilized as effective vectors of the corrective nucleic acids.
Significant innovations in vector engineering and safe delivery systems have rendered

viral vector-based therapy at the forefront in the modern-day medicine.
1.2 Viruses as Gene Therapy Vectors

Viruses owing to their inherent property of highly efficient nucleic acid
delivery to the target cells while evading the immune system have been extensively
utilized in human gene therapy protocols (Robbins & Ghivizzani, 1998). Different
types of viruses, such as retrovirus, adenovirus, adeno-associated virus (AAV), and
herpes simplex virus (HSV), have been manipulated in the laboratory for use in gene
therapy applications. Each of these vector systems has its advantages and
disadvantages, and considerable developments in vector designing have proved its
suitability for treating a specific disease. Until 2017, it has been estimated that nearly
70% of the clinical trials for human gene therapy are based on utilizing viral vectors
(reviewed in Beitelshees et al., 2017; Lundstrom, 2018). Some of the main groups of
viruses currently used in gene therapy applications are reviewed in the tablel, details

retrieved from Lundstrom, 2018.



Table 1. Viruses that are currently applied in gene therapy trials

Genome
Virus vector & Features Disease
Insert size
pancreatic CA
. broad host range neuroendocrine
Adenoviruses dsDNA . .
AdS <75 kb transient expression CA
' strong immunogenicity breast CA
glioma
. H hilia A
relatively broad host range emophifia
. . . RTT
Adeno-associated virus sSDNA slow expression onset HD
AAV2,3,5,6,8,9 <4 kb chromosomal integration DMD
immune response
immu Spons cT
. Glioblastoma
Herpe§ simplex dSDNA broad hpst ra.nge PDN
virus 30 kb latent infection SN
HSV1, HSV long-term expression
Cancer
Retroviruses sSRNA transic;l;ce_zfecr)rr:;;)c(i|\r/£|8ri]3ncelIs X-CGD
MMSV, MSCV 8 kb g-ierm express HGG
random integration
Hemophilia A
- H hilia B
transduces dividing and emo(r;Fl 1a
Lentiviruses SSRNA nt?rr;fd“gg;??aiets PKD
HIV-1, HIV-2 8 kb nostrange PD
low cytotoxicity integration AD
long-term expression HIV
SHIV
broad host range Prostate CA
Alphaviruses SSRNA extreme transient expression Lung CA
SFV, SIN, VEE, M1 8 kb low immunogenicity Glioma
neuron- and glial-specific mutants Liver CA
Flaviviruses SRNA relatively broad host range
Kunjin, West Nile, Dengue 8 kb transient expression Colon CA
virus packaging system
wniovnses | sia | OO Ve
Rabies, VSV 6 kb e pres .
low immunogenicity Brain tumour
. . . ATC
Measles virus sSRNA transient expression .
MV-Edm 6 kb oncolytic strains Ovarian CA
y HCC
Prostate CA
. . sSRNA replication in tumor cells Colorectal CA
Newcastle disease Virus . .
6 kb improved oncolytic vectors Melanoma
Solid tumors
Colorectal CA
POXVirUses dsDNA broad h(?st range Glloblas.toma
large inserts Pancreatic CA
\AY; >30 kb -
replication-competent vectors HCC
Prostrate CA
Melanoma
Picornaviruses sSRNA oncolviic strains IN
Coxsackievirus 6 kb y Breast CA
Prostrate CA



AAV, adeno-associated virus; HIV, human immunodeficiency virus; HSV, herpes simplex virus;
MMSV, Moloney murine sarcoma virus; MSCV, murine stem cell virus; SFV, Semliki Forest virus;
SIN, Sindbis virus; VEE, Venezuelan equine encephalitis virus; VSV, vesicular stomatitis virus; VV,
vaccinia virus; dsDNA, double stranded DNA; ssDNA, single stranded DNA; CA, carcinoma; RTT,
Rett’s syndrome; HD, Huntington’s disease; DMD, Duchenne muscular dystrophy; CF, Cystic fibrosis;
PDN, Painful diabetic neuropathy, SN, Sensory neuropathy; X-CGD, X-linked granulomatous disease;
HGG, High-grade glioma; PKD, Pyruvate kinase deficiency; PD, Parkinson’s disease; AD, Alzheimer’s
disease; SHIV, Simian/Human Immunodeficiency virus; ATC, Anaplastic thyroid cancer; HCC,
Hepatocellular carcinoma; IN, Ischemic necrosis. Details in the table from Lundstrom, 2018.



1.3 Retroviruses as Gene Therapy Tool

Retroviruses were the first group of viruses utilized for the classical gene
therapy trials as in the case of severe combined immune deficiencies (SCIDs)
(Anderson, 1990; Hacein-Bey-Abina et al., 2002). Retroviruses are well known for
their ability to accommodate the gene of interest of ~8kb in length which can be
integrated into the host genome along with retroviral vectors making it part and parcel
of the host genome hence contributing to its long-term expression. Most retroviruses
infect dividing cells however certain retroviruses such as the lentiviruses (HIV-1 and
FIV) and betaretrovirus (MMTYV) have the additional advantage of infecting non-
dividing cells with low cytotoxicity (Bukrinsky et al., 1993; Kenyon & Lever, 2011,
Konstantoulas & Indik, 2014; Poeschla et al., 1998; Kay et al., 2001; Vigna & Naldini,
2000). Thus, retroviruses are the vector of choice for gene delivery, and it is not
surprising that approximately a quarter of all human gene therapy trials have used

retroviral vectors (reviewed in Ginn et al., 2018; Hu et al., 2011).

Although the first clinical trials for the treatment of SCIDs have been
successful in the patients, the development of T-cell leukemia due to insertional
mutagenesis in two out of ten cases, later raised the safety concern for its application
in the disease treatment (Gaspar & Thrasher, 2005; Hacein-Bey-Abina et al., 2008;
McCormack & Rabbitts, 2004). This shortcoming has called for the development of
safer vectors with directed chromosomal integration. Another caveat in using retroviral
vectors is the possibility of generating replication competent viruses through
recombination with endogenous retroviral genome in the host that could lead to
inadvertent effects in the patients. This could be negated by using vectors from
phylogenetically distant non-human retroviruses that are also self-inactivating. For
any virus to be used as a carrier for a therapeutic gene, the sequences that lead to
pathogenicity should be avoided while retaining the region required for efficient gene
transfer along with its persistent expression. Therefore, it is important to study the
retroviral lifecycle for a comprehensive understanding of the necessary elements

involved in replication to circumvent the limitations of the current vectors used.

The thesis work being presented here is a step towards defining the packaging
events of a non-human phylogenetically distant, monkey (simian) retrovirus, Mason-

Pfizer monkey virus (MPMYV) that causes immunodeficiency syndrome (Bohl et al.,



2005) and tumors (De las Heras et al., 1991) in Old World monkeys, family
Cercopithecidae (Fine & Schochetman, 1978). MPMV is a type D Betaretrovirus,
evolved as a simian retrovirus (SRV) and is different from the simian
immunodeficiency virus (SIV) (Kestler et al., 1990), despite the similarity in the
disease condition caused by these viruses. Type D viruses, infect a variety of
mammalian hosts, however no sequence homology was observed between the genome
of MPMV and of primates such as the new world monkeys, apes including humans
suggesting that cellular DNAs of these primates are free from endogenous MPMV
(Fine & Schochetman, 1978) and could possibly be safe to be used as a gene therapy

tool.

1.4 Understanding Retroviruses

Retroviruses belong to the family Retroviridae and are taxonomically
classified according to their structure, composition, and replicative properties (Coffin
et al., 1997a). Retroviral virions generally vary in size from 80-100 nm in diameter
which are enveloped with the lipid bilayer membrane derived from the host cell
harboring virally encoded envelope glycoproteins and include surface (SU) and the
transmembrane (TM) components. The genome of retrovirus is a linear, single-
stranded (ss), non-segmented, 7-12 kb RNA of positive polarity. The RNA genome is
enclosed as dimers within the protein core encoded by the gag gene and forms the
internal structural components of the virions. Figure 1A below schematically depicts
the structural organization of a retroviral particle. The shape and location of the protein
core determined the conventional grouping of these viruses into four main groups
namely A, B, C, and D-type retroviruses. Based on the ultrastructural appearances as
shown in figure 1B, retroviral particles can be characterized based on the shape of the
core. For example, type A virions form an intracisternal double membrane particle
which lack budding, type B virions are characterized by an eccentric, spherical core;
type C virions are characterized by a central, spherical core; and type D virions contain

a cylindrical core.
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Figure 1. Structure of retroviral particle

(A) Schematic representation of retroviral particle. The gag domain encodes the structural
components of the viral core the capsid (CA), matrix (MA) and nucelocapsid (NC) proteins. The pro
domain encodes the viral protease (PR), while pol encodes the reverse transcriptase (RT) and integrase
(IN) enzymes. The env domain encodes the surface (SU) and transmembrane (TM) glycoproteins
responsible for viral attachment and penetration.

(B) Electron micrographs of representative virion particles. The diameters of all the particles are
approximately 100 nm. A: Type A particles. Intracisternal A particles in the endoplasmic reticulum. B:
Betaretrovirus. Mouse mammary tumor virus, MMTYV; type B morphology (top, intracytoplasmic
particles; middle, budding particles; bottom, mature extracellular particles). C: Gammaretrovirus.
Murine leukemia virus, MLV; type C morphology (top, budding; bottom, mature extracellular
particles). D: Alpharetrovirus. Avian leukosis virus; type C morphology (top, budding; bottom, mature
extracellular particles). E: Betaretrovirus. Mason-Pfizer monkey virus, MPMV; type D morphology
(top, intracytoplasmic A-type particles; middle, budding; bottom, mature extracellular particles). F:
Deltaretrovirus. Bovine leukemia virus, BLV (top, budding; bottom, mature extracellular particles). G:
Lentivirus. Bovine immunodeficiency virus (top, budding; bottom, mature extracellular particles). H:
Spumavirus. Bovine syncytial virus (top, intracytoplasmic particles; middle, budding; bottom, mature
extracellular particles). (Micrographs courtesy of Dr. Matthew Gonda, and reproduced from Coffin et
al., 1997a.



Currently, the International Committee on Taxonomy of Viruses (ICTV) has
classified retroviruses based on their 1) phylogeny and 2) genome organization into
two subfamilies: orthoretroviruses (orthoretroviranae) and spumaviruses
(spumaretroviranae) (MacLachlan & Dubovi, 2017). Each of these are then classified
into seven genera based on their evolutionary relatedness (Figure 2). Five of these
groups, except for lentiviruses and spumaviruses are associated with the development
of cancers in the infected animals, whereas lentiviruses cause immunodeficiency and
neurological symptoms. The spumaviruses contain only one genus, the foamy virus,
which is not related to any disease, but it differs from other retroviruses since its RNA
genome is already reverse transcribed in the virions before infecting the host cell (Yu
etal., 1999).

Epsilon-retroviruses

(Complex) Delta-retroviruses
(Complex)

SnRV

Lentiviruses
HERV-W (Complex)

Gamma-retroviruses

Simpl
(Simple) ALV

RSV

Alpha-retroviruses
BFV SRV
SFVagm>FVepz MPMV yaarry (Simple)
Spumaviruses
(Complex) Beta-retroviruses
(Simple)

Figure 2. Phylogenetic classification of retroviruses

ALV, Avian leukosis virus; RSV, Rous sarcoma virus; SRV, simian retrovirus; MMTV, mouse
mammary tumor virus; MPMV, Mason-Pfizer monkey virus; HERV-K, human endogenous retrovirus
type K; JRSV, Jaagsiekte sheep retrovirus; FFV, feline foamy virus; BFV, bovine foamy virus;
SFVagm, simian foamy virus- African green monkeys; SFVcpz, simian foamy virus- Chimpanzee;
FeLV, feline leukemia virus; MLV, murine leukemia virus; GALV, gibbon-ape leukemia virus; PERV,
porcine endogenous retrovirus; HERV-W, human endogenous retrovirus type W; SnRV,
snakehead retrovirus; WDSV, walleye dermal sarcoma virus; BLV, bovine leukemia virus; HTLV-1,
human T-cell leukemia virus-1; HTLV-2, human T-cell leukemia virus-2; EIAV, Equine Infectious
Anemia Virus; FIV, feline immunodeficiency virus; HIV-1; human immunodeficiency virus-1; HIV-2,
human immunodeficiency virus-2; SIV-mac, simian immunodeficiency virus- rhesus macaque; MVV,
Maedi-visna virus. Figure adapted and modified from MacLachlan & Dubovi, 2017.
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All retroviruses possess three open reading frames gag, pol and env encoding
the essential viral structural and enzymatic proteins. Group-specific antigen (gag) gene
encode the structural proteins, the matrix (MA), capsid (CA) and the nucleocapsid
(NC). The polymerase (pol) gene encodes for the reverse transcriptase and integrase
enzymes vital for the viral replication; and the envelope (env) gene codes for the host
receptor attachment proteins, SU and TM on the viral envelope (Figure 3A).
Furthermore, the virus also expresses a vital proteolytic enzyme, protease encoded by
the pro gene located between gag and pol (Figure 3A). Retroviruses containing only
these standard genes in their genome are termed as simple retroviruses (Figure 3A).
On the other hand, retroviruses belonging to delta, epsilon, lenti and spumaviruses
have additional genes that are regulatory or accessory in function and are classified as
complex retroviruses (Figure 3B). These additional mMRNA transcripts take control
over the cellular functions and enable them to infect the immunocompetent hosts more
frequently than simple retroviruses. The structural genes in the viral RNA abut
sequences known as untranslated regions (UTRs) at the 5’and 3’ends of the genome.
The UTRs consist of a terminal identical repeat sequence (R) and a unique sequence
(U5 and U3) each at the 5 and 3’ends respectively (Figure 3A). The properties and
the genome organization of retroviruses belonging to each group is illustrated in figure
3B.
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Figure 3. Genome organization of retroviruses

(A) Retrovirus genome structure. Four essential coding domains; Gag, Pro, Pol, and Env, are found in the same relative positions in all replication-competent retroviruses.
The genomic RNA is a single-stranded molecule of positive polarity. The 5’ and 3’ends are flanked by the repeat (R) sequence and the unique sequences (U5 and U3) to each
end. Sequences important for replication are marked on in the approximate positions in which they are found; (PBS) primer-binding site; (v) packaging sequences; (PPT)
polypurine tract; (PA) polyadenylation signal; (AAA) poly(A) tail. Figure and legend modified from Gifford & Tristem, 2003.
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Figure 3 (B) Classification and properties of retroviruses. Host, Virion morphology, tRNA selected for reverse transcription (RT) initiation, level of genome organization
and the additional regulatory genes expressing different mMRNA transcripts in each group with complex genome is shown. MMTYV, conventionally grouped as a simple retrovirus
now appears to be complex due to virally encoded Sag and Rem proteins. ALV, Avian leukosis virus; MLV, murine leukemia virus; MMTYV, mouse mammary tumor virus;
MPMV, Mason-Pfizer monkey virus; HTLV, human T-cell leukemia virus; HIV; human immunodeficiency virus; HFV, human foamy virus; WDSV, walleye dermal sarcoma
virus. Figure for the genome organization adapted from Coffin et al., 1997a.



1.5 An Overview of Retroviral Life Cycle

Retroviruses once inside the cell, reverse transcribe their RNA genome into
DNA utilizing the reverse transcriptase enzyme. Reverse transcribed DNA is then
imported into the nucleus where it is integrated into the host genome, process that is
facilitated by the virally encoded integrase enzyme. This integrated retroviral genome
is called the provirus which uses cellular machinery to transcribe RNA for making
viral proteins as well as to generate extra copies of full-length RNA to be served as the
genome for its progeny (Fields et al 1996). The transcribed viral mMRNAs (both full-
length and spliced RNAs) are exported out of the nucleus into the cytosol for
translation. During assembly viral proteins assemble around its genomic RNA (gRNA)
which is packaged into the nascent virions that bud off from the cell membrane as an
immature virus particle and maturation occurs following the release from the cell

surface (Figure 4).
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Figure 4. Steps in the retroviral life cycle

Various events in the life cycle of retroviruses are illustrated with HIV as an example. (A) Early phase:
1. Viral entry into cells by binding to a specific receptor on the cell surface; 2. Membrane fusion either
at the plasma membrane or from endosomes (not shown); 3. Release of the viral core and partial
uncoating and reverse transcription; 4. Transit through the cytoplasm and nuclear entry; 5. Integration
into cellular DNA to give a provirus. (B) Late phase: 6. Transcription by RNA polymerase I (RNAPII);
7. Splicing and RNA processing; 8. Nuclear export of viral RNA; 9. Translation of viral proteins; 10.
Gag assembly and RNA packaging; 11. Budding through the cell membrane; 12. Release from the cell
surface and virus maturation.
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1.5.1. Retroviral Receptors

How retroviruses evolved to infect a wide range of cells/tissues of its host is a
question of great interest. Although, many of these host-virus interactions remain
elusive, in the recent past it is becoming clear that viruses have evolved to recognize
different cell surface molecules as receptors, and infection is restricted to only those
cells that expresses these receptors. For example, the distribution of CD4 receptors on
the T-helper lymphocytes, macrophages, and dendritic cells present them as potential
target for HIV-1 infection (Didigu & Doms, 2012). Similarly, gamma retroviruses like
Gibbon-ape leukemia virus (GaLV) and amphotropic murine leukemia virus (MLV)
employs Gvrll and Ram1as their receptors respectively (Miller & Chen, 1996). Even
though these receptors (Gvrll and Ram1) are closely related at the protein sequence
level and both function as sodium-dependent phosphate transporters, their
interchangeable usage as receptors by either of these viruses is nearly impossible
(Miller & Chen, 1996). On the other hand, there are evidence that the virus attachment
is not sequence specific and there is redundancy and flexibility in receptor usage
among viruses belonging to the same genus. For example, 10A1 MLV, a recombinant
derivative of amphotropic MLV (Ott et al., 1990), can enter cells using either of the
Gvrll and Ram1 receptors (Miller & Chen, 1996; Overbaugh et al., 2001). It is also
known that among lentiviruses, HIV and SIV interacts with the same CD4 receptor as
well as the co-receptors CXCR4 and CCR5 belonging to the chemokine receptor
family (Didigu & Doms, 2012; Overbaugh et al., 2001). In the same way, type D
retroviruses, RD114 (cat endogenous virus), SRV (simian retrovirus), BaEV (Baboon
endogenous retrovirus), HERV-W (human endogenous retrovirus type W) uses
retroviral mammalian type D receptors (RDR or RDR2) as their specific entry
receptors (Overbaugh et al., 2001). The functional homology of these receptor proteins
reflects the wide host range and tissue tropism for different retroviruses. The details of

the cloned receptors for different classes of retroviruses have been shown in Table 2.
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Table 2. Retroviruses and its receptors

Retrovirus Receptor Cellular function

Immune recognition,

HIV, SIV G i (LU @ G protein-coupled
CXCR4 )
chemokine receptors
FIV CD9 Signaling transduction Protein
HTLV-1 Neuropilin-1 and Trans-membrane glycoprotein,
GLUT-1 Glucose transporter 1
GALYV, 10A1, FeLV-B, Glvrl (Pitl) Phosphate transport

A-MLV, 10A1, MLV,

FelV-B Raml1 (Pit2) Phosphate transport

RD-114, type D SRV,

BaEV, HERV-W RDR or RDR2 Neutral amino acid transporter

MMTV Mtvr Transferrin receptor 1

Contents retrieved from Grove & Marsh, 2011; Overbaugh et al., 2001.

1.5.2 Virus Entry and Fusion

Infection of a cell by a retrovirus can be broadly divided into two phases: early
and late (Figure 4). In step 1 of the early phase, the virus attaches to the host cell
carrying the specific receptor or ligands followed by the membrane fusion of the virus
and the host cell. These processes are brought about by the envelope SU and TM
glycoproteins, exploiting either of the two mechanisms: i) receptor-mediated
endocytosis (Figure 5) and ii) receptor- mediated cell signaling pathways leading to
low-pH dependent endocytosis (Figure 6). SU recognizes the specific receptor on the
target cells and therefore is the key determinant for the tropism of the virus. In
receptor-mediated endocytosis as in the case of HIV and SIV, SU (gp120)-receptor
binding triggers a conformational change and exposes the TM (gp41) ectodomain to

induce the fusion of the viral and cellular lipid membranes (Clapham & McKnight,
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2001; Dalgleish et al., 1984; Klatzmann et al., 1984) and reviewed in (Didigu & Doms,
2012; Figure 5) facilitating the entry of the viral core into the cytoplasm.

Native Env Attachment and Coreceptor N Membrane
el CD4 binding Binding Fusion
\ II] membrane 'n

vy
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X ey ey $ X ot

CD4 fusion peptide coreceptor prebundie

Figure 5. The HIV entry process as an example for receptor-mediated endocytosis

The figure above outlines a model for HIV Entry. The entry process begins with binding of gp120 (red)
to its primary cellular receptor CD4 (green). CD4 binding results in conformational changes that allow
binding of gp120 to the coreceptor-either CCR5 or CXCR4. Coreceptor binding results in triggering of
the fusion machinery and formation of the six-helix bundle required to drive fusion of the viral and host
cell membranes. Figure and legend adapted and modified from Didigu & Doms, 2012.

In the receptor-mediated signaling pathway for endocytosis, the virus
attachment to its receptors transduces an array of signals to internalize via endosomes
and trigger the acidification of the virion-containing intracellular vesicles to fuse with
the viral envelope eventually, disposing the viral core into the cytoplasm (Figure 6;
Grove & Marsh, 2011; Kubo et al., 2012). Retroviruses like avian sarcoma/leukosis
virus (ASLV: Barnard et al., 2004), ecotropic murine leukemia virus (MLV; Kubo et
al., 2012) and mouse mammary tumour virus (MMTV; Ross et al., 2002) utilize this
mechanism for virus entry (Coffin et al., 1997a; Grove & Marsh, 2011; Kubo et al.,
2012).
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Figure 6. Receptor-mediated signaling pathways for endocytosis

Retrovirus particles are internalized into intracellular vesicles by various pathways, and vesicle
acidification is necessary for the infections. Figure and legend adapted from Kubo et al., 2012.

1.5.3 Viral Uncoating, Reverse Transcription, and Integration

Fusion of the viral envelope with the plasma membrane or the endosomes
separates the inner matrix from it to be released into the cytoplasm. This exposes the
core containing two identical copies of dimeric RNA held together by non-covalent
base-pairing as the viral genetic material. This dimer RNA molecule is tightly
packaged in the capsid (CA) by the association with the zinc-finger proteins, the
nucleocapsid (NC). Soon after the entry of the core into the cytoplasm, it must traverse
through the cellular actin meshwork before the viral replication could begin. In the
case of HIV-1, the nef protein help to overcome this barrier to promote infectivity
(Campbell et al., 2004). Viral entry by endosome acidification is another way for actin
cytoskeleton evasion (Albritton, 2018). While in the cytoplasm, the virus prepares to
copy its single stranded genomic RNA (ssgRNA) into double stranded DNA (dsDNA)
by the process of reverse transcription using the enzyme, reverse transcriptase (RT)
that has been shown as bound to the RNA template (Bohlayer & DeStefano, 2006).
RT is a heterodimer with various functions: RNA-dependent and DNA-dependent
DNA polymerase and RNase H activities. It is perceived that the specific tRNA
(transfer RNA) priming at the primer binding site (PBS) on the RNA template and
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extension of a few nucleotides by RT begin prior to cell penetration and presumably
prevents its elongation due to the shortage of deoxynucleotides (ANTPS) in the virion
(Gilboa et al., 1979; Rothenberg et al., 1977; Rothenberg & Baltimore, 1976). Shortly
after the porous core encounters ample concentration of dNTPS from the cytosolic
environment, it triggers the DNA synthesis (Jacques et al., 2016). The RNA that is
being reverse transcribed remains as a large complex with RT and the nascent DNA
along with the CA forming the reverse transcriptase complex (RTC) and following the
complete DNA synthesis, the complex is termed as preintegration complex (PIC). It
has now been documented that CA association with the RTC or PIC is a crucial player
in controlling the movement of the core towards the nucleus while uncoating and
promotes efficient reverse transcription (Goff, 2018; Li et al., 2021). Details of the
steps (A-H) involved during reverse transcription are explained in detail in figure 7. In
addition, the precise locations of the cis-acting elements (such as R, U5, and U3
regions, the polypurine tract (PPT) as well as PBS) needed during reverse transcription
are also shown on the RNA template in figure 7 whereas the structure of long terminal

repeats (LTRS) in the proviral DNA is shown in figure 8.
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Figure 7. Delineating various
A steps involved in reverse
transcription
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A. First strand synthesis starts with the
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binding to the PBS present at the 5° end
of the RNA template.
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strand can now bind to the PBS on the first strand (due to complementarity) and constitutes the second
strand transfer.
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H. Each strand is now simultaneously a template for one another. They are both extended in opposite
directions, the second strand still having the majority to synthesize while the first strand only needs to

synthesize the rest of its 5° LTR region.
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Figure 8. Schematic representation of viral gRNA and proviral DNA after reverse
transcription

Note the duplication of unique sites, U3 and U5 at either ends of the reverse transcribed DNA
with two identical LTRs making it longer than gRNA making it suitable substrate for

integration.
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After reverse transcription, the PIC must reach the nucleus for its integration
into the host cell chromosomes (Coffin et al., 1997a; Zhang et al., 2000). Retroviruses
must cross the nuclear barrier to execute this obligate step during virus replication.
Gammaretroviruses like MLV, that infect the dividing cells enter the nucleus during
mitosis when the nuclear envelope dissolves, thereby provide access to the host
chromosomes (Yamashita & Emerman, 2006). In the case of lentiviruses such as HIV-
1 that infect both dividing and non-dividing cells, PIC arrive the nucleus through the
nuclear pore complex. Capsid, viral protein R (Vpr) and integrase (IN) possess an
arginine-rich nuclear localization signal (NLS) within PIC and interacts with f-
Karyopherin transportinl (TRN-1; Fernandez et al., 2019) along with the help of host
factors like the cleavage and polyadenylation specificity factor 6 (CPSF6) play a key role
in viral trafficking to the nucleus (Bedwell & Engelman, 2021). Using the host nuclear
transport proteins like the transportin 3 and nucleoporins (Nup; as detailed in the figure
below), (Endsley et al., 2014; Popov et al., 1998 and reviewed in Matreyek &
Engelman, 2013; Shukla & Chauhan, 2019) the viral core in a partially or completely
intact form traverses the nucleus and uncoats approximately 1.5 hours before
integration. (Figure 9 (a) Nuclear import; (Burdick et al., 2020; Dharan et al., 2020;
Zilaetal., 2020).
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Figure 9. Major events occurring during nuclear import and export of HIV-1

(a) Nuclear import of HIV-1 PIC: CPSF6 interacts with intact HIV core which upon uncoating and
reverse transcription forms the PIC. TNPO3, CypA and CypA like domain of Nup358 binds to the
leftover CA and helps in docking of PIC on the cytoplasmic face of NPC; while Vpr and IN having
NLS, interact with Nups like Nup153 which help in import of the PIC into the nucleus. In nucleoplasm,
LEDGEF is involved in release of PIC from Nup153 and helps in integration of vDNA into the host
DNA,; (b) nuclear export of vVRNA-protein complex: The unspliced and partially spliced mRNA need
viral accessory protein Rev which interacts with various cellular factors like Crm1, elF-5A and Nups,
such as Nup62, Nup214, Nup98 and facilitate the nuclear export of this viral ribonucleoprotein complex.
Abbreviations: NPC-nuclear pore complex, CPSF6-cleavage, and polyadenylation specific factor 6,
TNPO3-transportin 3, CypA-cyclophillin, CA-capsid, Vpr-viral protein r, IN-integrase, RT-reverse
transcriptase, PIC-pre integration complex, LEDGF-lens epithelium-derived growth factor, IN-
integrase, Crml-chromosome region maintenance- 1, Rev-regulator of virion expression, elF-5A-
eukaryotic translation initiation factor-5A. Figure and figure legend adapted from Shukla & Chauhan,
2019.

The completed reverse transcribed viral DNA (VDNA) is rendered integration-
competent by the integrase (IN). IN hydrolysis the linear 3’OH ends at the conserved
CA/TG dinucleotides located within the viral LTRs of the DNA strands and this
processing activity by IN is a pivotal step in facilitating nuclear import of the PIC
cargo. Once inside the nucleus, the IN still bound to the processed vVDNA catalyzes
nicking of the phosphates at the exposed target sites in the host DNA around the
nucleosomes (Figure 10; as reviewed in Andrake & Skalka, 2015; Matreyek &
Engelman, 2013). Although viral integration is thought to be a random process, recent
studies have shown that vDNA may prefer to get incorporated at regions upstream of
active genes. These regional hotspots may favor proviral transcription and could be

advantageous for viral replication (Wu, 2004).
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Figure 10. Steps in the synthesis of retroviral DNA and its integration into host
DNA

The viral RNA genome (green line) is reverse transcribed in the cytoplasm of the cell within a subviral
nucleoprotein structure (called the reverse transcription complex, RTC) to form a duplex DNA
containing long terminal repeats (LTRs) of sequences unique to the 5’ (U5) and 3’ (U3) ends of the viral
RNA. Imperfect inverted repeats at the LTR duplex termini are recognized and nicked by cognate
integrase (IN) proteins, following a conserved CA dinucleotide at each 3’ end (vertical arrows in inset),
producing recessed 3'-OH ends. This first reaction catalyzed by IN is called processing and takes place
within a nucleoprotein assembly called a preintegration complex. The conserved CA dinucleotide and
steps catalyzed by IN are highlighted in magenta. Removal of the noncomplementary 5’ nucleotides of
VDNA and repair of the gaps in host DNA by host enzymes generate a covalently integrated provirus,
shorter by 2 bp on both ends and flanked by duplications of the target site (red arrows). Figure and
legend, courtesy from Andrake & Skalka, 2015.
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1.5.4 Transcription of the Provirus, Splicing Events, and Nuclear Export

1.5.4.1 Synthesis of the Viral RNA from Proviral DNA

The mechanism for the synthesis of the viral RNA from the proviral DNA
occurs in the late phase of viral infection (figure 4B) and is completely dependent on
the host cellular machinery. Therefore, the recruitment of the range of cellular
transcription factors and activators from a particular cell type by a retrovirus, dictates
the features of its own replication mechanism. For example, MMTYV that infects the
mouse mammary cells utilize the steroid hormones, glucocorticoid, and progestin to
stimulate the LTR promoter for the expression of the MMTYV proviral genes (Coffin
et al., 1997a). Retroviruses that infect the lymphoid cells employs lymphoid-specific
transcription factors for transcribing their RNA from proviral DNA. Complex
retroviruses like HIV and HTLV encode their own transcription factors like Tat and
Tax respectively, and work in collaboration with other cellular transcription factors
and take the control of its own and/or the host cell gene expression (Ajasin & Eugenin,
2020; Enose-Akahata et al., 2017; Nyborg et al., 2010; Rice, 2017). For instance, Tax
of HTLV-1 activates the NF-kB and CREB/ATF pathways that are responsible for
controlling cellular transcription, proliferation and evade apoptosis and senescence by
modulating the expression of a number of cellular genes and leads to adult T-cell
leukemia (ATL) in the host (Matsuoka & Jeang, 2011).

1.5.4.2 Processing of the Viral RNA Transcripts

All the viral transcripts, full-length and the sub-genomic sized RNAs undergo
post transcriptional processing to resemble the cellular mRNAs. The post
transcriptional modifications include the capping of the 5 R region with
m7G5'ppp5'Grp and the cleavage and polyadenylation at the US region of the 3’LTR
which is a usual process for proper protein synthesis within the host cell. Since the
transcription initiation site is the same (5’end R region) for all the viral MRNA species,
various gene expression from the same transcript demands for multiple unusual post
transcriptional regulatory steps. All subsets of MRNAs destined for the synthesis of
envelope glycoproteins and other accessory proteins (in complex retroviruses)
essential for viral replication and host antiviral evasion are generated from the primary
full-length RNA transcripts (Figures 11 & 12). In simple retroviruses like MPMV,
MLV, SNV, and RSV only one or two singly spliced classes of mRNA are found
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(Figures 11 & 12). However, in the case of complex retroviruses like in HIV and
HTLV where the genome consists of additional regulatory or accessory genes, the
single mRNA is multiply spliced into several classes of mMRNA by alternative RNA
splicing mechanisms (Figures 11 & 12; Coffin et al., 1997b; Hunter, 2008 and
reviewed in Bolinger & Boris-Lawrie, 2009). In all retroviruses, the unspliced full-
length RNA forms the gRNA for progeny virions while also serving as a template for
the synthesis of various structural and enzymatic proteins required for viral assembly.
The only class of singly spliced mRNA found in all genera of retroviruses is the one
that encodes for env gene product. All these spliced mMRNAS share a common sequence
at their 5’ ends with an exception in spumaviruses, where they make use of an internal
promoter (IP) located in the env gene upstream of the accessory protein coding genes
(MacLachlan & Dubovi, 2017; Yu et al., 1999). Figure 11 gives an overview of

retroviral transcription and RNA processing.
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Figure 11. Overview of retroviral transcription and RNA processing

Typical proviral structure (A) with identical 5’ and 3’ LTRs. Genes illustrated above the line are shared
by all replication-competent retroviruses. The horizontal arrow marks the start site of transcription. The
vertical arrow denotes the site of 3’-end processing and polyadenylation in the RNA transcript. All
viruses synthesize full-length genomic RNA (B). The subgenomic-sized transcripts illustrate some of
the possible products of alternative splicing. In simple retroviruses (C), only a single splice donor or,
occasionally, two splice acceptors are used. In complex viruses (D), multiple spliced products are found.
(TR) Transcriptional control elements that function in DNA; (PA) polyadenylation and 3'-end
processing signals that function in RNA; (CAP) posttranscriptional modification of 5’ termini of all
transcripts; (SD and SA) spliced donor and acceptor signals for splicing (C); (AAA) polyadenylation
of 3’ termini of all transcripts. Figure and legend from Coffin et al., 1997b.
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Different classes of mMRNA transcripts in retroviruses
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Figure 12. Properties of selected retrovirus transcripts

Human Immuno deficiency virus (HIV-1), human T-cell leukemia virus type 1 (HTLV-1), mouse
mammary tumor virus (MMTYV), and spleen necrosis virus (SNV) transcripts are depicted, including
predominant unspliced and spliced mRNA species. Numbering is in reference to the first nucleotide of
R, the RNA start site, as +1. Red numbers below each mRNA indicate the nucleotide position of exon
junctions. Dashed lines denote introns. AUG indicates translation initiation codon, and black numbers
indicate AUG nucleotide positions. The unused AUG in bicistronic transcripts is depicted in gray
parentheses. 7 mG, 5' RNA cap structure; (A)x, poly A tail. HIV-1 information was derived from
(Purcell and Martin, 1993); HTLV-1 information was derived from (Nicot et al., 2005) and GenBank
NC_001436; MMTYV information was derived from GenBank U40459, DQ223969, and (Coffin et al.,
1997a); SNV information was derived from reference sequence pPB101 (Bandyopadhyay & Temin,
1984). Figure and legend courtesy: Bolinger & Boris-Lawrie, 20009.
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1.5.4.3 Regulation of the Viral RNA Levels in the Cell

Retroviruses are posed with the challenge of regulating the relative amounts of
unspliced and spliced messages that reach the cytoplasm. In complex retroviruses, the
HIV trans-activating transcription factor (Tat; Kao et al., 1987) and the regulatory
protein Rev are expressed at a basal transcription level in the early phase of infection
(Lata et al., 2015; Wu & Marsh, 2003), by direct interaction between cellular
transcription factors and cis-acting elements located in the HIV promoter region.
Subsequently, in the late phase of infection Tat then mediate the production of high
levels of viral RNA (Kim et al., 1989) by directly interacting with the cis-acting trans-
activation response (TAR) element. TAR is present at the 5’end of the viral RNA and
exerts a positive effect on transcriptional elongation (Ajasin & Eugenin, 2020; Rice,
2017). The HTLV Tax protein, also functions in a similar manner by binding to the
cis-acting Tax-responsive elements (TXRES) in the U3 region (Enose-Akahata et al.,
2017; Nyborg et al., 2010). The full length unspliced mMRNA which functions as the
gRNA as well as the template for encoding the Gag and Pol proteins should remain
predominant in the RNA pool so that it can be translated in a fashion that variable
amounts of Gag and Pol proteins can be produced as required during the viral assembly
progression (Coffin etal., 1997b). As opposed to cellular unspliced RNAs, retroviruses
have evolved mechanisms to transport their unspliced or singly spliced mRNAs from
the nucleus to the cytoplasm of the infected cell. Unlike cellular mRNAs, these viral
RNAs efficiently overcome the nuclear retention by the interaction between the cis-
acting elements RRE (HIV), RXRE (HTLV) present on these transcripts with virally
encoded Rev and Rex proteins respectively along with host nuclear export proteins
(see figure 13; reviewed in (Balvay et al., 2007; J. LeBlanc et al., 2013; Shida, 2012).
Simple retroviruses modulate their ratio of unspliced to spliced messages either by
acquiring variably efficient splice sites or by incorporating cis-acting sequences into
their genome that regulate the export of full-length gRNA from the nucleus (detailed
in figure 13). In fact, in infected cells, only less than 1% of all cellular mRNA is viral
RNA (Kutluay et al., 2014; Rulli et al., 2007 and reviewed in Bieniasz & Telesnitsky,
2018).
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1.5.4.4 Nuclear Export of the Viral RNAs

The efficient transcription, processing and splicing of the viral MRNA by the
host cell machinery generates three classes of mature RNAs-viz. completely spliced,
partially spliced and unspliced messages. The latter two RNAs are too large to be
exported from the nucleus by the general cellular mRNA pathway. Thus, only the
completely spliced mRNAs expressing the viral effector proteins like the Tat, Rev and
Nef in HIV (reviewed in Emerman & Malim, 1998), Tax and Rex in HTLV (reviewed
in Shida, 2012), src in RSV (reviewed in LeBlanc et al., 2013) and the constitutive env
encoding mMRNAs are readily translocated to the cytoplasm for translation. The
regulatory proteins like the Tat/Rev and Tax/Rex that are required abundantly in the
early and late phases of viral replication contain an arginine-rich nuclear localization
signal (NLS) that help them shuttle back from the cytoplasm to the nucleus through
interaction with importinp (Truant & Cullen, 1999). To export unspliced viral RNA
from the nucleus to the cytoplasm, retroviruses have co-opted transport mechanisms
by either Tap-dependent or Rev/CRM1-dependent routes. Simple retroviruses like
MPMYV contain a constitutive transport element (CTE) at the 3’end of their genome
(Bray et al., 1994; Rizvi et al., 1996; Rizvi et al., 1996) that interact with the host
nuclear export factor 1 (NXF1) or Tap that facilitates export and expression of CTE-
containing mRNAs (reviewed in Cochrane et al., 2006; Swanson & Malim, 2006).
Other simple retroviruses like MLV and RSV also follow the same Tap-dependent
transport mechanism by cooperating with its cis-acting sequences (Pessel-Vivares et
al., 2014; Ricafa & Johnson, 2021). In complex retroviruses, the Rev protein in HIV
and the Rex protein of HTLV interacts with their respective RNA elements (RRE and
RXRE) at the 3’end to allow nuclear export of its partially spliced or unspliced viral
messages (Groom et al., 2009 and reviewed in Shida, 2012). Both these viruses use
the CRM1 pathway and interacts with several cellular proteins like Crm1, elF-5A and
Nups to facilitate the export of Rev-RRE or Rex-RXRE RNA complexes (see figure 9
(b) nuclear export for illustration; reviewed in Shukla & Chauhan, 2019). Similarly,
MMTYV, which was formerly grouped as a simple retrovirus, also encodes a Rev-like
accessory protein, termed Rem which binds to the cis-acting Rem responsive element
(RemRE) located at the 3' end of the viral transcripts (Akhlaq et al., 2018; Indik et al.,
2005; Mertz et al., 2005) to facilitate its nuclear export. Identification of Rem protein

synthesized from a doubly spliced mMRNA led to the proposition to reclassify MMTV
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as the first complex murine retrovirus (Mertz et al., 2005). More details on RNA
transport mechanisms of viral transcripts in simple and complex retroviruses can be

inferred from figures 13 & 14.
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Figure 13. Regulation of primary transcript in simple retroviruses

Simple retroviruses like Rous sarcoma virus transcribe a 9 kb primary RNA transcript. A fraction of
these transcripts is spliced to generate sub-genomic env and src mRNAs (left side), which are exported
to the cytoplasm like spliced cellular mMRNAs. The remaining primary transcripts are not spliced (right
side), due to inhibition by the viral NRS (Negative regulator of splicing) element and by inefficient 3’
splice sites. The viral DR (Direct repeat) sequences interact with cellular proteins to facilitate export of
the unspliced RNA to the cytoplasm. The cytoplasmic translocation of the unspliced viral RNAs through
the nuclear pore complex is facilitated by the DEAD box helicase Dbp5. Figure and legend from
LeBlanc et al., 2013.
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Figure 14. Regulation of primary transcript in complex retroviruses

Complex retroviruses, such as HIV-1, generate 3 classes of mRNA: unspliced (9 kb), singly spliced (4
kb), and completely spliced (2 kb). Early HIV gene expression results in the generation of completely
spliced mRNAs (left side), including tat and rev. Following translation, Tat and Rev are imported into
the nucleus. Tat binds the TAR RNA element to promote transcriptional elongation, while Rev binds
the RRE of singly spliced and unspliced RNAs (right side) to mediate nuclear export of the viral RNA
after recruiting the cellular factor CRM1. The cytoplasmic translocation of the partially
spliced/unspliced viral RNA through the nuclear pore complex is facilitated by the DEAD box helicase
DDXa3. Figure and legend courtesy LeBlanc et al., 2013.
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1.5.5 Translation of the Expressed Viral RNAs

After the successful transport of the processed retroviral mRNAs into the
cytoplasm, it can finally be translated into its protein components. The polycistronic
nature of retroviral primary transcripts helps to maximize its coding capacity and is
tightly regulated at the translational level to produce a balanced level of viral proteins
necessary for viral replication. This translational control is executed at the initiation
step and is the rate-limiting process in protein synthesis (Gingras et al., 1999). In the
cytoplasm, the efficiently spliced monocistronic RNAs are translated very much like
the cellular mMRNAs in a 5’cap-dependent manner where the ribosomes scan for a
consensus Kozak sequence (GCC (A/G) CC AUG G) upstream to an authentic AUG
initiation codon. In retroviruses, since all the transcripts, spliced or unspliced are
transcribed from a common R region at the 5’end, all these mRNAs invariably contain
an identical 5’untranslated region (UTR) up to the major splice donor site followed by
variable length of UTRs just upstream of the start codon of individual spliced
transcripts (Figure 15). This conserved region contains several highly structured cis-
acting sequences, including TAR in lentiviruses, poly(A) signal, PBS, dimerization
initiation site and splice donor site which are part of sequences responsible for
packaging the gRNA into the assembling virus particles hence called packaging signal.
These uniform long and highly structured motifs at the 5’end of both the precursor and
differentially spliced mRNAs render the ribosome scanning inefficient for translation
initiation in retroviruses. Another factor that impedes the retroviral translation
initiation is the presence of numerous CUG or AUG codons before the authentic start
codon which tamper gene expression. Presence of degenerate Kozak consensus
sequences in the vicinity of the start codon is another regulatory factor that governs
the expression of viral genes (see figure 15, reviewed in Balvay et al., 2007; Bolinger
& Boris-Lawrie, 2009; LeBlanc et al., 2013; Yilmaz et al., 2006).
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Major transcript Properties of S’UTR
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Figure 15. Organization and features of the 5’ untranslated regions of the major
HIV-1 transcripts

Structure of the predominant transcript for each open reading frame is shown (Purcell & Martin, 1993).
Colored lines highlight sequences that comprise the various 5’ UTRs. The blue line depicts the first
noncoding exon, which is 289 nts in length and is present in all HIV-1 transcripts. The black line denotes
the additional 47 nts that are maintained in the unspliced transcript, which is mMRNA template for
translation to Gag and Gag-Pol protein and is genomic RNA that is packaged into progeny virions. The
gray lines represent coding regions and dashed lines denote introns. AUG indicates the translation
initiation codon. Also indicated is the number of CUG and AUG codons that are present upstream of
actual initiation codon. Translation to Vpu and Env is achieved from the same transcript. The vpu AUG
is subject to leaky scanning and scanning may continue until recognition of the downstream env AUG.
The unused AUG in this bicistronic transcript is labeled in parenthesis. Depiction of predicted secondary
structure of replication motifs is adapted from (Berkhout, 1996); the motifs include the trans-activation
responsive sequence; primer binding site; dimer initiation site; 5’ splice site; and core RNA packaging
signal. Alternatively, spliced exons, which are depicted in color, may induce variations in the folding
of the upstream region, which are not shown. Free energy predictions were calculated using Mfold
(Mathews et al., 1999; Zuker, 2003). Deviations from Kozak consensus are indicated in lowercase
letters; underlined nts indicate those most critical for efficient cap-dependent translation initiation.
Figure and legend from Yilmaz et al., 2006.
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Despite these impediments, retroviruses have adopted varied mechanisms in
collaboration with the viral and host translational factors to govern its protein synthesis
in an efficient manner. HIV, HTLV, SNV, and MPMV contain a cap-dependent
translation enhancer called a posttranscriptional control element (PCE) that interacts
with RNA helicase A and enhances polysome loading and Gag protein production
(Bolinger & Boris-Lawrie, 2009). Another feature that can modulate a bicistronic gene
expression is a process termed “leaky scanning” as observed in HIV env expression in
which weak Kozak sequence within the vpu start codon promotes translation of its
downstream region encoding envelope. Additionally, in at least six retroviruses
including HIV-1, HIV-2, SIV, RSV, MLV, and Harvey murine sarcoma virus (HMSV)
existence of an internal ribosome entry sequence (IRES) is believed to play a vital role

in initiating translation in a cap independent manner (Yilmaz et al., 2006).

As the unspliced transcript is the precursor for Gag and Gag/Pol protein
synthesis, it is important for the virus to have an efficient regulatory system to control
their expression levels and to package the same mRNA as gRNA during viral assembly
(Melinda Butsch & Boris-Lawrie, 2002). Gag being the structural protein, is needed
in much more quantity when compared to the enzymatic Gag/Pol proteins. Generally,
it is expected that for every 20 Gag molecules that is being generated, one Gag-Pol
polyprotein is made (reviewed in Lever, 2007; Pederson & Duch, 2006). In HIV-1 and
RSV this is achieved by ribosomal frameshifting (RFS). The frame shift occurs before
the gag stop codon when the ribosome encounters a ‘slippery sequence’ (AU rich
region) which makes it to slip by one nucleotide backward (-1) and change the gag
reading frame to pol open reading frame (ORF; Figure 16) (Brierley et al., 1989;
Mardon & Varmus, 1983; O et al., 2006). In some instances, complementary loop
sequences, known as ‘pseudoknots’ found near the slippery sequence on the mMRNA
impose a pause or slowdown in the translating protein allowing robust ribosomal
frameshift to promote synthesis of the proteins encoded by the downstream genes
(Brierley et al., 1989; O et al., 2006). Other retroviruses, such as HTLV, MMTV, and
MPMV, undergo two frameshifting events firstly by shifting gag termination codon
out of frame thus placing the ribosomes into the pro (protease) reading frame and the
second shift placing the ribosomes into the pol reading frame (reviewed in (Brierley
& Dos Ramos, 2006).
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Figure 16. Ribosomal frameshifting in the viral protein synthesis. Eg: HIV-1

Figure adapted from Alberts et al., 2002.

On the other hand, retroviruses like MLV, FeLV, and Walleye dermal sarcoma
virus (WDSV) use a termination codon readthrough strategy, by suppressing gag stop
codon using a glutamine tRNA during a small fraction of translation events and
readthrough the downstream pol gene for Gag-Pol polyprotein production. In these
cases, gag and pol genes are in the same reading frame but separated by a termination
codon (Honigman et al., 1991; Yoshinaka et al., 1985). Spumaretrovirus is one
exception to having the Gag-Pol polyprotein expressed from the same mRNA. Here,
the genes are alternatively spliced out into respective discrete mRNAs avoiding the
need for ribosomal readthrough or frame shifting (Helps & Harbour, 1997). Table 3
that follows summarizes the known viral and cellular factors affecting retroviral gene

expression.
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Table 3. Viral and cellular factors affecting retroviral gene expression

Virus HIV HTLV MMTV  MPMV MLV RSV
Simple or
complex Complex  Complex Complex  Simple Simple Simple
virus

Transcription

Viral effector Tat Tax None None None None
cis-acting

RNA TAR TAR None None None None
sequence
Splicing

Alter_nguve Yes Yes Yes No No Yes
splicing

Protein-

coding1 7 4 6 2 2 3
MRNAS
Nuclear
export
Viral effector Rev Rex Rem None None None
LRI RRE RXRE RemRE  CTE  Unknown DR
element

Cellular CRM1 CRM1 CRM1 Tap Tap Tap
factors

NPC

DDX3 Unknown  Unknown Unknown Unknown Dbp5

elements
Translation

Frame shift One Two Two Two None- One
sites
5" UTR PCE Present Present Unknown  Present  Unknown Unknown

Tat and Tax, Trans-Activator of Transcription; TAR, trans-activating region; RRE, Rev Response
Element; RXRE, Rex-responsive element; CTE, Constitutive transport element; DR, Direct repeats;
CRM1, Chromosome region maintenance; Tap, Transporter associated with antigen processing; NPC,
Nuclear pore complex; DDX3, DEAD-box RNA helicase 3; Dbp5, DEAD-box protein 5; PCE, post
transcriptional control element; HIV, human immunodeficiency virus; HTLV, human T-lymphotropic
virus; MMTYV, mouse mammary tumor virus; MPMV, Mason-Pfizer monkey virus; MLV, murine
leukemia virus; RSV, Rous sarcoma virus.

Includes only the abundantly expressed mRNAs; minor splice variants are omitted.

2Includes the three distinct sag mRNAs, which encode the viral superantigens.

SMLV read through across the gag-pol junction occurs via termination codon suppression using a
glutamine tRNA.

Contents in table and legend adapted from LeBlanc et al., 2013.
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Translation continues until the cellular release factor, eRF1 detects a stop
codon and the peptidyl-tRNA is hydrolyzed by the interaction of eRF3 with eRF1 and
GTP (Guanosine triphosphate) (Frolova et al., 1996). In MLV, the enzyme reverse
transcriptase is reported to have involved to regulate Gag termination and Gag/Pol
translation, thereby maintaining an appropriate ratio of Gag:Gag-Pol protein critical
for viral infectivity (Felsenstein & Goff, 1988).

1.5.6. The Fate of Precursor mRNA versus gRNA

The all-time intriguing question regarding the fate of the unspliced mRNA after
the export from the nucleus to the cytoplasm is, what factors trigger the mRNA to be
packaged as gRNA versus the Gag or Gag/Pol translation? It has been reported that in
the case of RSV, the nuclear export pathway opted by the unspliced mRNA determines
if the mRNA is encapsidated or translated. The direct repeat (DR) elements (Ogert et
al., 1996) dictate the transport of unspliced mRNA through the Tap/Dbd5 route and
stimulate Gag translation (refer figure 13; LeBlanc et al., 2007). When enough Gag is
produced, it is transiently transported to the nucleus via its NLS and importin
associations (Butterfield-Gerson et al., 2006; Gudleski et al., 2010). The imported Gag
binds and multimerizes at the packaging signal (D’Souza & Summers, 2005;
Maldonado et al., 2020) of the unspliced RNA and this prompts the Gag:RNA complex
to choose the CRM1 pathway for its nuclear export (Scheifele et al., 2002, 2005). In
other words, Gag binding with gRNA in the nucleus initiates the viral core assembly
(Garbitt-Hirst et al., 2009; Scheifele et al., 2007) which is then completed in the
cytoplasm (Gudleski et al., 2010; Parent, 2011). In short, the process of translation and
gRNA encapsidation in RSV are mutually exclusive (reviewed in Bolinger & Boris-
Lawrie, 2009; Shida, 2012). In HIV-1, the gRNA encapsidation occurs at the expense
of translation which means that lack of translation does not inhibit Gag binding to its
gRNA (Anderson & Lever, 2006; M. Butsch & Boris-Lawrie, 2000; Levin & Rosenak,
1976). In both HIV-1 and MLV, two distinct pools of mMRNAs are found, each destined
for its role either in Gag production or to serve as gRNA packaging substrate (Figure
17, (Ding et al., 2020; D’Souza & Summers, 2004; Levin & Rosenak, 1976; Levin et
al., 1974). The monomeric RNA can exist in two conformers, one in which the DIS is
available for a dimer linkage, the Gag AUG is sequestered with a U5 region (AUG:U5)
hence inhibiting translation, and promote its packaging. In the other conformational
switch, the DIS pairs with U5 (DIS:U5) making the AUG hairpin available for
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translation (Figure 17; Ganser & Al-Hashimi, 2016; Keane et al., 2016). Furthermore,
recently published studies show that the fate of mMRNAs is already established from
the starting point of its transcription in the nucleus. The transcripts capped with a single
5’-Guanosine residue favorably form dimers and serve as gRNA whereas the 5’capped
transcripts with two or three guanosines form monomers that are destined for splicing
and function as mRNAs for translation (Brown et al., 2020; Esquiaqui et al., 2020;
Kharytonchyk et al., 2016; Masuda et al., 2015). In HIV-2, however, gRNA packaging
and Gag or Gag/Pol translation is not a mutually exclusive process which means that
Gag or Gag/Pol polyprotein is produced in a co-translational manner from the same
MRNA until enough assembly protein is synthesized to capture the mRNA as its gRNA
for packaging into its virions (Kaye & Lever, 1999 and reviewed in Ali et al., 2016).

Monomer
Splicing
l—> |—>Translation

/7 SD W AUG

Extended Dimer

Packaglng

Figure 17. Proposed mechanism for HIV-1 in packaging and translation

In the monomer, the SD and AUG are exposed to promote splicing and translation, respectively.
Conversely, the DIS is sequestered by U5, preventing dimerization. In the dimer, DIS dimerization is
extended and intermolecular U5:AUG interactions are formed inhibiting Gag translation and promoting
packaging. Figure adapted from Ganser & Al-Hashimi, 2016.
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1.5.7 Viral assembly, Budding, Release, and Maturation

Following protein synthesis, the process of virion morphogenesis starts in order to
produce progeny virions. Retroviral virion morphogenesis consists of three stages: 1)
assembly 2) budding and 3) maturation. These stages involve the membrane-targeting
(M) and the Gag-Gag interaction (I) for assembly, and the late assembly (L) for the
release of the virion from the host cell membrane that are coordinated by the different
domains of Gag (Klein et al., 2007, reviewed in Pincetic & Leis, 2009).

1) Assembly: It may begin in the cytoplasm (for MPMV and MMTYV), or at the
plasma membrane (for HIV and MLV) or even in the nucleus (for RSV)
depending on the virus. The virions manage to contain all the essential
components for retaining its infectivity and include the dimeric positive sense
gRNA, cellular tRNA for priming reverse transcription, the Gag polyprotein
and the three viral enzymes: protease (PR), reverse transcriptase (RT), and
integrase (IN) along with the viral envelope protein (Figure 18A). The whole
events of viral assembly are mediated by the Gag and Gag-Pro-Pol polyprotein.
The envelope protein translated in the rough endoplasmic reticulum is N-
glycosylated and the SU/TM polyproteins are cleaved by host proteases, furin,
in the Golgi apparatus before it is recruited to the host membrane. The envelope
proteins reach the plasma membrane independent of Gag, however, the TM
domain acts as a mediator to attract the matrix (MA) (Cosson, 1996; Murakami
& Freed, 2000; Wyma et al., 2000; Yu et al., 1993), directing Gag nucleation
for assembly (Chukkapalli et al., 2010; Datta et al., 2011; Jones et al., 2011).
Membrane targeting by Gag also requires myristoylation of the amino-terminal
domain of MA and the cooperation of its highly basic region (HBR) with the
membrane specific phosphatidyl inositol biphospahate (Freed, 2015; Murphy
& Saad, 2020; Olety & Ono, 2014; Ono et al., 2004). This induces a
conformational change in the membrane and helps in anchoring of the
assembling virions. The capsid (CA), which is the central domain of Gag
mediates the protein-protein interaction for the formation of the viral core.
Polymerization of the Gag initiates in the cytoplasm and intensifies at the
membrane (Kutluay & Bieniasz, 2010). In the cytoplasm, monomers of Gag
proteins fold into a compact structure, undergoes conformational changes to

facilitate cooperative binding of MA to the membrane, NC:RNA, and Gag:Gag
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interactions and all these events occur simultaneously during the assembly
process (Chukkapalli et al., 2010; Datta et al., 2011; Jones et al., 2011).

The C-terminal nucleocapsid (NC) domain contain two zinc finger
motifs that specifically bind to the packaging signal sequences of the gRNA
and captures it into the assemblages. Polymerization of Gag at the Gag-RNA
nucleation site (Jouvenet et al., 2009) triggers the budding and release of the
progeny virions (Figure 18A).

2) Budding: Retroviruses greatly remodel their host cytoskeleton for its release
(Gladnikoff et al., 2009). To facilitate this, short peptide motifs, or L domains
encoded by retroviruses in the Gag polyprotein target the cellular machinery
known as the Endosomal Sorting Complex Required for Transport (ESCRTS),
responsible for vesicular trafficking within the cell (Figure 18A; Demirov &
Freed, 2004 and reviewed in Rose et al, 2020; Martin-Serrano & Neil, 2011;
Sundquist & Krausslich, 2012). This terminates the Gag polymerization and
trigger the viral release (Carlton & Martin-Serrano, 2007; Hurley & Hanson,
2010; Morita & Sundquist, 2004; Perez-Caballero et al., 2009; Usami et al.,
2009).

The short peptides within the L domain are majorly of three distinct
core sequences, PPXY, PTAP, and YPXL, identified in different retroviruses
(Freed, 2002). The first indication of the role of L domains came from RSV
and HIV-1 studies and were mapped to proline-rich sequences, PPPY in the
p2b (Wills et al., 1994; Xiang et al., 1996) and PTAP in p6 (Huang et al., 1995)
region of Gag, respectively. In some retroviruses tandem repeats of these
amino acid motifs are found indicating a redundant or synergistic role in
efficient viral particle release from various types of cells infected. For instance,
the MPMV (Gottwein et al., 2003) and HTLV-1 (Blot et al., 2004) contain
tandem PPXY and PTAP motifs, of which one motif is found dominant over
the other in executing its function. In both these viruses, PPPY motif is shown
to be dominant. Similarly, HIV-1 Gag contains a secondary YPXL-type motif
downstream of its dominant PTAP sequence (Strack et al., 2003). Each L
domain interact differently with distinct proteins of E Vps protein family of

ESCRT I, Il and 111 complexes that function in the biogenesis of multivesicular
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bodies (MVBs) in the eukaryotic cells that are destined for ubiquitination and
degradation of protein cargo via endosome formation. Retroviral budding is
topologically equivalent to these normal cellular protein degradation process
(Hurley & Emr, 2006, reviewed in Pincetic & Leis, 2009).

3) Maturation: The final step in producing infectious viral particles is the
cleavage of the Gag and Gag-Pro-Pol polyproteins by viral protease (PR),
ultimately making the fully processed MA, CA, NC, PR, RT, and IN proteins
(Figure 18B & C; Hill et al., 2005; Swanstrom & Wills, 2011). The immature
core proteins rearrange significantly to create the characteristic core
morphology. These structural changes render the virus mature with a more
compact and stabilized RNA genome within an orderly arranged capsid and
prepare the virion to begin the next infection cycle (Figure 18D-G; Sundquist
& Krausslich, 2012).
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Figure 18. HIV-1 assembly, budding, and maturation

(A) Schematic illustration showing the different stages of HIV-1 assembly, budding, and maturation.
(B) Domain structure of the HIV-1 Gag protein; arrows denote the five sites that are cleaved by the viral
PR during maturation. (C) Structural model of the HIVV-1 Gag protein. (D) Schematic model showing
the organization of the immature HIV-1 virion. (E) Schematic model showing the organization of the
mature HIV-1 virion. (F) Central section from a cryo-EM tomographic reconstruction of an immature
HIV-1 virion. (G) Central section from a tomographic reconstruction of a mature HIV-1 virion. Figure
and legend courtesy Sundquist & Kréusslich, 2012.
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1.5.8 Retroviral gRNA Packaging

Genomic RNA packaging and assembly of Gag polyprotein occurs
simultaneously at the plasma membrane or in the cytoplasm depending upon the type
of the virus. Selective packaging of the viral gRNA from a large milieu of cytoplasmic
RNAs and spliced viral MRNAs is brought about by the specific interaction of the NC
domain of the Gag with the cis-acting packaging sequences (psi-y) at the 5* end of the
gRNA (Abd EI-Wahab et al., 2014; Ali et al., 2016; Berkowitz et al., 1996; Bernacchi
etal., 2017; D’Souza & Summers, 2005; Dubois et al., 2018; Johnson & Telesnitsky,
2010; Kaddis Maldonado & Parent, 2016; Kuzembayeva et al., 2014; Mailler et al.,
2016; Miyazaki et al., 2011). These indispensable psi (y) sequences acquire higher-
order structures and comprises the region from R and extend variably into the 5’
sequences of the gag gene (Figure 19A & B; Ali et al., 2016; Berkhout & van Wamel,
1996; Browning et al., 2003; Clever et al., 2002; Comas-Garcia et al., 2016; Das et al.,
1997; D’Souza & Summers, 2005; Dubois et al., 2018; Jewell & Mansky, 2000;
Johnson & Telesnitsky, 2010; Jouvenet et al., 2011; Kaddis Maldonado & Parent,
2016; Kenyon et al., 2008, 2011; A. M. L. Lever, 2007; Mailler et al., 2016; Mustafa
et al., 2005; Tahir A. Rizvi et al., 2010). The packaging determinants in retroviruses
can either be continuous or discontinuous (bipartite or mutipartite) at the primary
sequence level (Figure 19; reviewed in Ali et al., 2016) and form highly structured
RNA motifs that play important roles in gRNA packaging. Any disruption in its native
structure abrogates gRNA packaging (Ali et al., 2020; Kalloush et al., 2016;
Kharytonchyk et al., 2018). Interestingly, it has been shown that among closely related
viruses, these packaging motifs can functionally be exchanged to promote cross/co
packaging of each other’s genomes implicating a structural role than the primary
sequence in viral gRNA packaging (Figure 19; Al Dhaheri et al., 2009; Al Shamsi et
al., 2011; Browning et al., 2001; Das et al., 1997; Embretson & Temin, 1987; Rizvi &
Panganiban, 1993; White et al., 1999; Yang & Temin, 1994; Yin & Hu, 1997).
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Figure 19. Positioning of the primary packaging determinants of various
retroviruses

(A) Schematic representation of the location of the packaging determinants within the 5° UTR and gag
for different retroviruses; (B) Generic representation of the higher order structures (stem loops)
predicted, biochemically validated, or both at the 5* end of different retroviruses important for gRNA
dimerization and encapsidation. For the sake of simplicity and distinction from long terminal repeats
(LTR) sequences, the 5’ UTR in this figure and Table 1 refers to sequences starting from the end of 5’
LTR (and not R) to the beginning of gag gene (excluding the ATG). Figure not drawn to scale. HIV:
human immunodeficiency virus; SIV: simian immunodeficiency virus; FIV: feline immunodeficiency
virus; MPMV: Mason-Pfizer monkey virus; MMTV: mouse mammary tumor virus; BLV: bovine
leukemia virus; HTLV-1: human T-lymphotropic virus type 1; MLV: murine leukemia virus; SNV:
avian spleen necrosis virus; RSV: Rous sarcoma virus; HFV: human foamy viruses. Adapted from Ali
et al., 2016.

As mentioned earlier the cis-acting packaging sequences (psi-y) at the 5* end
of the gRNA forms a higher order RNA structure. This higher order structure include
the TAR (found only in lentiviruses), the poly adenylation stem loop, the structure
responsible for the addition of the 3’poly (A) tail; the PBS, which is complementary
to the 3’portion of the cellular tRNA specific to each virus and functions as the priming
point for the initiation of reverse transcription; the major splice donor (mSD), which
is the prime splice site used in the production of viral subgenomic RNAs; the DIS,
which is involved in the establishment of the kissing-loop complex between two
genomic RNA molecules; and finally, the core packaging sequences consisting the
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necessary elements required for the specific selection and direction of the genomic
RNA to the viral assembly machinery (Figure 20; Balvay et al., 2007).

= 0 Structure of the 5’UTR (SIVmac)
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Figure 20. Genetic organization of the 5’-untranslated region (UTR) of the
retroviral genomic RNA- example of SIVmac

The 5’-UTR (or leader) of the retroviral genomic RNA contains humerous cis-acting sequences, such
as the TAR stem-loop, the poly (A) loop, the primer-binding site (PBS), the dimerization initiation site
(DIS), the core packaging signals (psi) and the major splice donor (SD). The R-U5, packaging and
coding regions are indicated in the figure.

The packaging sequences also contain high affinity binding sites for NC and
are predominantly purine rich sequences (adenosine (A) or guanosine (G) (Abd EI-
Wahab et al., 2014; Lever, 2009; Moore et al., 2009; Moore & Hu, 2009; Paillart et
al., 1997) while occasionally uracil (U) residues are also found as part of their binding
sites (Gherghe et al., 2010; Zhou et al., 2005, 2007) which may confer to the viral
group specificity of NC to its cognate/non cognate gRNA. Nucleocapsid domains of
all retroviruses, except spumaviruses, contain one or two zinc finger domains allowing
this high affinity interaction with gRNA. These evolutionary conserved, yet diverse
domains contain Cys-His boxes (CCHC arrays, C-X2-C-X4-H-X4-C where C = Cys,
H = His, Xn = n number of amino acids) that chelate zinc ions allowing for stable
NC:gRNA interactions. Spumaviruses contain arginine-rich motifs instead of the zinc
fingers. Recent studies to elucidate the structural characteristics of these NC:.gRNA
complexes reveal that NC binding occurs to a dimeric gRNA, signaling for Gag
multimerization and virion assembly thereafter (reviewed in Ali et al., 2016; Johnson
& Telesnitsky, 2010; Jouvenet et al., 2011). From the vast biochemical data presented
till date, HIV-1 RNA is known to contain more than two dozen of NC binding sites.
Nuclear magnetic resonance (NMR) combined with isothermal Titration Calorimetry
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(ITC) studies indicate that these binding sites may possess varied affinity and
functional implications (Heng et al., 2012; Keane et al., 2015; Lu, Heng, Garyu, et al.,
2011). Earlier studies on HIV-1 NC binding showed that its interaction with gRNA is
sequence specific (Summers et al., 1992) and requires at least one guanosine residue
to the tight binding of NC zinc finger knuckles (South & Summers, 1993). The HIV-
1 NC zinc knuckles are found to bind to the SL1(stem loop 1), SDSL (stem loop
containing the major splice donor) and wSL (SL3) regions of the 5° end of HIV-1 RNA
in a similar manner (Ding et al., 2020). However, NC strongly binds to the
UUUU:GGAG stem region of the ywSL with a high affinity in vitro and is shown to be
required for gRNA packaging in transfected cells and determines the specificity during
gRNA selection (Ding et al., 2020). Similar scenario occurs in MLV, where the MLV
NC zinc knuckles interact with the exposed guanosines bases but the tight binding is
not restricted to a single stem loop as in the case of HIV-1 (D’Souza et al., 2001). MLV
NC requires its intact core encapsidation signal (CES) comprising all three SLs (yces)
and binding occurs on a dimer following non-covalent interaction of two monomeric
RNA molecules. These studies revealed that the dimerization induced shift in the RNA
structure exposes the NC-specific binding site UCUG that acts as a linker between the
two important adjacent SLs (D’Souza et al., 2001).

However, number of studies with chimeric Gag proteins with its cognate and
non-cognate retroviral genomes indicated that though NC binding is specific, it may
not be the sole determinant for packaging of the respective viral genomes. Besides NC,
other domains of Gag like the MA (Lu, Heng, & Summers, 2011), CA (Guo et al.,
2005), p2 peptide (Kaye & Lever, 1998) and p6 (Dubois et al., 2018) in the case of
HIV-1, are shown to be involved in selective packaging of its gRNA from the spliced
RNAs. Contrastingly, for some delta-retroviruses such as HTLV-1 and HTLV-2, the
MA domain has been shown to exhibit a stronger binding affinity than their NC
component and may contribute to more than just membrane targeting (Wu et al., 2018).
Altogether, these findings suggest that the entire Gag domains play a significant role
in the initial events of gRNA recognition and discriminates spliced over unspliced

messages during virus assembly.
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1.5.9 Retroviral gRNA Dimerization

It is now well understood that retroviral NC binds to two molecules of gRNA
that are non-covalently linked at their 5° end. A close observation of the packaging
signal of various retroviruses reveal that the NC binding sites lie near a palindromic
stem loop (Pal SL) harboring DIS. The DIS has been shown to be involved in initiating
dimerization by complementary Watson-crick base pairing between the two RNAs
creating a ‘kissing loop’ interaction (Figure 21; Laughrea et al., 1997; Moore & Hu,
2009; Paillart et al., 1996). It is now becoming vivid that, most retroviruses except
spumaviruses (Cain et al., 2001, reviewed in Dubois et al., 2018) require gRNA
dimerization prior to RNA packaging. Coupling of dimerization and gRNA packaging
Is best studied in MLV and HIV-1 systems (Figure 21). The MLV monomeric RNA
contains several NC binding motifs (UCUG), which are otherwise occluded, and get
exposed only after RNAs have undergone a conformational change following
dimerization with a second RNA molecule. Such conformational changes in the RNA
and lead to the unpairing of UCUG motifs facilitating binding of NC and thereby the
packaging of the dimeric gRNA (Figure 21; D’Souza & Summers, 2005; Johnson &
Telesnitsky, 2010). The process of dimerization occurs in the cytoplasm for viruses
like HIV-1 and FIV and consequently can form homodimers or heterodimers between
the viral genomes. However, MLV and RSV that dimerize in the nucleus and can form
only homodimers (Figure 21; reviewed in Ali et al., 2016; Johnson & Telesnitsky,
2010; Jouvenet et al., 2011). Co-packaging of gRNAs as homodimers may be a result
of packaging specificity as well as to promote genomic integrity. Moreover, the
packaging of two genetically distinct gRNAs as heterodimers promotes reassortments,
leading to genetic diversity in viral progeny (reviewed in Ali et al., 2016; Johnson &
Telesnitsky, 2010).
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Figure 21. Retroviral RNA dimerization and packaging

The description of retrovirus genomic RNA dimerization and packaging is based on a representative
co-infected cell and depicts properties of C-type retroviruses such as HIV-1 and MLV. Note that this
figure represents concepts schematically and is not intended to accurately represent structures or scale.
(A) Two genetically complete but nicked copies of plus sense gRNA (shown in red at top or green at
bottom) are packaged within the capsid core and joined by a dimer linkage. The co-packaged gRNAs
are condensed in the core and bound by NC (shown as green circles). (B) Initial gRNA dimerization
occurs via kissing interactions between palindromic stem loops. Subsequent basepairing register-shifts
that occur during dimer linkage maturation expose single-stranded NC binding motifs (indicated in
yellow) that were previously basepaired and thus sequestered in gRNA monomers, allowing for Gag
binding during recruitment. (C) The point at which RNA dimerization partners first associate determine
the population of homodimers or heterodimers in a virus. MLV gRNA dimers first associate near sites
of transcription in the nucleus, which leads to disproportionately large amounts of one homodimer or
the other (shown in red at top and green at bottom). HIV-1 gRNA dimers first associate in the cytoplasm,
leading to a random assortment of homodimeric and heterodimeric gRNAs. (D) gRNAs may form
subassemblies with Gag in the cytoplasm (shown at top) or may associate at the plasma membrane
(shown at bottom). (E) Packaging of gRNAs as homodimers and heterodimers. Figure and legend
courtesy (Johnson & Telesnitsky, 2010).
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1.6 The MPMV Packaging Determinants for gRNA Packaging

Among the Betaretroviruses, MPMV is perhaps the most well-investigated in
terms of its gRNA packaging and dimerization. This is because MPMV-based vectors
are good candidates for use in human gene therapy since they offer several advantages.
For example: i) they are phylogenetically distinct from human retroviruses, thus
avoiding/limiting issues related with recombination with related viruses, ii) MPMV
despite being non-human primate virus can be expressed efficiently in human cells
which is an extremely important criterion for human gene therapy, and iii) presence of
post-transcriptional regulatory elements (CTE) in MPMV vectors may facilitate
efficient cytoplasmic expression of the therapeutic genes (Bray et al., 1994,
Pasquinelli etal., 1997; Rizvi et al., 1996a; Rizvi et al., 1996b; Zolotukhin et al., 2001).
Because of the possible use of MPMV-based vectors in human gene therapy, its
replicative biology has been investigated extensively with major emphasis on gRNA
dimerization, packaging, and RNA propagation (Aktar et al., 2013; Guesdon et al.,
2001; Harrison et al., 1995; Jaballah et al., 2010; Kalloush et al., 2016, 2019; Mustafa
et al., 2004; Pitchai et al., 2018; Schmidt et al., 2003; Vile et al., 1992). Initial studies
on MPMV by Vile et al. located a 624 nt region downstream of PBS to be important
for packaging (Vile et al., 1992). Further extension of work towards establishing the
packaging signal for MPMV, identified a stretch of sequences at the 5’end of the viral
gRNA important for genome packaging that included sequences from R to the first
120 nt of the gag ORF, (Guesdon et al., 2001; Harrison et al., 1995; Mustafa et al.,
2004; Schmidt et al., 2003). Later, a more systematic mutational analysis of the 5’end
of the MPMV genome revealed that the MPMV packaging determinants were bipartite
and resided within two distinct regions: region “A” which included the first 50 nt of
the 5” untranslated region (UTR) and region “B” that encompassed the last 23 nt of the
5’ UTR as well as the first 120 nt of gag ORF (Jaballah et al., 2010; Schmidt et al.,
2003). When sequences between R and the first 120 nt of gag ORF harboring MPMV
packaging determinants were folded (using Mfold) the RNA secondary structure

predicted several stable stem loop structures (Figure 22A; Jaballah et al., 2010).

To further validate the predicted RNA secondary structure, a novel
chemoenzymatic probing strategy known as Selective 2' Hydroxyl Acylation by
Primer Extension (SHAPE) methodology was employed. SHAPE analysis validated
the overall predicted structure and confirmed that this region folds into a higher-order
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structure comprising several stable structural motifs (Figure 22A & B; Aktar et al.,
2013; Jaballah et al., 2010). Distinguishing features of the structure included a
palindromic stem loop (Pal SL) harboring DIS (Aktar et al., 2013) and U5-Gag long
range interactions (LRIs) that were found to be important for anchoring the structure
of the entire 5’leader region (Figure 22A & B; Kalloush et al., 2016). The SHAPE-
validated higher order structure also revealed a stretch of single stranded purine-rich
sequence (ssPurines; UUAAAAGU GAAAGUAA) in close proximity of the Pal SL
(Aktar et al., 2013; Jaballah et al., 2010). Interestingly, part of the ssPurine-rich
sequence was observed to be duplicated as a base-paired sequence at the base of SL3
(named here as “bpPurines”; GAAAGUAA) in region “B” (Figure 22A & B; Aktar et
al., 2013; Jaballah et al., 2010).
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Figure 22. Minimal free-energy and SHAPE (selective 2’ hydroxyl acylation analyzed by primer extension)-validated models of the MPMV
packaging signal RNA

The region used for analysis by Mfold and SHAPE included sequences from R up to 120 nt of gag. (A) MPMV packaging signal RNA secondary structure predicted earlier
(Jaballah et al., 2010) using Mfold (Mathews et al., 1999; Zuker, 2003). Sequences in orange, green, red, and blue represent the primer binding site (PBS), regions “A” and “B”
(that have been shown to be important in gRNA packaging), and pal sequences, respectively. Boxed areas in purple show the predicted LRIs between n U5 and gag. (B) SHAPE-
constrained RNA structure (Reuter & Mathews, 2010) model of MPMV packaging signal. Nucleotides are color annotated as per the SHAPE reactivities key. SD indicates

splice donor. Figure adapted from Aktar et al., 2013.



The presence of purine-rich sequences in retroviral packaging signal RNA has
been proposed to facilitate gRNA packaging by functioning as a potential Gag binding
site. In HIV-1 the internal loop (G//AGG) in SL1 (Abd El-Wahab et al., 2014;
Bernacchi et al., 2017; Smyth et al., 2015, 2018), GGRG motif in HIV-2 (Baig et al.,
2009; Damgaard et al., 1998), and GGAGAAGAG purine rich sequence in MMTV
(Mustafa et al., 2018; Aktar et al., 2014; Chameettachal et al., 2021) have been shown
to function as high affinity Gag binding sites. The precise role of ssPurines in MPMV
life cycle has not been validated, despite indirect evidence for their role in MPMV
gRNA packaging (Jaballah et al., 2010). Deletion of a 20 nts region which included 16
nts of ssPurines (mutant SJ44; (Jaballah et al., 2010) predicted an interesting
conformation in which the bpPurines assumed a single stranded conformation to
restore packaging to a level more than 50% of the wildtype. This led to the assumption
that the bpPurines may compensate for loss of ssPurines and may potentially function
as the Gag binding site in the absence of ssPurines to augment gRNA packaging
(Figure 23; Jaballah et al., 2010).
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Figure 23. Role of ssPurines in MPMV genomic RNA packaging

(A) Mfold structure prediction of the 5’end of MPMV RNA showing Pal (blue), ssPurines and region B (red) in the enlarged inset. B, C and D- Mutants containing the deletion

of ssPurines and respective predicted structures showing the opening of bpPurines that may have contributed to the packaging restoration. RPE, Relative packaging efficiency.
Figure adapted and modified from (Jaballah et al., 2010).



1.7 Objectives

Understanding the molecular mechanisms involved in MPMV gRNA
packaging process is vital for developing MPMV-based vectors for human gene
therapy. Recognizing the critical segments of genomic RNA involved in its selective
packaging from a pool of diverse cellular and viral spliced mRNAs is the foremost
step towards achieving this goal. During the assembly of MPMV particles, the
precursor Gag protein must specifically select the dimerized viral gRNAs from a
variety of cellular and spliced viral RNAs. However, not much is known about the
Gag-RNA interaction site(s) within the MPMV packaging determinants. Therefore,
the overall goal of this thesis was to gain better understanding of the MPMV gRNA
packaging process by delineating the mechanism(s) involved in the initial recognition

of the gRNA by addressing the following specific aims:

Specific Aim I: Establish the role of putative ssPurines sequence in MPMV gRNA
packaging. It is well known in retroviruses that a stretch of purines may act as a
potential Gag binding site during the early recognition of its cognate gRNA for
packaging. Along the same lines, MPMV is shown to harbor a stretch of 16 nucleotides
(ssPurines) upstream of its mSD and in close proximity to the DIS (Aktar et al., 2013;
Jaballah et al., 2010). Therefore, to test the function of this purine-rich motif, a series
of mutations were introduced and cloned into a subgenomic transfer vector. These
ssPurines mutations were then tested employing a biologically relevant in vivo trans
complementation assay that has been previously described (Browning et al., 2001) to

monitor their effects on transfer vector RNA packaging and propagation.

Specific Aim 11: Establish the role of duplicated base-paired sequence of ssPurines
(bpPurines) sequence in MPMV gRNA packaging. An earlier study has shown that
a deletion of a 20 nts region which included 16 nts of ssPurines did not abrogate
MPMV gRNA packaging and propagation which suggested that bpPurines may
compensate for loss of ssPurines by functioning as potential Gag binding site in a
redundant fashion (Jaballah et al., 2010). Therefore, a series of mutations were
introduced in bpPurines both in the absence as well as presence of ssPurines. The
effects of these mutations in bpPurines on MPMV gRNA packaging and propagation
was monitored using already established in vivo trans complementation assay
(Browning et al., 2001).
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Specific Aim 11l: Establish structure-function relationship of the mutations
introduced into ssPurines as well as in its partially duplicated bpPurines during
MPMYV RNA packaging. To better understand the effects of the mutations introduced
in ssPurines and in its partial duplicated sequence (bpPurines), structure-function
correlation was established by validating the predicted structure of the introduced
mutations. Towards this end mutations in these ssPurines as well as in its duplicated
base-paired purines were cloned into a T7 expression plasmid to in vitro transcribe
mutant and wild type RNAs that were used in a novel biochemical probing technique
that examines the flexibility of each nucleotide (a surrogate marker for base-pairing)
called SHAPE. Together, these approaches should provide clues on the role of the
structure of ssPurine region as well as its partially duplicated base-paired counterpart

in the context of the overall higher order structure during MPMV RNA packaging.

Specific Aim 1V: Correlate the obtained biological data to the Gag precursor protein
(Pr78%29) binding site(s) in MPMV gRNA packaging determinants. Finally, the
results obtained towards the investigation of the specific aims for this thesis were
correlated to the recently published work on finding the specific Gag precursor binding
site(s) on MPMV gRNA (Pitchai et al., 2021). The findings from Pitchai, 2021
corroborated well with the biological data and helped in proposing a model on how
MPMYV discriminates the full-length gRNA from its spliced or cellular mRNASs during

genome encapsidation.
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CHAPTER 2: MATERIALS AND METHODS

2.1 MPMV Strain, Nucleotide Designations and Plasmid Construction

Expression plasmids and MPMV-based vectors were derived from pSHRM15
plasmid (a gift from Dr. Eric Hunter, Emory University, United States) containing
sequences of the molecular clone MPMV/6A. The nucleotide numbers refer to the
GenBank accession number M12349 (Sonigo et al., 1986).

Site-directed mutations were introduced into the psi region (from R in the 50
LTR to 282 nt of gag) of the MPMV sub-genomic vector, SJ2 (Jaballah et al., 2010).
SJ2 expresses the hygromycin B phosphotransferase gene from an internal simian
virus 40 early promoter (SV-Hygr) that helps to monitor the effect of mutations
introduced into this transfer vector upon propagation of the packaged viral RNA.
Splice overlap extension (SOE) PCR (Gibbs et al., 1994) was employed to introduce
the desired mutations. Briefly, two rounds of PCR were conducted using SJ2 as a
template to generate intermediate products containing the introduced mutations.
Cloning of the mutants was achieved by using an outer sense (S) primer, OTR787
(containing an Xhol site at the 50 end) and an outer antisense (AS) primer, OTR788
(containing a BamHI restriction site at the 30 end) along with internal overlapping
primers containing the desired mutations, as previously described (Jaballah et al.,
2010; Kalloush et al., 2016, 2019). This resulted in the generation of mutant psi
fragments containing appropriate flanking cloning restriction sites (Xhol at the 5’ end
and BamHI at the 3’ end), which were used to clone the fragments containing the
mutations into SJ2, resulting in clones LA-I to XI. Details of the oligonucleotides and
the templates used for making the mutations are listed in Appendix A while the nature

of mutations introduced into each clone are described in Table 4.

For the in vitro dimerization and SHAPE assays, the psi region harboring the
wild-type and the above-mentioned mutations was also cloned into a pUC-based
cloning vector, pIC19R (Marsh et al., 1984) to generate the corresponding in vitro
RNA transcribing clones. These clones were created by using the corresponding SJ2-
based mutants as templates which were amplified using the outer primers, OTR1004
(S) (containing a Hindlll and the T7 RNA polymerase promoter sequence, upstream
to the MPMV R sequence) and OTR1005 (AS; containing MPMYV gag sequences nt
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1171-1151 with Xmal/Smal site at the 3’end). The PCR products were cleaved with
Hindlll and Xmal and ligated to pIC19R that had been previously digested with the
same restriction enzymes, resulting in the wildtype (RCR001; (Aktar et al., 2013;
Kalloush et al., 2016)) and mutant clones capable of in vitro transcription from the T7
promoter. In vitro RNA transcribing clones containing the mutations were named as
FN-1 to IX. All the clones were screened by restriction digestion and confirmed by

sequencing (refer to Appendix A for oligos used in sequencing).

2.2 Cell Culture, Transfection, and Infection

Human embryonic Kidney cells 293 (HEK 293T) were used for virus
production. These cells were maintained at 37°C in the presence of 5% CO2 in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) heat-
inactivated fetal bovine serum. To monitor the propagation efficiency of the transfer
vector RNAs, the human cervical cancer cell line HeLa T4 was used and maintained
at 37°C in the presence of 5% CO2 in DMEM supplemented with 7% (v/v) heat-
inactivated fetal calf serum.

The SJ2-based mutants were tested in vivo to observe the effect of the
introduced mutations on gRNA packaging and propagation. Toward this, the MPMV
sub-genomic wild-type and mutant transfer vectors that contained the cis-acting
sequences needed for genome replication, including transcription, polyadenylation,
encapsidation, reverse transcription, and integration, along with the packaging
construct, TR301 which expresses Gag-Pol proteins (Browning et al., 2001) and the
vesicular stomatitis virus glycoprotein G envelope expression plasmid, MD.G (Naldini
et al., 1996), were used in a three-plasmid trans-complementation assay, as has been
described earlier (Browning et al., 2001; Jaballah et al., 2010; Kalloush et al., 2016,
2019). Transfections of HEK 293T cells with the aforementioned plasmids were
carried out using the calcium phosphate transfection method (Invitrogen, United
States) according to the manufacturer’s protocol along with pSEAP2-Control vector.
The pSEAP2- Control vector expresses secreted alkaline phosphatase (SEAP) and was
used to normalize for transfection efficiency of the assay using Great EscAPe SEAP
Chemiluminescence kit 2.0 (Clontech, United States), as described previously
(Chameettachal et al., 2018; Krishnan et al., 2019; Pitchai et al., 2018). 72h post-

transfection, the pseudotyped virus particles produced from HEK 293T cells were
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harvested and clarified of cellular debris using low-speed centrifugation, and a portion
of it was used to infect HeLaT4 target cells in the presence of 1 mg/ml DEAE dextran,
a polycation polymer, to enhance infection efficiency. 48 h post-infection; cells were
selected with DMEM medium containing 200 mg/ml of hygromycin B antibiotic
(Hyclone, United States) for 10-12 days in order to monitor transfer vector
propagation efficiency. The number of resulting hygromycin-resistant colonies
obtained per milliliter of the virus supernatant (CFU/ml) is a measure of the
propagation efficiency of each mutant transfer vector RNA, which was further
normalized to the transfection efficiency using SEAP values. Finally, the resulting
normalized CFU/ml was reported relative to the wild-type viral titers. Such in vivo
packaging and propagation assays allowed us to quantify the effects of the introduced
mutations on both RNA packaging as well as its propagation without any uncertainty,
since the defective nature of the virions produced limited the assay to a single round
of replication.

The remaining virus supernatant was clarified of cellular debris by passing
through a 0.22-um cellulose acetate syringe filter and then ultracentrifuged at 70,000
x g for 2 h at 4°C on a 20% (w/v) sucrose cushion to concentrate the virus particles, as
described previously (Jaballah et al., 2010; Kalloush et al., 2016, 2019; Pitchai et al.,
2018). The pelleted virus particles were resuspended in TNE buffer [0.25 M Tris (pH
8.0), 0.1 M NacCl, 0.001 M EDTA] and stored in Trizol Reagent (Invitrogen, United
States) for virion RNA isolation and subsequently used for real-time quantitative PCR
(RT-gPCR).

2.3 RNA Extraction and Reverse-Transcriptase Polymerase Chain Reaction (RT
PCR)

HEK 293T cells transfected with different mutant and/or wild-type vectors
were harvested from the six-well plates, and a portion of cells were fractionated into
nuclear and cytoplasmic fractions, as described previously (Figure 25; Akhlaq et al.,
2018). The cytoplasmic and packaged viral RNAs were isolated from Trizol following
manufacturer’s instructions (Invitrogen, United States). Two micrograms of cellular
RNA and the entire virion RNA prep from a six well plate was subjected to DNase-
treatment (Turbo Dnase, Ambion, United States), followed by PCR amplification with
MPMV-vector specific primers OTR1161 and OTR1163 (Appendix A) to confirm the

lack of any carryover plasmid contamination, as described previously (Kalloush et al.,
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2016; Pitchai et al., 2018). The samples were then converted into cDNAs using M-
MLV reverse transcriptase (Promega, United States), and random hexamers, as
described earlier (Jaballah et al., 2010; Kalloush et al., 2016). The cDNA samples thus
generated were subjected to multiplex PCR using primers specific for unspliced B-
actin (OTR582/0TR581; Appendix A) and 18S ribosomal RNA primer/competimer
(QuantumRNA 18S Internal Standards, Ambion) to monitor amplifiability of the
cDNA s as well the integrity of the nuclear membrane during the fractionation process.
Further PCRs were conducted to analyze spliced B-actin on cytoplasmic cDNAs
(OTR582/0TR580; Appendix A) and MPMV-vector specific primers (OTR1161 and
OTR1163) to confirm the expression of cytoplasmic and viral-specific cDNAs.

2.4 Determination of the Relative Packaging Efficiencies of Transfer Vector by
Real-Time Quantitative PCR (RT-qPCR)

The RPE of the transfer vector RNAs was determined by conducting RT-gPCR
on cDNAs from the cytoplasmic and viral RNA samples. Toward this end, we used a
pre-validated MPMV-based custom Tagman gene expression assay developed for this
purpose (Kalloush et al., 2016, 2019). Relative quantification of the cytoplasmic and
viral packaged RNAs was obtained after normalizing to the endogenous control for
which a predesigned human B-actin assay (MGB-FAM) was used, as described
previously (Kalloush et al., 2016, 2019; Mustafa et al., 2012). Briefly, equal amounts
of cytoplasmic and viral cDNA samples were tested for MPMYV and B-actin expression
in triplicates for 50 cycles using the QuantStudioTM7 Flex System (Applied
Biosystems, Foster city, CA, United States). The relative quantitation (RQ) values for
MPMYV expression in the mutants were compared to the wild type to get the relative
expression of each mutant vector RNA, both of which were normalized to the p-actin
expression levels in each sample. Finally, to determine the packaging efficiency of
each vector RNA, the ratio of the viral RQ to the corresponding cytoplasmic RQ for

each sample was estimated, and the values represented relative to the wild-type levels.

2.5 Statistical Analysis

The significance of the observed results for the packaging and propagation
efficiencies between the wild type and the mutants was established using the standard,
paired, two-tailed Student’s t-test. A P-value of <0.001 was statistically significant in

both the packaging and propagation assays.
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2.6 In Silico Analysis of MPMV RNA Secondary Structure

To establish structure—function relationship of each mutant and wild-type RNA
during its RNA packaging process, the online software Mfold was used to predict the
RNA secondary structure for each mutant and wild-type MPMV packaging signal
RNA (Mathews et al., 1999; Zuker, 2003). Mfold predicts all optimal and suboptimal
RNA secondary structures based on energy matrices by considering the minimum free
energy of the provided RNA sequence. Next, the predicted structure for each mutant
was validated by SHAPE (Aktar et al., 2013, 2014; Kalloush et al., 2016, 2019; Merino
et al., 2005; Mortimer & Weeks, 2007, 2009; Mustafa et al., 2018).

2.7 In vitro RNA Transcription

The wild-type (RCR001) as well as mutant plasmids created for in vitro RNA
transcription (FN series of clones; Table 4) were linearized with Smal restriction
enzyme located at the 3’end of the MPMYV sequence. The linearized DNA fragments
were subjected to in vitro transcription using the bacteriophage T7 RNA polymerase
(MEGAscript T7 Transcription kit, Thermo Fischer Scientific) as described earlier
(Kalloush et al., 2019; Mustafa et al., 2018). A portion of the in vitro transcribed RNA
was analyzed on 8% acrylamide/8M urea gels to confirm the absence of abortive
transcripts, followed by DNase treatment (Turbo DNA, Thermo Fischer Scientific) of
the resulting RNA. After phenol/chloroform extraction, the RNAs were further
purified on a TSK gel column (TSK Gel G4000SW column, TOSOH Bioscience,
Griesheim, Germany) by Fast Protein Liquid Chromatography (FPLC) (AKTA; GE
Healthcare Life Sciences, United States) in the presence of a buffer containing 200
mM sodium acetate (pH 6.5) and 1% (v/v) methanol. RNA fractions corresponding to

the relevant peaks were pooled and ethanol precipitated.

The purified RNA pellets were resuspended in Milli- Q water, quantified by
nanodrop (Thermo Fischer Scientific), and 800 ng of each RNA sample was

electrophoresed on an 8% acrylamide/8M urea gel to check for its quality.

The in vitro transcribed RNAs were subjected to SHAPE analysis, as described
before (Akhlaq et al., 2018; Aktar et al., 2013, 2014; Kalloush et al., 2016, 2019).
Benzoyl cyanide (BzCN) was used to acylate the 2’-hydroxyl group of the

unconstrained nucleotides in the RNA structure, followed by interrogation of each
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nucleotide using two sets of identical but differentially labeled primers: one set
(OTR18 and OTR19) contained the MPMV sequence 5’

AGTTACTGGGACTTTCTCCG-3’ (complementary to MPMV nt 1105-1123) and
the second set (OTR22 and OTR23) corresponded to the 5’-CTTACTTTCAGGT
CCAACGC-3’ sequence (complementary to MPMV nt 857-875). One primer within
each set was labeled with either VIC (OTR18 and OTR22) or NED (OTR19 and
OTR23). The NED-labeled primers from each set were used to prepare a ddG
sequencing ladder from the untreated RNA samples. The VIC-labeled primers were

used for reverse transcription of the modified RNA.

Briefly, the sample preparation for SHAPE is as follows: BzCN-modified
RNAs were annealed to 1uM VIC-labelled elongation primers for 2 min at 90°C and
2 min on ice. The samples were then incubated for 10 min at room temperature after
adding 2ul 5X RT buffer (Life Science). The samples were incubated in elongation
buffer (2ul 5XRT buffer, 0.6ul of 25mM dNTPs mix, 0.1ul of 20U/ul RT AMV enzyme
from Life Science and made up to 10ul with water) for 20 min at 42°C and at 50°C for
30 min and then finally at 60°C for 10 min. The unmodified RNA samples were also
treated in the same manner with the primers as aforementioned. The sequencing
ladders were prepared from 2 pmol of untreated native RNA corresponding to each
mutant, to which lul of 2uM NED labelled primer (either OTR 19 or OTR23) was
added. After setting the reaction at 90°C for 2 min and cooling on ice for another 2
min, the volume of the reaction was made up to 10ul by adding 2ul of 5X RT buffer
and incubated for 10min at room temperature. To each of the RNA sample 2ul of 5X
RT buffer, 6ul of G10 (0.25mM dGTP, ImM dATP, ImM dCTP, ImM dTTP) and 2ul
of 100uM ddG and 0.2ul of 20U/ul RT AMV enzyme was added to prepare the ddG
ladder. The incubation steps were followed in the same fashion as mentioned earlier.
cDNAs from each were extracted by phenol-chloroform method. Each modified and
unmodified cDNA samples elongated with the respective VIC-labelled primers were
pooled with the corresponding ddG sequencing ladders (eg: samples elongated with
OTR18 were pooled with the ladders prepared with OTR19) into a single tube
containing 20ul 3M sodium acetate and 600ul of absolute ethanol for cDNA
precipitation. After incubating on dry ice for 30 min, the samples were centrifuged at
13,000¢g for 20 min at 4°C, washed twice with Iml 80% ethanol, pellets retrieved upon

centrifugation for 5 min and air dried. The pellets resuspended in 10ul HiDi formamide
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(ABI) were heat denatured at 90°C, cooled on ice for 5 min before loading to the 96-

well plate for sequencing (Applied Biosystems 3130x1 genetic analyzer).

The results obtained as electrophoretograms from the capillary electrophoresis
of SHAPE-modified RNAs were converted to SHAPE reactivity data by the QuShape
algorithm (Karabiber et al., 2013). Reactivity data (Appendix B) were applied as
constraints to the mutant RNA sequence in RNAstructure (version 6) (Reuter &
Mathews, 2010) to obtain the validated RNA secondary structure and were redrawn
using VARNA software (Darty et al., 2009).

2.9 In vitro RNA Dimerization Assays

In vitro RNA dimerization was performed on the wild-type (RCR001) and FN
series of mutant clones (Table 4) according to the method described previously (Aktar
et al., 2013, 2014; Kalloush et al., 2019). Briefly, 300 nM of purified mutant or wild-
type RNAs were incubated in dimer (50 mM sodium cacodylate pH 7.5, 300 mM KCl,
5 mM MgCI2) or monomer (50 mM sodium cacodylate pH 7.5, 40 mM KCI, 0.1 mM
MgCI2) buffer for 30 min at 37°C. This was followed by electrophoresis in native 1%
agarose TBM (50 mM Tris base, 45 mM boric acid, 0.1 mM MgCI2) gel at 4°C. The
gels were stained with ethidium bromide and visualized for dimeric or monomeric
bands using ultraviolet (UV) transillumination. Band intensities were quantified using
ImageLab software (Biolmager, Biorad), and the percentage of dimerization was
calculated for each RNA employing the following formula: (Intensity of dimer band —
Intensity of background)/ [(Intensity of monomer band — Intensity of background) +
(Intensity of dimer band — Intensity of background)]. Results for each mutant RNA
were presented relative to the wild type to determine the effect of mutations on their

dimerizing ability.
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CHAPTER 3: RESULTS

3.1 Experimental Approach to Analyze the Effects of ssPurines and bpPurines
Mutants on RNA Packaging and Propagation

In order to investigate the role of ssPurines and bpPurines during MPMV
gRNA packaging, a series of deletion and/or substitution mutations were introduced in
the respective regions of MPMV gRNA as shown in Figure 24A-C and the nature of
mutations introduced are described in table 4. These mutants are tested in a biologically
relevant single round of replication assay as described earlier and the details of the
steps involved in the methodology are depicted in Figure 25 (Aktar et al., 2014;
Browning et al., 2001; Jaballah et al., 2010; Kalloush et al., 2016, 2019; Mustafa et
al., 2004; Schmidt et al., 2003). The virus particles produced were analysed for the
packaged RNA by real time quantitative PCR (RT-gPCR), and viral supernatants were
used to infect target cells (HeLa T4) to study the propagation of packaged RNA. Such
in vivo packaging and propagation assays allowed us to quantify the effects of the
introduced mutations on both RNA packaging as well as its propagation without any
uncertainty, since the defective nature of the virions produced limited the assay to a

single round of replication (Figure 25).
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Figure 24. lllustration of the vectors used in the in vivo packaging and in vitro

transcription assays and SHAPE-validated structure of the MPMV packaging

signal RNA

(A) Schematic representation of the MPMV wild-type sub-genomic transfer vector, SJ2 used in the in
vivo RNA packaging and propagation assay along with demarcation of boundaries of the RNA
packaging determinants denoted as y. PBS; primer binding site; CTE; constitutive transport element.
(B) Schematic representation of the wild-type plasmid used for in vitro transcription of the determinants
of MPMV RNA packaging. (C) SHAPE-validated structure of MPMV RNA packaging determinants.
ssPurines, single-stranded purines (yellow); bpPurines, base-paired repeat purines (blue). The green
region highlights the sequences complementary to bpPurines. The RNA structure was redrawn in

VARNA using SHAPE reactivity data (Aktar et al., 2013). Figure adapted from (Ali et al., 2020).
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Table 4. Description of the mutations introduced in ssPurines and bpPurines

Sub- .
genomic In w.tm. ssPurines sequence and complementary | Partial repeat of ssPurines
transcription . . . . .
transfer vectors | Seduence to basepaired purines (bpPurines)| in the form of bpPurines
vectors
SJ2(WT) | RCRO01 |5 UUAAAAGU GAAAGUAA HEUCUCE 3' 5 GAAAGUAA GUGUU 3'
LA-I FN-1 SUUA A GAAAGUAA HEUGUE 3' s GAAAGUAA GUGUU 3'
LA-II FN-II |5 A HEGUCUE 3'| 5 GAAAGUAA GUGUU 3'
LA-III FN-III |5' AAUUUUCACUUUCAUU HEUEUE 3'| 5 GAAAGUAA GUGUU 3'
LA-IV FN-IV |5 A Acueve 3| s A GUGUU 3'
LA-V FN-V | 5 UUAAAAGU A Acueue 3 | > A GUGUU 3'
LA-VI FN-VI | 5'UUAAAAGU GAAAGUAA ACUCUC 3' 5" A GUGUU 3'
LA-VII FN-VII | 5'UUAAAAGU GAAAGUAA A  3'|5' GAAAGUAA GUGUU 3'

Table describing the nature of the mutations introduced and cloned both in the context of the sub-
genomic transfer and in vitro transcription vectors. ssPurines, single-stranded purines (yellow);
bpPurines, base-paired repeat purines (blue). The green region highlights the sequences complementary
to bpPurines.
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Figure 25. llustration of the 3-plasmid in vivo packaging and propagation assay

(A) Graphical representation of the plasmids used to produce pseudotyped virus particles using VSV -
G envelope expression vector. (B) Schematic depiction of an HEK 293T cells co-transfected with the
three plasmids to produce infectious virus particles, which can only replicate to a single round.
Unspliced sub-genomic RNA transcribed from the wild type vector, SJ2, and/or mutant transfer vectors
can be packaged into the virions owing to the presence of intact packaging signal, while excluding
RNAs transcribed from TR301 and MD.G. (C) Transfected cells are fractionated into nuclear and
cytoplasmic fractions and analyzed for transfer vector RNA transport and expression. (D) Viral
particles produced are tested for the amount of RNA packaged by RT-gqPCR. Viral supernatants are
also used to infect target cells (HeLa T4) to study RNA propagation. After infection, target cells are
selected with media containing hygromycin B, allowing only those cells to survive which have been
successfully infected since the packaged RNA contains the hygromycin resistance gene. Parts of the
figure adapted from Kalloush et al., 2019; Pitchai et al., 2018).

The reliability of our in vivo RNA packaging assay was ensured by quality
control measures. To ensure the integrity of the nuclear-cytoplasmic fractionation
process, end point PCRs specific for unspliced B-actin were performed multiplexed
with 18S ribosomal RNA (rRNA) on the cytoplasmic cDNA of the samples (Figure
26; Panel ). Unspliced B-actin mRNA should be restricted to the nuclear compartment
of the cell unless the integrity of the nuclear membrane was compromised during the
fractionation process (Tan et al., 1995). Lack of amplification of unspliced B-actin

confirmed that our cytoplasmic cDNAs were indeed free from any contaminating
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nuclear fraction (Figure 26; Panel I). Amplifications of 18S ribosomal and spliced -
actin-specific PCRs were conducted in parallel to confirm the presence of amplifiable
cDNAs prepared from the cytoplasmic fractions (Figure 26; Panels 1 and II,
respectively). Next, MPMYV transfer vector-specific amplifications were conducted on
cDNAs prepared from cytoplasmic fractions as well as from packaged viral RNAs.
Such an approach confirmed both efficient nucleocytoplasmic transport as well as
stable cytoplasmic expression of the transfer vector RNAs and differential RNA
packaging of the mutants (Figure 26; Panel III & IV, respectively).
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Figure 26. RT-PCR of viral and cytoplasmic cDNA fractions with appropriate
controls

Panel 1. PCR amplification of unspliced B-actin mRNA from cytoplasmic cDNAs. Multiplex
amplifications were conducted in the presence of primers/competimer for 18S ribosomal RNA,
Genomic DNA (gDNA) used as (+) Control. Panel Il. PCR amplification of spliced B-actin mRNA
from cytoplasmic cDNAs; gDNA used as (+) Control. Panel I11. PCR amplification of MPMYV transfer
vector (SJ2)-specific primers from cytoplasmic cDNAs; plasmid DNA for SJ2 used as (+) Control.
Panel 1V. PCR amplification of MPMV transfer vector (SJ2)-specific sequences from cDNAs prepared
from the viral RNAs; plasmid DNA for SJ2 used as (+) Control.

Finally, having confirmed the integrity of our RNA preparations and the
amplifiability of cDNA preparations, we performed RT-qPCR to assess the amount of
packaged RNA in the virions in relation to the RNA transcripts expressed in the

cytoplasm of the producer cells, as described previously (Kalloush et al., 2016, 2019).
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As previously reported, the viral particles were observed to have an equivalent amount
of B-actin mRNA irrespective of the amount of viral vector RNA that was packaged,
thus providing a good proxy for the amount of virions produced (Figure 27; Mustafa
et al., 2012). Briefly, qPCRs were conducted for f-actin mMRNA packaged into the
virus particles, a cellular mMRNA which previously has been shown to be packaged
passively into the virions at the same levels irrespective of the amount of viral RNA
packaged (Mustafa et al., 2012), thus providing an efficient internal control for
normalization purposes. Consistently, MPMV particles produced in repeat
experiments were observed to have packaged equivalent amounts of -actin mRNA
despite the fact that mutant viral vector RNAs were packaged at different levels,

providing an internal control for the amount of virions produced (Figure 27).
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Figure 27. B-actin mRNA is packaged into viral particles at the same levels
irrespective of the amount of viral RNA present in the virions

(A) Amplification plots for packaged viral vector RNAs expressed as ARn plotted against cycle numbers
(Ct) from a representative experiment. (ARn is the MPMV or B-actin-specific fluorescence signal
normalized to the signal for the internal passive control, ROX (Normalized Reporter or Rn) from which
the baseline target fluorescence has been subtracted (ARn=Normalized Reporter (Rn) — baseline). The
dashed blue boxes show the wide range of Ct values observed for all the mutants and wild type samples.
(B) Amplification plots for packaged p-actin mRNA expressed as ARn against cycle numbers (Ct) from
a representative experiment. The dashed blue boxes show the tight range of Ct values observed for all
the mutants and wild type samples, showing that $-actin mMRNA is packaged at the same levels in virions
irrespective of the amount of vector RNA packaged. (C) Histograms showing the Ct values for -actin
MRNAs observed in all mutants tested. (D) Histograms showing the Ct values for B-actin mMRNASs
observed in all mutants tested relative to the wild type.
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3.2 Role of ssPurines in gRNA Packaging and Propagation

To investigate the role of the ssPurines in MPMV gRNA packaging and
propagation, we constructed two deletion mutants, LA-I and LA-II along with a
substitution mutant LA-111 (Table 4). LA-1 comprised a five-nucleotide deletion
(AAAGU) in the former part of ssPurines that is unique to this region as opposed to
the latter sequence (GAAAGUAA) which is also repeated as bpPurines at the basal
part of SL3 (Figure 24C). This deletion resulted in almost a 50% loss of richness in
purines of ssPurines and also a reduction in the size of the ssPurine stretch, while the
LA-Il mutation created a complete deletion of ssPurines. In LA-111, the ssPurines were
substituted with a heterologous non-purine sequence to identify if conserving the
sequence or maintaining the secondary structure of the region is vital for viral RNA
packaging and propagation. Collectively, these mutants should identify the effect, if
any, of the ssPurines region on packaging and propagation of the virus, as well as
identify if there were any differential effects between the former and latter purines

within the ssPurine region.

Estimation of the relative packaging efficiency (RPE) of the transfer vector
RNAs revealed that despite partial or complete deletion of ssPurines, RNA packaging
of the mutant vectors (LA-1, LA-Il and LA-I1I) was not significantly reduced when
compared to the wild-type (WT; SJ2) RNA (LA-I (P =0.13); LA-11 (P = 0.48); LA-III
(P = 0.04); Figure 28A). The RNA packaging observation was confirmed by a near
identical effect observed on RNA propagation of these mutants, revealing that
whatever RNA was packaged by the mutants was propagated successfully to the target
cells (compare Figure 28A & B). These results suggest that ssPurines are dispensable
for MPMV RNA packaging and propagation. Alternatively, one may also infer that

the bpPurines may be compensating for the loss of function of the ssPurines.

3.3 Role of bpPurines in gRNA Packaging and Propagation

To investigate the significance of the redundancy of the purine-rich sequences
during MPMV gRNA packaging and propagation processes, two double-deletion
mutants involving both the ssPurines and bpPurines were created (LA-IV and LA-
V; Table 4) along with a mutant with a complete deletion of only the bpPurines (LA-
VI; Table 4). Mutant LA-1V showed severe defects in RNA packaging (RPE of
0.09; P < 0.001) compared to the wild-type SJ2 vector RNA (Figure 28A) which

69


https://www.frontiersin.org/articles/10.3389/fmicb.2020.595410/full#F2
https://www.frontiersin.org/articles/10.3389/fmicb.2020.595410/full#F1
https://www.frontiersin.org/articles/10.3389/fmicb.2020.595410/full#F2
https://www.frontiersin.org/articles/10.3389/fmicb.2020.595410/full#F2
https://www.frontiersin.org/articles/10.3389/fmicb.2020.595410/full#F2

corroborated with a concomitant drastic reduction in the colony-forming units
(CFU)/ml observed for this mutant (~100-fold reduction compared to the WT; P <
0.001; Figure 28B). Surprisingly, this was not the case for the double deletion mutant,
LA-V and the bpPurine deletion mutant, LA-VI, where the packaging capabilities of
these mutant RNAs were nearly like that of the wild type (RPE of 0.94 (P = 0.67) and
0.74 (P = 0.12), respectively, Figure 28A. However, despite efficient packaging, the
propagation of these mutant RNAs (LA-V & V1) were drastically reduced (CFU/mI
0.05 and 0.10, respectively, compared to the WT; P < 0.001; Figure 28B). Such an
ablated propagation despite efficient RNA packaging is probably because these
mutations affected post-packaging events in the viral life cycle such as reverse
transcription and/or integration. This assertion is since our RNA propagation assay
readout is based on successful reverse transcription of the packaged RNA and
integration of the reverse transcribed RNA. RNA packaging was drastically affected
only by a combined deletion of both the ssPurines and bpPurines sequences (LA-
IV; Figure 28A), which could be attributed to structural and/or conformational changes
in the RNA of this mutant. Appropriate control experiments, as described above, were
conducted to ensure that the wild-type and mutant transfer vector RNAs were
expressed efficiently in the cytoplasm and the nucleocytoplasmic fractionation was not
compromised in the process (Figure 26; Panel | and I11). Considering these controls,
effective levels of packaging in both the mutants LA-V and LA-VI suggested that the
purine-rich sequences indeed have a redundant role in augmenting gRNA packaging
into the assembling virions. Thus, these data demonstrate that ssPurines and its
bpPurines function in a compensatory fashion to mediate MPMV gRNA packaging,
since their deletions resulted in insignificant effect on RNA packaging of mutants LA-
V and LA-VI (Figure 28A).

Finally, mutant LA-VII was designed to study the relevance of maintaining the
base pairing in the repeat sequence (bpPurines) at the base of SL3 (Figure 24C; Table
4). This mutant carries a deletion of the sequence (5" ACUCUC 3') complementary to
the base paired region (5" GAAAGU 3’) in bpPurines; hence, the mutation disrupts
base pairing with the repeat region. Interestingly, this mutant did not show any
significant defect on gRNA packaging and was encapsidated to nearly the wild-type
levels (RPE of 0.87 (P = 0.44) relative to the WT; Figure 28A). Such robust RNA
packaging was in agreement with the propagation of the packaged RNA (Figure 28B),
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keeping in mind all the appropriate controls (Figure 26). Taken together, the data
presented here suggest that: (1) the repeat bpPurines are not important for RNA
packaging, and (2) base pairing of these repeat Purines (bpPurines) is neither important
for MPMV RNA packaging nor RNA propagation. Furthermore, it suggests that the
bpPurines play a vital role in viral RNA propagation since its deletion in the mutants
LA-V and VI abrogated RNA propagation completely, despite efficient RNA
packaging (Figure 28A & B). Next, the structure of these mutants was analyzed to
establish structure-function relationship and to determine whether these phenotypes

could be explained by changes in the RNA secondary structure of these mutants.
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Figure 28. RT-qPCR and virus titer analysis of ssPurines and bpPurines mutants
to establish their role in MPMV RNA packaging and propagation

(A) Table 4 describing the mutations introduced in ssPurines and bpPurines has been duplicated here
for the ease of reference (B) Relative RNA packaging efficiencies for each of the mutant transfer vector
RNAs. (C) Relative RNA propagation efficiencies for each of the mutant transfer vector RNAs after
normalization to secreted alkaline phosphatase (SEAP) expression observed in the transfected cultures
and represented as colony forming unit per ml (CFU/ml). The histograms represent data from multiple
(to a maximum of five) independent experiments (xSD).
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3.4 Structure-Function Analysis of ssPurines Mutants

The predicted Mfold RNA secondary structures for the ssPurines mutants LA-
I to 111 did not show any noticeable structural disruptions due to deletion or substitution
when compared to the wild type (Figure 29A-D). Therefore, to experimentally
validate the predicted structures, biochemical probing of the in vitro transcribed
mutant RNAs was performed employing SHAPE, and their structure—function
relationship was established to better understand the results obtained using biological

assays.
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Figure 29. Mfold structural predictions for the wild type (SJ2) and mutant packaging signal RNAs

bpPurines = green; Pal SL (DIS) = red.

Color coding scheme for major structural motifs: single-stranded purines (ssPurines) = yellow); base-paired purines (bpPurines) = peacock blue; sequences complementary to



The SHAPE-validated RNA secondary structure for mutant LA-I harboring
five-nucleotide deletion in the former part of ssPurines (Figure 24C; Table 4) is
depicted in Figure 30B. As predicted by Mfold (Figure 29A & B), the SHAPE-
validated structures of LA-I and wild-type RNAs were found to be very similar
(compare Figure 30A & B). Briefly, the LA-1 SHAPE-validated structure maintained
all the major stem loops, including the two U5-Gag LRIs (LRI I and LRI 1) and Pal
SL, and only minor changes were observed in the close vicinity of the 5-nucleotide
deletion in the ssPurine region. The Pal SL was shortened by a single base-pair at the
base, and this shortening of Pal SL was compensated by increasing in size of the linker
between SL2 and Pal SL by one nucleotide (Figure 30B). These subtle changes did not
compromise the overall RNA secondary structure in the mutant and maintained RNA

packaging and propagation to wild-type (SJ2) levels (Figure 28A & B).

The SHAPE-validated structure of the LA-1I mutant revealed that deletion of
the ssPurines, while inducing local remodeling of the RNA secondary structure, did
not affect the major structural motifs that have been shown to be important for MPMV
gRNA dimerization and packaging (Figure 30C). Briefly, slight nucleotide
rearrangements were observed around the base of the SL2 with a noticeable change at
the LRI 1l shortening it by one nucleotide at the U5 region (Figure 30C). Thus, similar
to LA-I, the SHAPE-validated structure of LA-Il also lends credence to the
observation that ssPurines are not crucial for MPMV gRNA packaging process since
nearly wild-type levels of RNA packaging and propagation were observed for this
mutant (Figure 28A & B). Like LA-I and LA-II, the SHAPE-validated structure of
mutant LA-II1 (substitution of ssPurines with a heterologous non-purine sequence)
also revealed conservation of the major structural motifs of the region except for minor
changes at the substituted region (only 5 nucleotides remained single-stranded as
opposed to 16 in the wild-type structure; Figure 30D vs. Figure 30A). In addition,
substitution of ssPurines with a heterologous non-purine sequence in this mutant
somehow contributed to a slightly longer stem in both the Pal SL and SL3 (Figure
30D). Corroborating with the SHAPE-validated structure (maintaining all structural
motifs needed for RNA packaging and dimerization), this mutant also did not reveal
any significant effect on either RNA packaging or propagation (Figure 28A & B).
Taken together, analysis of the SHAPE-validated structures of these mutants (LA-I to
I11) revealed no deleterious changes to the overall RNA secondary structures and
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indicated that neither the length of the Pal SL and SL3 stems nor the length or sequence
of the ssPurines between these two helices play a significant role in MPMV gRNA

packaging.
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Figure 30. Selective 2’ hydroxyl acylation analyzed by primer extension-validated
structures of the wild-type and mutant LA-I/FN-I, LA-1I/EN-11, and LA-111/FN-
111 packaging signal RNAs

(A) Wild type (SJ2/RCR001) (B) LA-I/FN-I containing deletion of AAAGU (5’ sequence) in ssPurines.
(C) LA-1I/EN-I1 containing complete deletion of ssPurines. (D) LA-ITI/FN-111 containing substitution
of ssPurines. The SHAPE reactivities from three independent experiments were averaged and applied
to RNAstructure program. The structure with the least minimum free energy was selected and redrawn
using VARNA software and the major structural elements are annotated. Nucleotides are color
annotated as per the SHAPE reactivities key shown.
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3.5 Structure-Function Analysis of bpPurines Mutants

Mutants with deletions in bpPurines (LA-1V to VI) revealed a complete
abrogation of RNA propagation (Figure 28B), indicating a potential role of this
sequence in virus replication. Mfold structure predictions of these mutant RNAs
(Figure 29E-G) suggested preservation of overall RNA secondary structure, despite
severe effects on propagation. Thus, SHAPE was conducted on the in vitro transcribed
RNAs of these mutants to identify any structural changes that may have implications
for the observed biological results. In contrast with the Mfold prediction, the SHAPE-
validated structure of the double deletion mutant LA-1V (ssPurines as well as
bpPurines; Table 4) revealed a complete architectural distortion of the region (compare
Figure 31A & B). Briefly, crucial structural motifs like U5-Gag LRI I and LRI 11 that
have already been established to be important for MPMV gRNA packaging and
propagation (Kalloush et al., 2016) were lost (Figure 31B). Considering that LA-I1V
was defective for both gRNA packaging and propagation, this observation confirms
the importance of maintaining the intact higher-order structure of the packaging signal
RNA during MPMV replication. It also reinforces the importance of structural
validation of mutants by biochemical probing methods rather than just relying on
predictions, especially when the biological data do not correlate with the structure
predictions.

The SHAPE-validated RNA structure of mutant LA-V, in which the duplicated
sequence (GAAAGUAA) in ssPurines and bpPurines had been deleted and maintained
the overall structural motifs critical for gRNA packaging. Noticeably, among the RNA
conformers for this mutant, two differently base-paired structures for the primer
binding site (PBS) were consistent with the SHAPE data (Figure 31Ca & b). While
this double deletion resulted in shortening of SL3, the remaining important structural
elements (U5-Gag LRIs and Pal SL) were architecturally maintained (Figure 31Ca &
b). These intact RNA domains could have contributed to the efficient packaging of this
mutant (Figure 28A). The negative impact on RNA propagation of this mutant could
be due to the effect of deletions of the duplicated sequences in the ssPurines and the
bpPurines.
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Figure 31. Selective 2’ hydroxyl acylation analyzed by primer extension-validated
structures of the wild-type and mutant LA-1V/FN-1V and LA-V/FN-V packaging
signal RNAs

(A) Wild-type (SJ2/RCR001) (B) LA-IV/FN-IV containing deletion of both ssPurines and bpPurines.
(C(a)) Structure number 1 of the mutant LA-V/FN-V containing deletion of 3’ sequence
(GAAAGUAA) of the ssPurines and a complete deletion of bpPurines. (C(b)) Structure number 2 of
the mutant LA-V/FN-V. The SHAPE reactivities from three independent experiments were averaged
and applied to RNAstructure program. The structure with the least minimum free energy was selected
and redrawn using VARNA software and the major structural elements are marked. Nucleotides are
color annotated as per the SHAPE reactivities key shown.
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The SHAPE-validated structure for mutant LA-VI (deletion of only the
bpPurines) revealed that while SL1, SL2, GagSL1, GagSL2, LRI-I, LRI-II, and PBS
structures were maintained, Pal SL and most of SL3 structure were remodeled (Figure
32B). Thus, conservation of LRI I, LRI I, and of the PBS domain structure might have
conferred to the efficient packaging of this mutant (Figure 28A), while loss of the
native Pal SL and SL3 structure might have caused the propagation defect (Figure
28B). Alternatively, it is possible that bpPurines play a non-structural role in the early
steps of the MPMV life cycle that has yet to be elucidated. Analysis of the ssPurines
in the SHAPE structure of LA-VI revealed that they were found partially base paired
(Figure 32B). This indicates that ssPurines do not need to be fully single stranded to

allow efficient RNA packaging.

The SHAPE-validated structure of LA-VII containing deletion of the sequence
(5" ACUCUC 3') complementary to the base paired region in bpPurines was not very
different from the wild-type structure (Figure 32C), the only differences being slightly
shorter Pal SL and SL3 stems, as well as a longer single stranded region immediately
downstream of SL3. Based on these structural data, it is not very surprising that the
RNA packaging and propagation of this mutant were very efficient (Figure 28A & B).
Based on the results from the bpPurines mutants, LA-IV-LA-VII, it is clear that
maintaining an intact higher-order structure for the MPMV packaging signal is
important for its efficient viral encapsidation. Moreover, the propagation capabilities
of the virus were largely influenced by the presence or absence of the bpPurines on an

overall mostly intact gRNA structure.
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Figure 32. Selective 2’ hydroxyl acylation analyzed by primer extension-validated
structures of the wild-type and mutant LA-VI/FN-VI and LA-VII/FN-VII
packaging signal RNAs

(A) Wild type transfer vector (SJ2/RCR001) (B) LA-VI/FN-VI containing complete deletion of
bpPurines only. (C) LA-VII/FN-VII containing deletion of sequences complementary to bpPurines. The
SHAPE reactivities from three independent experiments were averaged and applied to RNAstructure
program. The structure with the least minimum free energy was selected and redrawn using VARNA
software and the major structural elements are marked. Nucleotides are color annotated as per the
SHAPE reactivities key shown.
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3.6 In vitro Dimerization Capability of the Mutant RNAs

Genomic RNA dimerization and packaging are interconnected events in the
retroviral life cycle. Since all the mutants considered in this study showed efficient
RNA packaging except for mutant LA-1V, it was important to investigate the
dimerization abilities of these mutant RNAs. Thus, the in vitro transcribed wild-type
(RCR0O01) and mutant RNAs were incubated in a monomer or dimer buffer and
analyzed for the percentage of dimerization after running them on agarose gel in TBM
buffer at 4°C. The dimers formed in the TBM buffer at 4°C (Figure 33A) served as a
reference for quantifying the percentage of dimerization between the WT and the
mutant RNAs (Figure 33B) as described earlier (Aktar et al., 2013, 2014; Kalloush et
al., 2016). Interestingly, none of the mutant RNAs tested showed any significant
difference in their dimerization potential compared to the wild type (Figure 33). This
is consistent with SHAPE-derived structures of mutants LA-I to LA-V and LA-VII
since all of them maintained Pal SL, including LA-1V, which has the most dramatically
affected secondary structure (Figure 31B). In the case of LA-VI, where the Pal SL was
found to be base-paired in the SHAPE-validated structure, the results of dimerization
showed no pronounced effect on the dimer forming ability of their respective RNAS
(77.3 vs. 92.77 of wild type; Figure 32B). It is conceivable that when the Pal SL is
structurally not available, its function could possibly be compensated by palindromic
sequence within the PBS region, augmenting RNA dimerization, as has been proposed
previously for MPMV and MMTYV (Aktar et al., 2013, 2014).
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Figure 33. In vitro RNA dimerization assay on the wild-type and mutant SHAPE-
interrogated packaging signal RNAs

(A) Wild-type and mutant RNAs were incubated in monomer (M) or dimer (D) buffer and analyzed by
electrophoresis on 1% agarose gel in TBM buffer at 4°C. (B) Quantification of the relative ability of
each mutant RNA to dimerize compared to the wild-type (SJ2/RCR001) RNA. The experiments were
performed in triplicates.
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Furthermore, two other mutants LA-VIII and LA-1X were made to investigate
the importance of spatial location of bpPurines (Figure 34A). In the mutant LA-VIII,
the basal part of SL3 that comprise the bpPurines and its complementary region were
deleted whereas in the mutant LA-IX the bpPurines and its complementary region of
SL3 were switched spatially to ensure the integrity of the gRNA secondary structure.
In both these cases, the mutants were able to package its gRNA into the nascent virions
further confirming that the packaging elements on gRNA primarily lies on the
ssPurines and is present intact in both mutants (Figure 34B). SHAPE validated
structures of these two mutants further confirm this assumption that the major
packaging determinants are maintained as can be seen in the figure 35A & B below.
The shortening of SL3 stem in LA-VIII mutant did not affect its packaging into the
virions (RPE-0.88; Figure 34B). As can be seen in the mutant LA-IX, the swapping of
the sequences at the base of SL3 did not have a profound effect on its packaging
efficiency (RPE-0.73; Figure 34B) and maintains the RNA structure near identical to
the wildtype RNA conformation (Figure 35C). The results of these two mutants
reiterates the earlier findings that bpPurines are not involved in MPMV gRNA
packaging and other motifs in region B could possibly be facilitating in Gag binding
to function in a redundant manner. As was observed earlier, the propagation abilities
for these two mutant RNAs were lost (Figure 34C); conceivably due to the loss of
bpPurines and the results from LA-1X suggest that maintaining the intuitive location

of bpPurines in MPMV gRNA is crucial for its replication.
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Figure 34. RT-gPCR and virus titer analysis of bpPurines and its complementary
region mutants to establish their role in MPMV RNA packaging and propagation

(A) Table describing the mutations introduced in bpPurines and its complementary region in SL3 of
MPMV gRNA. (B) Relative RNA packaging efficiencies for each of the mutant transfer vector RNAs.
(C) Relative RNA propagation efficiencies for each of the mutant transfer vector RNAs after
normalization to secreted alkaline phosphatase (SEAP) expression observed in the transfected cultures
and represented as colony forming unit per ml (CFU/ml). The histograms represent data from multiple
(to a maximum of two) independent experiments (£SD).
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Figure 35. Selective 2’ hydroxyl acylation analyzed by primer extension-validated
structures of the wild-type and mutant LA-VIII/FN-VIII and LA-IX/FN-1X
packaging signal RNAs

(A) SHAPE validated structure for LA-VIII/FN-VI1II containing complete deletion of bpPurines and its
complementary region in SL3. (B) SHAPE validated structure for LA-IX/FN-1X containing the
swapping of bpPurines and its complementary region in SL3. The SHAPE reactivities from three
independent experiments were averaged and applied to RNAstructure program. The structure with the
least minimum free energy was selected and redrawn using VARNA software and the major structural
elements are annotated. Nucleotides are color annotated as per the SHAPE reactivities key shown. Wild
type structure for SL3 is shown enlarged in the figure and the red dotted box indicates the nature of
mutation introduced.
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3.7 Role of a GU-rich Sequences of Region B in gRNA Packaging and Propagation

Recent biochemical data generated in our laboratory have identified two
Pr78%2 binding sites on MPMV gRNA which were proposed to act redundantly during
MPMYV gRNA packaging process (Pitchai et al., 2021). These redundantly acting
binding sites include: i) the ss-Purine loop (UTUAAAAGUGAAAGUAAX®) i) a
second loop (AZ2AGUGUUZ®) corresponding to the last two nucleotides of the
bpPurines region and extending immediately into the adjacent GU-rich region. To
further validate the biological role of these Gag binding structural motifs in MPMV
gRNA packaging, we introduced a series of mutations and tested them in a biological
assay. Briefly, a mutation was created in which both the ssPurine loop along with a
GU rich region were deleted simultaneously (LA-X; Figure 36A). In concordance with
the biochemical data and as expected, this double deletion mutant showed a drastic
defect in RNA packaging (RPE-0.2; Figure 36B), further validating that both the
ssPurine loop and the GU rich region are involved in MPMV gRNA packaging. To
further confirm this assertion, a mutant, LA-XI (Figure 36A) was made containing the
deletion of the GU rich region only while maintaining the ssPurine loop. Consistent
with the recent biochemical observations which suggested that ssPurine loop and GU
rich region act redundantly during gRNA packaging, this mutant was found to be
packaged efficiently (RPE-1.09; Figure 36B) even though it had GU rich region
completely deleted. Finally, with no surprise and as expected the RNA packaging data
of these two deletion mutants (LA-X & LA-XI) corroborated well with the RNA
propagation data (Figure 36C). Taken together results presented in this section further
validate that these two Gag binding sites (U!UAAAAGUGAAAGUAA?® &
A®2AGUGUU?®) act redundantly during MPMV gRNA packaging process.
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Figure 36. RT-gPCR and virus titer analysis of GU-rich region mutants to
establish their role in MPMV RNA packaging and propagation

(A) Table describing the mutations introduced in ssPurines and GU-rich region of region B in MPMV
gRNA. (B) Relative RNA packaging efficiencies for each of the mutant transfer vector RNAs. (C)
Relative RNA propagation efficiencies for each of the mutant transfer vector RNAs after normalization
to secreted alkaline phosphatase (SEAP) expression observed in the transfected cultures and represented
as colony forming unit per ml (CFU/ml). The histograms represent data from multiple (to a maximum
of two) independent experiments (+SD).
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CHAPTER 4: DISCUSSION

The current study was undertaken to establish the role of ssPurines and its base-
paired partial repeat, bpPurines, in MPMV gRNA packaging and propagation. The
presence of a stretch of purines in the packaging sequences on retroviral gRNA has
been proposed to facilitate RNA packaging by functioning as a potential Gag binding
site (Abd EI-Wahab et al., 2014; Bell & Lever, 2013; Didierlaurent et al., 2011; Lever,
2009; Moore et al., 2009; Moore & Hu, 2009; Mustafa et al., 2018; Paillart et al., 1997,
Zeffman et al., 2000). In support of this hypothesis, a purine-rich internal loop in the
proximity of DIS has recently been shown to bind efficiently to purified full-length
HIV-1 Gag (Abd El-Wahab et al., 2014; Bernacchi et al., 2017; Smyth et al., 2015,
2018). The SHAPE-validated structure of MPMYV packaging signal RNA revealed a
stretch of ssPurines (in close proximity of DIS), as well as a partial repeat in the form
of bpPurines (Aktar et al., 2013). Therefore, we hypothesized that these stretches of
purines could function either at the sequence or structural levels in mediating MPMV
gRNA packaging, possibly by functioning as potential Gag binding sites. Based on the
data generated while testing this hypothesis, employing mutational, biological,
structural, and biochemical analyses allowed us to propose a model shown in Figure
36. According to this model: (1) exclusive deletion of either the ssPurines or bpPurines
does not affect MPMV gRNA packaging, (2) deletion of bpPurines, irrespective of the
presence or absence of ssPurines affects RNA propagation severely, (3) biochemical
probing by SHAPE reveals the structural basis for severe defects in RNA packaging,
(4) RNA dimerization is not affected in any of the mutants, and finally, (5) Both the
ssPurine loop and GU-rich region downstream of bpPurines play a role in gRNA
packaging in a redundant manner. Together, these data and along with the recently
published biochemical data (Pitchai, 2021) suggest that binding of full-length Pr78%

on MPMV gRNA may not be restricted to a single purine-rich domain.
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Figure 37. Structural model of MPMV packaging signal RNA containing two
purine-rich sequences (ssPurines and bpPurines) which play a redundant role
during MPMV gRNA packaging

Single deletion of (A) ssPurines or (B) bpPurines does not disrupt the overall RNA secondary structure.
As a result, RNA is packaged efficiently, suggesting that ssPurines & bpPurines could act as potential
Gag binding sites during gRNA packaging. Deletion of bpPurines neither affects RNA structure nor its
packaging, but RNA propagation is abrogated. (C) Simultaneous deletion of both regions disrupts the
overall RNA secondary structure, resulting in abrogation of both RNA packaging and propagation.
These data further suggest that in addition to RNA packaging, bpPurines are crucial for some aspects
of MPMV replication post-RNA packaging.

Experiments performed employing genetic trans-complementation assays with
the ssPurine mutants (LA-I, LA-11, and LA-I1I, Table 4) did not show any detrimental
effect on RNA packaging or propagation (Figure 28A & B). Furthermore, the SHAPE
validated structures for these mutants revealed that the major structural motifs of the
MPMYV packaging signal RNA, such as the SL1, SL2, and Pal SL (Aktar et al., 2013),
and U5-Gag LRIs (Kalloush et al., 2016) that are needed to sustain the overall stability

of the RNA secondary structures, were maintained except for minor localized changes
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due to the introduced mutations (Figure 30B—D). Such a scenario of having localized
distortions in the RNA structure not affecting viral replication has been observed
earlier, for instance with deletions of the apical part of SL3 that had only a marginal
effect on MPMV RNA packaging and propagation (Jaballah et al., 2010; Kalloush et
al., 2019). These observations suggest that minor structural changes to the region in
and around ssPurines in the MPMV packaging signal RNA are tolerable by the virus;
hence, mutations in these regions do not have a profound effect on its packaging or
propagation. Taken together, these data suggest that ssPurines by themselves do not

play a crucial role in MPMV gRNA packaging and propagation.

Earlier structure prediction analyses of a mutant harboring a deletion of the
ssPurines suggested that the stretch of duplicated bpPurines may become single
stranded, restoring RNA packaging to almost wild-type levels (Jaballah et al., 2010).
However, the SHAPE-validated structure for the replication competent mutant LA-II,
containing the precise deletion of ssPurines (Figure 30C) resulted in a structure
identical to the wild type, suggesting that the bpPurines may not necessarily be
unpaired to allow efficient packaging and propagation of the virus. In agreement with
the above observation, the SHAPE-validated structures of mutants containing partial
deletion of ssPurines (LA-I) or substitution with heterologous sequence (LA-I1I) did
not reveal any conformational changes leading to unpairing of the bpPurine (Figure
30B-D); yet these mutants maintained efficient RNA packaging and propagation
(Figure 28A & B). Mutants containing deletion of bpPurines in the presence as well as
absence of ssPurines (LA-IV, LA-V, and LA-VI) were tested to gain insight toward
the importance of the bpPurines during gRNA packaging and propagation. Mutant LA-
IV (deletion of both ssPurines and bpPurines) was found to be completely incapable
of packaging as well as propagation of its RNA (LA-1V; Figure 28A & B). SHAPE
validated structure of this mutant RNA revealed a complete disruption of the RNA
secondary structure including the loss of U5-Gag LRIs that have been shown to be
critical for MPMV RNA packaging (Kalloush et al., 2016; Figure 31B) suggesting that
the ssPurines and bpPurines may be important in maintaining the spatial organization
of the higher-order structure of MPMYV packaging signal RNA in a somewhat similar
manner to U5-Gag LRIs (Kalloush et al., 2016). In order to destabilize the RNA
secondary structure of the packaging signal, the LA-VII mutant was designed by

deleting the complementary sequence to the bpPurines on the other side of the stem
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(Figure 24C; Table 4). In contrast to our expectations, the LA-VII mutant maintained
its RNA secondary structure very similar to the wild type; hence, LA-VI1I was not only
successful in packaging its gRNA into the virus particles, but it also produced

infectious virions that could efficiently transduce the target cells (Figure 28 A & B).

On the other hand, mutants LA-V (double deletion involving only the
duplicated sequence in ssPurines and bpPurines; (Figure 24C; Table 4) and LA-VI
(deletion of only bpPurines; Figure 24C; Table 4) were found to be defective for RNA
propagation, despite their gRNAs being efficiently packaged into the nascent virus
particles (Figure 28 A & B). SHAPE-validated structures for both these mutants
established the presence of majority of the RNA structural domains critical for MPMV
gRNA packaging (LA-V; Figure 31Ca & b; LA-VI; Figure 32B), and further asserting
that bpPurines by themselves hold no role in facilitating packaging. However, in
mutant LA-V RNA, the PBS stem loop revealed two structures in transition with the
native wild-type structure among its SHAPE-compatible conformers. In both
structures the PBS was base-paired; hence, the lack of propagation could not be
attributed to the alternative conformations of the PBS (compare Figure 31Ca & b). In
the mutant LA-VI, the Pal SL, ssPurines and the SL3 region were remodeled.
Nevertheless, it is noteworthy that all mutant RNAs (LA-I to LA-VII) were successful
in forming stable dimers, even in the case of LA-VI where the Pal SL was observed to
be base-paired. This could in part be explained if it is assumed that in the absence of
Pal SL, dimerization could be initiated by the palindromic sequence in the PBS Pal.
Earlier study on MPMV have shown that structural rearrangements at the Pal SL-SL3
region are well accommodated by the virus during its replication process (Kalloush et
al., 2019); hence, the loss of propagation of LA-V1 packaged RNA could not be related
to these observed structural changes. Additional results from mutants LA-VIII and
LA-IX discredited the role of bpPurines in RNA packaging. Considering these
observations, we speculate that the lack of propagation in these mutants is likely due
to the deletion of bpPurines. Furthermore, it also suggested that retaining bpPurines in

its native context in the gRNA is important for successful MPMV RNA propagation.

Consistent with the observations above, recently published work from our lab
employing in vitro biochemical studies have shown that the MPMV polyprotein
Pr78%2 pinds to ssPurines and the GU-rich (5°’GUGU3") loop in region B which
contain two nucleotides (AA) from 3’ end of bpPurines (5’GAAAGUAAZ3’; Pitchai et
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al., 2021). Remarkably, the findings from the in vitro band shift and foot printing
assays primed us to propose a model on how MPMYV could possibly discriminate its
full-length gRNA from the large milieu of spliced viral and cellular mMRNA during
viral RNA encapsidation. It is now clear that Gag binds significantly to the ssPurines
which is present invariably in all the MPMV transcripts as it is located upstream of
mSD; the selection process of gRNA is achieved by the precursor Gag after binding to
the GU-rich region present downstream of mSD in the psi RNA which is unvaryingly
absent in spliced viral RNAs (Pitchai et al., 2021). These results correlate well while
comparing the biological data of LA-11, LA-X and LA-XI and where defective RNA
packaging was observed when ssPurines and GU-rich region were simultaneously
deleted from the MPMV psi gRNA.

In summary, this study suggests that the ssPurines, and GU-rich sequences play
a redundant role in MPMV life cycle by acting as potential Gag binding sites, while
maintaining the overall structure and stability of the MPMV packaging signal RNA.
The findings also corroborate well with the mechanism proposed for MPMV gRNA
recognition during viral assembly. Additionally, our results also suggest a potential
role of the bpPurines in the early steps of the MPMV life cycle that affect propagation
of the packaged RNA (Figure 37).

In addition, it would also be interesting to perform in vivo or in virio probing
experiments, as has been done for HIV-1 (Paillart et al., 2004; Wilkinson et al., 2008).
Nevertheless, in the case of HIV-1, in virio SHAPE data show minimal differences

with in vitro data, supporting the usefulness of the in vitro data.
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CHAPTER 5: CONCLUSIONS

According to this study that focused on elucidating the role of purine rich

sequences as potential Gag binding sites in selective packaging of the MPMV gRNA

during its life cycle draws the following conclusions:

X/
°e

X/
L X4

Presence of ssPurines in MPMYV psi RNA establishes packaging suggesting it
as the primary Gag binding site during viral RNA encapsidation.

Deletion of either the ssPurines or bpPurines does not affect MPMV gRNA
packaging and bpPurines may not necessarily be unpaired (as was speculated
earlier) to bring about gRNA packaging.

Non-responsiveness of bpPurines to RNA packaging suggested the presence
of other unpaired regions; the GU-rich loop downstream of bpPurines that
facilitate in gRNA packaging.

Deletion of bpPurines, irrespective of the presence or absence of ssPurines
affects RNA propagation severely.

Biochemical probing by SHAPE reveals the importance of structural basis for
severe defects in RNA packaging.

Biological results presented here further confirm that ssPurines and GU-rich
region serves as unique Pr78%% binding sites in a redundant fashion as has

recently been confirmed based on biochemical data (Pitchai, et al., 2021).
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APPENDIX A

Appendix A. Description of primers and DNA template used for cloning, sequencing, conventional, and real time PCR

Virus
*S
Oligo . DNA template used for SOE | **Nucleotide (nt) Position | Region
or Clone Oligo Sequence
Name AS Names g0 5eq PCR and/or Reference &
Gene
OTR 787 S 5'CC ctcgagT GTC CGG AGC CGT GCT 2 dummies, Xhol, MPMV 5°
P?ilrjrt](;:s Gecccs These oligos were used as outer nt7-21 LTR
omr7Es | As 5 CCC ggatec TTC TTT CTT ATC TAT primers to generate each mutant ="/ e BamHL MPMY. | MPMV
CAATTCTTT AATTAAG 3 nt1171-1141 gag
OTR 1348 S 5"GAA AGT AAACTCTCTTGG CC 3 MPMYV nt 820-839 MPMV U5
LA-I , SJ2 .
OTR 1352 AS 5"GCC AAG AGAGTTTACTTT CTA MPMV nt 838- 793 with MPMV US
ATC GCC GGC CGG CGA ACG & deletion from nt 819-813
. MPMV nt 803-847 with
ooz | s 5 GGC GGG CBA ACT CTCTTG GCC seeiontom | Py Us
nt 812-827
LA-11 SI2
. MPMV nt 838-794 with
OTR1013 | AS 5 Gee AA%@E':S\ZTG%%? CGG CCG deletion from MPMV U5
nt 827-812
OTR 1014 S LA S AAT T-I;;TG%ACCGLTECE:?;;Q%TCT crT SJ2 Substitution, MPMV nt 828- | MPMV U5

847




T¢T

5'GCC AAG AGA GTAATG AAAGTG

MPMV nt 838-794 with

OTR 1015 AS AAA ATT TCG CCG GCC GGC GAA CGC e MPMV U5
. substitution from
3 nt827-812
5'GGA CCT GTG TTG CGC TCG GAT MPMV nt 861-894 with
OTR 1006 S LA-IV ATG GG 3 deletion from MPMV U5
LA-II nt 867-874
5'CAA CAC AGG TCC AAC GCG GCA MPMV nt 880-846 with
OTR 1007 AS GGTTC3 deletion from MPMV U5
nt 874-867
OTR 1028 S STTA AAACGCTGAC%TCS GT ;:T TGG CCG MPMV nt 812-847 with MPMV U5
LA-V deletion from nt 820-827
LA-IV
5'GCC AAG AGA GTACTT TTAATC MPMV nt 838-800 with
OTR 1029 AS GCCGGCCGGC 3 deletion from MPMV U5
nt 827-820
5'GGA CCT GTG TTG CGC TCG GAT MPMV nt 861-894 with
OTR 1006 S LA-VI ATG GG 3 deletion from MPMV U5
SJ2 nt 867-874
5'CAA CAC AGG TCC AAC GCG GCA MPMV nt 880-846 with
OTR 1007 AS GGTTC3 deletion from MPMV U5
nt 874-867
5'GAA AGT AAT TGG CCG CCG CGG MPMV nt 820-850 with
OTR 1139 S GAAC3 deletion from MPMV U5
LA-VII SJ2 nt 828-833
5'GGC CAATTACTT TCACTT TTA ATC MPMV nt 839-806 with
OTR 1140 AS GCCG3 deletion from MPMV U5
nt 833-828
OTR 1137 s LAVIII 5'GGA CCT AAG TGT TGC GCT CGG S MPMV nt 861-866 with MPMV U5

ATATG 3

deletion from
nt 873-892




¢cl

5'CACTTAGGT CCAACGCGG CAGG

MPMV nt 877-873 with

OTR 1138 | AS . MPMV U5
3 deletion from
nt 866-850
otR113 | s 5 GAA AGT AAT TGG CCG CCG CGG MPMV nt 820-827 with MPMV US
GAACS3 Deletion of complementary region delgtion from
LA-VIII . plementary reg nt 834-850
5 GGC CAA TTA CTT TCA CTT TTA ATC to bpPurines MPMV nt 839-834 with
OTR1140 | AS . MPMV U5
GCCG3 deletion from
nt 827-806
5 CTC TCA AAG TGT TGC GCT CGG
OTR1069 | S ATATGG 3 MPMV nt 873-893 MPMV U5
LA-1X SJ2
5 AGC GCA ACA CTT TGA GAG AGG MPMV nt 884-875 with
OTR1070 | AS TCC AAC GCG GCA GGT TC 3' deletion from MPMV U5
nt 866-845
OTR1065 | S S TCAAAG TTigcc (3: GCC GCG GGA MPMV nt 834-851 MPMV U5
LA-IX Substitution of complementary
oTR 1066 | AS 5 GCG GCC AAC TTT CAT TAC TTT region to bpPurines MPMV nt 841-834 with MPMY US
CAC TTT TAA TCG CCG G 3 deletion from
nt 827-805
OTR1234 | S 5 GCG CTC GGA TAT GGG GCA AG 3' MPMV nt 880-899
oTR 1235 | AS LA-X 5 GCC CCA TAT CCG AGC GCT TAC LA MPMV nt 896-880 with | M MV US
TTT TCA GGT CCA ACG CGG 3 deletion from
nt 874-854
OTR1234 | S 5 GCG CTC GGA TAT GGG GCA AG 3’ MPMV nt 880-899
LA-XI . SJ2 . MPMV U5
OTR 1235 | AS 5 GCC CCA TAT CCG AGC GCT TAC MPMY i 896-880 with

TTTTCA GGT CCAACG CGG 3

deletion from
nt 874-854




ect

Sequence in lower case: non-viral and/or restriction enzyme sequences that were introduced in the oligos for cloning purposes.

Sequence in bold: T7 promoter.

*S, sense; AS, antisense.

** The MPMV nucleotide numbering system refers to the genome sequence deposited in the Genbank (accession humber M12349) by Sonigo et
al. 1986.



APPENDIX B

Appendix B. Mean SHAPE reactivity data from triplicate experiments with SD values for wild type (SJ2/RCR001) and LA/FN clones.

174"

* RD: Mean reactivity data for triplicate experiments  ** Standard deviation ***A Deleted nucleotides in the relevant clones
WT/SJ2
. LA-1/FN-1 LA-1/FN-11 LA-HI/FN-111 LA-IV/FN-1V LA-V/FN-V LA-VI/FN-VI | LA-VII/FN-VII
Nucleotide - (RCROO01)
Nucleotides
number

RD* RD SD** | RD  SD RD SD RD SD RD sD RD SD RD SD

1 G ND ND - ND - ND - ND - ND - ND - ND -
2 c ND ND - ND - ND - ND - ND - ND - ND -
3 c ND ND - ND - ND - ND - ND - ND - ND -
4 A 0.24 ND - ND - ND - ND - ND - ND - ND -
5 c 0.49 ND - ND - ND - ND - ND - ND - ND -
6 c 0.67 ND - ND - ND - ND - ND - ND - ND -
7 A 0.64 ND - ND - ND - ND - ND - ND - ND -
8 u 1.03 ND - ND - ND - ND - ND - ND - ND -
9 U 0.78 ND - ND - ND - ND - ND - ND - ND -
10 A 0.70 ND - ND - ND - ND - ND - ND - ND -
11 A 0.45 ND - ND - ND - ND - ND - ND - ND -
12 A 0.53 ND - ND - ND - ND - ND - ND - ND -
13 u 0.38 ND - ND - ND - ND - ND - ND - ND -
14 G 0.11 ND - ND - ND - ND - ND - ND - ND -
15 A 0.08 ND - ND - ND - ND - ND - ND - ND -
16 G 0.10 ND - ND - ND - ND - ND - ND - ND -
17 A 0.12 ND - ND - ND - ND - ND - ND - ND -
18 C 0.07 ND - ND - ND - ND - ND - ND - ND -
19 u 0.12 ND - ND - ND - ND - ND - ND - ND -




STA)

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

ccr ooocCcocCcomCcCccCcocCcoacCcoror»rP»r»rOolCroecC

0.17
0.13
0.46
0.53
0.17
0.31
0.35
0.70
0.89
0.48
0.98
0.19
0.17
0.10
0.05
0.06
0.05
0.08
0.15
0.08
0.06
0.10
0.53
0.45
0.49
0.46
0.33

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
0.30
0.07
0.22
0.19

0.42
0.10
0.28
0.19

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
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0.24
0.07
0.24
0.25
0.03
0.09
0.08
0.05
0.12
0.20
0.08
0.12
0.14
0.17
0.38
1.15
0.05
0.08
0.12
0.40
0.70
0.76
0.73
0.81
0.22
0.11
0.05

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

0.01
0.01
1.47
0.30
0.25
0.18
0.30
0.16
0.00
0.16
0.18
0.29
0.00
0.04
0.14
0.34
0.17
0.05
0.06
0.23
0.12
0.19
0.22
0.19
0.15
0.05
0.00

0.01
0.01
2.07
0.26
0.35
0.16
0.42
0.22
0.00
0.11
0.25
0.40
0.00
0.06
0.06
0.12
0.23
0.07
0.08
0.27
0.01
0.19
0.16
0.05
0.13
0.06
0.00

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
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74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
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0.02
0.04
0.14
0.10
0.08
0.03
0.03
0.05
0.06
0.03
0.07
0.12
0.03
0.05
0.21
0.56
0.58
0.96
0.71
0.07
0.08
0.13
0.02
0.39
0.93
0.21
0.22

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

0.00
0.00
0.19
0.28
0.17
0.24
0.01
0.62
0.01
0.09
0.00
0.18
0.03
0.67
0.09
0.29
0.35
0.44
0.62
0.27
0.54
0.16
0.09
0.12
0.32
0.07
0.10

0.00
0.00
0.24
0.35
0.19
0.33
0.01
0.87
0.01
0.13
0.00
0.25
0.04
0.94
0.06
0.08
0.13
0.23
0.12
0.37
0.76
0.23
0.12
0.17
0.45
0.10
0.13

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
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101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
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0.40
0.48
0.59
0.10
0.03
0.01
0.05
0.10
0.46
1.47
0.61
0.37
1.06
0.10
0.06
0.04
0.12
0.11
0.24
0.99
0.47
0.87
0.58
0.08
0.10
0.10
0.01

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
0.02
0.32
0.35
0.45
0.33
0.07
0.02
0.02
0.04

0.03
0.29
0.34
0.38
0.31
0.05
0.02
0.03
0.03

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
1.20
0.05
0.00
0.00
0.00
0.00
0.00
0.54
0.55
0.78
0.62
0.16
0.06
0.07
0.14

0.64
0.01
0.00
0.00
0.00
0.00
0.00
0.12
0.25
0.26
0.17
0.12
0.10
0.02
0.03

ND
ND
ND
ND
ND
ND
0.27
0.86
0.39
0.31
0.19
0.31
1.18
0.3
0.14

0.31
5.29
0.83
0.32
0.85
1.29
0.49
0.44
0.99
0.63

0.17
0.40
0.90
0.54
0.16
0.16
0.64
0.04
0.06
0.59
0.60
0.18
0.59
0.07
2.09
0.59
0.39
0.07
0.77
0.75
0.30
0.53
0.39
0.05
0.02
0.05
0.19

0.10
0.01
0.20
0.64
0.22
0.22
0.91
0.06
0.08
0.74
0.85
0.25
0.83
0.09
2.75
0.83
0.54
0.09
1.08
0.14
0.23
0.28
0.23
0.07
0.01
0.06
0.04

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
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128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
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0.02
0.17
0.05
0.10
0.21
0.03
0.05
0.10
0.06
0.01
0.08
0.10
0.05
0.07
0.05
0.06
0.08
0.17
0.67
0.05
0.07
0.00
0.09
ND
ND
ND
ND

0.06
0.15
0.03
0.04
0.09
0.02
0.03
0.06
0.02
0.05
0.06
0.14
0.07
0.06
0.03
0.06
0.08
0.19
0.79
0.18
0.01

0.17

0.1
0.68

0.09
0.21
0.04
0.06
0.10
0.03
0.02
0.06
0.03
0.07
0.08
0.20
0.09
0.08
0.02
0.05
0.11
0.26
0.34
0.25
0.01
0.00
0.00
0.24
0.00
0.10
0.27

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

0.03
0.06
0.00
0.03
0.16
0.00
0.03
0.07
0.02
0.03
0.00
0.06
0.00
0.01
0.03
0.00
0.01
0.08
0.93
0.11
0.02
0.00
0.00
0.00
0.22
0.00
0.47

0.06
0.10
0.00
0.06
0.02
0.00
0.02
0.09
0.03
0.05
0.00
0.11
0.00
0.01
0.04
0.00
0.02
0.13
0.25
0.16
0.04
0.00
0.00
0.00
0.38
0.00
0.10

0.17

1.67
0.5
0.45
0.42
0.22
0.43
0.22

0.23
0.29

0.43
0.65
2.53
0.49
0.26
0.01

O O O o o

0.00
0.00
0.00
0.28
0.33
0.08
0.08
0.26
0.00
0.00
0.00
0.00
0.08
0.08
0.11
0.08
0.18
0.07
2.52
0.60
0.15
0.10
0.56
2.70
0.63
3.37
0.57

0.00
0.00
0.00
0.28
0.32
0.11
0.09
0.13
0.00
0.00
0.00
0.00
0.11
0.11
0.16
0.11
0.25
0.09
2.07
0.28
0.04
0.14
0.78
3.81
0.89
4.76
0.81

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
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155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
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ND
0.83
0.84
0.02
0.10
0.10
0.31
1.64
0.10
0.05
0.11
0.16
0.11
0.39
0.05
0.05
0.19
0.10
0.10
0.00
0.03
0.05
0.11
0.12
0.06
0.00
0.03

1.24
1.78
1.5
0.36
0.09
0.18
0.23

0.15
0.03
0.03
0.24
0.34
0.57
0.14
0.08
0.17
0.39
0.19
0.03
0.08

0.31

0.62

0.48

0.04

0.41
0.64
0.71
0.27
0.06
0.02
0.05
0.81
0.02
0.00
0.02
0.08
0.09
0.12
0.13
0.09
0.03
0.28
0.05
0.04
0.10
0.00
0.05
0.17
0.09
0.00
0.03

ND
ND
ND
ND
ND
ND
ND
ND
ND

0.09
2.20
0.10
0.01
0.03
0.13
0.10
0.51
0.08
0.00
0.18
0.28
0.33
0.16
0.20
0.09
0.00
0.06

0.08
0.40
0.07
0.01
0.05
0.03
0.05
0.04
0.11
0.01
0.06
0.18
0.14
0.05
0.12
0.05
0.00
0.05

1.44
2.28
1.97
0.30
0.02
0.07
0.30
2.74
0.09
0.02
0.06
0.22
0.34
0.56
0.07
0.09
0.17
0.26
0.47
0.03
0.07
0.00
0.39
0.56
0.13
0.01
0.10

0.12
0.41
0.15
0.15
0.04
0.08
0.24
0.79
0.14
0.03
0.05
0.09
0.08
0.04
0.08
0.04
0.04
0.04
0.10
0.04
0.06
0.01
0.05
0.10
0.02
0.02
0.11

0.75
0.67
1.15
0.73
0.18
0.23

0.62
0.16

0.1
0.27
0.4
1.72

0.08
1.81
0.17
0.11
0.24
0.01
0.15
0.25

0.08
0.22

0.98
0.26
0.26
0.57
0.14
0.06
0.15
0.19
0.19
0.15
0.03
0.06
0.11

1.15
1.21
0.45
0.06
0.06
0.06
0.16
1.15
0.65
0.04
0.13
0.19
0.40
0.60
0.19
0.27
0.36
0.23
0.33
0.30
0.11
0.22
0.08
0.44
0.54
0.00
0.02

0.60
0.82
0.35
0.08
0.08
0.08
0.22
1.36
0.78
0.06
0.18
0.26
0.15
0.16
0.04
0.11
0.18
0.32
0.35
0.40
0.10
0.31
0.11
0.16
0.25
0.00
0.03

ND
ND
ND
ND
ND
ND
ND
0.62
0.06
0.63
0.44
0.09
0.12
0.28
0.16
0.29
0.17
0.28
0.05
0.06
0.25
0.17
0.33
0.1
0.23
0.13
0.18

1.03
0.06
1.06
0.72
0.16
0.21
0.31
0.15
0.29
0.24
0.26
0.09
0.10
0.34
0.24
0.15
0.12
0.17
0.22
0.31

ND
ND
ND
ND
ND
0.18
0.23
2.00
0.15
0.03
0.03
0.24
0.34
0.57
0.14
0.08
0.17
0.39
0.19
0.03
0.08
0.00
0.31
0.62
0.48
0.00
0.04

0.03
0.07
1.00
0.03
0.01
0.03
0.10
0.11
0.15
0.16
0.11
0.04
0.34
0.06
0.04
0.13
0.01
0.06
0.21
0.11
0.00
0.04
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182
183
184
185
186
187
188
189
190

191
192
193
194
195
196
197
198
199
200
201
202
203
204
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0.33
0.43
0.22
0.18
0.05
0.21
-1.00
0.00
0.04

0.08
0.18
0.11
0.10
0.11
0.11
0.33
0.39
0.51
0.54
0.56
0.46
0.58
0.82

0.42
1.45
0.92
0.98
0.12
0.34
0.85
0.35
0.54

0.61

1.26

wedkk A

> B b

0.85
0.61
0.55
0.76
1.29

0.18
0.28
0.34
0.30
0.08
0.24
0.60
0.22
0.26

0.10
151
0.06

0.11
0.03
0.03
0.07
0.20
1.96

1.93
0.98
0.64
111
0.00
0.00
0.00
0.00
0.00

D" > S S " > S S " S o

0.08
0.07
0.18
0.07
0.00
0.00
0.00
0.00
0.00

" S S O " S~

1.05
2.54
0.98
1.46
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