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Abstract

Saccharomyces cerevisiaas provided an array of genetic tools to studynown aspects
of viral life cycles, supporting replication of mauifferent RNA or DNA viruses (e.g.
Tombusviruses or Papillomaviruses). It also provigeeans for up-scalable, cost- and
time-effective production of various virus-like fales (e.g. Human Parvovirus B19 or
Rotavirus) and as such represents a useful toovdocine development. To extend the
utility of the S. cerevisiaeexpression system, we expressed AAV2 structural an
nonstructural proteins in yeast cells, using baithentic AAV2 and heterologous yeast
promoters. For the first time, we described themddy of AAV2 virus-like particles from
yeast-expressed AAV2 structural proteins. To de e used AAV p40 promoter, whose
activity in yeast cells resembled the one of yedgtolytic promoters, resulting in the
synthesis of the most abundant capsid protein VR8mwiransformed yeast cells were
grown on glucose as a carbon source. The expressiother two VPs was induced from
yeast, galactose inducible pGall promoter. Simettas production of all three VPs was
achieved by growing the yeast cells in the mediomtaining both glucose and galactose,
while their relative production levels were furthegtimized by varying amounts of each
carbon source in the induction medium, followedhwsy fine tuning of the induction time.

Moreover, we investigated the ability of the ye8atcharomyces cerevisié carry out
the replication of a recombinant rAAV2. When a piés harboring the rAAV2 genome in
which the cap gene was replaced with $heerevisiadJRA3 gene, was co-transformed in
yeast with a plasmid expressing Rep68 from cortstifuyeast promoter pADH, a
significant number of URA3+ clones were scored @ntgnan 30-fold over controls).
Molecular analysis of low molecular weight DNA reded that the single stranded DNA is
formed, in Rep68 and ITR dependent manner, andttieaplasmid is entirely replicated.
The ss DNA contained the ITRs, URA3 gene and atstor sequences suggesting that ss
rAAV genomes were not obtained by the canonical Aylication mechanism.

These results could open new prospects for usiagtyeell in two ways: (i) as a model
system for studying viral and cellular factors iwea in AAV2 capsid assembly and
packaging of rAAV ss genomes; and (ii) as a nowdll factory for developing superior
recombinant rAAV production technologies.
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1. Introduction

This work communicates two separate research timesmerge to open new prospective
for adopting yeasbaccharomyces cerevisias a novel model-host organism for studying
still elusive aspects of Adeno-associated virus {AAiology. The first part relates to
using yeast cell expression system for productibdAV structural proteins from the
cognate and heterologous yeast promoters and asatie ability of these proteins to
assemble in authentic virus-like particles (VLPs3ide of yeast cell. The second part
investigates the aptitude of ti#accharomyces cerevisiaeplication machinery to carry
out the replication of a recombinant AAV (rAAV) game in the presence of yeast-cell
expressed AAV Rep 68 protein. Together, the resalitained from these two research
lines evaluate the properties of ye&stcerevisia@s a novel, putative production host for
rAAV-based vectors.

1.1. Adeno-Associated Virus Biology and Life Cycle

1.1.1. Virus classification and structure

Adeno-Associated Virus (AAV) belongs farvoviridaefamily, a family of the smallest
and the simplest viruses, whose single stranded I®ADNA) is enclosed in a non-
enveloped icosahedral capsid. These viruses infgoerous species, starting from insects
(subfamily Densovirinag¢ to highly evolved vertebrates, including man (antily
Parvovirinag. The vertebrate subfamily is divided in 3 gendParvo-, Erythro- and
Dependo-virus, whose members share similar genstnicture, but are distantly related
in sequence (~15% identity) [1]. The first two geneParvovirus (Canine parvovirus and
murine one, the minute virus of mice-MVM), Erythimms (human prototype B19) are
pathogens that can replicate on their own in thst heell and hence, are called
“autonomous”. By contrast, non-pathogenic Depenueeés, with AAV as a type-species,
are dependent upon “helper” virus co-infectiondompletion of their replicative cycle. In
particular, the name “AAV” derives from first iddfitation of this virus, nearly fifty years
ago, in a form of a super-infection (contaminantasatellite virus) of the cells infected
with Adenovirus (Ad) [2-4]. Although Ad helper futions have been most extensively
studied (reviewed in [5]), several DNA viruses kter shown to provide helper functions,
such as herpesvirus, human papillomavirus and neceirus [6-9].

To date, over 100 AAV variants have been isolatechfadenovirus preparations (stocks)
of human and non-human primate tissues while nees @are continuously emerging;
around 14 serotypes (variants of a known serolbgye been well characterized [10, 11]
and 11 members recognized by the International Ctteenfor Taxonomy of viruses,
including AAV-1, AAV-2, AAV-3, AAV-4, AAV-5, AAV-6, avian AAV, bovine AAV,
canine AAV, equine AAV, and ovine AAV (available :at



http://www.ictvdb.org/Ictv/index.htin All these variants share similar virion struesir
and genomic organization. The virion shells of &wedral symmetry (T=1) enclose single-
stranded, approximately 4.7kb DNA genomes, comgrieé two functional regions-
terminal repeats and two viral genes (ORFS), rebcap gene. Small, 60 subunit capsids,
20-25 nm in diameter, are made of three typesakpr subunits, VP1, VP2 and VP3. For
attachment and internalization, all AAV serotypese uubiquitously expressed cell
receptors , such as heparin sulfate proteoglyc&8R&$ (AAV2/3) [12-14] or sialic acid
(AAV4/5) [15] (reviewed in [11, 16, 17]). Howeveimportant differences between
serotypes consisted in the variations in amino aoiipositions of their capsid proteins,
result in the usage of different cell-surface régepand coreceptors, causing different cell
entry pathways and distinct tissue tropism amorrgtgees. For instance, both AAV1,
AAV5 and AAV6, utilize N-linked sialic acid [15, 18while O-linked 2,3-sialic acid
serves as a binding receptor for AAV4 [15]. Evercsi the first infectious clone of AAV
serotype 2 (AAV2) was established in 1982 [19], gesnome has been studied most
thoroughly among all serotypes and AAV2-based vsctpickly gained great popularity
in gene therapy applications. Its crystal struchas been recently published [20].

1.1.2. AAV2 genomic organization

For more than 25 years (since AAV2 clones werd #@isgablished) all knowledge about
AAV2 biology accumulated around the 4.7kb, singlewsded DNA AAV2 genome,
comprising two large genesep and cap. All Parvoviruses share the same genome
organization where the Sep gene, located on the left half of the genome, sdde
nonstructural proteins, essential for viral regima, while 3’ cap gene, the right half
located, codes for structural proteins of the achffig. 1.1 left). All AAV2 mRNAs
terminates at a single poly-adenylation site at ma@p96 [21].
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Top-left part: The AAV-2 genome divided into 3 segrts: rep, cap and ITRs and the nucl. positionsaidd
are: viral promoters, p5, p19 and p40, and traieslat start sites of Cap and Rep proteiaddle-left Rep
proteins (boxes) and corresponding mRNAs (with polgi#s). The bottom-leftp40 encoded capsid proteins
VP1, VP2 and VP3 and regulatory protein of capsdembly, AAP, and corresponding mRNARight
Secondary structure of an AAV-2 ITR showing the RBBRBE, GAGCGAGCGAGCGCGC and RBE/,
CTTTG) and the TRS (AGTTGG).

ITRs. AAV genes are flanked by 145 nucleotide-long itedrterminal repeats (ITRS).
The first 125 nucleotides of the ITR have multipdiomic structure whose
complementary regions folds upon themselves to miaei base pairing and forms aT-
shaped hairpin structure, while the other 20 bassked the D sequence, remain unpaired
(fig.1.1- right). ITRs contain altis-acting sequences necessary for packaging, raplcat
integration of the viral genome in the host cell ®Hnd for the subsequent rescue from
the integrated state (reviewed elsewhere [22, R8Bddition, it's been proposed that ITRs
possess some transcriptional promoter activithoalgh relatively weak [24]. A key role
of the ITR is that T-hairpin secondary structurevies 3'-hydroxyl group for the
initiation of viral replication, thus being the gim of replication and serving as a primer
for second-strand synthesis by a host DNA polyneerais activity and theis-acting
ITRs’ function in integration necessitaig, trans activity of the two large Rep proteins,
Rep78 and 68, which specifically bind at the Repdinig elements, RBE and RBE’ of
ITRs and nick in a strand- and site-specific marferdonuclease activity) at the terminal
resolution site, TRS located downstream of RBE$.[22

The rep gene= rep ORF, by the use of two promoters, p5and p19 (map undsd 19),
encodes four nonstructural proteins, longer Rep88ind shorter Rep52/-40, respectively,
designated by apparent molecular weights. Rep68i@ndiffer from Rep78 and 52 due to
an alternative splicing which replaces 92 residuea-acid element in the later ones with
9 element in the former ones, while amino-acid eaqa in the central portion of the gene
is identical for all Rep proteins, translated fréme same ORF (fig.1.1-left). Rep proteins
are involved in a number of processes of viraldifeles , starting from the control of viral
gene expression, over regulation of AAV-2 DNA regtion (reviewed in [22, 25]). Large
Rep proteins, Rep 78 and 68, perform the actsvitemuired for AAV DNA metabolism
and site-specific integration [26-28] by meanstdiit specific site-specific DNA binding
and endonuclease activities as well as nonspeéifi®-ase and helicase activities,
common to all four Rep proteins [29-33]. Large R®pteins coordinate the viral gene
expression mainly by transactivation of pl9 and pOmoter and repression of p5
promoter, both through the interaction with the RBfEthe TR and within the p5 promoter
[34]. Repression of p5 by Rep68 and 78 is well dbeed during productive infection,
when the presence of helper proteins enable ipdession and consequential activation
of the other two AAV promoters [34-37]. Converselyring latent infection, AAV
transcripts are not detected [38], suggesting pBatepression may be attributed to the
negative effect of some cellular factors such ad Y39]. Besides, large Rep proteins have
been shown to affect the expression of variousileglland viral genes although the exact
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level of action is often unknown [40-43]. Moreovethibition of the cell proliferation or
S-phase arrest by Rep 78 is the activity mainlyeiated with the protein’s ability to
induce cellular DNA damage in the cell [44, 45]rolfably related to its ability to arrest
the cell cycle, Rep has been shown to promote p88pendent apoptosis [46]. Finaly p19
promoter products, Rep 52 /40 play an essentialirothe generation and accumulation of
ss progeny genomes used for packaging in prefooapsids [47, 48].

Cap gene.For more than 25 years it was believed that AXdp gene =cap ORF, where
three capsid proteins VP1 (87 kDa), VP2 (73 kDa) ¥R3 (62 kDa), with common C-
terminus, are generated from the same p40 proraatépverlapping sequences in a single
ORF (ORF1). Only recently, a new AAV2 gene proches been identified to derive from
the alternative ORF2 of the cap gene, coding foomstructural viral protein involved in
promotion of capsid assembly [49] (Fig.1.1-leftftbm part). The relative ratio of single
protein subunits in mature virions is approximateiy:10 for VP1, 2 and 3 respectively,
reflecting the intracellular stoichiometry of thede VPs inside the producing cell. This, in
turn, is regulated on transcriptional and transtadl level. The two splicing events use the
same splice donor site, but two different accepptice sites, among which the one closer
to p40 promoter is poorly used, resulting in lowabundance of VP1 coding mRNA and
thus, lower intracellular VP1 protein level. VP2daviP3 are translated from the shorter
MRNA whose greater abundance is due to the userfeational splice acceptor site.
Lower intracellular level of VP2 is the result diet poor translation initiation from
uncommon ACG initiator, while high expression of 3/Protein owes to the usage of
common AUG initiator in the favorable Kozak contgs®, 51].

Although little is known about AAV capsid assemintyvivo, generally accepted concept
of AAV virion assembly suggests the two step me@mrwhere empty capsids are firstly
formed into which singles stranded DNA genomestlaes introduced [52]. This concept
is based on early studies which demonstrated thpt fEotein localized in the punctuate
nucleolar structures in the absence of Rep or AAVYAD36, 53]. The nucleolus may
provide factors/chaperones that help assembly psptke notion further supported by the
discovery of two nucleolar proteins, nucleolin angtleophosmin, found to associate with
AAV capsidsin vitro [54, 55]. The recent finding of Sontag et al. ptemented this
concept, showing that a newly identified AAV proteAAP, not only stimulates transport
of VP proteins to the nucleolus, but also, in somsy, promotes the assembly process
itself [49].

1.1.3. Productive (replicative) and latent AAV virus infection

Viral entry and trafficking to the nucleus. On their way to the nucleus where AAV2 has
to deliver its genome in order to start replicatmratent integration, virions have to pass
multiple barriers: receptor binding, cell entrytracellular trafficking, endosomal release,
viral uncoating or nuclear entry. AAV2 infection time cellular level starts with multiple
contact with glycoprotein receptor (HSPG), the niynreceptors for AAV2 binding, and
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is further assisted by various coreceptors that tamught to be essential for its
internalization and first post-internalization etser{reviewed in [56]). These include:
fibroblast growth factor receptor-1 [57], hepat@growth factor receptor [584vp5 and
avpl integrin [12, 59] and the 37/67 kd laminin [60iat act as co-receptors. It's currently
believed that virions enter the cell by endocytasisa clathrin & dynamin-dependent
process, facilitated by integrins and other cortarsp and are rapidly transported toward
perinuclear area via endosomal compartment: threagly, late, recycling endosomes and
lysosomes [56, 61]. When and how exactly, endosomlkgase occurs is still under
investigation and is thought to be cell type speditl]. However, recent studies have
identified certain capsid components necessarystdidicellular trafficking, thought to be
prone to conformational changes and critical fasage from one cellular compartment to
another. In particular, higher acidity of endosomesthought to trigger a capsid
conformational change which brings out to the ahpsirface two functional regions
located near the N termini of VP1 and VP2 (strescbiehydrophilic, basic regions-BRs),
hidden in the capsid interior during assembly pssc& hese elements, phospholipase A2
(PLA2) domain and putative nuclear localizationnsily (NLS) in BRs are thought to be
crucial for vesicular disruption followed by endosa escape and nuclear entry,
respectively [62-65]. Although it's known that mtiteas in these regions have severe
negative impact on AAV2 infectivity, their direcole in trafficking has not yet been
demonstrated for AAV2. After endosomal escape, idapsan be either degraded by
proteasomes or imported into nucleus. Although sdve@roups have separately
demonstrated that nucleus may be the place of AAXRoating, there is still lot of
contradiction regarding the mechanism and efficatyirion/genome import into the
nucleus, being the focus of current investigatigreviewed in [11]). Once inside the
nucleus, AAV will undergo lytic or latent life cyeldepending on the physiological state of
the host cell, permissive or non permissive cellidavironment for AAV productive
infection as reviewed in the Figure 1.2.

Productive infection Latent infection
(permissive cell) (non-permissive cell)

Helpers for AAV replication

Helper viruses

Adenovirus The major event in vitro:

Wt .
Heat shock AAVWH.’I; AAV integration into
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o Y
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e - ?3\;% B3 circular episomes Flgu.re 1.2
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Replicative cycle. Infection with another virus (one of above listBdV helpers) or
genotoxic stress caused by various physical andniciaé agents are the factors that
determine the permissive cell-state that supporvexsion of single-stranded AAV2
genome to a duplex DNA. This is done by the hosAdélymerase acting on the 3’ end
of the viral ITR. The resulting incomplete doubteasded ds-monomer (the form with the
priming ITR closed in a hairpin and the other ogglicated) is transcriptionally competent
thus yielding Rep78/68 proteins, which are necgsgabind RBE and RBE’ of priming
ITR and make a nick at TRS site, allowing ITR tomimd and the synthesis of ds-
monomer can be completed (schematically presemtethe fig. 1.3). Ds-monomer is
essential molecular form both for viral protein egsion and for second round of self-
priming replication which will generate double-std@d DNA dimer molecules by strand-
displacement mechanism.
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Figure 1.3: Mechanism of AAV DNA replication.
Letters indicate specific sequences in the invertedninal repeats (AA’, B-B’, C-C', D-D’ denote
complementary sequences). Input viral DNA is inckland newly synthesized DNA in red. The arrow
indicates the 3'OH available as a primer for DNAthesis. TRS: terminal resolution site.
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The two most abundant replicative intermediategligating-form RF- monomer and RF-
dimer serve as reservoir of ss viral DNA which,satne point, is displaced from these
templates, probably along with ss DNA encapsidaitiopreformed capsids. AAV capsids
package both positive (+ polarity) and negative DNt#hand (- polarity) with equal
efficiency (reviewed elsewhere: [17, 22, 48]).



All the steps involved in AAV DNA replication haveeen reproduced in cell/free systems
using over-expressed recombinant Rep proteins [BB]. These studies further
strengthened the concept that in the presence f &&V replication can rely mostly, if
not uniquely, on direct help from cellular factosince purified cellular proteins, such as
replication protein A (RPA), replication factor ®KC), proliferating cell nuclear antigen
(PCNA), minichromosome maintenance (MCM) protears] DNA polymerasé (Pol d),
were sufficient to replicate the AAV genome in witrStudies conducted on the
contribution of helper viruses to AAV replicationreamportant not only to identify helper
activities that can be used to produce recombida¥ vectors but also to understand
how AAV adapts its replication strategy to the leelpirus and to the nuclear environment
in general.

Adenovirus (Ad) helper functions have been most extensively studied among AAV
helpers and four of its proteins: E1A, E1B, E2A0HB, as well as one virus-associated
RNA (VAI RNA), have been identified as indispensalfdr AAV replication. These Ad
functions help AAV productive life cycle by stimtilag viral gene expression and by
enhancing AAV genome replication, mainly indirec{hgviewed in [5]). The E1A gene
product relieves repression from AAV p5 promoteolably through direct binding of the
YY1 element [39]. Similarly, the Ad DNA-binding ptein (DBP), the E2a gene product,
was reported to be able to activate transcripttmmfthe p5 promoter [68]. Moreover,
early studies showed that Adenovirus DBP proteiralide to modestly enhance the
processivity of AAV genome replication in vitro [e9he E4orf6é gene has been shown to
be essential for replication on several levelsstfit was demonstrated that its product can
overcome the rate-limiting step of second-strandttmsis of the single-strand virus
genome [70]. More recently, it was shown that ttherevirus proteins E1b55k and E4orf6é
can stimulate AAV genome replication by degradihg tellular Mrell/Rad50/Nbs1
(MRN) complex that restricts AAV genome replicatioiniring adenovirus coinfection
[71,72]. The function of the virus-associated RNA AAV DNA replication remains
somewhat elusive and has been suggested as atia@mas enhancer of AAV RNAs [73].

Herpes Simplex Virus type lor 2co-infection with AAV results in AAV titers simitato
those obtained in the presence of Ad and the \esly dtudies in this field also indicated
that this virus enabled more rapid AAV life cyclah the one with Ad [5, 6], which was
later confirmed in experiments with recombinant AMasmids [74]. Early studies
showed that the HSV-1 helicase-primase (HP) com(@#6/8/52) and DBP (ICP8) were
sufficient to replicate rAAV-2 plasmids [75] and wtas later shown that the helicase
activity, but not primase activity, of HP complexasvrequired for this effect [76]. More
recently, a comprehensive study of HSV-1 helpeivities demonstrated that the HSV-1
immediate-early proteins ICPO, ICP4, and ICP22 @¢atimulate rep gene expression and
that HSV-1 DNA polymerase encoded by UL30, alonghwis associated processivity
factor (UL42), although not strictly required, sifggantly increased AAV replication



levels induced in the presence of the HP compleI@®8 [9, 77]. Only recently, a novel
HSV1 protein has been shown to be directly assatiatith Rep proteins within AAV
replication centers (RC), further demonstrating thés viral exonuclease plays a critical
role during AAV replication by enhancing the formoat of discrete AAV replicative
forms, suitable for packaging, thus increasing titex of infective AAV particles [78].
Having identified five HSV-1 factors in direct asgtion with Rep proteins opposing to a
single adenoviral helper protein [79], this stutBogpoints out a more direct role of HSV-1
in AAV replication than that of adenovirus, indicet that AAV may be able to
differentially adapt its replication strategy toaclear environment induced by a helper.

Latent cycle Under non-permissive conditions (in the absenfcéedper functions or
stress) AAV genomes that reached the nucleus ofnfleeted cell have the capacity to
establish long-term latency by integrating into @edfic locus, accordingly named
AAVS1, on chromosome 19 (19913.3-qgter) (see fig, fight half ). Upon nuclear entry,
initial conversion of ss AAV genomes to ds formsilgies basal expression of Rep 78 and
68, the only viral trans acting factors essent@l integration, who form the bridge
between ITR and p5 promoter- located Rep BindingsS{RBS) on one side and the
homologous sequences located in the AAVS1 locushenother [22, 48, 80]. Various
RBS-like elements have been identified in humanogen but the vicinity of RBE-like
and TRS-like region in 33 bp region of AAVS1 makealmost identical to the analogous
regions in ITR which probably enable viral integrat via semi-homologous
recombination between the two regions (reviewefllif]). Another proposed model for
imprecise integrational mechanism is based on samebus replication of AAV genome
and AAVS1 region, both mediated by AAV large Reptpins with intrinsic tendency of a
Rep-mediated replication complex to switch templstiands. In any case, if latently
infected cells are subsequently infected with gérelirus, the AAV genome is rescued
and re-enters the replicative phase of the lifdecy81]. However, recent studies with
rAAV plasmids have shown that in contrast to AAV$&plication at the viral terminal
resolution site does not appear necessary forriegriation event to occur [82] and the
viral sequences required for site-specific intdgrathas been identified. This element,
designated p5IEE for ‘p5 promoter sequence residitegration efficiency element’, is
the sole cis requirement for high-efficiency integyn of AAV genome into AAVS1 [83].
Although approximately 0.1% of infecting wt AAV gaemes integrate at AAVS1, this
mechanism could nonetheless play a role in theralahistory of the virus, and AAV
proviruses have been identified in AAVS1 after matinfection [84]. The wild-type AAV
genome can also integrate at sites in the genohex tdtan AAVS1, as demonstrated by
the identification of a provirus on chromosome 143ih human tonsillar tissue and in
multiple different chromosomeis vitro [85, 86]. These events were presumably Rep-
independent and thus analogous to the integrafioepadeficient vectors described in the
next section. Remarkably, latent AAV genomes hagenbdetected in various tissues
derived from humans and non-human primates, inctudione marrow, brain, spleen,
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colon, heart, liver, lymph node and kidney (revievie [87]). While the presence of these
latent genomes is consistent with integrated puses, in some cases episomal genomes
may also persist for prolonged periods [88]. A difigtl scheme of the latent AAV
infection is shown in the figure 1.2, right part.

1.2. AAV-based vectors in gene therapy

1.2.1. Brief introduction to gene therapy

Gene therapy uses variety of nucleic acids as peet& agents (‘genes as drugs”).
Depending on the desired function and the diseaséq the therapeutic can be in a form
of protein coding DNA /non-coding DNA / RNA or angbus molecules, such as: mRNA
targeting antisense oligos, siRNA, decoys, ribozyratc. Their usage is wide, starting
from prevention (e.g when used as adjuvants focigation), over gene augmentation in
acute treatments, to compensation for “genetic-ddsgunction” in chronic diseases.
Moreover, therapeutic genes can provide cytotoxigit cancer cells or be used for
correction of endogenous genes, which presenteragty important branch of gene
therapy yet, still limited to experimental studies cell-culture. In each gene therapy
approach the choice of a therapeutic gene (trae$gantarget cell/organ and a delivery
route have to be matched in the best way to promdgimalefficiency, specificity and
persistence of gene transfer, whileminimizing toxicity associated with: gene
administration method and/or the transgene it§&he therapy uses three major routes of
delivery: 1.ex-vivg gene transfer is performed in laboratory, inased hematopoietic or
stem cells, followed by re-administration of “trgesic” cells back into the patient; .-
vivo systemic delivery (intra-venous/arterial/peritditeand 3.In-vivo topical delivery,
directly in tissues hardly reachable by systemieves (e.g brain, eye, joints) or where
systemic delivery could cause unwanted effects (emors). Naked nucleic acid
therapeutics are generally difficult to deliver aard destined to rapid elimination from the
circulation for couple of reasons: rapid clearamgeserum nucleases, lack of organ-
specific distribution and low efficiency of cellulaptake. The use of virus-based vectors is
currently the best way for improving delivery effincy and long term transgene
expression; while most gene therapy strategiex@agescing around two types of viral
vector: lentivirus vectors fagx vivogene transfer and AAV vectors fiorvivo transfer into
postmitotic tissues [89]. Nevertheless, these wmttors have various limitations: i)
inherent packaging constraints limit the size ad therapeutic gene; ii) safety concerns
related to: immunotoxicity (harmful immune responsé capsids, envelope proteins,
residual viral genes and risks associated with lpgbability of mutagenic integration
(retroviral & lentiviral vectors); iii) transcripphal silencing of integrated vectors leading
to reduced transgene expression over time. In iaddieven weak immune responses
generated against vectors can dramatically decréi@sesgene expression upon re-
administration. Similarly, pre-existing (memory) rimanity against common viruses in
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human population, such as Ad and AAV is one ofrti@n limitations of these vectors.
Thus, it is imperative to develop efficient prochigiand engineering technologies to
render the vectors capable of escaping immune néibmg and avoid inflammation.

(Literature used for this section: [17, 90-93])
1.2.2. Properties of AAV-based vectors

Several marked features of AAV life cycle such las ability of these viruses to infect
non-replicating cells, capacity to integrate it®yiral DNA into a specific site of the
human genome and almost non-immunogenic natureAd ixfection, indicate how well
these viruses adapted to long-term persistenceceexistence with the host cell without
causing any deleterious effect. These aspectsnuentd inspire still growing use of AAV
viruses in gene transfer technology. The first sastul cloning of AAV2 in early 1980s
led to more than two decades of constant effoitproving recombinant technologies for
AAV-based vector production followed by extensivedses of unknown aspects of AAV
biology (particularly serotype 2). So far, AAV vers have shown therapeutic efficacy in a
range of animal models (mice, pigs, dogs, ship),etwing to a number of properties
which make them preferential with respect to otheal vectors. First of all, these vectors
are “gutless”, constructed by complete deletionalif viral genes, rep and cap, and
insertion of “therapeutic” gene (gene of interdstjween ITRs, which are the only viral
cis-acting element indispensible for replication anackaging or recombinant AAV
genomes, as long as rep, cap and helper functiengravidedin trans by the packaging
cell [94] (see fig. 1. 4, left part). Since only®BAucleotides of viral DNA are retained in
the vectors, the risk of their recombination withh wrus is minimal. Further, such
“gutless” AAV vectors, deprived of the previouslentionedcis integrational element and
trans acting integrational factors (p5SIEE element anubB478 proteins, successively) are
not capable of integrating their genome site-spmadlfy. Once they enter the nucleus of a
targeting cell, these vectors may persist in cooplaolecular states (Fig. 1.4 - right part).

Production of AAV vectors Nuclear processing of AAV vector genomes in the

targeting cell
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Figure 1.4: AAV vector production and rAAV genomeqeessing in the targeting cell nuclei
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One common outcome is the conversion of the AAVoges to a double-stranded circular
episome either by second-strand synthesis or conguitary strand pairing [95, 96]. These
episomes can be further converted to high-moleaméaght multimeric concatamers [97],
formed by the recombination of monomer genomes, [@8d probably are the main source
of long-term transgene expression, particularlynon-dividing cells [85, 97]. Such a
transductional mechanism of AAV vectors almost elamtes the risk of insertional
mutagenesis or silencing, seen for integratingovatl vectors. Accordingly, in the
absence of the immune response to a therapeuti, gerthe pre-existing immunity to
common AAV serotypes, transgene expression from AAtors in vivo can last for
months or years. Such a success was specificatiyndented in AAV-based gene transfer
approaches in animal models [99], which lack memorgnunity to most of the human
AAV serotypes used in these approaches. Howeuarga body of data demonstrates that
AAV vectors can also integrate at non-homologotesssn the host genome, bathvitro
andin vivo, either as a single-copy proviruses or concataf®rs87, 100]. More recent
studies focused on analysis of large number ofoveathromosome junctions (e.g. Inagaki
et al. characterized approx.1000 integration dites liver, heart and skeletal muscle
[101]) and provided insights into AAV vector intagjon process. The integration of AAV
vectors occurred preferentially at specific sitdmt spots’, in the genome such as:
ribosomal DNA repeats that encode ribosomal RNAR[1103], CpG islands and within
1kb of transcription start sites [101-103]; segmaérduplications, satellite DNA and
palindromes [101, 102]. Moreover, in mouse hepatxyaround 60 % of AAV vector
integrations occurred in active genes [103]. Thiesegration hot spots may represent
regions of genomic instability and together witk #vidence that AAV vectors integrates
at chromosomal double-strand breaks [104] (gendiagethe endonuclease I-Sce |, or by
treatment with etoposide and-irradiation), suggest the model of AAV vectoreigtation.
According to Deyle and Russell, these data sughasthe nonhomologous integration of
AAV vectors is not a random event and that the guegftial integration at certain sites
presumably reflects availability of free chromosbmrads that can ligate to AAV, such as
regions prone to double-strand breaks or other$afiDNA damage [87]. Even though a
rare event, the nonhomologous AAV vector integratioan be associated with
chromosomal deletions and rearrangements [105]renvttee most concerning, possible
genotoxic effect is the malignant transformationaofransduced cell. The majority of
experimental data in animal models have demonsitrthi@ AAV vectors are safe in this
regard. Still, some convincing evidence for AAV-irmed tumorigenesis derives from a
follow up study with mice with mucopolysacharido%i (resulting from mutations if-
glucuronidase) injected with the vector carryingniaum 3-glucuronidase gene [106]. Both
mutant and non-mutant mice injected with the sas®or had an increased incidence of
hepatocellular carcinoma (~50% compared with ~8%camtrols) and showed the
occurrence of four independent tumors containingoreproviruses in the same locus (but
not in the surrounding normal liver tissue) sugigesthat insertional mutagenesis by AAV
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vectors was the cancer trigger, although thesev@re not previously associated with
hepatocellular carcinoma. Besides, AAV vectors adegrate into tissues other than the
liver, heart, skeletal muscle [101], thus pointiogthe need for further research to fully
assess the risk associated with AAV vector genambegiation into the host genome.
(Other literature used for this section: [16, 80, 107].

1.2.3. Strategies for improving properties of AAV2vectors

Albeit transduced with different efficiencies, st muscle, hart, liver, brain, retina and
lungs are the main targets for AAV2-based genesfeanapproaches, while many cell
types and relevant diseased tissues still remampeomissive to transduction by AAV2
based-vectors (and vectors based on other serdtyifes reasons for these differences in
tissue transduction efficiencies go beyond the perechoice and internalization and
reflect cell-type related differences (limitatiors) various points essential for efficient
transgene expression, such as : viral subcelltddiiaking to the nucleus, nuclear entry,
uncoating and second-strand synthesis (reviewefdin 80]). The last limitation was
partially overcome with development sélf-complementary (sc) AAV vectors which
once in the nucleus can fold upon themselves anil lpid expression of a therapeutic
gene without the need for inefficient second-strayathesis [108]. Moreover, packaging
of AAV2 based-recombinant genomes into capsids thiero serotypes, which show
different tissue tropism from the one of AAV2 semm, “pseudotyping technology”
(fig.1.5), can meliorate efficiency of transductifam some tissues, but only slightly widen
the range of AAV2 permissive tissues [17, 109, 110]

AAV genome plasmid
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Figure 1.5: Different AAV serotypes target differégroups of tissues.
Information taken from www.aaveye.and Ref. [17]

Beside pseudotyping, other similar production tetbgies were developed in order to
overcome transduction limitations of AAV2 vectorsdafurther expanding tissue tropism.
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These technologies tend to synergistically combpneperties of naturally occurring
serotypes and further improve them by introduciegain modifications (e.g. targeting
peptides), leading to generation mmbsaic, chimeric and targeting vectors (direct and
indirect). The mosaic vectors are composed of mixed capgidrsts of various AAV
serotypes [111], while chimeric vectors are predlidby domain swapping approach
among multiple parental serotypes, involving eitbetire capsid loops or parts thereof or
individual residues [112, 113]. For example, donmairapping between serotypes 1 and 2
yielded a chimeric vector who could be purified bgparin affinity chromatography
(purification method designed for AAV2 serotypejdhincreased transduction efficiency
of muscle cells (AAV1 property) and was less effitly recognized by anti-AAV2
neutralizing antiserum [113]. Furthermogenetically engineered capsidean lead to
more restrictive targeting to a diseased tissuan®&tous groups have developed novel
strategies to engineer “designer” AAVs tailored foetter transduction of clinically
relevant organs (reviewed in detail in ref [11, 1145]) These strategies can be grouped
in “direct”, physical capsid modifications approastor “indirect” approaches that base on
chemical binding of targeting molecules (ligandsjHe viral surface, forming a conjugate
ideally able to retarget the capsid to a refractmely type. Examples of such ligands are:
bispecific antibodies [116], avidin-coupled ligarjd47] or cellular receptors. In the direct
targeting approach, targeting ligands are genétitaderted into the viral capsid proteins
[118, 119]. The insertion site has to be choseraiway to avoid interference with
assembling, packaging and infectivity propertiesnotified virions [120]. In this view, N-
terminus of VP1 and VP2 was shown to be a goodcehfmr such modifications [121]. In
addition, conferring selective tissue targetingenfdemands elimination of broad tissue
tropism, since a considerable safety issues aseddaf non-target tissues are transduced.
It's been observed that systemically routed AAVtees accumulate in the liver and spleen
(mainly associated with HSPG receptor recognitibr®AV vectors), thus reducing the
transduction efficiency in non-liver target tissy#22, 123]. Some success in combining
vector de-targeting from liver and spleen was aadeby insertion of targeting ligands in
positions of or close to HSPG binding domains [1125)].

The aforementioned example of domain swapping beEtweAV1 and AAV2 serotypes
demonstrate that the use of different AAV serotypessent one way for avoiding vector
clearance by pre-existing anti-AAV2 immunity to vac capsids. However, results in
humans indicate that AAV capsid-primed CD8+T cell® likely to cross-react with
alternate serotypes thus urging further developmémtew strategies for circumventing
immunotoxicity [126]. One of possible strategiesingoduction of mutations in capsid
epitopes recognized by anti AAV2-neutralizing aotles (A20). Mutations are either
results of clever guesses [127] or the use “@bolutionary strategies”, where
combinatorial libraries of mutated cap regionssamgjected to high-throughput screenings
for selection of desired characteristics [125, 1Z].
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(For detailed reviews of all aforementioned stregegee Ref: [10, 11, 80, 126]).

Two inherent limitations of AAV vectors are the shaprox.5kb, packaging capacity of

the capsids and infrequent integration in quiestaget cell-genomes. The first limitation

can be overcome, in a part, by skilful engineergdgtransgenes and their regulatory
regions (minimizing the size) and by use of tragplgzgig approach for expression of

transgenes greater than 9kb [129]. Although raré mmostly related to chromosomal

rearrangements, integration events point to thel feefully assessing the associated risk
in the future. Finally, long-term expression of tterapeutic level of transgene is the
major challenge associated with clinical usage 8MAvectors. As indicated from large

number of AAV -based pre-clinical and phase | (lekase Il and Ill) clinical trials, these

challenges are tissue-specific and embrace cedl-tgppendant variables related to
administration rout and predominant immune respreected to the vector or to the
transgene product [130].

1.2.4. Historical overview of current methods for AMAV-vector
production

Extensive studies on AAV-vectors in the last decaslulted in a variety of currently
existing methods for their production. However, tlging number of AAV vector-based
gene therapy trials that require high vector dosesr 16° genome copies (g.c.)/kg of
body weight [131], impose the need for creating meaduction technologies with better
“yield versus cost” parameters.

When the first foreign gene was expressed from AAEtors in mammalian cells in the
early 1980’s, the stocks of virions carrying recimalnt AAV2 genome were obtained by
transfection of Ad2 infected HEK-293 cell§a human Adenovirus E1A and E1B genes -
transformed cell line) with two bacterial plasmidse carrying rAAV genome and the
other one providing missing cap gene in trans [1&jon later, concerns surrounding the
use of replication-competent vectors lead to elation of rep gene form recombinant
genomes and providingii transtogether with cap gene, while infection with Adeimos
was still used for providing helper functions. Rregt contamination of AAV2 stocks with
Ad urged cloning of Ad genes into bacterial plasnimlis eliminating infection [94, 133].
Concerns regarding generation of replication coemtetectors were reduced by placing
rep and cap genes in opposite orientations. Theple transfection-based AAV
production method was the subject of further improents associated with extensive
studies on minimal helper function requirementadieg to currently used protocols for
HEK-293T production system which involves followingmponents: (1) vector containing
recombinant rAAV genome - the transgene express@ssette flanked by two ITRs
(AAV2 derived), (2) plasmid providing Rep and Camteinsin trans and (3) plasmid
containing adenovirus genes encoding E1, E2A, B4, drus-associated RNA (VA-I
RNA) comprising minimal requirements for inducingllgoermissivity to productive AAV
replication [5]. The next upgrading introduced listsystem was placing AAV2 rep and
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cap genes together with Agklper genes in a single “helper” plasmid, thusiishing
number of transfecting constructs from three to (fig.1.6). The same procedure is used
for production of “pseudotyped” AAV2 vector genomesstead of AAV2 cap ger
sequence, the helper construct comprises of sel-specific cap and AAV2 rep
expression cassettes [134].

Vector generation in groducing cell involves following steps: Rep and pi®teins are
expressed from helper plasmid and the t-ITR flanked transgene cassette is rescued
from the vector genome and replicated in Rep78/6Beddent manner followed |
encapsidation of ssDNA tio preformed capsids of desired serotype (reviealsewhere
[17, 135). The vector yield from transfected HEK293 cellsswurther improved with fin
tuning of Rep7&Rep52 expression level with better results obtaiwhen Rep78 was
inferior to Rep52. Although advanced, the produttivof transient transfectic-based
method (titersof viral stocks obtained) was still limited by tsdection efficiency of thi
cell line utilized. So far, the best results ar¢agied with HEK293 cells when calciu
phosphate precipitation is utilized for transieansfection (reviewed i[135, 136]).

Plasmid containing the

AAV vector genome Helper plasmid

) poly A rep cap
promoter therapeutic gene | i =

ITR. ITR

\__\‘_ﬁ__,//

Adenovirus helper genes

transfection

8
8
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Cell lysis '
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Purification by
cesium chloride
gradient
centrifugation

Recovery and analysis
of fractions lv

Titration by quantitive PCR
Evaluation of therapeutic gene expression
Figure 1.6: Transienttransfection based protocols for rAAV productiondim HEK-293 cells.
The system presented is using two plasmid comgts: 1. AAV vector itself, harboring transgene exgsion
cassette, flanked by (ITRsplasmid encoding for: Rep, Cap and adenoviral pretgmoviding helpe
functions. Twentyfour hours after transfection, cells are lysed #redvectors are purified by standard ces
chloride ultracentrifugation. Figure reproducechinef.[17].

To overcome transfection limitatiorigfection-based protocols using recombinant viral
vectors are developed. Packaging cells (employing diffeieik lines) are infected wit

15



Adenovirus, Herpesvirus or Baculovirus-based vecfoeviewed in [135]), carryng both
rAAV genome and helper functions. Although high nAAiters were obtained with
Herpesvirus - Baby-Hamster-Kidney cell line (BHKQuble-infection system [137], this
method is still not widely accepted. On the comtraecombinant Baculovirus infection of
evolutionary distant insect cells has gained lopopularity since originally established
[138]. The original system consisted of three défe baculoviruses: the'bne carrying
rep genes, the"2one-cap genes and th& @ne carrying ITR flanked transgene.

Finally, great effort has been made for creatipgckaging” and “proviral”, stable cell
lines (mammalian), considered as the best systems &ingaup manufacturing procedure.
Packaging cell lines contain rep and cap genegriated in the host genome, while the
second one contain integrated recombinant AAV genoithe best currently existed
stable-cell line systems are based on HelLa calklibut BHK and 293T cells have been
also successful so far. Opposing the HelLa packagatigline, the major difficulty in
generating a 293-based AAV producer cell line ssE1A mediated activation of AAV p5
promoter, which control AAV Rep78/68 proteins, whicare known to be cytotoxic if
constantly expressed [46]. Thus, this difficultydgercome by creating cell lines with
highly inducible Rep systems [139-141]. Howevemain limitation which renders stable-
cell line approach insufficiently efficient is tmaulti-step and time-consuming procedure.
Due to multiple steps of transfection and/or infactand selections, several weeks to
months are needed to produce a high-yield cell[li8&, 136, 140, 141].

Since AAV particles are very resistant to harsh imalation and solventgonventional
methods for purification of AAV vectors are based on cesium chloride density gradient
ultracentrifugation, which provides efficient segion of empty capsids from genome
containing virions [17] (Fig.1.5-bottom). Still,stbeen observed that longer exposure of
particles to CsCl can cause a certain decreasecitovinfectivity, leading to development
of alternative purification strategies. Zolotukh@t al. described the use of nonionic
iodixanol gradients followed by ion-exchange or dmgp-affinity column chromatography
for the purification of AAV2 and other serotypedeatn bind heparan sulfate [142].

So far the most commonly used rAAV production methmased on transient transfection
of mammalian cells, holds one crucial limitatidhe use of adherent cell culturesvhich
make this methods difficult to scale-up. Growingtee requirements for large animal-
preclinical and human-clinical trials practicallprmot be met with the use of adherent
cell-solid supports, such as tissue culture pléaesund 50-15 cm plates needed for 293-
cell production of 18 rAAV particles with current transfection method$his issue is
being addressed with newechnologies using shake flasks and bioreactor-base
suspension culturesof HEK-293 cells, suitable for scaling-up, althbugxpensive and
manpower demanding [143, 144]. Aside of great impnoents achieved in traditional
production in mammalian cellBaculovirus-Sf9 suspension culture systerhas been the
subject of active optimization in the last yearsl én@nce, developed into a reliable and
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scalable process. Although producing as much rAAAftigdes per Sf9 cell as per
mammalian cells, the original system was mainlyitiohto small-scale production for two
reasons: (i) it required high MOI of each of theethBaculoviruses (Bacs) for efficient co-
infection and (ii) proliferation of infected celled to be limited due to high instability of
rep Bac helper and the consequent loss of Repiprexpression following passage 2/3
[145]. These deficiencies were alleviated with maii expression of Rep78 and Rep52
from a single polycistronic transcript and placthg Cap ORF into the same baculovirus
expression vector (BEV), in the opposite orientatidth respect to the Rep cassette [146].
Stabile expression of the VP and Rep proteins fommsolidated “RepCap”’- Bac was
observed through at least six amplification passag@his enabled couple-fold increase in
the cell-density of suspension cultures, while kegghe same particle per cell yield.
Further advances involved optimization of feedingd agrowth conditions as well as
improvements in processing protocols for efficimdovering of rAAV vectors from large
volumes and biomass (40-100I bioreactor cultur€siyrently, Bac-Sf9 system can meet
requirements of commercializing rAAV productionfesfng lower production costs, high
productivity and relatively easy scalability [1448].

Efficient Rep78-dependent rAAV replication and protlon of biologically active vectors

in invertebrate cells inspired us to explore thenpssivity of the most simple, eukaryotic,
single-cell organism, the yeaSaccharomyces cerevisjder rAAV genome replication on
one side and AAV virus-like particles (VLPs) assgmin the other. In view of the greater
complexity of the cell biology and genetics of nzetans, yeast has already demonstrated
its usefulness for virus research, which will becdissed in the following section together
with the advantages of yeast-based heterologoug®sipn system over the other currently
applicable systems for foreign protein productigina| proteins in particular).

1.3. Budding yeast,Saccharomyces cerevisiaas a cell factory for
viral proteins and model organism for studying virus biology

So far, structural and nonstructural viral proteiase been expressed from practically all
recombinant cell-expression systems, from bacteriluman cells. The producer cell

choice depends on the characteristics of foreignepr/protein complex (e.g. VLPs) on

one hand and from downstream applicability of thedpced protein/VLPs on the other,

such as:

1) Basic research (e.g. Structure—function anali{s49]); 2) Biomedical applications:
diagnostic research and seroepidemiological stigtiggdoying various pathogenic viruses;
production of vaccines and vaccine candidateseeitha form of surface viral protein or
peptide or multisubunit VLPs (in detail in the falling sections, table 1.1); 3) production
of VLP for nanotechnology applications (e.g. nambpies for DNA and drug delivery
[150)).
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While small scale production satisfies the needsbasic research, commercialized
biomedical applications, designed for use in hun@rd animal models, demand usage of
safe, easy to scale up and possibly, low-costymeamant expression systems.

The first part of this section addresses someefribjor advantages of the high yield-yeast
expression system over other heterologous syst@emierlying the notable importance of
this organism in the field of vaccine productiompstly based on efficient VLPs assembly
in yeast cellular background. The second part pies/a brief overview of th®. cerevisiae
permissivity to replication of many lower and higheukaryotic viruses and of a further
use of this phenomena in elucidating still unkncaspects of viral life cycles. Together,
they suggest the potential of extending currengeisa yeast-cell factories to production
of viral vectors for gene transfer approaches.

1.3.1. Cell factories for recombinant pharmaceutics. Why yeast?

Since the beginnings of recombinant DNA (rDNA) teclogies in the late 70's, large set
of methodological platforms have been developedfoduction of foreign proteins of an
important therapeutical, industrial and researdiesin both eukaryotic and prokaryotic
systems. The first recombinant protein-based phegntecal to enter the market in early
80’s (Food & Drug Administration of USA (FDA) appred) was human insulin derived
from recombinanEscherichia coliE.coli was the first microorganism used for production
of recombinant therapeutics saving uncountables]iatbeit, this expression system was
often facing obstacles related to frequent aggiregatf overexpressed proteins, thought to
be associated with aberrant protein folding ansfi@ss response of the host to the foreign
product [151]. The attempt to produce recombinaapaditis Virus B small (s) surface
antigen-sHBAg inE.coli expression system failed due to instability of pmetein and its
deleterious effect upon the host cell. In additibis first recombinant subunit vaccine was
abortive since it failed to induce immune respomséimmunized” test animals [152].
Soon after, the platform of heterologous systems dapression of recombinant
pharmaceuticals incorporated: bakery ye&sestcharomyces cerevisiagher less common
yeast speciesP{chia pastoris, Hansenula polymorphanammalian and insect cells and
more recently, transgenic plants and animals adaptéhe same purpose. The preference
in using bacterial and yeast cell-factories over tther expression platforms is hold, on
one hand, in a simple microbial cultivation andtimsentation procedures, and, on the
other hand, in a genetic flexibility of these miarganisms, apt to engineering and
manipulation [151]. Stable, autonomously replicgtiplasmid-based protein expression
from high-density microbial cell cultures enablewipensive, controllable and highly
scalable production of polypeptides of interestwideer, the aforementioned drawbacks of
E. coli expression platform mainly consisted in its inigpibr inefficiency to authentically
process foreign proteins and introduce certain -passlational modifications (PTMs)
present in most proteins processed by mammaliahs ogl.g. glycosylation or
phosphorylation) [153, 154]. Among PTMs, glycosyat is the most common and
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important one, playing a crucial role in proteiniding, processing, stability, final
biological activity, tissue targeting, serum hdléland immunogenicity of the protein.
Therefore, failures of bacterial cell in e.g digigf bond formation, correct proteolytic
processing and/or introduction of correct PTMs, megult in a production of insoluble,
unstable or inactive proteins. Advances in genetigineering enabled some of these
hurdles, such as protein misfolding and aggregatmbe overcome by stable introduction
of various chaperons and foldases [154, 155]. @fiser yeast is generally considered
advantageous microbial cell-based expression sysiege its eukaryotic intracellular
environment is suitable for the most of authentastpranslational processing events,
typical of higher metazoans (and most importantljnammalian cells); whereas the low-
cost production from this organism is the advantager higher eukaryote expression
systems [156]. Furthermore, the long historySof cerevisiagndustrial applicability in
brewing, winemaking and baking demonstrate thelatissabsence of hazardous pyrogens,
pathogens or viral inclusions in the final produsitgained from these cells. Accordingly,
this microorganism has been classified as a GReRSg@lly regarded as safe) [157, 158].
The era of its successful utilization in pharmaimalitbiotechnology started already in the
early 80’s, when the first commercialized recomhinaaccine against Hepatitis B
(sHBAg) was made isaccharomyces cerevisiamon after the production Eicoli failed
[159]. Its wide utilization has been further impeavwith genetic modifications of selected
S. cerevisiaestrains, facilitated by the availability of its cphlate genome sequence,
published in 1996 [160]. Subsequent sophisticafgpraaches of genetic engineering
enabled manipulation of entire yeast metabolic wayts performing gene deletions or
introductions of single/multiple genes, creatingmproved” strains with novel
characteristic [158]. For example, addition of haimad N-glycans of the intermediate
mannose type or even the complex types provides opdion to produce
biopharmaceuticals with human protein modificatiofi61]. In the last decade,
heterologous expression systems for biopharmaeduytroduction based o8. cerevisiae
and other yeast species are given the highest coriahealue [162]. In a big part this is
becauseS.cerevisiags an extensive tool-kit of plasmids for high-lewe{pression from
large number of wild type (wt) and artificial, rdgtive and constitutive yeast promoters,
of different strengths and substrate dependenc@8, [164]. Besides, new regulation
systems continue to be added to the existing egimeplatform and together with a range
of engineerized “gracious strains” [165] continaeotfer more refined transcriptional- to -
posttranslational control. Shortly, yeast cell a#o refined control of “when” (e.g.
triggering expression by means of inducible promg)te “where” (intracellular
accumulation vs. secretion) and “how much” (easilyaled-up expression) of the
recombinant product will be obtained.
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1.3.2.Saccharomyces cerevisiaes a cell factory for VLPs

Since yeast derived HBV vaccine was certified faman use in early 80’s, high-yield
production from S. cerevisiae system has been teghéor large number of viral structural
proteins derived from both prokaryotic and eukaryotviruses. The viral
biopharmaceuticals include: 1. surface proteinsfulandidates for recombinant subunit
vaccines but also used for structural analysis]f1%6viral core and nucleocapsid proteins,
mostly used for diagnostic tests and seroepidemicdd studies; 3. authentic and chimeric
VLPs, which are of the greatest interest to thiskw@-3 reviewed in the table 1.1).

Table 1.1: S. cerevisiae cell factory for produgatiof “virus-like” pharmaceuticals

. . . The type of
Fammily & Virus species C . o
i Downstream application virus-like
Genus (+1parasite) .
pharmaceuticals
Hepadnaviridae  Hepatitis B -FDA approved vaccine;
[159, 166, 167]
last generation vac.
“RecombivaxHB"[16€]
-Drug delinivery
nanoparticles [150]
Polyomavirida Human papillom virus FDA approve: vaccine Surface protein
(PAP) type: 6,11,16,18  “Gardasil [169-171] assembled in
Autentic
Bovine PAP viru[17Z] Virus-Like
[Ci(;t:t))(])ntall Rabit PAF Vaccine candidates Particles (VLPSs):

Diagnostics

Polyomavirida Human polyomavir [174] Seroepidemiology

Parvoviridae Human Parvovirus B1
[175]
Leviviridae Bacteriophage ([17€] “Nano”-drug delivery of

Bacteriophage MS[177]  Peptides (e.g -antigens) and
mMRNAs (vaccines)

Retrovirida¢ HIV-1[17§] Authentic

Vaccine candidates &chimeric VLPs

Reoviridae Rotavirus [179] Triple-layered
VLPs
Paramixoviridae Human Parainfluenz
Virus (HPIV) typel,3
[18q Core and
Henipaviruse[181]] nucleocapsid
Menangle Virus [182] Vaccine candidates proteins
Tioman Virus[18] Diagnostics assembled in
Measles Virug(184] Seroepidemiology Nucleocapsid -
Mumps Virus[187] like Particles
Sendai Virug18€] (NLPs)
Bunyaviridae Hantaviruses [187]
Orthomyxovirida Influenza A viru: [18€] Surface potein
Influenza
N Vaccine candidates Hemaglutinin
Rhabdovirida Rabies virus [189, 190] Surface
Herpesviridae Herpessimplex virus [191] glicoproteins
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In the recombinant background, conformationallyhaatic VLPs are formed from the
viral structural proteins expressed in the samk tbelt spontaneously assemble into highly
ordered structures, in absence of viral geneti@rnator non-structural viral proteins [184,
192]. As mentioned above, the architectural charatics of the particles reflect the ones
of the native virions enabling their application various research and medical fields:
vaccinology, diagnostics and seroepidemiology, natecience and nanotechnology. As
shown in the table 1.5. cerevisiagoroduced VLPs have been mostly used as diagnostic
antigens and vaccines for human and animal diseases

However, yeast is not the major source of existihgs that have been produced so far for
more than 30 human and animal pathogenic spediksedently, only simple VLPs have
been efficiently produced in yeast cells. They@mposed of single nucleocapsid protein
layer or a chimeric protein assembled in one 14¢68]. Among them, of the greatest
importance are two FDA approved vaccines, currenthed for human vaccination
worldwide: against hepatitis B and against humapiljpaavirus type 16 and 18 (see
tablel.1).

General advantages and current advances in ydhsixpeession technologies (discussed
above) hold promises to overcome such challenges. Was recently proved in practice
with the first successful production of triple-lagd Rotavirus-like particles in.&revisiae
[179]. So far, Rotavirus like particles have be#itiently produced from IC-BEV system
which still gives much higher VLP titers than yedst9, 194].

However yeast cell offers low-cost, safe and easscale-up production while insect cell
culture requires high cost media and highly skilieeksonnel for manipulation with

pathogenic baculovirus, suggesting that this maghbestart point for yeast overtaking the
race with IC-BEV system. In this view, it is wortf mentioning that number of yeast
species for production of VLPs and other pharmacalsthas been increasing.

Currently, besideS. cerevisiae methylotrophic strain®ichia pastoris and Hansenula
polymorpha are well recognized producers while dimorphdexula adeninivorans
represents a novel platform that still has to disfalitself for biomedical applications [157,
184, 195]. Finally, couple of studies have dematett thatS. cerevisiaenot only
assembles VLPs but also supports packaging ofebembinant DNA which comprises
the cognate viral encapsidation elements. This Viasly shown for S. cerevisiae
assembled Bovine papillomavirus-type 1 particldde do replicate and package viral ds
DNA, and thus, form infections virions in yeastlsglL96] (see below). In addition, MS2-
phage VLPs were able to package heterologous, lBRGIMRNA inside the yeast cell
[177]. These two examples may resemble extended a&in®. cerevisiaeexpression
system applicability toward production of DNA antlR delivery vectors.
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1.3.3. Saccharomyces cerevisiagupports replication of different RNA
and DNA viruses

Beside its prominent medical importance in the vigiwaccine production and public
protection from two deadly pathogers, cerevisiadas been also used in the basic virus
research for understanding complex biology of nwmepathogenic virusus and clarifying
the function of the individual proteins from HIVX blepatitc C [197, 198]. As the cell
biology and genetics of higher eukaryotes are kigtdmplex, a simpler eukaryotic
organism, such as bakery yeast, was a good chaicevifus propagation toward
elucidation of still unknown aspects of viral litggcles. This owes to its highly conserved,
fundamental biochemical pathways and more than 46fserved sequences homology
with known human genes (www.yeastgenomeg.dégsides, commercially available yeast
gene-deletion library, covering around 85% of ahgt genes (excluding essential ones)
was a valuable tool for screening host factors thgiport or inhibit viral replication
(reviewed in [199]). Furthermore, the natui®l cerevisiaeviruses, two viruses with
ssRNA genomes and two viruses with double strafldd genomes [200], were useful
tool for better understanding of life cycles of RN#&uses in general, and for identifying
host factors involved in their replication. For tamsce, one of the common negative
replication regulators for these viruses and Bronosaic virus (+RNA) was shown to be
involved in a degradation of non-polyadenylated mM&Nthus playing a role in natural
yeast replicons [199].

Until now, many RNA or DNA viruses that infect ptar{Bromoviridag Tombusviridag
Geminiviridaeand Avsunviroidagfamiliy), animals (such as the Flock House, Nodamur
and Bovine Papillomavirusgsor humans (Human Papilloma Virus), are shown ¢o b
efficiently replicated in yeast (reviewed in [12®1]) (see table 1.2).

As presented in the table, both + strand RNA gersoofi¢he three virus groups and closed
circular (single stranded) RNA of the viroid grofibe smallest known pathogenic agents)
can be replicated in a nonconventional h&igccharomyces cerevisiaghe first one
among them to be described was Brome Mosaic ViBM\), whose triple, coding
MRNA genome was efficiently replicated and encagisid in the yeast cell. Couple of
subsequent studies of the underlying mechanismhastl players in BMV replication
revealed many important aspects the life cycldisfiirus, such as the process of template
selection and replication complex assembly in thsictes of endoplasmic reticulum [202,
203]. Similarly, studies of Tombusvirus replicaticevealed that CIRV members of this
family replicate in association with intracellulanembranes of mitochondria [204],
whereas CNV replicates at peroxisomal membranesedder, cis acting elements of viral
RNAs, fundamental for replication, were also idied in yeast studies [205]. Finally, the
only higher eukaryotic RNA virus, able to both iepte and assemble infections virions
inside ofS. cerevisiaeell belongs to thdlodaviridaefamily of animal viruses.
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Studies of RNA viruses’ replication in yeast, usiragitional yeast mutagenic analysis and
genome-wide screening approaches upon yeast deldiiaries, resulted in the ground-
breaking identification of multiple host factorsquéred for viral RNA replication and
recombination. Moreover, the features of RNA viglgeplication in yeast cells, such as
existence of organelle-like RNA replication faces] were the recapitulation of the ones in
their corresponding natural hosts, including higigtaryotic viruses [199, 206, 207].

So far, two large families of DNA viruseRapillomaviridae and Geminiviridae (Table
1.2), with circular dsDNA and ssDNA genomes, refipely, have been described to
efficiently replicate irS. cerevisiae.

Table 1.2: Viruses that replicate in yeast

Family Virus Genome Natural

host

Bromoviridae Brome Mosaic Virus (BMV) [202, 203, (+) RNA Plants

208]

Tombusviridae Carnation ltalian RingspotVirus (CIRV) (+) RNA Plants

- [204, 209]

3 Cucumber Necrosis Virus (CNT) [205]

2 Tomato Bushy Stunt

2 Virus (TBSV) [210]

pd

o | Nodaviridae Flock House virus [206] (+) RNA Animals
Nodamura virus [211]

Avsunviroidae Avocado Sunblotch Viroid [212] ss RNA circular  Piain
® Papillomaviridae Human Papillomavirus (HPV) [213] dsDNA circular  Hans
3 Bovine Papillomavirus (BPV) [172, dsDNA circular  Animals
E 196]
<
% Geminiviridae Mung bean yellow mosaic India virusdsDNA circular  Plants

[214]

The first one includes oncogenic Human papillomas/iHPV) and Bovine papillomavirus
(BPV). Recombinant genomes of HPV-types 11,16,18 2h and BPV-type 1 replicate
stably as episomes iB. cerevisiagin the absence of any viral proteins, completely
depending on the host replication machinery (higlugserved among yeast and humans)
[213]. The striking finding of another research grovas the ability of higher eukaryotic
Bovine papillomavirus to fully complete its lyfe ag in the yeast cellular environment,
starting from infection of the yeast protoplastepoviral replication, particle formation and
genome packaging into viral shells, thus forminfgdtious BPV-1 particles [172].

Further development of new yeast-based replicaptaiforms for large number of
pathogenic or deadly viruses will help understagdaomplex virus—host interactions
providing new targets for antiviral drug developmevioreover, these studies, together

23



with the possibility of creating “humanized yeaststems” by coexpressing human
proteins essential for viral replications, encoeradesign of a novel, yeast-based

replication systems for the viruses used as geriwede vehicles in gene therapy
approaches.
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2. PROJECT I. Expression of AAV structural and non-
structural proteins and assembly of virus-like paricles in
yeastS. cerevisiae

2.1. The aim of the project:

Stable expression of AAV structural proteinsSncerevisiaeell and optimization of their
relative molar ratios as a prerequisite for higblylered interactions of capsid protein
subunits toward generating icosahedral capsidstikectures.

2.2. The background of the project

2.2.1. Critical components of AAV2 capsid assembiy the recombinant
background

So far, AAV2 capsid assembly has been studied in, ®volutionary far, eukaryotic
cellular systems — mammalian and insect cell. TtMaroon concept accepted in these
systems is that assembly process does not redpairexpression of viral genes other than
cap gene [53, 215], the general rule of VLP asserfi#4]. In order to define minimal
requirements for production of infective AAV virisnthe three capsid proteins have been
expressed separately and in combination and tlesienabling capacity investigated in
different recombinant backgrounds, includirig vitro studies of capsid protein
oligomerization and formation of capsid-like stiuwets [216] andn vivo studies in the two
aforementioned system§podoptera frugiperdé&sf9 insect cells - baculovirus system
[215, 217] and mammalian cells (mainly HEK-293 aHeéLa cell-lines) (reviewed
elsewhere, [218]). In these studies the requirerfgrgach capsid protein in the formation
of intact particles was assessed in the absenathef AAV proteins, adenovirus (Ad)
helper function and packageable AAV genomes. Algimowith some contradictions, these
studies uniformly proposed either VP1 or VP2 to dmsential for capsid assembly,
probably due to their ability to localize major sapprotein, VP3, to the nucleus, the site
of capsid assembly [53, 217]. The main contradictio these studies related to the
sufficiency of VP3 alone in forming capsid shell816-217, 219], reviewed in: [48, 49])
has been resolved recently with a discovery of wehAVV2 regulative protein (AAP),
indispensible for VP3 assembly in virus like pdeticin the absence of other two VPs [49].

VP3 constitutes the surface topology of AAV2 capsidhile the largest capsid protein
VP1 is shown to be essential for viral infectivibater, this was explained by the presence
of N terminally-located phospholipase domain (PLARH nuclear localization sequences
(NLS), thought to be necessary for endosomal esgeges2, 220] and nuclear entry [65,
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221, 222]respectively. On the contrary, the other scarcsidgprotein, VP2, is shown
be nonessential and can be omitted wtinfective virions are to be produced in the
recombinant background [219, 221].

In order to study the permissivenaxfsyeastS.cerevisiae-in viveystem to AAV2 viral
particle assembly we analyzed tBepression olAAV capsid proteins both from their
natural p40 promoter and from yeast adkivec promoters, with the purpose of finding
the best expression system that wguidmoteVP protein self-assembly into AAV VLPs.
The rational for testing AAV promoters in yeast esmfromstudies of other viruses
showing that a number of wiral gene controelements retain their functionality .
cerevisiae[202]. Even more complex elements, such as Hepatitis @& WRES (interne
ribosomal entry site), do not require nat (human)trans regulators for its activity in S.
cerevisiae. All proteingecessary for internal inition of translation from this element are
encoded by S. cerevisiae genome [197]

2.2.2. Regulation ofCap protein expressionin the natural background

The three AAV2 capsid proteins, VP1, VP2, and V&% expressed from two mRN/
differentially spliced from 2.6kb p40 mRNA precursdranslated from overlappir
ORFs, these proteins differ only in thei-terminal region as shown in the Figure 2.0.
Different estimations of VP1:VP2:VP3 ratios in AAWRus shells have been publishec

far, ranging betweenl:1:8 and 1:1:20, respectfilgviewed in [147]). The capsid
composition is thought to reflect the stoichionetratio of the three VPs inside t
producing cell [51], which in turis regulated on transcriptional and translatioesél. In
mammalian cells, the two largest AAV r-structural proteins, Rep 78 and Rep 68, have
been shown to regulate expression from the p40 giemand this regulation is even mi
pronounced in the psence of the helper vir[34, 36, 223, 224].

P polyA Figure 2.0: Cap gene organisation.
1‘“ 48 50 60 70 80 20 100 The. top part of the picture shows the
ol 1 1 1 - portion of the AAV2 genome on a scale
of 100 map units (Imap unit is approx.
Pl - - 47 nucleotide) comprisingapgene from
A;i;_zzos TaA 4110 u I ( pr I gap))g”
— - p40 pro_moter map_unlt 40) till common
1907 |- polyA site (map unit 96). Underneath, 2
Splice Minor splice i cap mMRNAs are presented as arrows,
ypz T et with indicated intron—exon organization
% ! and translational start and stop codones
m ACG-2414 .
P — Tonazas 1 for proteins encoded by these mRNAs.
vP3 m* Three structural VP proteins and a non-
]2309 i i structural protein, AAP, are shown
[ ] .|—| ’ ’
1 . LMRNAZ | above corresponding mRNAs, in boxes.

Splice Major splice
donner acceptor site

So far identifiedcis-acting elements required fp40 transactivation by Rep proteins are:
p5 promoter and ITR located RBEsl9 CArC-like element and p40 proximal Spl site
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[34]. However, differential effects of large Repomins on all three AAV promoter
activities in 293, HelLa and other cell lines imgte crucial role of cellular factors in Rep
mediated p40 transcriptional regulation [36]. Thedservations have to be taken into
consideration when AAV-2 capsids are produced & rdficombinant background where
capsid proteins are expressed from Rep-Cap exprepismids lacking terminal repeats.
Accordingly, in the novel yeast-cell expressionteys we were curious to test the
potential influence of Rep proteins (Rep78 or Rep6$articular) on the Cap protein
expression from the wt p40 promoter, both when Repeins were expressed from viral
p5 and p19 promoter in their natural genomic camrgon, and when expressed from a
heterologous yeast promoter.

2.3. Results

2.3.1. Expression of AAV structural and nonstructura proteins from
natural viral promoters and influence of Rep protens on capsid protein
expression in yeasS.cerevisiae

Protein Expression from wt AAV promoters

AAV viruses lack the cognate RNA polymerase, depenan the host transcriptional
machinery for expression of its proteins. Remarkdtdmology betweeS8. cerevisiaand
human transcriptional apparatus [225] increasepdssibility that AAV promoters could
be functional in this simple eukaryote. To teststhiypothesis we made a yeast-cell
compatible multi-copy plasmid containing unmodifid&dV2 cap gene with all regulative
elements: p40 promoter, intron element and poly@déon signal. To do this the entire
VP expression cassette located between 1428 anl Ad@eotide position of AAV2
genome (numbering is as for the sequence under &dn@ccession no. AF043303.1) was
cloned into the yeast episomal YEplac181 (Leu2 gena selection marker) The resulting
plasmid, nominated Yplac p40Cap, has ye2shicron origin of replication which
constantly provide the cell with 20-50 copies of ttecombinant gene per haploid yeast
genome [226] and thus, might compensate for thekvaetivity of foreign p40 promoter
and other heterologous control elements. The sdiemepresentation of the Yplac
p40Cap construct is shown in the Figure 2.1-A,peft.

Regulation of VP protein expression by large Regigins in mammalian cells is mainly
achieved through transcriptional regulation of p#@omoter activity and post-
transcriptional maturation of its precursor mMRNAT2 (although not as prominent as in
the presence of adenovirus and ITRs). As mentitwedaore, the first process is dependent,
in cis, upon sequences associated with p5 and pl9 proralsments [223], while the
second one is mostly pronounced when the AAV2 metement is paired to its natural
promoter and extended polyadenylation signal [22@]keep the same regulation network
in yeast cell, we introduced rep and cap genehgir it genomic configuration) into the
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yeast vector, thus keeping p5-RBRs, p19, p40, ménad AAV2 polyadenylation element
in the authentic relative positions. The resultiogstruct, named YplacRepCap (fig.2.1B-
left) allowed simultaneous analysis of protein egsion from all AAV2 promoters.

Yplac-p40Cap

A F&ss
= 3 &
Yplac-p40Cap +contr. ‘(.:_S" g{? & 5
pSub201 ' 2 ] —ve

‘ — VP2
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Figure 2.1: Expression of AAV2 Cap and Rep ¥ & o i
proteins from natural promoters in yeast. L £ N F

(A-B): Scheme of the plasmid pSub201harboring the +contr. § § F I

wt AAV2-genome, used to make two novel plasmids: [ — VP1

the Yplacp40Cap containing genuine AAV2 cap gene
(A-right) and the YplacRepCap, containing both the
wt rep and the cap geneB-{op). Plasmids were
transformed in RSY12 cells and Western blot
analysis of VP protein expressioA-fight and B-b)

was performed using the monoclonal antibody Bl
while for detection of Rep proteingB-a), the
monoclonal antibody 303.9 was used. All Rep C
isoforms were detected in insoluble fractions af th
total cell lysates (extract2).

(C): Western blot-based comparison of VP protein
expression in the absence (Yplacp40Cap) or presence
of Rep proteins (YplacRepCagkxtracts from cells
transformed with YEplacl181 (empty vector) were
used for as —control. Denatured, 293-cell-derived,
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In yeast, all Rep isoforms are detected when the#xpression is regulated by viral, p5
and p19 promoters (YplacRepCap construct) (fig. 2.B), while VP3 that is the only
capsid protein detected from p40 promoter, both inthe absence (Yplacp40Cap) or
presence of Rep proteins (YplacRepCap and Yep-Repd®Cap vector) (fig. 2.1-C
and fig. 2.2-B-b).

Plasmids Yplacp40Cap and YplacRepCap, and the nafigiector YEplacl81 were
transformed in the haploid strain RSY12 $f cerevisiae This strain has a double
auxotrophy (Leucine and Uracile), so both URA3 a&t)2 gene markers can be used to
select for transformant yeast cells. Growth cufeshake-flask cultures of Yplacp40Cap,
YplacRepCap and YEplacl81control plasmids-tramséat cells were similar (data not
shown), with doubling time of about 2.7 h for expatially growing cells, when glucose
was used as the carbon source. During the culmeedgpan, 2x10cells were collected at
4 different time points and subjected to proteitramtion under denaturizing conditions to
yield total cell protein extracts. The first twant points correspond to early exponential
(log) growth phase, the third one to mid-log phasd the forth one to the late-log/early-
stationary phase. Cap protein expression was agthlpy Western blot analysis of total
cell lysates at each of these time points (fig., parts A and B-b) (“optimized post-
alkaline” extraction method was used and will beatibed in the next section). Part A
defines capsid proteins found Yiplacp40Cap-cell lysates, while part B-b shael cell
extracts from YplacRepCap-transformarii®ie only capsid protein expressed from p40
promoter in both Yplacp40Cap and YplacRepCap tansd cells was VP3. VP3
accumulated with time, following exponential celbgth and biomass accumulation (the
maximal amount of protein was extracted from mid #ate-exponential growth phases,
fig.2.1, parts A and B). The monoclonal antibody, B& used, is widely used for detection
of native VP proteins [53, 228]. The absence of V@ 2 was confirmed in both
immunoblotting and in immunofluorescence (data rstiown), by means of another
monoclonal antibody, A69 which specifically bindsté&minal epitope common to VP1
and VP2 [53, 228]. Although the figure 2.1 showgrmall VP3 concentration in total cell
extract of transformed cells, majority of this @iotwas found in insoluble cell aggregates
(see later).

In parallel, Rep protein expression was analyzedxtnacts derived from YplacRepCap-
transformed clones, collected in two different tipaints, mid-log and late-log phase.
Western blot analysis showed the presence of &tleg polypeptides (detected by the
monoclonal antibody c¢l.303.9 which recognizes aurf Rep species [53, 228]),
accumulated to the max level by the late-log plifige2.1 part B-a). Although to a smaller
extent than VP3, majority of Rep proteins, parteciyl p5 products, were recovered from
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insoluble protein compartment (extract2) (see )Jatince insoluble fraction is richer in all
Rep proteins, only Western blot result for thicfian is presented in the fig. 2.1-B-a.

Fig.2.1 part C shows capsid proteins recovered ftotal cell lysates derived from the
same number of +Rep( YplacRepCap) and —Rep clorglsaqp40Cap), collected in the
same mid-late log phase of both cultures (calcdlftem O.0yo). Apparently, there was
no significant difference in cap protein expressianthese two cell clones, neither
qualitative (VP3 was the only cap protein detectsat) quantitative (relative VP3 amount
estimated by the band intensity in the Western) bidtis fact demonstrated that there was
no influence of Rep proteins on VP protein expa@s$iom p40 promoter in yeast, when
both rep and cap genes were present in their ngemamic configuration.

Cap expression in the presence of constitutively pressed Rep78

To confirm whether Rep expression does not al@MR protein expression in yeast cells,
we also analyzed VP expression pattern when the/&Reppression is driven by the
constitutive yeast promoter pADH1. Rep78 expressassette was cloned upstream of the
cap gene in Yplacp40Cap resulting in Yep-Rep78pgQaasmid (Fig.2.2.A).

Yep-Rep78p40Cap ] )
Figure. 2.2 A: Scheme of the plasmid

pGada24 —=<paHINNEEENEES A DH TT Yep-Rep78p40Cap
Sold Sh homenetal.e7 PGRep78 construct, harboring the Rep78
PADH /tADH — yeast constitutive 1 cDNA under yeast promoter pADH1,was
permmctes Jiominatne used to make plasmid Yep-Rep78p40Cap
Yplaci8l _g Tri——pdiz@ - that contains ADH-Rep78 expression
Zmivector o Sphi cassette and p40-regulated cap gene.
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Figure 2.2 B: Cap expression from p40 promoter inegence of Rep 78, expressed from the
constitutive ADH1 promoter.

(@) Yep-Rep78p40Cap plasmid was transformed in RSY1Z.c@llestern blot analysis of Rep protein
expression identified Rep isoforms in the extraat®dluble aggregates) of total cell lysafie) Western blot
analysis of VP proteins in extract derived from YRep78p40Cap transformed cells (in the presence pf Re
proteins) and from Yplac40Cap clones (in the absafidRep). Extracts from cells transformed with empty
vector, YEplacl81, were used as negative controlading control: Constitutive yeast protein 3PGK.
Denatured, 293-cells derived AAV2 capsid were wused control for defining VP molecular weights.
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As shown in the scheme, Rep78 cassette derives fr@3nRep78 expression vector
(published by Cathomen et al. [229]; the courteByVeitzman), and consists of Rep78
cDNA, flanked by constitutive yeast promoter ADHttu(cated version) and ADH
terminator. Western blot analysis of rep proteinsektracts derived from yeast cells
transformed with Yep-Rep78p40Cap construct showed nhot only Rep78 protein is
expressed, but also pl9 promoter works and, therefRep 52 is produced from this
expression cassette (Fig 2.2, B&ince p19 promoter is the inherent part of Rep7RAD
the presence of Rep52 is consistent with previamamstration of p19 promoter activity
from YplacRepCap construct. Western blot resultcép protein expression shown in the
Figure 2.2, part B-b, demonstrate again that VRBdonly capsid protein expressed in the
cells that were constitutively producing Rep78 frtira yeast promoter. While expression
of Rep78 from p5 could not been detected in thepmidts of the culture growth, the early
exponential and the late stationary growth phasg R8 expression from constitutive
yeast promoter was detected in all phases of thmireugrowth (data not shown).
However, as shown in the Figure 2.2, part B—-b, Regeins in Yep-Rep78p40Cap-
transformed cells did not significantly change qaptein expression form p40 promoter
with respect to no-Rep VP3 producing cells (Ypla&pdp transformed).

Solubility of VP3 capsid protein and of Rep proteirs in S. cerevisiagrotein extract

The very first analysis of the Rep protein exp@s$rom YplacRepCap construct showed
that Rep proteins localized to both soluble analinde compartment of the yeast cell
protein extracts prepared by mechanical-glass besasl In this method, soluble fraction
was obtained by lysis in the buffer with physiokaji salt concentrations and a low
concentration of a non-ionic detergent (0.5% Trit§nl00), mostly yielding yeast

cytoplasmic proteins. Insoluble fraction, includinggjority of nuclear proteins, intrinsic

membrane proteins and receptors, were recovered fhe sediment obtained by high
speed centrifugation of the crude lysate, afteuliation with high strength buffer (1%
Sodium Dodecyl Sulfate (SDS) and 1% DeoxycholicdA&@OC)-sodium salt). As shown

in the Figure 2.3, Rep52 protein was almost unifgrpresent in both fractions, while

small amount of Rep 78 was detected only in thelidde protein fraction. Such a

distribution might be the reminiscent of the funatrelated cellular distribution of Rep
proteins, typical for mammalian cells [43].

YeplacRepCap §\ x . L . .
- ,p\@“b Figure 2.3: Distribution of AAV2 Rep proteins to
& & FES soluble and insoluble protein fraction obtained by
® & &S glass-bead extraction method.

o g 7T5kD — = Western blot analysis showing differentially distried
S T —Rep 78 Rep52 and Rep78 to soluble and insoluble protein
o .L . .
2E fraction of extracts derived from YplacRepCap

L g p e — — Reps52 transformed yeast cells. Extracts from cells tramaéd
i with YEplac 181 (empty vector) were used as -cdntro
=% m Loading control: Constitutive yeast protein 3PGK.
2 & Glass bead-based extraction

31



On the contrary, no VP3 protein was found in thiailde fraction of extracts derived from
either Yplacp40Cap or YplacRepCap transformed cefisle only small amounts of VP3
was recovered from the pellet upon SDS-DOC sokdtilbn (data not shown). However,
this result was poorly reproducible, which led tipption of another protein extraction
method, more efficient in extracting maximum amoahfproteins from relatively small
number of cells. The published “post-alkaline” §/sprocedure guarantees such an
advantage over the standard use of glass-beadt#oirg230]. Although improving Cap
expression analysis, “post-alkaline” lysis didtnarovide absolute reproducibility of the
data until further optimized with the second exirat from the sediment obtained after
purification of the total lysate obtained by thigthod. This sediment contained protein
aggregates and proteins associated with the celldambranes, which required harsher
conditions to be liberated from the cellular stumes and efficiently transferred to
solubilised state. We achieved this by combininlyilsiising properties of various ionic
and non-ionic detergents in elevated concentratiimgher assisted by sonication. Only
with this second round of extraction VP3 proteirsweacovered with 100% reproducibility.
The obtained fraction of cellular proteins was dgeated as extract 2 in the presented
figures. This was deduced from Western blot anslysiFigure 2.4-a, which showed that
majority of VP3 proteins localized to extract Zhile only small amounts of this protein
were recovered in the first round of extractionti(@stl), which follows the procedure of
Kushnirov [230]. This result strongly demonstrateat VP3 accumulated in insoluble
aggregates withis. cerevisiaeells, in concordance with results from Sf9 and.ddeells
[215, 216]. Together these three evolutionary dist@ukaryotic expression systems
strongly support an intrinsic propensity of AAV i proteins to associate with cellular
structures. Moreover, with optimization of “poskaline” procedure (addition of the
second extraction cycle) we were able to extrdcAAN2 proteins expressed in RSY12
yeast cells with greater efficiency, including n&tnactural ones.
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Figure 2.4: Recovery of AAV2 proteins by "Optimizeost-alkaline” extraction.
a) Western blot analysis of cap proteins in total estracts obtained by optimized post-alkaline astion
method from Yplacp40Cap and YplacRepCap-transformdld, aevealed majority of VP3 proteins in the
extract2 (insoluble aggregates). Extracts from MEpP81 transformed cells were used as -control. Des,
293 cell-derived, AAV2 capsids used as + controhding control: Constitutive yeast protein 3PGK;
b) YplacRepCap cells differentially grown to mid orddog phasé€b-right) and YepRep78p40Cap cells grown
to late-log phaséb-left) were subjected to "Optimized post-alkaline” proteixtraction for Western blot
analysis of the Rep protein distribution to two piotfractions obtained by this method.
Figure 2.4-b shows Western blot result for distiifiu of Rep proteins to extracts 1&2 of
total cell lysates derived from YplacRepCap (fig-B, left) and YepRep78p40Cap (fig
2.4-b, right) transformed clones. Uniformly for batlones, majority of large Rep proteins
localized to the extract 2, while small Rep isoferwere almost equally distributed to both
extracts. Low amounts of Rep68 and Rep 40 werecsteonly after optimization of the
extraction method, while they could not be detecwith glass-bead-based protein
extraction. Although poorly expressed comparing their non-spliced relatives, the
presence of Rep68 and Rep40 suggests that, allegiklyy the major AAV intron
(bounded by eukaryotic-cell conventional donor andeptor splice sites) is recognized by
yeast splicing machinery. Poor splicing of foreigitron elements (e.g. iDrosophila

gene) has already been documented fo6theerevisia@xpression system [231].

In some cases (e.g.ADE8 promoterrosophilg foreign promoters are found to give
aberrant transcriptional initiation . cerevisia¢232]. To prove the existence of correctly
initiated p40mRNAs in YplacP40Cap—transformed yeeslls, we performed PCR
amplification of retro-transcribed mMRNA pool derivérom this clone, using specifically
designed primer pairs. The upstream primer staith w40 transcriptional start site
(nucleotide position 1853) and is identical to tirst 20 nucleotide sequence of 5’
untranslated region (5’'UTR-Exonl), common to atethputative, correctly initiated forms
of p40 RNAs: the non-spliced precursor and twoeddhtially spliced p4A0OmRNA species.
The downstream primer is complementary to 18bporegommon to all three VP ORFs
with the nucleotide position 2758. PCR conditioreyevoptimized in a manner to provide
the highest specificity of the assay, excludinggpatific binding to other regions of Cap
ORF, while non-specific pairing with yeast mMRNA®MAS), if any, could be disregarded

33



by comparison with the control PCR (mRNA pool dedvfrom cells transformed with
YEplac181-empty vector). In principal, such printisign could distinguish between all
three putative mRNAs, corresponding to three PGRIyxcts of different lengths, 923, 575
and 549 bp long. PCR products are separated antyzadaupon acrylamide gel
electrophoresis. However, the only p40 product aett under most stringent PCR
conditions was 2.6 kb precursor mRNA (988bp bafig).5), while other shorter species
were hardly detectable and difficult to interprgttbis assay.

“8"' Yeplac181 && S
PCR1 PCR2 PCR3 ] < <

1000 Figure 2.5: Reverse Transcription (RT)-PCR-

800 l . based analysis of pAOmRNAs.

o Total cellular RNA was extracted from Yplacp40Cap
400 and YEplacl81 (-contr.) transformed clones, and
300 corresponding mRNA pools were retro-transcribed and
250 - subjected to primer specific PCR under 3 different
- = conditions: PCR1 of the lowest stringency and PCR3 of

the highest one. The PCR products are separated by
(== acrylamide gel electrophoresis and stained with EtBr

DNA Marker used: 50bp-1000 bp ladder.

150

100

This result, although not obtained with a very ssiptated analysis, suggests that VP3
protein derives from the 2.6 kb p40-precursor iasgecells, rather than from its spliced
product. If so, its expression could be interpretethe context of the “scanning translation
initiation” model in eukaryotes. According to tiwdel 40S ribosomal subunits scan from
the 5' end of an mRNA until reaching an AUG codoitable for initiation. In these terms,
the environment of VP1 initiator (GNNAUGG) (as wels of other AUGs present in
5'UTR) might be suboptimal in yeast cell, alike omamon VP2 ACG, causing ribosomes
to bypass till reaching the VP3 AUG resided in fagorable “Kozak-like” context.
However, 2.6kb-p40 precursor is shown to be veyr pemplate of VP protein expression,
both inin vitro andin vivo experiments in HeLa cells, probably due to mudtiphort ORFs
present in 5’UTR [233]. Taking this into account wannot exclude the possibility that
even a low amount of spliced p40 mRNAs (too lowb detected by RT-PCR-based
analysis), may still be the main source of VP3@roin yeast.

Nevertheless, we did not investigate deeper in RINA profile of AAV2 proteins
expressed in yeast cells, but rather focused ainfgnother strategies for expression of the
missing AAV?2 structural proteins (VP1 and VP2, btemst VP1) required for assembly of
AAV2-VLPs.
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2.3.2. Inducible Yeast Promoter for Regulation of AV2 Structural
Protein Expression

Since VP2 was shown to be non essential for infégtof the AAV2 virions [219, 221],
simultaneous expression of VP1 and VP3 in yeaft weduld be the primary condition for
developing yeast-cell based system for productibnthe AAV2-like particles with
biological properties of the wt capsids.

Potential reasons for missing VP1 protein expresstom p40 AAV promoter are
numerous; low activity of the foreign viral promgteabsence of splicing, inefficient
transport of non-spliced mMRNA to the cytoplasm angboor stability of this transcript,
inefficient translation from non-spliced mMRNAs, iaased proteolytic degradation of this
protein in yeast cellular environment etc. The o$eyeast promoters and terminators
should circumvent at least some of these challer@eghe way to creating efficient VP-
protein expression system, we created various kaist based on strong galactose
inducible promoter pGall. To this purpose, we usechmercially available multi-copy
vector pYes2, whose multiple cloning site (MCS)flenked by efficient yeast gene
expression regulators, Gall promoter and cyc textoin This vector harbors URA3 gene
for constant selection in auxotrophic RSY12 stréaiigure 2.6-A shows a panel of pYes2-
based constructs in the top-to-bottom order in Wwidach one will be described further in
the text.

pYes2-Gall promoter-based constructs

Initially, we tested weather all AAV2 capsid proteifrom overlapping ORFs could be
produced simultaneously when their transcriptiors wegulated by yeast Gall promoter
instead of viral p40 promoter. Cap gene sequeneensioeam of p40, including intron
element (the sequence between map pos.1882 andod4®AV2 genome in GenBank,
accession no. AF043303.1) was introduced in MCBYa&s2 vector and the novel vector
was designategdYesintronCap. With this strategy, we wanted to avoid the seti@meof

VP ORFs in three different cDNAs, since the VPsregped in this manner did not
assemble well in tissue culture cells [216]. Besjddements present in the AAV2 intron
region (possibly RNAs) contribute to VP protein segsion when induced from the CMV
promoter (Kleinschmidt J., personal communicaticoi)e possible analogy with human
cells was the rationale for keeping AAV2 intron sence between Gall promoter and VP1
start site. RSY12 cells transformed with pYesin@ap and pYes2 empty vector (as
negative control) were actively grown on glucosedoe or two days before the induction
of Cap gene expression was triggered upon carhances@xchange in the growth medium
from glucose to galactose. At the end of glucosewgr, a small fraction of actively
growing cells (18 was collected and lysed for protein extractiomjlevthe rest of the
culture was subjected to 4h and 8h induction aed firocessed for Western blot analysis
to assess the expression of cap proteins (fig.2.6-B
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Figure 2.6: Expression of AAV2 structural proteinfsom the galactos-inducible promoter pGall
(A): Panel of pYest2 vector-based construcemyrying differences cap transcription units were used to
transform RSY12 cellg(B): Western blot analysis of VP protein expres. After pre-induction growth in
glucose, transformed clones were exposed to gakadtw different induction times. fesintronCap expressed
VP3 was detected in thextract 2 of glucose grown ce and to a smaller extent in the extract 2 of 4h-Gal
grown cells, while no Vp3 wadetected after 8h of Gal inducti(a). pYesVP1 K.M-expressed VP1 was found
in extract 2 after 3h and 5h of galactasduction (b-top), and in both, extracts 1 and 2, after 7t a@h
induction (b-bottom)Extracts from cells transformed with empty vecto¥es2, were useas -control.
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During the glucose growth, Gall promoter activdyon the basal level which can differ
from one yeast strain to another (“leaky” or nopressed promoter phenotype is strain-
dependent) [234]. Surprisingly, the only proteirpeessed from this construct was again
VP3 and its max amount was detected in the extddise cells grown on glucose. After
the carbon source switch to galactose, some backdrgP3 level was still observed after
4h of galactose growth and completely vanished &fteof induction (fig.2.6B-a). VP3
was detected only in the extract2. Decrease inspéakpected increase in protein level
after glucose-galactose nutrient switch could netexplained in terms of toxicity of
overexpressed capsid proteins since no toxicitgtedl phenotype (e.g. decreased growth
rate or abolished growth) was observed for gal-graedls. Instead, galactose metabolism
seemed to be detrimental for VP protein expresaéa.proposed one explanation for the
observed “galactose effect”, based on the hypathibsit VP3 protein is expressed from
the spliced Gall mRNA form. In yeast cells, big iemmmental changes, sensed as
stressful, can cause smaller or bigger alteraiiosglice factors availability and once cells
adapt to new conditions different splicing pattexriixed [235]. Carbon source exchange
with water-wash step in between (temporary staowatis stressful for the yeast cell and
even a small alterations in a pool of splice faxtoould abolish already poor splicing of
the foreign AVV2 intron.

To test this hypothesis, we created another veammedpYesCap in which theCAP
coding region without the upstream intron eleméimé Gequence between VP1 ATG, the
nucleotide pos.- 2203, and common VP Stop codos.- @10 in the wt AAV2 genome
sequence), was cloned downstream to the Gall peonia the absence of splicing, the
main protein product expected to be synthesizead upauction, is VP1. However, if VP3
were produced from non-spliced mRNA, then alsoptfiesCap plasmid could give rise to
some VP3 protein level. Instead, neither VP1, n®3Mvas detected from this vector
regardless the carbon source used (data not shdwe)absence of VP3 expression in
glucose grown cells supports the hypothesis thadnrelement (the spliced pGall mRNA)
was essential for VP3 protein expression from piteshCap construct. Yet, the absence
of VP1 synthesis after Galactose induction couldehheen explained only after we
introduced following modifications in the VP1 cDNA

1. Introduction of yeast Kozak-like element right upaim of VP1 start-site (yeast
translation initiation consensus sequence desigmambrding to pYes2-vector
manual, Invitrogen),

2. Elimination of an out-of-frame ATG, located betwe¥P1l and VP2 initiation
codons,

3. Removal of the major AAV2 splice acceptor (positk227), downstream of VP1
ATG

Although not as efficient as consensus Kozak sempue@nmammalian cells, the yeast-cell
homologous element is thought to provide up to 18 focrease of translation initiation
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[226, 236, 237]. The second two modifications aheaaly shown to contribute to
improved VP expression in Baculovirus-Insect cegistem [138]. Elimination of the
neighboring out-of -frame ATG is supposed to préveterference with the choice of the
right ORF, while removal of the splice acceptorigdgrevent aberrant splicing of VP1
MRNA. The resulting vector harboring these modti@mas was namegYesVP1K.M.
Western blot analysis of the total protein extratgsived from RSY12 cells transformed
with this vector (obtained by “optimized post-aikaf’ extraction method) showed that no
cap protein was expressed after 12-15 h growth lanoge (data not shown), while
galactose induction caused gradual increase in piefein expression with max level
achieved around 7-8h after induction (fig. 2.6B-bttbm). VP1 was the only capsid
protein expressed in these cells. In the first Gré®f induction (fig.2.6B-b top) no VP1
protein was detected in the extract 1 (not showhgreas a minor portion of VP1 could be
found n this fraction only after protein accumuwatiwith longer induction times (7h and
9h in fig.6B-bottom). Just like VP3, majority of \YBrotein was recovered in the extract 2
(insoluble fraction) of the total cell-lysate.

2.3.3. Simultaneous expression of AAV2 capsid prates and modulation
of their stoichiometry toward successful capsid assbly.

In order to determine assembling abilities of VR &/P3 proteins in RSY12 strain
background, yeast cells were subjected to co-toamsftion with two plasmid
combinations (table 2.1):

1. In the first experimental setting yeast cells westransformed with pYesVP1.KM
and YplacRepCap and selected double-transformaeris mamed “+Rep - double”

2. In the second setting cells were cotransformed wiiesVP1.KM and
Yplacp40Cap; these transformants had the sameigenaterial for capsid protein
expression as “+Rep-double”, but were lacking ip gene, thus named “-Rep -
double”

Table 2.1: Constructs used to cotransform RSY12 Iselfor
simultaneous expression of VP1 &VP3 protein

Labelling of double-

Pairs of plasmids
transformed clones

pYesVP1 K.M + Yeplac-p40Cap “ - Rep” double
pYesVP1 K.M + Yeplac-RepCap “+ Rep” double
pYes2 + Yeplacl81 - empty vector — control
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Based on the findings with single transformed céorike expected expression profile for
the double transformants would be as follows:

Continuous expression of VP3 protein and Rep pmstduring the whole culture (glucose
+ galactose), and boost of the VP1 expression #fteswitch from glucose to galactose-
based growth. Yet, Western blot analysis of to&dldysates derived from “+Rep” and “-
Rep- double” clones, grown for 12h in glucose med{non-inductive growth phase) + 8h
in galactose medium (induction phase), showed as®epancy from the expected VP1-
VP3 expression pattern: As expected, only VP3 prates produced by actively dividing
glucose-cultures (both, “+Rep” and “-Rep”- doubldp.2.7-A); however, after 8h of
induction in galactose, induced VP1 synthesis wlevied by an unexpected decrease in
the relative amount of VP3 protein — it was hardBtectable in the cell lysate of the
“+Rep-double” clone, while no VP3 was detectedhia t-Rep-double” cell lysate, fig.2.7-
A (the complete VP3 absence observed for “-Rep-dutlone was probably due to
inferior amount of proteins loaded, as seen froensiignal of the loading control 3PGK).
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Figure 2.7 A, B: VP1 & VP3 expression in double-tiaformed yeast cells, listed in Table 2.1.
After 12h growth on glucose, “+Rep” and “-Rep” douldells were transferred to induction growth on
galactose. (A) Cells were collected for protein &ation at the end of the glucose culture and &teiof
galactose induction and VP protein expression wesyaed by Western blot (B) Rep protein expression
before and after galactose growth in “+Rep”doubtet was analyzed by Western blot. Extracts frolfs ce
transformed with empty vectors, yEplac181 and p¥iese used as negative control.

However, Western blot analysis of Rep protein iRép-double” clones showed that both
p5 and pl19 Rep isoforms were “constitutively” exgsed throughout the whole culture
regardless the carbon source used for the grovigh2.(f-B) and their distribution to

protein fractions was the same as seen befordéocdlls transformed with YplacRepCap;
Rep78 was recovered in the extract 2 (insolubletifva), while Rep52 was detected in
both extracts; small amount of Rep68 and 40 wetmdoonly in the second extract.
Probably the most interesting observation from #malysis was the loss of Rep68 during
galactose growth, which may support the generabthgsis that splicing was negatively
affected by the carbon source switch. A minor deseein the Rep78 and 52 level after
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galactose growth was probably the result of deect@gowth rate in this carbon source
(doubling time in galactose is almost twice as milehone in glucose, 4.5 h vs 2.7 h).

Decrease in VP3 protein level during culture growthon galactose suggests that
galactose catabolism either preventede novosynthesis of this protein or decreased
its expression rate, resulting in VP3 “dilution” in the growing cell population.

Taken this into account, induction phase on gatsctwas gradually decreased and the
situation improved. Figure 2.8 shows relative ansuof VP1 and VP3 proteins at
different time points of galactose-grown “+Rep-di@ibyeast cell clones. Time “Oh”
corresponds to the end of the pre-induction grop¥tase, in 2% glucose medium, when
only VP3 protein was accumulated. After glucosewghp cells were pelleted, water
washed and transferred to 5% galactose medium.iffsreht time points of galactose-
induction (indicated in the figure) cells were eclled for “optimized” cell protein
extraction procedure, yielding two protein frac8panited prior to gel electrophoresis and
Western blot analysis, for more correct analysi¥®1:VP3 ratios at each time point. VP1
expression was observed already 40 min after g@adnduction (fig. 2.8, part-a, right)
and its fast increase in the first 3h was followeth little or no reduction of VP3 protein
in this time frame, observed by comparison of VRABdintensities (fig. 2.8-a, left). With
the induction time extended over 3 hours, a gradueaiease in VP1 expression was
followed by a decrease in the VP3 level, which waslonger observed at the end of
galactose culture (8h), when VP1 expression readtsednaximum (fig. 2.8-a, left).
pYesVP1.KM + Yplacp40Cap double-transformants (‘epR- double” clone) showed
similar VP1:VP3 expression pattern over the timenspf glucose + galactose growth (data
not shown). The gradual increase of the relativel:VP3 ratio was calculated from
corresponding band intensities at each of the atdectimes and the values are presented
in tabular format (fig. 2.8-b). This ratio most sty resembled the wt VP stoichiometry
when galactose induction was reduced to 40 mirfut@s the moment when VP1 protein
was first detected. The importance of the “corratsichiometry of capsid protein subunits
has been already discussed and well reported leeirde external capsid topology and
thus, infectivity of produced patrticles, rather rthefficiency of assemblper se[219].
Nevertheless, the weak point of tfghort induction” strategy, in terms of VP1:VP3
optimization, is the difficulty in determining thexact time point at which VP1 expression
homogenously set in for all cells in the populatidimis was observed by incomplete
experimental reproducibility when the same growdhditions were repeatedly applied. In
some cases cells responded to the same, “optimdliction time (40min.) with either
superior level of VP1 expression (comparing to ¢ine shown in fig. 2.8-a) or with no
detectable VP1 level (data not shown).
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Figure 2.8: The “short induction” strategyfor preventing decrease of VP3 protein.
After 17-24h growth on glucose, “+RepBuble cells were transferred to induction growthgalactose. Cell
were collected for protein extraction and Westdot hnalysis of VP1 and VP3 expression at the dnithe
glucose culture (“0” time point) and at various ¢ioints of galacto. induction(a). Relative VP1/Vp3 ratios
at each time point were determined by band denstignand obtained values are shown in the Table.bEs!
ratio, 1:9=0.11, was obtained after 40 min of galse inductior(b).
Induction time up to 2-3h falls with the latency-phase of the culture (lack of cell
divisions), typical of glucose-galactosatrientswitch, since, at the beginning of galactose
consumption yeagjal-genesare represseby intracellular glucose concentrations [238].
Likewise, repressionf recombinant Gal pronter-regulated genes is still not completely
relieved shortly after glucose depletiand small altettions in culture conditions such as
altered oxygenation / pH, residual glucose in thikuce mediur, etc. (poorly controllable
for shake-flask cultures), could calether“premature or postponed” derepression of gal-
regulated promoters. Moreover, wateast-step at the end of the glucose growth, during
which, some cells in the population aemporarilystarved and some are deoxygenized,
can furtherincrease variations in cell responses to substraesitior [238]. Hence,
working with cultures at “transiin state” becomes difficult and unsustain. In addition,
water wash-stepetween medium exchangis inconvenient for scaling up the production
system.

To avoid these challenges, we tritihe strateqy of “mixed cultures” (glucose +
galactose), upon whicliine tuning of VP1:VI3 ratio was achieved by varying starting
concentrationsf glucose and galactose in “inductive” mediand by regulating induction
time. We testedhis approach under two different nutrient condisinl. high glucose
(1.5%) and high galactose (2.5%) andl@w glucose(0.5%) and high galactose (5%). In
the absence of glucose, galactose is immediateljabokzed for the cellculture
maintenance resulting in its reducaehilability for recombinant protein expreon which
consequently achieves its maximal level after ccouple of hours of galactose induction
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[165]. This is why in our system, the miaal VP1 expression is already achieved after 7-8
h of induction (see abovand is not further induced unless nealactose is added to the
medium. When both nutrients are presein high concentrationsh{gh glucose, high
galactosg, glucose,as a preferred carbon soi, is used by the cell until its external
concentrations are cqietely exhausted, after whiyeast starts utilizing galactose for the
maintenance [239]. Concordantly, duritig first 9h of growth under high glucose (1.5%)
and high galactose (2.5%) conditionlguble-transformed cultures (“- Rep -double” and
“+Rep-double”) passed througtc8ll divisions (assessed by optidensity measurement),
with the growth-rate typicalof glucose metabolismwith doubling time- 2.7h).
Concordantly with glycolitidike phenotype of p40 promoter (active in gluc, this
growth was followed bye novoVP3 protein synthes. This was observed by Western
blot analysis (fig. 2.9, A)which showed th relative VP3 level increased after 9h of
induction in high glukigh gal medium, accompanied w3 cell divisions, comparing to its
level before induction - “0” time pointi{e number of cells/wet weight used for prot
extraction and amount of protein loaded on the ged @anstant for all time poin.
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Figure 2.9 A: “High glu-high gal” - strategy for VP1:VP3 ratio optimization:
Western blot analysis of VP1:VP3 expressi@k). Glucos-grown “+ Rep” and “-Rep” double cultures were
“induced” in presence of high glucose (1.5%) arghhlgalactose (2.5%). “0” time nt refers to the end of the
preinductive, glucose growth phas@d the beginning of the mix-culture. Cells were lysed before and after
9h or 18h of inductionThe best VP1:VP3 ratio was detected for 9h indadiime
This increase in Vp3 level is consistewith increased metabolic rate following
elimination of old medium anaddition of fresh glucose (1.5% in the mixed culture),
together with cell dilution upon medium excha, known to boost culture growth. VP1
was detected 9h &ift the beginning of the cultu(fig. 2.9, A) and VP1:VP3 ratio at this
point was quite optimal (around 1:Although insignificant for the “correct” VP1:VF
optimization, induction extended over Ghi¢ point can be considered as the beginnir
VP1 expression under high dghigh gal growth conditior), resulted in more prominent
VP1 increase and higher expression {it& lanes in fig.2.9A) with respect to its max
expression achieved after 8h iouction in 5% galactose medium (see fig.2.8, a-8h).
Beside, VP1 accumulation wdsllowed by morecontrolled decrease of VP3 protein
which could still be detectedt the moment of VP1 expression | (18h). This result
confirmed that glucose addition to galactose medamabled yeascell a more rational
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usage of galactose in the mixed medium, the styatdgeady seen in other yei
expression systems [165, 23%urthermore, in this syst, VP1 expression was tightly
controlled both by glucose repression and galactpsegulation subsequent to gluc
exhaustion. In mixed cultures, glucose represstomllieviated much before the act
galactose utilization [238]suggesting more uniform “transition state” ands, more
uniform onset of VP1 accumulation foells in the populatio

Finally, based on thesesults we hypothesized that limiting glucose to low levels in
induction medium Ipw glu-high gal) the optimal VP1:VP3 ratio could be obtainec
earlier time pointscomparing to high g-high gal conditions. To test this hypothesis,
“+Rep-double” 12h-growmlucose culture were transferred for induction to the medium
with the starting composition @.5% glu+ 5% gal. The VP1:VP3 ratio was analyzed in
the same way adescribed above. Western blot analysis was cor five different
induction timeswvhere the longest one wah, equal to the minimal time required for VP1
detection under high glhigh gal condition(fig. 2.9, B-top).

B
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“Oh” 4.5h 5.5h 6.5h 8h 9h &
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Table: The gradual increase othe relative VP1:VP3
ratio with extended induction time

Induction| , o | 5 51 | 6.5n| 7.5h| 9h
time

VP1/VP3| 0.13]0.25]| 0.3 | 05| 1.4

Figure 2.9 B: “Low glu-high gal” - strategy for optimization of VP1:VP3 rati
Western blot analysis of VP1:VP3 express{Brtop): “+Rep”double culture was “induced” in the presente
low glucose (0.5%) and high galactose (5%) ands e&tre lysed before induction(“Oh”) and after ifetent
periods of induction(B-bottom):theVP1:VP3 ratios are presented in the Table. Thedadis, 1:8 = 0.13, was
detected after 4.5h induction.
The best VP1:VP3 ratio was obtained for 4.5h iniducperiod, which according to ba
intensities was approx. 1: 8. In this time frameitial growth on limited glucose
concentration enabled the cell culture to divideerapproximately 3h from the “mixe
culture” onset while preservinge novoVP3 synthesis. The® division was followed by
delayed 2 division —aprox. 8h after the culture onsconsistent with the switch from
glucose to galactose metabolism (doubling time alaaose is 5h). Thus, the grad
increase of relative VP1:VP3 ratio, calculated frband intensities and schematice
presented in the table (Fig.2.9, B-bottoprpbaby resulted from VP1 accumulation prior
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to 2" cell division. After the 2 division, VP3 dilution in the cell population ihe absence
of its de novasynthesis contributed to more prominent VP1:VR3dase.

On the whole, the benefit of “low glu-high gal” avéhigh glu-high gal” strategy was
obtaining preferential VP1-VP3 expression pattemntwo times shorter period (4.5h
instead of 9h). 4.5h induction on 0.5% glucose +da#ictose was considered as “optimal
induction”. Together, 12h preinductive-logarithmigucose growth plus 4.5h of the
inductive growth were considered as “optimal growvahbnditions” under which the
favoured VP1:VP3 ratio was achieved by: continuaR3 accumulation from the
beginning of the glucose culture till the end of thixed culture, while VP1 protein was
produced during the inductive phasfehe mixed culture.

2.3.4. Assembly of yeast-cell derived recombinanapsid proteins
High-speed ultracentrifugation through 40% sucroseeushion.

To test the permittivity of yeast-cellular enviroemt for VP1 and VP3 assembling in
icosahedral virus-like particles, “+Rep-double” atiRep-double” clones were grown
under “optimal” conditions. 3g of yeast cell biorags400 x 18 of each clone was lysed
and processed by the method compatible with VLRaetibn (under non-denaturing
conditions), while a small aliquot of induced cdll$ x 16) was processed by optimized
post-alcaline extraction method for Western blalgsis of relative intracellular levels of
VPs in the total-cell lysates.

As seen before, individually expressed capsid pretaccumulated mainly as part of
insoluble aggregates in total-cell lysates and wemmvered after couple of sonication
cycles in buffer with high concentrations of ionamd anionic detergents which
consequently denatured the proteins. To enhandeiprsolubilisation, without damaging
VLP structure, we used mild non-ionic detergent©(®and NP-40) and elevated salt
concentrations (0.5M NaCl) in the extraction buffBINS buffer). Large yeast biomass
was disrupted by glass beads homogenization (saptath4). Besides, all so far used,
AAV2 production systems, in vitro, Sf9 insect andEKR93 cells, showed that VP
assembly intermediates and virus particles achbeteer solubilisation in buffers of high-
ionic strength [240]. Yeast cells were lysed byeeded glass beads homogenization +
short sonication in DNS buffer. In order to enrigttative virus-like structures in the
soluble fraction, 15.000 g-centrifugation sedimehthe crude lysate was subjected to the
second extraction with elevated number of sonicatigcles. United extracts were cleared
from cell debris and subjected to ultracentrifugiatithrough 40% sucrose cushion.
Resulting pellet and supernatant fractions werdyaad by Western blot analysis for VP
protein composition (fig. 2.10, A). VP proteins wdound in the ultracentrifuge pellet and
not in the supernatant fraction, consistent witkirttarge size and multimeric organization.
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Figure. 2.10: Concentrating VP assembly productstigh-speed ultracentrifugation through
40% sucrose-cushion.

(A): “+Rep “ double yeast cells induced for 4.5h in 0.53 + 5 % Gal medium were subjected to a small
scale-protein extraction (under denaturing coadg) and to a large scale, non-denaturing extracféer 3h
ultracentrifugation in 40% sucrose cushion of tla¢ive extract, supernatant and pellet fractionhef mative
protein extract were analyzed by Western blotliergresence of VP proteins. VP1, 2 and 3 were thetenly
in the pellet fraction, in the relative ratio ~B2VP1 and VP3 recovered in the total cell lysatese in the
relative ratio 1:8(B): YplacRepCap-transformed, pYes-VP1 KM- transformed eglls cotransformed with
both plasmids (“+Rep double”) were induced for 66 0.5 % Glu + 5 % Gal medium. Small and largdesca
protein extracts were processed as describgd)inRelative frequencies (numbers in red) of VP1, VP& an
VP3 in the ultracentrifugation pellets were anatyaed compared with relative amounts of VP protéainthe
corresponding total cell lysates.
Surprisingly, beside VP1 and VP3, Western blot ysislof the pelleted material for the
first time revealed the presence ofVP2 proteinsThiult was interpreted in terms of low
overall VP2 expression, whose concentration inbil& of yeast proteins (in the total cell-
lysate) was under detection limit of Western bloalgisis. Nevertheless, putative localized
distribution of capsid proteins inside the yeastl awuld increase “local” VP
concentrations, allowing inter-VP homo and/or heteligomerization. Moreover, after
4.5h induction, VP1: VP3 ratio, detected in theadt pellet (aprox.1:6, according to band
intensities) was similar to the one in the totdl esate (aprox.1:8). Though, VP2 was

almost as frequent as VP1.

To confirm that the ratio of VPs in the pellet nedéed their relative intracellular levels,
cells were grown under “suboptimal” conditions tkagre shown to result in VP1: VP3
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ratio higher from the “optimal” one. For instancells were induced for 6.5ih 0.5% glu

+ 5% gal medium, previously shown to result in WA3 ratio 1 : 3.3(see fig. 2.9, B-
bottom). In addition, in the same experiment, weestigated the origin of VP2 protein
expressiorsince both constructs used for VP1 and VP3 exjpresomprised unmodified
VP2 ORF. To do this, yeast cells transformed withhgle plasmids, VP1 expressing
construct (pYesVP1K.M) and Vp3 expressing constrplacRepCap), were grown
under the same conditions as double-transformedt yeslls (+Rep double), with 6.5h
induction period. After induction, all three cukdsr were processed for “capsid
purification” and subjected to 40% sucrose cushilracentrifugation. In parallel with the
ultracentrifugation pellet analysis (fig.2.10, But), the total cell-extracts of single-
transformed cells (processed by “optimized postlaike” extraction) were analyzed by
Western blot to monitor the relative intracellulevels of VPs (fig.2.10, B-left).

This analysis yielded the following results:

1. In the ultracentrifugation pellet derived from pYes2VP1K.M — transformed cells,
all three VP proteins were detectedfig. 2.10, B-right). As expected, the amount of2/P
in this pellet was inferior to VP1, but the levél\éP3 protein was higher than expected
from read-through translation mechanism (the nedalfP1:VP2:VP3 ratio in this pellet
was 1: 0.25: 0.9). Besides, as seen before, trenabof VP2 and VP3 from the total cell
protein extracts (fig.2.10-B-left) confirmed théow overall intracellular concentration in
the bulk of yeast proteins. However, oligomerizifagsembling properties of capsid
proteins enabled the visualization of the two seav®s after assembly products were
concentrated by ultracentrifugation;

2. The only capsid protein uniformly found in the utracentrifugation pellet derived
from YplacRepCap transformed cells(fig.2.10-B-right)and in the corresponding total
protein extract (fig.2.10-B-left)was VP3.The presence of VP3 in the pellet suggests that
this protein alone is able to form super-molecwaight oligomers or higher order-
structures, concentrated by high-speed ultracegtifon through 40% sucrose cushion;

3. After 6.5 h induction, the relative VP1:VP3 ratdb in the ultracentrifugation pellet
derived from double-transformed yeast cells (“+Rep*double) was almost identical to
their intracellular stoichiometry. In detail, under suboptimal growth conditions [6iB
induction) the relative VP1:VP3 level in the tote¢ll lysate (deduced from band
densitometry) was 1:3 (fig.2.10-B-left), while thi®1:VP2:VP3 ratio in the corresponding
ultracentrifugation pellet was 1: 0.5: 3.3, respety (fig.2.10-B-right).

Putting together the results obtained for +Rep toualmnes after 4.5h and 6.5h induction
(characterized by great excess of VP3), we cangbout the conclusion that capsid
assembly intermediates consisted of VP1 and VPthénrelative ratio similar to their

relative intracellular levels. However, upon higiesd ultracentrifugation VP2 was almost
as efficiently recovered as VP1 protein, althoughiitracellular concentration was lower
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and thus, undetectable by Western blot. Moreoverdetected almost the same amount of
VP1 and VP3 in the pellet derived from pYesVP1KMrsformed cells, which is in the
contradiction with the overall concentration of theee capsid proteins in this cell clone.
In addition, we can say that VP3 alone was abferto super-molecular weight structures,
suggesting that the main AAV2 capsid constituer3)/could be the limiting factor in
highly-ordered interactions of cap proteins in yeaslular background. Another factor
that may be important for shaping VP protein intéoms and assembly properties is the
local concentration of the three VPs in cellularmpartments permissive to VP
assembling.

Fractionation of assembled capsid proteins by ultreentrifugation in CsCl gradient

To further characterize types of assembly-produotsentrated by 40% sucrose cushion
ultracentrifugation, a bigger culture volume of ‘sfkdouble” cells was grown under
“optimal” conditions and 10g of yeast biomass wenecessed for “capsid purification” by
glass-bead homogenization and subjected to 40%osercushion ultracentrifugation.
Assembly products concentrated in the pellet weseispended in DN buffer and DNAse
digested to improve solubilisation. After clearaméeaggregated, “junk” material, 6 ml of
the supernatant (“CsCl input”) was subjected tatiomation by CsCl density gradient
centrifugation. 0.5% of the total input volume wasalyzed in Western to determine
relative amounts of capsid proteins in the “inputterial (fig. 2.11-A). In the same figure,
capsid proteins detected in the “junk fraction”resent the fraction of assembly products
which failed to solubilise and were lost as aggtedamaterial. These proteins were
disaggregated only after resuspension in standatdip loading buffer followed by high-
temperature incubation. Two different volumes anatured “junk” fraction were
analyzed for better estimation of the relative amoaof lost material, suggesting that
approximately 5-10% of the total VP protein yieldecovered by the first
ultracentrifugation was lost due to poor solubtiia.

After 48h of CsCl fractionation, 13 different framis of gradually increasing densities (f1
is the fraction of the minimal density (1.370) ai8 of the maximal one (1.475)) were
collected, dialyzed against PBS, and each fractieas analyzed for VP protein
composition in the Western blot (fig.2.11-B). Smallquots of two or three adjacent
fractions of similar density (1+2, 3+4, 5+6+7, 8+8nd 10+11) were united for
transmission-electron microscopy (TEM)-based di&teaif putative capsid-like structures
(fig.2.11-C). Fraction 13 (named “pellet”) was raoialyzed.

Western blot identification of VP-containing fractions

For the highest assay sensitivity, maximal volurheach fraction was loaded on SDS-
page gel and blots were incubated with both B14®@ Ab (with partial stripping step in
between-see chapter 4) (fig.2.11-B). The analysigaled all three capsid proteins over
the range of fractions, in different combination. the f' fraction (one of the lowest
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density),only VP3 protein was detected, probably resembiR§ homc«oligomers of the
smallest molecular weighfractions 2 and 3 contained almost equal amounigR# anc
VP3; the 4th fraction contained all three VP pnad, whereas no VPs were detected in 5-7
fractions; finally, 811 fractions contained all three VPs. Relative Y&jfiencies (1:2:7) i
f8-f11 most closely mirrored and the ones found in-cell derived AAV2 vectors
(1:1.5:8) used as positive control (adigift from Mauro Giacca’s l)). VP3 was the only
capsid protein detected in f12. Very weak bandnisity in each fractic, comparing to the
last fraction- f13 (“pellet”),suggested that lot of put material was lost in the form of
heavy aggregates.
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Figure.2.11. Purification of yeast cell-derived AR\fkapsid like-structures by CsCl-gradient
ultracentrifugation.

Native protein extracts derived from “+Rep” doubkagt cells induced for 4.5h in 0.5 % Glu + 5 % Gal
were subjected to 40% sucrose cushion-ultracegatfan. Pelleted material was resuspended in capsid
resuspension buffer (see chapter 4) and clearen frisoluble aggregates = “junk” by high-speed
centrifugation.
(A): Western blot analysis, using mAb B1, shows relatiggquencies (numbers in red) of VP proteins in
0.5% (30ul) of the native extract, “Input”, andatdle amounts of VP proteins lost as insoluble egates
in “Junk” fraction.
(B): The Input was subjected to CsCl —gradient ultraifagation for 48 h. 13 fractions of different
densities were recovered and analyzed for tlesgmce of VP proteins by Western blot. Structures
recovered in fractions 8-11 had VP compositions ihast closely resembled the one of wt capsids.
(C): Fractions of similar densities (indicated in tr@me colour) were united and subjected to TEM
analysis. Capsid-like structures of ~20nm size wdeatified in fraction f8+f9 i) and compared with
293T —derived AAV2 empty capsids)( Scale bar is 40 nm.

(D): 3 fraction pairs that gave positive results in TEMre spotted on the nitrocellulose membrane in
three quantities indicated on the right side bait analyzed for the presence of AAV capsids with the
capsid-specific mAb A20 antibody. The strongeshaigwhich indicates the greatest number of capsids
was detected in the fraction f8+f9. As negative tomnof the assay, the same number of cells
cotransformed with empty vectors, Yplac181 and pYesre processed as described in (A) and the
obtained CsCl fractions of the corresponding derssitiere incubated with A20.

Electron microscopy analysis of CsCl fractions

After fractions of similar densities were uniteduf resulting “fractions” were analyzed by
negative staining and electron microscopy. Grodpsapsid-like structures were observed
in 2 out of four fractions, f8+f9 (fig. 2.11-C) aridl0+f11 fraction, while in the fraction

f3+f4 only singular globular structures, of theremt size £20nm) were detected in a very
low frequency (data not shown). As shown in the t&tesblot results from these fractions,
f8-f11 contained three capsid proteins in the nedafrequencies similar to the ones of wt
AAV-2 capsid. Micrographs in the figure 2.11-C shtvat yeast-cell derived capsid-like
structures (left) were morphologically similar teetones obtained from 293 cells (right)
(HEK293T cell-produced empty AAV2 capsids are alkyift from Jurgen Kleindchmidt).

The density of capsid positive fractions is far rottee expected ones for empty AAV
capsids produced in mammalian cells (approximaieB2 g/ml) [241]. This could be
explained in terms of a “heavier yeast extract’csirall obtained fractions had higher
densities than the corresponding fractions derivech AAV producing 293T cells (e.qg.
the lightest fractions were 1.37 for yeast and exiprately 1.28 g/ml for 293T cells)
[241]. This “heavy extract” might be the consequeatcellular impurities (e.g. remaining
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chromatin; although the extract was treated withaB&the extract was still viscous when
loaded on the sucrose cushion), ineffectively remgoin the upstream processing steps.
These steps are extremely laborious since a laajle boomass is used for capsid
production (around one billion of cells). Besidae tsucrose remaining from the first
ultracentrifugation and high concentration of sattshe resuspention buffer increase the
density of assembly intermediate-containing sotutim such an ambient AAV capsids
may tend to aggregate and thus separate as therraxf higher density. Finally, an
additional CsCl gradient centrifugation of capsisitive fractions should overcome the
impurity and aggregation problem and unable betteracterization of capsids. Yet, this
step would significantly decrease the overall dpsioncentration and requires
improvements in the upstream steps and in totéd wiecapsids proteins. Another possible
explanation for the unusual densities of capsidtipesfractions could be the presence of
the variegated capsid population with empty antifaitially full capsids. Several groups
have already demonstrated that AAV capsid can esidaie different DNA impurities.
These includes both virabp and/orrep-capsequences [242, 243] as well as pieces of a
host cell genome or prokaryotic DNA of plasmids duder viral production. Besides,
Kronenberg et al. have shown that only full AAV2psals, but not the empty ones,
externalize VP1-VP2 N-terminus, using the energytltd DNA encapsidation into
preformed capsids [63]. According to these studiesindirect way to see weather yeast
produced AAV capsids contain also full particlesglm be to test their reactivity with N-
terminus specific antibody (e.g. Ab A1, [53]). Hoxee this approach is hardly feasible in
the case of low capsid yield since the percentddeNA containing particles may be too
low to be detected with such an approach.

Immunoreactivity of yeast-derived particles with arti-capsid A20 antibody

To support electron microscopy results, 3 possiilyP-positive” fractions were analyzed
in Ab-A20-based dot-blot assay for testing immumetiity of yeast-derived particles
with anti-capsid A20 antibody (Fig. 2.11-D). A20aswidely used monoclonal antibody
with the affinity for conformational capsid epitoped does not bind native capsid proteins
[53, 216]. As shown in the Figure, all three fran8 showed reactivity to A20 antibody,
with the highest concentration of A20-reactive sitike particle in f8+f9 fraction.

2.4. Conclusions and future prospective

A considerable body of data about yeast-expressend structural proteins, able to
assemble into authentic and chimeric virus-liketipies (VLPS), has been reported up to
date, including the recent successSincerevisiadased production of VLPs of human
Parvovirus, B19, the “autonomous” relative of AAVus. This encouraged us to consider
the possibility of using yeas$. cerevisiaeas anin vivo cell system for production of
AAV2 VLPs, with physical and biochemical propertigimilar to those of AAV vectors
produced in mammalian cells. To do this, two regmients had to be satisfied: the
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simultaneous expression of at least two out thr&¥ Atructural proteins, VP1 and VP3
that form the structure of infective virions, asdcondly, the intracellular stoichiometry of
these proteins should be similar to the one foun8lAV vectors produced by mammalian
cells. The co-expression of VP1 and VP3 in RSY1&istwas achieved by stable cell co-
transformation with two high copy plasmids, onergiag “VP1 expression cassette” under
inducible yeast promoter Gall” and the other ordbdaring “VP3 expressing”, genuine
AAV cap gene under its cognate p40 promoter. VRBem expression from AAV p40
promoter in yeast cells resembled the expressiofilgrof yeast glycolitic-promoters
characterized by positive correlation with the getiwth rate during glucose-based growth
and expression cessation upon carbon source exeHeng glucose to galactose [226].
On the other hand, the pGall galactose induciblempter, guiding VP1 protein
expression, is a strong, inducible yeast promotéchvyielded the first detectable amounts
of VP1 protein, already 40 minutes after removalepiressor (glucose) and addition of the
inducer (galactose) to the growth medium. Upon thiaimal induction time, the co-
transformed yeast cells synthesized small amounfRE protein while sustaining high
VP3 intracellular level accumulated during the prauction growth on glucose. Although
not exactly simultaneous, but rather consecutiveression of VP1 and VP3 proteins
yielded the “correct” stoichiometry of their fingtracellular concentrations. However, the
“short induction” strategy was poorly reproducildiace it was based on marginal VP1
expression in the first moments of induction whichturn, was prone to fluctuations even
if the same inducing and growth conditions weredus@ertain determinants of the
induction start point, such as residual glucosecentration in the growth medium and
actual state of the cells in the moment of induttionset (e.g stress caused by
instantaneous starvation and deoxygenation duhiegmater-wash step between nutrient
exchanges) are hardly controllable with the flas&ke cultures, causing poor reliability of
this strategy. These lead to adoption of anotheategty “glucose + galactose, mixed
culture approach”, the strategy commonly used fghdyield production of heterologous
proteins in yeast expression system [165]. Somergkrcharacteristics of this strategy
introduced significant improvements into our expres system such as: elimination of
stressful and inconvenient water-wash step, sustapd0 promoter activity and better
control of Gall promoter both by galactose-basedeguydation and glucose-based
repression. This resulted in simultaneous expressio/P1 and VP3 as long as glucose
was present in the medium, thus enabling fine wihthe relative VP protein levels by
varying both induction time and the amount of gikedn inductive medium. The best
results in terms of) “optimal, wt-like” VP1:VP3 ratio andl) experimental reproducibility
and convenience (the shortest induction time), eldained with keeping residual glucose
(0.5%) concentration in reach galactose (5%) indeanedium. The “low glu-high gal”
strategy seemed to satisfy all requirements fociefft assembly of capsid proteins in
multisubunit VLPs. To check this, we adopted a d&ad, two step-procedure for AAv
capsid purification, composed of: and encouragetbusroceed to the next step, capsid
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purification. This was done by implementation ofstandard 2 step procedure that
included: 1) precipitation of assembly intermediafidmm native protein extracts by high-
speed ultracentrifugation through 40% sucrose-austiollowed by 2) capsid purification
by fractionation in CsCl gradient. Already the fistep revealed the unexpected presence
of VP2 protein in VP1-VP3 containing assembly praidu 40% sucrose cushion
ultracentrifugation of the extract derived from gea&lone transformed with the “VP1
expressing construct” showed that small amountéR# and VP3 protein (not-detectable
in the total cell lysates) were expressed frons thdnstruct by means of “slipping
ribosome” mechanism of alternative translationiation from VP2-ACG and VP3-ATG
start sites comprised in the “polycistronic” VP1 NB. Although expressed in low
concentrations by this clone, VP2 and 3 were abfgetform homo-oligomerization and/or
hetero-oligomerization with the more abundant VRatgin generating high molecular
weight structures, precipitated after high-speédeéntrifugation.

Going back to assembly intermediates derived fravtransformed yeast cells, their
characterization in the"2step CsCl ultracentrifugation, revealed only srpalicentage of
AAV capsids with properties similar to the wt onebtained in couple of fractions of CsCl
gradient. These properties included VP compositicapsid architecture (assessed by
electron microscopy), physical, biochemical (highsCC stability and stability during
various processing steps) and immunological prageerfreactivity to A20 antibody).
However, great percentage of assembly intermediatescentrated in the *'1step
ultracentrifugation were actually recovered in anfoof insoluble aggregated material.
The similar situation was seen in the first Baculas+insect cell VP-expression system
made by Ruffing et al. [215] where 3 VPs were egpeel from separated ORFs (cCDNAs),
each one carrying mutations in the other two VIPtstadons. Later on, the formation of
insoluble aggregates in this system was circumdebyeproducing VPs from overlapping
ORFs (a single transcriptional unit), suggestingt tmutations introduced were probably
the reason of poor capsid assembly or of their esggion [138]. However, no such
mutations were present in VP expressing constinaiar system.

A common propensity of unassembled VP monomerssoaate with cellular structures
has been documented in various recombinant backdsoincluding: aforementioned
Baculovirus-Sf9 systemn vitro system and Hela cells, and is very prominent inQu
cerevisiaeexpression system. Besides, L1 monomers of HPVpéesged and assembled
in VLPs inyeast P.pastorisshowed the same tendency [195]. L1 associatitim @ellular
structures was probably exhibited through hydrophodgions of unassembled monomers.
Cellular membranes could serve as sites of “moégcarowding” which could assist
monomer assembly in VLPs. Majority of cellular V&1d VP3 protein expressed by yeast,
were recovered from insoluble cellular aggregaldss suggests that yeast-expressed
capsid proteins have similar membrane-binding #iisa However, even small differences
in these affinities (due to different N terminaltenxsions of VPs) could result in such
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relative concentrations of the three VP proteinghese “crowding zones”, different from
their overall intracellular stoichiometry that weoadiment upon their denaturizing
extraction. The impact of such alterations on thalfconcentration of assembled capsid
probably gains significance in the case of low alleproduction levels of VPs in our
expression system. Besides, it is also possibleARY particles of non-wt stoichiometry
could have different surface properties, with dartaydrophobic regions exposed on the
capsid surfaces that may cause VLPs to attachliitdazemembranes. Normally, wt AAV
virions are soluble while their hydrophobic resislaee buried in the capsid interior [244].

Furthermore, foreign protein localization to indwki cellular aggregates is often

associated with its ubiquitination and further &gg to proteasome for degradation. We
tend to exclude this possibility for VP proteinspesssed in RSY12 yeast strain, since
there was no difference in the total amounts aedddgradation profile of VP1 and VP,

when expressed in HT393 mutant strain that lackgleoof main proteasomal subunits.
These comparative experiments were performed irsthting phase of this project and
due to mentioned lack of differences the mutamtistvas abandoned.

Finally, certain steps in the downstream procesgiarticle purification) could be
additional limiting factors for the final capsideyd. Critical in this view is the glass bead-
based mechanical cell rupture with unknown affegtsn AAV capsid adherence to these
artificial surfaces. However, since this is one tbé standard procedures for VLP
purification form yeast cells, it is rather theieffncy of the cell rupture which is the
critical factor of the capsid yield.

To improve production properties of our yeast balbed AAV VLP expression system
various techniques can be employed, some of themg ladready under way.

Overcoming methodological obstacles

Our S. cerevisiaeVP expression system is dependent on the finengettif growth
conditions during two production phases: pre-inthecR% glucose growth (more than
12h) and 4.5h inductive growth in low glucose (0)5%gh galactose (5%) medium. With
the use of flask cultures and a shaking incubahar,indicated amounts of each nutrient
present actually the starting concentrations amsha@abe maintained as such during the
whole culture, significantly affecting the final giein yield. Beside, due to a glucose
exhaustion and accumulation of the metabolic bytpets at the end of the pre-inductive
phase, the cells have to be pelleted and culturgiume exchanged, instead of simple
addition of galactose. Albeit less stressful thaaterwash starvation, the harvesting step
can still cause significant environmental fluctaas which can be differentially sensed by
the cells in the population creating a sort of fegated” system [245]. In such a system,
following galactose induction could have differéirietics among cells in the population.
If the residual glucose and high galactose levelddcbe kept constant in all cells of the
population during extended culture growth, a prgkxh "induction” would result in a
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multifold increase of both VP1 and VP3 levels. Ttas be achieved by implementation of
novel technologies such as the chemostat contincudtigre system to provide steady-state
conditions and constant growth rates [246]. Thisloa achieved by adjusting the flow rate
of fresh medium (with precise amounts of each aatji into the growth chamber,
providing a defined environment amenable to higkdyiproduction [247]. The other
system which offers the same benefits of consteding, acidity and culture oxygenation,
is so called fed-batch cultivation in bioreactdesrhentors) [179].

Expression of AAV assembly activating protein (AAR)yeast:

Another strategy to test in order to meliorate ¢fieciency of AAV capsid assembly in
yeast cellular environment is to test weather AABtgin, co-expressed with VPs and/or
overexpressed from the separate plasmid, couldbigxtiie same assembly promoting
effect seen in mammalian cells [64]. Since expaesfiom CTG initiator is very rare and
inefficient in yeast cells, AAP was not expectedbe expressed in its natural genomic
configuration (e.g. from YplacRepCap constructdded, when we cloned the authentic
cDNA of AAP gene in the separate plasmid, undesrgfrGal promoter, no protein was
detected. Instead, we have recently changed thesABGPG initiator to the conventional
ATG one, in the same plasmid, in frame with the ELfag sequence for the visualisation
of the fusion protein. Protein expression analigs@urrently under investigation.

“Yeast-izing” AAV capgene:

When a recombinant protein is not expressed tdfaismt level, the first “solution” that
comes to a head of an average researcher is: ‘tesge the promoter” This is not
surprising since “expression = promoter” used toabeoncept of recombinant DNA
technologies for many years. However, translatiarad post-translation regulations of
protein expression significantly differ between letonary distant species, such as yeast
and other metazoan. Differences in the abundancgsoediccepting tRNAs that resemble
the relative frequencies of synonymous codonspbserved between organisms, and also
between the tissues of a given organism, and astilpted as one explanation for “why
the same gene is more or less efficiently trandlatedifferent organisms and organs”
[248-250]. The codon usage bias between the wiglthe host cell genome is shown to be
an important determinant of viral protein expressigthin the host cell [251].

Virus genomes frequently have a G+C content sigmfig different from that of their host
species, reflecting a different codon usage pat{esil, 252]. Similarly, the GC
composition of AAV genome anfl. cerevisiagienome is tabulated. Table shows that GC
content in AAV2 andS. cerevisiaggenomes are quite different ranging from 40.65—
67.53% and from 36.64—44.58%; frequencies in tloel&ter of the codons are strikingly
different suggesting great codon usage bias betteme two species.
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Table2.4. Comparison of the G/C content in the gemss: Total GC composition and the GC
content at the 1st, 2nd, and 3rd codon positioreiach genome are listed as indicated

Total content

(%) 1st (%) 2nd (%) 3rd (%)
S. cerevisiae 39.77 44.58 36.64 38.10
AAV2 54.73 56.01 40.65 67.53

Analysis of codon frequencies between yeast andd0dimg region revealed that 14 most
frequently used codons in AAV cap gene are mora tidce as frequent as the ones in
yeast genes. Low abundance of iso-accepting tRdtAtHfese codons, at least in part,
underlies low expression of the VP proteins in gyistem. Codon optimization of cap gene
sequences, or “yeast-izing” the AAV genes, so tihey can reflect more closely the codon
usage of the host (yeast), should maximize theessipn of the “optimized” gene and is
currently under investigation in our lab.
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3. PROJECT IlI: Formation of AAV single stranded DNA
genome from a circular plasmid in Saccharomyces
cerevisiae

3.1. The aim of the project

In the first part of this work, we demonstrated fioe first time, that yeast is able to form

AAV?2 capsid like particles. As the final aim of tieatire lab project is to use yeast as a
host to produce rAAV vectors able to infect humafisc we have also studied the ssDNA
formation and replication iaccharomyces cerevisiaad the mechanism underlying this

process.

3.2. The background of the project

3.2.1. AAV replication in the recombinant backgrourd

The most important function (and the origin of tieene) of the two largest Rep isoforms,
Rep78 and Rep68, is the regulation of AAV-2 reglaaduring the proliferative phase of
AAV2 life cycle. They perform this function via tieinteraction with Rep-binding
element (RBE) and terminal resolution site (trsjjusmces located within the ITRs.
Besides, these two Rep isoforms guide site-spedaifegration of AAV genome during the
latent phase of the virus life cycle [28-31]. Témall Rep protein species, Rep52 and
Rep40 are involved in the generation and accunaumatif SSDNA viral genomes from
double-stranded replicative intermediates [32,433,48]. Since functions of two large and
two small Rep proteins are overlapping, one of €&&#p78 and 52 or Rep68 and 40) has
to be providedn transto enable replication and packaging of ‘gutles8\Avectors (ITRs
flanking the gene of interest) in the recombinaatkground. Although helper virus
functions are compulsory for rAAV2 replication inammalian cells, this is not the case
with Insect cells. Either these cells, or Baculosiused to introduce rAAV genomes, seem
to provide all necessary factors for efficient rAA¥plication in the presence of Rep
proteins [138, 145, 146]. Previous studies usirgsyéwvo/one hybrid system have shown
that yeast expressed Rep 78/68 proteins retain R®E site specific, binding activity,
which is the first step in establishing their rolgpromoting replication of rAAV genomes
[229]. Weather this role can be completed upon rAidtfoduction in yeast cells is the
leading question of this project and will be addessin this chapter.

3.3. Results

(The most of results in this section have beenntceublished by our group; Ref [253] )
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3.3.1.Rep68 increases the frequency of yeast clones cantag the AAV
genome.

To explore whether the yeaSaccharomyce cerevisiads able to sustain the rescue of the
AAV genome from a plasmid containing the ITRs, vamgtructed the pAAVRepURA
vector containing the wild type rep gene and theABRnarker flanked by the ITF
(Fig.31A) and the pAAVpokURA vector which donot contain any AAV sequence, but
only URA3 gene and the stuffer sequence, pok 3.1B).

BamHI

BamHI

rep

pRepURA3

8 kb

AA'\-'Re pPURA3

Amp

F1 Pyull F1 Puull

Figure 3.1. Schematic representation of plasm
(A) The vector pAAVRepURA contains wild typRepgene and the yeaktRA3 marker replacing th€ap
gene flanked by the two ITRs. B) The vector pAAVp&¥AJ contains a stuffer sequence, pok, insteaRep
gene. The ITRs are the only AAV sequence presetthenvector. C) The vector pRepURA has the s
sequences as pAAVRepURA without ITRs.
With the vector pAAVpokURA, we wanted to determiméhether the internal Re
sequence could affect ssSDNA formation. These vealornot share any homology to
genome of the RSY12 strain which harbors the comaptieletion of the chromoson
URAS3 gene [254] Moreover, as pAAVRepURA3 and pAAVpolRA do not carry any
yeast replication origin such as ARS or 2 micrthus, they cannot give rise to URAS3
colonies unless the vector integratés the yeast genome or replicates extra
chromosomally.The pAAVRepURA3 and pAAVpokURA were -transformed into the
strain RSY12 with theplasmid containing the Rep68 expression cassettayith the
control plasmid pGAD424. Thglasmids pGAD424 and pGRep68 carry the L gene as
yeast selection marker. As shown tgunting the number of colonies grown onto
plates with medium lacking both uracil and leu (Fig. 3.2A), the frequency of
URA3+LEU2+ colonies increased from 3.05+1.1° (pbAAVRepURA3 and pGAD424)
to 91.7+43.6x18 (PAAVRepURA3 with pG.Rep68

Similarly, the frequency of URA3+LEU2+ colonies € from 18.1+5.2x10
(PAAVpPOkURA with pGAD424) to 63.3+19.4x-3 (pAAVpokURA with pG.Rep68)
(Fig. 3.2B).
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Figure 3.2: The frequency of colonies carryinrAAV genome increase when Rep68 is expressed.
The plasmid pAAVRepURA3, pAAVpokURA linearized wilPvul and the control plasmid, pRepURAS3,
digested withXba, were cotransformed with the plasmid pGAD424 or pG.Rep68taioing the LEU2
marker gene (A, B). (A) Representative plates compazbdlonies btained from the transformed yeast RSY12
strain with plasmid pRepURA and pGAD424 (i), pRepURA §G.Rep68 (ii), pAAVRepURA and pGAD4:
(ii); pAAVRepURA and pG.Rep68 (iv). (B) Transformedagt cells were scored for their ability to fo
colonies on selgive medium lacking leucine and uracil. The frequewas calculated as described in mate
and methods. Results are the mean of 4 indepenxieatimentststandaideviation.

The expression of Rep68 did not change the frequehtJRA3+LEU2+ colonies win
yeast was transformed with the plasmid pRepURAZwkioes not contains the ITRs (
3.2B). These results suggest that the effect oRie68 is related to the presence of I
and that Rep68 may be important for AAV replicat@m/or rescue in yeast as it is in
human cells.

3.3.2. Expression of Rep proteins

Rep protein expressionfrom natural AAV2 promoters, p5 and pl9, preservedn rep
gene of pAAVRepURA constructs.

Similarly to YgacRepCap plasmid, wheRep proteins are expressed from p5 and pl9
promoter in their wt genomic configuration, the samesult was obtained f
pAAVRepURA vector where complete Rep coding regwas preserved. Western blot
analyses (Figure 3A) showed that the distribution of Rep proteinsptatein fractions
obtained by “optimized postikaline” extraction was the sa. As seen before, Rep52 and
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Rep40 are present both in the extract 1 (fig.318A¢1) and extract 2 (lane2), while Rep78
is observed only in the second protein extract &8, lane2). Rep68 is not observed.

Rep68 protein expression from Constitutive Yeast AE1 Promoter

The properties and schematic of pG.Rep78 was ainegmtesented in the chapter 2.3 (see
fig.2.2A). pG.Rep68 was made in the same way asRe@/8, by placing Rep68 cDNA
under truncated version of yeast ADH1 promotergiélly, these plasmids were made
for the use in yeast one-hybrid system where esmesof large Rep proteins was
demonstrated indirectly by Rep78/68 mediated trdptsznal activation of reporter gene
expression, while, according to the author, thesgems couldn’'t be detected by the
Western Blot analysis. In our hands, in RSY12 sttsckground, Western Blot analysis
showed significant expression of large Rep prot&im® both constructs.
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Figure 3.3: Western blot analysis of the Rep prote&xpression in yeast.
(A) Distribution of Rep proteins in two protein fragi®(extractl and extract2/insoluble fraction) dedifrom
cells transformed with pAAVRepURA. (B) Analysis of Rppteins present in the extract2 of lysates derived
from cells transformed with pG.Rep68 plasmid (laneg8yl from RSY12-R68 clone carrying 2 integrated
copies of ADH-Rep68 expression cassette (lane3yaktstfrom pGAD (empty vector) transformed cellsave
used as -control. Loading control: Constitutive yemetein 3PGK.
Results for pG.Rep68 are shown in the figure 3B&sides, just like for pG.Rep78, pl9
regulated coding region comprised in Rep68 cDNAegase to Rep 40. As expected,
Rep68 was mainly found in insoluble protein fraati@xtract2 (fig.3.3B, lanes2), while
Rep40 was almost equally distributed between trs# find the second protein extract
(fig.3.3B, lanesl, 2). In the lane 3 of the figBB®&e present the relative amount of the rep
proteins expressed form the yeast clone carryirgg gADH-Rep68-tADH expression
cassette randomly integrated in the yeast genomp@ring to RSY12 cells transformed
with multicopy (more than 20 copies) plasmid hamgthe Rep gene, apparently smaller
amount of Rep proteins corresponds to 2 copiesep6RB cDNA detected by the Southern
blot analysis of the genomic DNA derived from tleisll clone (Southern blot data not
shown). However, this cell clone stably expressgdproteins after many repeated growth
cycles in the complete growth media (without sebegt
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3.3.3. AAV ssDNA formation in yeast

The AAV genome inserted into a plasmid vector catiate a productive AAV replication
when it is transfected in human cells that are kameously or subsequently infected with
a helper virus. The AAV genome is released fromirautar plasmid in a way that is
similar to the rescue of the integrated AAV progitin latent phase [19]. It has also been
observed that the rescue of the AAV genome in Hmls extracts is more efficient when
the Rep68 protein is expressed [26]. We, therefdrecked if Rep proteins expressed from
pAAVRepURA were sufficient to rescue AAV genomerfrehe circular plasmid in yeast.
To do so, low molecular weight (Mr) DNA from URA3reast clones transformed with the
pAAVRepURA was analyzed by Southern blot and prolw@t URA3 gene to check for
the presence of rescued ssDNA, which is expectdaetabout 3kb (Fig. 3.4A). As we
observed a band with a molecular weight higher th@kb, we concluded that rescue did
not occur and that the URA+ phenotype is determimgihtegration of the vector in the
genomic DNA. We therefore, analyzed the genomic Dé&iracted from these clones,
after digestion withAsd. This enzyme cuts the pAAVRepURA backbone in sites but
not the AAV sequence (Fig. 3.4G). The analysis ana the presence of multiple (fig
3.4B and C, lane 2, or single integrated genomigs3#B and C, lane 4). This result
suggests that a certain level of Rep proteins might necessary to keep the
pPAAVRepURA plasmid replicating autonomously insithe yeast cell. The Rep protein
expression can be directed by the AAV natural prtemsop5 and pl9, as already shown,
but if AAV replication in yeast occur in Rep depentimanner, we hypothesized thep
gene should be located in another vector in ordegarovide a certain amount of Rep to
initiate the AAV genome replication. It is likelyhat the pAAVRepURA vector is
maintained as an episome only when Rep proteirchegbquite high level of expression.
To verify this hypothesis, we transformed yeastscéhat have the pAAVRepURA
integrated in the genome with the plasmid pG.Rep®&®0 of the transformed
URA3+LEU2+ clones were subjected to the extractiblow Mr DNA from and analyzed
by Southern blot. This analysis revealed the prasef only a band of ~6kb in one clone
(Fig. 3.4D, lane 1) and a band with a moleculargehigher than 10kb in the another
clone ( Fig. 3.4D, lane 2). The band of 6kb couddue to a plasmid excision event
occurring by intrachromosomal recombination thas h&en reported to occur at high
frequency in haploid yeast strain [255, 256]. Weent, investigated the possibility that
AAV ssDNA rescue took place after the co-transfdiam of pG.Rep68 and
pAAVRepURA. Under these experimental conditionsastenay have a sufficient level of
Rep proteins, necessary to induce AAV ssDNA re$mre the transformed plasmid. Low
Mr DNA was extracted from several independent ciouigested witDpnl and analyzed
by Southern blot using the URA3 as a probpnl digestion allows discriminating
between DNA replicated in yeast from that replidaite bacteria because it cleaves only
double-stranded sequences methylated or hemimethytlyDam methylase. As shown in
the figure 3.4E in two clones transformed with g#AVRepURA and the empty pGAD,
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we mainly observed that the highest band is digelsieDpnl (Fig. 3.4E, lane 2 and 4).
This band may correspond to the transformed plastiél other band, higher than 10kb,
resistant taDpnl digestion, corresponds to genomic DNA, in fagilpng low Mr DNA
from the same clones with the genomic marker AR ,same band was observed (data
not shown). In the two clones, no band correspantiinssDNA was observed. On the
contrary, when we analyzed the low Mr DNA extracteain yeast cells co-transformed
with pAAVRepURA and pG.Rep68, four main bands webserved: a band higher than
10kb that is genomic DNA, a band of about 10kb, &mal smaller bands of about 5.5kb
and 2.5-3kb (Fig. 3.4F, lanes 1, 3, 5, 7). Dhenl restriction did not change the band
pattern, but determined a decrease in intensitghef 5.5kb band and an increase in
intensity of the 10kb band consistent with a nigkactivity of Dpnl (Fig. 3.4F, lanes 2, 4,
6, 8). Since the plasmid pAAVRepURA contains 27 Dgites (Fig. 3.4G) and some of
them are really close to each other (less thanutfeatides apart), nicking of one or more
sites may result in a modification of the terti@MA structure leading from a supercoiled
circle (5.5kb) to a nicked one (10kb). Moreover, MARepURA has a region of
approximately 2kb including the URA3 gene, whicliree of Dpnl sites (Fig 3.4G). Thus,
if Dpnl restriction had occurred, we would have eved the 2kb band corresponding to
URA3 gene, as seen in the case of the plasmid pAZNHRA extracted from bacteria
(Fig.3.4E, lane 5). These results strongly sugdbst presence of newly replicated
episomal DNA in yeast clones. The 2.5-3kb band aatsrestricted by Dpnl suggesting
that it is a product of the new replication andIddoe the ssSDNA rAAV2 genome (Fig
3.4F, lanes 2, 4, 6, 8). The molecular weight gpoads to the ssDNA progeny of AAV
observed by Wang et al. [257]. Further demonstnafiat the three bands are the product
of new replication of the plasmid DNA is presentedigure 3.5A and B. Low Mr DNA
extracted from one clone shown in Fig.3.4G is digsvith the Mbol restriction enzyme
which recognizes the same palindromic sequencepasiiit cleaves only non-methylated
DNA, such as the DNA replicated in yeast (Fig. 3.5A
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Figure 3.4: AAV replication in yeast.

(A) Southern blot analysis of low Mr DNA of two &fent yeast clones URA3+ (lane 1 and 2) derivethfro
transformation with pAAVRepURAS3 using the URA3 marlgame as probe. (B, C) Southern blot analysis of
genomic DNA of the same two clones as in B undige@ne 1 and 3), and digested witkd (lane 2 and 4)
probed with URA3 (B) or ITR probe (C). (D) Low Mr DNAf the two yeast clones URA3+LEU2+ derived
from transformation with pAAVRepURA3 and successivélgnsformed with pG.Rep68 (lane 1 and 2)
analyzed on Southern Blot using the URAS3 probe.L@y Mr DNA of yeast clones URA3+LEU2+ derived
from co-transformation of pAAVRepURA with control glaid pGAD424. Lanes 1 and 3 show the undigested
DNA and lanes 2 and 4, DNA digested widpnl and subjected to Southern blot analysis using URYaBker
gene as probe. Lane 5 shows the resumfl digestion of the pAAVRepURA plasmid@pnl was performed
in order to demonstrate that AAV DNA replicatedywast. (F) Low Mr DNA of yeast clones URA3+LEU2+
derived from co-transformation of pAAVRepURA withagmid pG.Rep68. Lanes 1, 3, 5, 7 show the
undigested DNA and lanes 2, 4, 6, 8 DNA digesteith ®pnl and subjected to Southern blot analysis using
URA3 marker gene as probe. (G) Schematic represemtaf Dpnl/Mbol (indicated with D) andAsé
(indicated with A) restriction map of pAAVRepURA giaid. TheDpnl/Mboal restriction endonucleases do not
cut in the URA3 gene.

The not digested DNA shows the same bands wheregrofth URA3 (Fig 3.5A, lane 1)
or ITR (Fig 3.5B, lane 1) suggesting that it consahe complete sequence of recombinant
AAV. Digestion with Mbal enzyme degraded completely the 10kb and the Stkinls
and produced the 2kb band detected with URA3 p(Blze3.5A, lane 3) and not with ITR
probe (Fig.3.5B, lane 3), suggesting that thesalbaapresent mainly newly replicated
DNA. The 2.5-3kb molecule is only partially digestdy Mbol and not completely
degraded as the other bands. This observationratesle out the possibility that the band
represents the ssDNA because it has been demeustiat some restriction enzymes,
includingMbal, are able to cut ssDNA [258, 259].
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Characterization of sSDNA

In order to ascertain that the lowest band cormdpao ssDNA AAV genome, we
exposed the extracted DNA to the single-strandedAfBpecific S1 orMung Bean
nuclease. Low Mr DNA digested with these two enzymes analyzed by Southern blot
and probed with URA3 or ITRs. As shown in figur&,3in the lanes where the DNA
samples treated with the S1 nuclease were loadgd3PBA, lane 4; fig 3.5B, lane 4) the
2.5-3kb band is not present. The same result wesrebd when the DNA was treated with
Mung Beannuclease (Fig. 3.5C, lanes 2 and 4). Importamthen the probe “ITRs” was
used in the Southern blot (Fig. 3.5B), the threedsavere again obtained, demonstrating
that these replication-essential DNA elements egegnt.
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Figure 3.5: S1 and Mung Bean nuclease sensitivity.
(A, B) Low Mr DNA from a URA3+LEU2+ clone derived fno co-transformation of pAAVRepURA with
plasmid pG.Rep68, was digested widpnl (loaded in the lane 2Mboal ( loaded in the lane 3) , S1 nuclease
(in the lane 4) and was analyzed on Southern BlogudRA3 probe (A) or ITR probe (B). (C) Southern blot
analysis of low Mr of twoURA3+LEU2+ clone derivedofn co-transformation of pAAVRepURA with
plasmid pG.Rep68 was digested wilung Beamuclease (in the lane lane 2 and 4) and compartbdtiné not
digested DNA (lane 1, 3). DNA was detected usirg tlRA3 probe. The arrows indicate the sSDNA which
disappeared after digestion with S1 &hang Beamuclease.

Characterization of the replicated rAAV

During the rescue of AAV from plasmid in 293T celisis possible to isolate the linear
double-length double-stranded DNA molecules andiNé&\ double-stranded single copy
[257]. According to the AAV DNA replication moddhe secondary structure formed by
the ITRs provides a free 3' hydroxyl group for thigation of viral DNA replication via a
self-priming strand-displacement mechanism invayviteading-strand synthesis and
double-stranded replicative intermediates monomendtion (Fig.3.6F,i).
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Figure 3.6: Characterization of newly replicated DN.
(A) Low Mr DNA of four clones derived from yeast -transformed with pAAVRepURA and pG.Rep68
digested wittDpnl andBanHlI (lane 2, 4, 6, 8) and not digested (lane 1, 3)%as analyzed on Southern E
and probe with the URA3 genBanHl cuts once in JAV construct. (B, C) Low Mr DNA of one clone
obtained from the cotransformation of pAAVRepURA witlBAD not digested (lane 1) and digested \
Dpnl andBamHI (lane 2); the low Mr DNA of one out four clones bizad in panel A undigested (lane 3) ¢
digested wittDpnl andBamHI (lane 4) was analyzed on Southern Blot and detetittdURA3 probe (B) ant
F1 probe (C). (D, E) Equal amount of low Mr DNA afel of 4 clones analyzed in panel A was loaded in two
gel slots and transferred on nylon membrane. Meenbrane was cut in two pieces corresponding tslgé&s
and further cut to leave only ssDNA. The ssDNA wig$ected using as probe a -mer oligonucleotide
complementary to the filament (+) of the URA g, URA(+) (D), or an oligonuc. probe complementaoy t
filament (-) of the URA gene, URAY-(E), to determine the polarity of ssDNA. (F) R&ston maps o
predicted replicative intermediates: i) linear mamo, ii) tai-to-tail dimer, iii) head-to-head dimer, iv) linear
vector. B indicates position @anHl. The sizes of the fragments liberated followBanHI cleavage and
recognized by the URA probe are shown next to cpareding structures. ITRs are indicated as black &
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These structure is resolved at the trs by siteiBpexcking of the parental strand opposite
of the original 3' end position (i.e., at nucleetit5) leading to the formation of ssDNA.
When nicking does not occur, elongation proceedsutih the covalently closed hairpin
structure generating linear double-length douhiarsted molecules with either a tail-to-
tail configuration (Fig.6F,ii) or a head-to-headnfiguration (Fig.3.6F,iii)) [22]. To
determine the structure of molecules replicateggast, we digested low Mr DNA with
BamHI that cuts pAAVRepURA only once in rep sequent 1kb (Fig. 3.6F, i). If the
newly replicated molecules would be generated aicgrto AAV replication model
observed in human cells, the BamHI digestion of MWDNA detected with URA3 probe,
would produce a band of 3.5kb in case of linear onagr (Fig.3.6F, i); a band of 7kb in
case of tall to tail dimer (Fig.3.6F,ii); a band3%kb in case of head to head (Fig.3.6F,iii).
As shown in Fig.3.6A, no one of these molecules prasluced, but rather we found only
one band of ~ 8kb (lanes 2, 4, 6, 8) which is ilae sf the linearized plasmid containing
the backbone and AAV genome (Fig. 3.6F, iv).To gomfthis hypothesis, we digested
with  BamHI the low Mr DNA isolated from a URAS3+LEW2 clone -carrying
pAAVRepURA plus pGAD (Fig. 3.6B, lane 2; fig. 3.6@&ne 2) or pAAVRepURA plus
pG.Rep68 (Fig.3.6B, lane 4; fig.3.6C, lane 4) ayldridized with the F1 probe (Fig.3.6B)
that recognizes F1 origin of replication, locatedlie backbone of the plasmid, or with the
probe URA3 (Fig.3.6C) that recognized the URA3 seme in the AAV vector. As shown
in the figure 3.6B and 6C, the bands obtained Withprobe are coincident with those
obtained with URA3 probe. The results of the Bandlitjestion produce a band of ~8kb
recognized by URAS3 and F1 (Fig 3.6B lane 4; FigC3.&ine 4). This observation indicates
that the band of 5.5kb corresponds to the suped@RAVRepURA and the band of 10kb
corresponds to the nicked circular form. Moreovlre ssDNA molecules band is
recognized by both probes indicating the presernicéwo different molecules, one
containing AAV sequences and one with vector secgeenTo determine the polarity of
ssDNA, we detected the ssDNA with two oligonucldes probes complementary to
filament +, URA(+) (Fig. 3.6D) or to filament - URA (Fig. 3.6E). As shown in figure
3.6D and E both the plus and minus strands of ssBiAgenerated.

ssDNA formation is independent of AAV Rep sequencand dependent on ITRs.

Recombinant AAV vectors do not contain AAV genoreguences but only the transgene
that can be used for gene therapy in human cellg|ad been shown that a region of the
AAV?2 rep gene acts asas-acting Rep-dependent element able to promoteefblecation

of transiently transfected plasmids [260, 261]. imeestigate whether the formation of
ssDNA was dependent on the presence of rep sequenice vector, we constructed the
pAAVPOoKURA that has URA3 gene and a stuffer seqeefuienominated “pok”) flanked
by the two ITRs (Fig. 3.1B). In total, the sequeticat corresponds to the recombinant
AAV genome is 4.1kb. This vector was transformegtdast clone expressing Rep68 from
an integrated copy of pG.Rep68 plasmid. Low Mr DMAs isolated, treated with S1
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nuclease to ascertain the presence of sSsDNA anh&aouBlot analyzed. As shown in the
fig. 3.7A lanel, the ssDNA is produced.

Clone expressing Rep68
+
PAAVPokURA

Clones expressing Rep68

pRepURA

A B
Figure 3.7: ssDNA formation is dependent on ITRsGRep68.

Southern blot of low Mr DNA obtained from a clongpeessing Rep68 transformed with pAAVpokURA (A)
or pRepURA (B) and probed with URA3. (A) Lane 1 shoaws Mr DNA undigested and lane 2, low Mr DNA
subjected to S1 nuclease. (B) Low Mr DNA of two elifint clones (lane 1 and 2) expressing Rep68 and
transformed with pRepURA.
The two bands corresponding to sSDNA could reptesendifferent secondary structures
of the molecule. This suggests that the formatfss®NA is not dependent on RBE in the
rep gene, but only on ITRs. To verify if the ITRs anvolved in the formation of the
newly replicated molecules and the ssDNA, we coogtd the vector pRepURA. This
vector contains the same sequences as pAAVRepURAntuthe ITRs (Fig. 3.1C).
pRepURA was transformed in the yeast clone exprgsdRep68. Two resulting
URA3+LEU2+ clones were subjected to low Mr DNA extion and subsequent Southern
blot analysis (Fig.3.7B, lanes 1, 2). As shown igufe 3.7B, neither circular DNA

molecule nor ssDNA was generated in these clondhgi presence of Rep68.

3.3.4. Expression of Adenovirus helper factors E1b55kKnd E4orf6 in
yeast cells and their influence upon rAAV ssDNA famation in the
presence of Rep

In human cells productive AAV-2 replication occunly in the permissive cellular
environment characterized either by the presencenef of the helper viruses, such as
Adenovirus (Ad) , Herpes Simplex Virus (HSV) or Hampapilloma virus (HPV) or by
the presence of various physical and chemical agenising genotoxic stress (see chapter
1.1.3). The helper activities provided by Ad wele tmost extensively studied and
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previous studies have delineated a minimal setdproteins required for replication that
includes: E1A, E1b55K, E4orf6, and DNA-binding mriot (DBP). E1b55K and E4orf6 act
as a complex to enhance rAAV transduction and wwAAplication through overcoming
barriers to second-strand synthesis of the genomnestii elusive mechanism [70].
E1b55K/E4orf6 has also been shown to form a cuwlintaining ubiquitin ligase to
promote degradation of the Mrell complex, DNA led¥, p53 and Bloom Helicase
during Ad infection [262, 263]. Degradation of thdsost cell targets prevents apoptosis,
DNA damage signaling, and viral genome processiming Ad infection [263, 264]. In
addition, E1b55k is the only Adenovirus proteinriduo associate directly with Rep68/78
[79].

In order to create the best cellular conditionsther AAV ss DNA formation in yeast, we
expressed E4orf6 and E1b55k Ad proteins under talactpse inducible promoters from
Gal1-10 family and analyzed their putative influermn AAV replication intermediates, in
the presence of Rep 68 protein in RSY12 yeast.d@iith E4orf6 and E1b55k genes were
inserted in a single plasmid pEsc-G418 under cbrifoGall and Gall0 promoters,
respectively, and the resulting construct pEscE4Ak4$ used to transform yeast clone that
carries Rep68 gene integrated in its genome. Aw/ishio the figure 3.8 two proteins were
expressed not only in presence of galactose batusdder non-inductive conditions (when
glucose is used as a carbon source).

oéu
RSY12-R68 + pEscE4E1 £°
GLU GAL GAL
12h 6h 6h

Ab anti-

Edorf6 (34kD

Ab anti- %’ - .
3PGK

Total cell lysate

A
o\‘-
RSY12-R68 + pEscE4E1 ;,°
GLU GAL GAL
12h 6h 6h
Ab anti-
ssDNA =2
Flag |5oip|es —e—
Ab anti- —— e c—
3PGK
Total cell lysate
B C

Figure 3.8: Effect of the expression of E4orf -E1B% on ss DNA formation.
(A, B) Western blot analysis of E4orf6 and E1b55k protexpression in the RSY12-R68 clone carrying
endogenous ADH-Rep68 gene and transformed with pESEEontrast, using the mAb against E4orf6é (A) or
the mAb anti Flag antibody which recognizes Flag fissed to E1b55k (B). Cells were grown over-night in
glucose (glu) and then switched for 6h inductiorgalactose (gal) medium. E4orf6 and E1b55k expoassi
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was analyzed at the end of both glu and gal grghtises. Protein extract from RSY12 clone transforwitd
the empty vector pEscG418, collected after growmtlgalactose were used as a negative control (-gontr
Loading control: Constitutive yeast protein 3PGR) Southern blot analysis of low molecular weight DNA
isolated from the RSY12-R68 clone transformed wlith pAAVpokURA vector (lane 1), and from RSY12-
R68 clone transformed with both pESCE4E1 plasmid @&dVpokURA vector (lane 2). Both clones were
grown in galactose. URA3 gene was used as probe.

A yeast clone expressing Rep68 and E4orf6-E1b55k sudbsequently transformed with
the pAAVpokURA vector and the transformed cells avgrown in presence of galactose
before the isolation of Hirt DNA. The productions§DNA was analyzed by Southern blot
(Fig. 3.8C, lane 1). In presence of E4orf6-E1b3%& amount of ssDNA increased with
respect to the clone that lacks Ad helper functiavisile other replication intermediates
remained unchanged (Fig. 3.8C, lane 2).Weathekffést in yeast is a reminiscent of the
MRN complex degradation promoted by these proteginsuman cells, is the subject of

current investigations.
3.4. Conclusion and future prospective

The results reported here establish the novel dopdhat the AAV ssDNA is formed in
yeast from a double stranded circular plasmid doimg the ITRs. Moreover, the plasmid
is maintained throughout the generations as a datbhnded circle in the absence of the 2
micron replication origin or ARS sequence. Initjallwe simply constructed an AAV
vector containing the wild type rep sequence ardiRA3 marker between the two ITRSs,
in order to select yeast clones carrying the rAM\ferestingly, we demonstrated that Rep
protein expression occurs in yeast starting froemAAV promoter p5 and p19 (Fig. 3.3A).
The failure to obtain the ssDNA genome when yeasas wransformed only with
pPAAVRepURA vector is likely due to the absence ofpRprotein at the moment of
transformation; in fact, when Rep protein was espee from pG.Rep68 plasmid,
transformed together with high amount of AAV vecttire frequency of URA3+LEU2+
colonies was increased. The transforming DNA cagythe rAAV could follow different
ways: it could be recognized by the DNA nucleases @egraded, or be channeled in the
recombination process and consequently integratedhe host cell genome. The
transforming rAAV plasmid could also be replicatedd the AAV genome be rescued
from the plasmid. The latter process can occur ontpe presence of Rep68 [26]. To test
the hypothesis that ssSDNA may be generated by jpdiasplication, we cotransformed the
rAAV vector with pG.Rep68, allowing the expressmfrRep68 and Rep40 (Fig. 3.3B) to a
sufficient level in the moment of cell transforneatiwith high concentration of rAAV. In
these conditions, ssDNA was generated, as showfigime 3.4F. Moreover, we also
demonstrated that the ssDNA is formed only whenlTis are present (Fig. 3.7B, lane 1
and 2). By using both in vivo and in vitro experinted systems, the principal features of
the conventional AAV rescue model have been shanndlude the synthesis of duplex
linear replicative forms (monomers and dimers) trat self priming by virtue of terminal
hairpin palindromes [257, 265, 266]. Two sort ofcm@nisms have been proposed to

68



explain rescue of AAV in human cells: rescue maycheried out by repair cellular
nucleases [21, 267, 268] or it may be coupled tAADBblication [21], [26, 269]. It has
been observed that rescue of the AAV genome frgolasmid may be carried out by a
Holliday structure-resolving activity in vitro [2Y@nd in vivo [271]. In any case, the
episomal DNA is not produced by the “AAV rolling il@n” type of DNA replication
since the analysis of the structures of low Mr DNWslecules (Fig. 3.6) didn't reveal the
canonical AAV replicative intermediates, but ratktie replicated, supercoiled and nicked,
circular plasmid and the ssDNA. Moreover, theseemales contain not only ITRs and
URAS3 sequences, but also vector sequences. Theh@ichot only AAV sequences but
also plasmid backbone sequences are displacedds/ssprone to be packaged in AAV
capsids, could limit the potential of the yeastasysfor studying rAAV genome packaging
and/or its application for AAV vector productionoWever, a similar problem has been
already encountered in mammalian cells where afsgnt portion of the encapsidated
DNA is derived from the ITR-containing rAAV vectglasmid, arising from ‘reverse’
packaging from the ITRs [272]. It was demonstrateat this problem could be at least
diminished, if not resolved, by designing ‘oversizplasmid backbone, that is, exceeding
the 4.7kb natural packaging limit of AAV. We believe thidite use of the same strategy
can prevent potential packaging of yeast plasmidkibanes in  AAV capsids. The
persistance of the whole ds rAAV plasmid and ofsigsbackbone sequences suggests that
the entire plasmid is replicated as circle from ahhgsDNA is released. To explain the
production of ssSDNA genomes without generatingdmauplex intermediate, we propose
a model outlined in the figure 3.9. According tar soodel, Rep68 binds the ITR at the
RBE element and nicks one strand at the levelsoffig. 3.9A). The nick creates a free 3'-
OH end, from which DNA replication is initiated ¢~i3.9B) [32]. As the replication
passes through the body of ITR (Fig. 3.9C), theiglar single stranded template strand
will fold into a hairpin configuration (Fig. 3.9DThis folding of the ITR template may be
supported by Rep binding to the tip of the hairfwop of the ITR [268]. This event
produces a strand switch and the template is likelpe the nicked strand and not the
complementary one. The replication fork proceedsugh the vector sequence and
terminates when reaches the nicked ITR. A secockdlnj Rep protein occurs at the level
of the newly synthesized ssDNA that is, subsequeditplaced by the helicase activity of
Rep proteins (Fig. 3.9D). The ssDNA molecule coritaj the entire plasmid sequence is
nicked by Rep protein (Fig. 3.9E). The final prouare two sSDNA molecules containing
only one ITR; one with vector sequences and onk reip and URA3 genes (Fig. 3.9F).
Our model predicts that the resulting sSDNA genavite AAV sequences has a complete
ITR only at the 5" end while the 3’ end carriesyo D element. The missing ITR,
however, can be repaired via a gene correction amesim described by Samulski et al.
[21].
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Figure 3.9: Model of ssDNA formation from a plasmicbntaining rAAV genome in yeast.

(A) For the sake of clarity, the plasmid caying ITiRslepicted as linear molecule. Rep nicks atithéwhite
star) (B). A replication complex is assembled anglication commences through the TR towards the vecto
(C). The new synthesized ITR fold into a hairpin foomation displacing the replication strand. Such
displacement determines a template switch so ligadtiginally nicked strand is copied during regtion. The
replication passes through the other ITR and pracadd the vector sequence (D). After replicatiorkfthas
completed a full circle, Rep produces a second aitwk the newly synthesized DNA is displaced as ssDNA
(E). The new ssDNA is nicked again and two ssDNAtaming only one complete ITR are formed (F). The
missing ITR is repaired by gene correction mecharfiSjn
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This event involves the formation of a single stiesh panhandle DNA intermediate in
which both D elements are inverted and therefore araneal to initiate the ITR repair
synthesis (Fig. 3.9G) [273]. One ssDNA molecule Aa®mplete ITR only at the 5’ end,
while the other one carries ITR sequences withoatdinent. If the ITRs do not fold into a
hairpin conformation, the replication continuestba backbone vector sequences and the
plasmid is completely replicated as observed imi26];[274]. In this case the ITR is
used as a cellular origin of DNA replication [274)e also validated our model by
determining the polarity of the ssDNA. By using cfie ssDNA probes, we demonstrated
the both the plus and the minus AAV strands amméal in yeast (Fig. 3.6D, E). Moreover,
this study demonstrated that, in yeast, the ITRsesent the only sequences required for
ssDNA AAV formation from an episomal plasmid (Fig7&, B). Why does the yeast
produce such high level of ssDNA? Is that due t@ecumulation process of the newly
formed ssDNA or is the mechanism leading to ssDNwmhAtion more efficient in
Saccharomyces cerevisiae than in human cells? fi$wea to these questions is not very
easy but understanding which cellular factors avelved in the ssDNA formation may be
crucial for AAV encapsidation. It is known that geds very efficient in DNA repair
mediated by homologous recombination. Yalkinogluakthave shown that a plasmid
containing the extreme left half of AAV with a slagTR could replicate in cells treated
with genotoxic reagents suggesting a possible stblBNA damage repair in this process
[275]. Moreover, in cultured human cells, a markadrease in rAAV transduction
efficiency is obtained by treating cells with agetitat affect genomic DNA integrity or
metabolism, such as UV irradiation, hydroxyurea JHtbpoisomerase inhibitors and
several chemical carcinogens [276-279]. It has l#@Emonstrated recently that MRE11
complex, which is primarily involved in DNA doublstrand break repair, binds the
incoming ssAAV genome and poses a barrier to AA\ dhat the helper function
provided by the adenoviral proteins E1b55K/E4orf@olves the degradation of MRE11
complex [72, 280]. These observations suggestithdtuman cells MRN complex can
have a role in the rescue of AAV from plasmid. Thigher efficiency of the non-
homologous end-joining apparatus in mammalian cedllated to the strong pressure to
repair double-strand breaks in these large genopmebably explains the ability of AAV
to grow in these cells only when that apparatupadially saturated by double-strand
break events. This requirement is apparently nesgnmt in yeast that yet seemingly
contains all the cellular factors necessary for Agdhome replication in the right balance.
In yeast, double strand breaks are mainly repdigetiomologous recombination so the
MRN complex proteins are available for other preessand could be immediately
engaged in ssDNA formation. The formation of ssDdl#es not occur immediately after
PAAV plasmid transformation and required the regdiicn of the plasmid. In fact, we did
not detect any ssDNA in yeast cells 3 or 24 hotter aransformation (data not shown).
Therefore, we can speculate that the formationsBiN&A initiates after the plasmid has
been replicated. It could be interesting to stud®VAssDNA genome in yeast cells with
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different genetic background. Thus, the utilizatadrthis organism could allow not only to
study the cellular requirements for viral produetidut also, not less importantly, to
overcome the present limitations in currently erggtsystems for commercial production
of gene therapy used rAAV vectors; yeast, as alnws, is safe, cheap and amenable to
easy manipulation.

We can thus conclude that the AAV genome can rafgiin Saccharomyces cerevisjae
this is not surprising because yeast can replib&t& genomes of numerous viruses, such
as Human papillomavirus [213] and the ssDNA genoindjan Mung Bean Yellow
Mosaic virus [214].
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4. To sum up...

Taken together, the results of this work raise importance of the budding yeast
Saccharomyces cerevisi@eth as a genetic system for studying various d@spsf AAV
vector biology and as a biotechnological tool, b feetory, for a potential production of
AAV gene therapy vectors. Using the simplicity goldsticity of yeast molecular biology,
in the first part of the work, we explored diffetestrategies to induce the synthesis of
AAV2 capsid proteins to a sufficient level and hetcorrect stoichiometry to promote
capsid assembly. The presented results clearly deinade that the assembly process
occurs, albeit not as efficiently as seen for manlyer viruses, stimulating further
investigations toward finding better conditions /mddiscovering novel assembly
promoting factors that could meliorate the curretdate of art. Accordingly, we are
currently investigating whether over-expression ARV assembly activating protein
(AAP) in yeast cells could give desired resultse Becond part of the work demonstrates
thatS. cerevisiaean form single stranded DNA AAV2 genomes starfnogn the circular
plasmid. The model we propose for underlying medmardiffers greatly from what is
seen in other AAV host cells. This, however, is astsurprising as it appears to be since
what we currently know about AAV replication in theesence of different helper viruses
is that this virus is able to adopt to the noveplication-supportive environment” in a way
to optimally exploit the available replication fars. In this view, the genome-wide
screening for the yeast cellular factors, regutgbaing directly involved in the AAV
replication, are the subject of future investigasio In addition, we are currently focused
on studying the way in which Adenoviral proteing} Brf6 and E1b55, increase the
amount of ss AAV DNA formation, without significaptchanging the pattern of other
rAAV replicative intermediates. This research listeould also reveal some yeast DNA
repair proteins, potentially involved in the afommtioned process. Finally, a significant
effort is to be put in studying the ability of yéa=ll to support packaging of ss rAAV
genomes in preformed capsids.
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5. Materials & methods

5.1. Strains, media, yeast transformation and cuhiation

Bacterial recombinants were screene@scherichia coliXL10Gold cells.

Two haploid, auxotrophic yeast strains were usesly 2 and HT393. The “wild type”
strain RSY12 KMATa leu2-3,112 his3-11,15URA3::HI¥has a complete deletion of
URAS3 gene which was replaced with the HIS3 genel]28he “mutant” strain HT393
(MATa leu2, ura3, pral, prbl, prcl, cpsl, pyes deficient in several proteases including
parts of the proteasome, vacuolar proteases arallopgbteases [282].

Comparative protein expression analysis for all 2AMoteins was done by transforming
each of the following constructs independentlywo yeast strains, RSY12 and HT393:

1. 6 VP expressing: YEplacRepCap, YEplacp40Cap, YepfBp40Cap, pYesCap,
pYesintronCap, pYesCap
2. 3 Rep expressing: YEplacRepCap, Yep-Rep78p40CaRqub8

The same amount of plasmid DNAs were transformemlyaasts using the standard high-
efficiency, lithium chloride transformation methedth single-stranded DNA as carrier
[283]. Single transformants were selected onto 8€il(SC-URA) or SC-leucine (SC-

LEU) plates and the selection continued with thibo¥dng growth in the corresponding

liquid medium.

Since no significant difference in relative prot&®R/Rep expression levels was assessed
by Western blot analysis for each strain coupl&arisformed constructs, for e.g between
RSY12- YEplacRepCap and HT393- YEplacRepCap etoly &Western blot results
obtained for RSY12 strain are presented in this kwadkccordingly, all following
cotransformation experiments for AAV particle protian and purification, as well as for
recombinant AAV vector genome replication studieeduonly RSY12 strain. Again, the
same amount of plasmid DNAs were co-transformed ydast using lithium chloride
method. Cotransformed RSY12 cells were selecte®®ruracil-leucin (SC-URA-LEU)
plates (and selection continued in the correspantigquid medium). The frequency of
URA3+LEU2+ colonies was calculated dividing the rfnemof URA3+LEU2+ colonies by
the number of LEU2+ total transformants.

Complete (YPAD) and synthetic complete (SC) mediuvese prepared according to the
standards. Induction media were prepared with eBPe galactose or different glucose +
galactose concentration as stated in the Resuli®sef the chapter 2.
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Yeast was cultivated aerobically, in flasks, at 8)°under constant orbital shaking (180
rpm). Different growth cycle experiments were stdnvith a small volume inoculum (less
than 100 pl per 50 ml of culture medium) of stagignphase yeast cells (grown for 24h
from a single colony in 10 ml of SC) and cultivategternight to obtain an early
exponential (log) growth phase cell suspensionbsbebance at 600 nm (Qdg 0-7-1.0,
equivalent to ~0.3 mg/ ml-’ cell dry weight. Forddbg phase cells were further grown to
reach O.[3.5- 4.0 and for late-log/early stationary phask were grown till optical
density was ~8. If not processed immediately dftergrown cycle, cells were pelleted and
stored at -78C or liquid nitrogen frozen and then <10

The RSY12 clone with integrated copies of ADHRep&83ression cassefteas obtained
by cell transformation with the SnaBl -ADHRep68-Leevull DNA fragment excised
from pG.Rep68 plasmid [229] with SnaBI/Pvull enzymin this way, 2 micron sequence
was eliminated in order to avoid autonomous repboaupon putative recircularisation,
while Leu was kept for selection of integrants.

5.2. Plasmid construction
All AAV2 sequences in the following constructs derifrom pSub201 plasmid which
contains complete wild-type AAV-2 genome cloneaiatplasmid backbone [19].

pYEplacl81(Leu2), pYes2(Ura3) and pGAD 424(Leu® tlwree commercially available,
yeast-cell compatible vectors witina3/leu2genes for selection in yeast .

Constructs with pYEplacl81vector backbone

For construction of the pYplacRepCafasmid entire AAV2 genome without ITRs was
cut out from pSub201, using Xba | sites for digmstiand placed in the same restriction
site of the pYEplac181 vector. For constructionhaf pYplacp40Caplasmid, unmodified
AAV2 Capgene was cut out from pSub201 using Sal | and D&iges and cloned in the
same sites of YEplacl81 vector. To make the Yep/Bp#0Capplasmid, ADHRep78
expression cassette was excised from pG.Rep78 ipld820], using flanking Sphl sites
and cloned upstream of Cap ORFSphl site of pYplacp40Cap

The plasmids pGAD424, pG.Rep78 and pG.Rep68 wendhkiprovided by M. D.
Weitzman [229]. The pG.Rep78 and pG.Rep68 constrgontain Rep68cDNA and
Rep78cDNA, respectfully, downstream of the constitu yeast promoter ADH1 in
pGAD424 plasmid backbone.

Cloning in the pYes2 expression vector, downstrearof inducible yeast promoter,
Gall:

For construction of the pYesintronCapasmid, AAV2 Intron + Cap ORF sequence
(without p40 promoter) was cut out from pSub20hgdtindlll and Xbal restriction sites
and cloned in the same sites comprised in the phaiitloning site of pYes2 vector.
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For construction of the pYesCafasmid, VP1 cDNA(comprising all three overlappmg
cDNAs) (map positions 2203-4410 in wild-type AAg2nome in the database, GenBank
accession no. AF043303.1) was PCR amplified from281 using following primers:

5'- ctt ATGGCTGCCGATGGTTATCTT-3" and
5'- ctggTTACAGATTACGAGTCAGGTA -3'

The sequence corresponding to the wild-type AAVRagee is capitalized. PCR product
was polyA tailed to enable compatible end ligatwath polyT tailed intermediate vector
PGEM®-T Easy (Promega Corporation). After ligati®®CR clones were sequenced and
the correct VP sequence was Notl excised from GENY®-T Easy and cloned into Notl
site of pYes2 MCS.

The pYesVP1K.Mplasmid was constructed by cloning modified VPINéDunder Gall
promoter. The VP1cDNA was PCR amplified from pSub&&otr using following
primers:

5'-cayqatccaaacAATGGCTGCCGAGGTTATCTACCCGATTGGCTC-3' and
5'-caygatccTTACAGATTACGAGTCAGGTATCTGGTGC-3'.

BamHI sites (at each primer end, underlined and bold#drs) were introduced outside
the VP1 expression cassette for cloning in pYesresgion plasmid. BesidBam Hi
restriction site, upper primer also included 6 potde long yeast Kozak sequence
(italicized letters) upstream of the VP1 ATG andethmodifications (underlined letters)
relative to the genuine VP sequence in the dataidsesequence corresponding to the wt
VP OREF is capitalized. After direct cloning in p¥2d3amHI site desired clone contained:
Kozak sequence upstream of ATG start site and thmetations with respect to genuine
AAV?2 sequence. The first T to C mutation at positld eliminates an out-of frame ATG
codon by creating an ACG triplet instead. The sdomwdification is inactivation of the
major AAV splice acceptor site, by substituting @ A at position 21 and A to C at
position 24 (numbering is as for the seq. in thalo@se)

Construction of vectors containing recombinant AAVgenome

The plasmids pAAVRepURAS3 and pAAVpokURA are derasbf pSub201 plasmid.

The pAAVRepURA3plasmid maintains the entire rep gene and hastamal deletion of
cap gene. The URA3 marker gene, excised from pMA&EsDor by using BamHI sites for
restriction digestion [284], was cloned in the klApal/Kpnl sites of pSub201 after filling
in with Klenow polymerase. The pAAVpokURAontains only the URA3 gene and a
stuffer sequence in order to increase the distéeteeen ITRs. The stuffer sequence,
named pok, consists of 2.5kb-long mouse pokemom.geAAVpokURA was made by
cloning the pok sequence and URA3 gene (pMA150vdd)iin pMCSsub vector. The
pMCSsub was constructed by substituting the meltidbning site of the pCMV-MCS
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vector (Stratagene, La Jolla, CA,USA) with a muéiploning site containing Notl Xbal
Xhol EcoRI BamHI Hindlll Sall Xbal Notl. The URA3emne was cloned in the Hindlll
site of pMCSsub, obtaining pMCSsubURA. The pok sege was cloned in Xhol and
EcoRl sites of pMCSsubURA obtaining pMCSubpokURAKRnd URA3 were then cut
out with Xbal and cloned in Xbal site of pSub201.

The pRepURA plasmid was constructed by Xbal digestif the pAAVRepURA plasmid
to eliminate ITRs, and cloning the Xbal-RepURA-Xbthgment in Xbal site of
pMCSsub.

To obtain the plasmid pEsc-G418, LEU2 selectionkeaof the commercial vector pEsc-
Leu (Stratagene) was substituted with the gene MAn-whose product provide the
transformed cells resistant to antibiotic G418. nH&X (~ 1500 bp) was cut out from
another comercial plasmid pYMN1 (Euroscarf) usim@pBEV and Pstl restriction sites and
cloned in EcoRV and Bstell (isoschizomero di Psites of pEs-Leu. The mentioned
digestion of the pEsc-Leu resulted in eliminatidrapprox 700bp of LEU2 gene fragment
causing its inactivation.

The gene E4orf6 was amplified by PCR from pDG pldsi®4], using following primer
pairs:

5'CTAGGATCCATGACTACGTCCGGCGTT 3’ and
5'CTAGTCGACCATGGGGGTAGAGTCATA 3

Restriction sites Bam HI and Sal | ( at each 5mai end, respectively; shown in

underlined and bolded letters) were introducedidetthe E4orf6 expression cassette for
cloning in respective sites in pESC-G418 expresgiasmid, downstream of Gall

promoter.

The gene E1b55k was amplified by PCR from genomitADderived from 293T cells
using following primer pairs:

5'ACTGCGGCCGCATGGAGCGAAGAAACCCATC 3 and
5' TTAACTAGT CCATCTGTATCTTCATCGCTAGA 3

Restriction sites Notl and Spel ( at each 5’ priraed, respectively; shown in underlined
and bolded letters) were introduced outside thebBRexpression cassette for cloning in
respective sites in pPESC-G418 expression plasnagndtream of Gall0 promoter and in
frame with tag FLAG ORF.

5.3. RNA isolation and Retro-Transcription

Total yeast RNA was extracted from 5 X' B0 actively growing cells (grown to early log
phase) following the method published by Schreitial [285]. 3 pug of total RNA was
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retrotranscribed using QuantiTect Reverse TraseonpKit of Qiagen (using oligo-dT
primers) according to the manufacture’s recommeondsit Resulting cDNA was subjected
to PCR amplification using following pair of pringer

5-AGTTGCGCAGCCATCGACGT-3 and 5-TGGCTGTCCGAGAGGG- 3’

PCR products were analyzed upon 5% acrilamide lgetrephoresis, for separation of
nucleic acids less than 1000 bp in length, andalized by Etidium-Bromide (EtBr)
staining.

5.4. Analysis of protein expression.

For analysis of protein expression by gel electoogsis, total cellular polypeptides were
obtained by means of two different extraction mdtho

1. Glass-bead based cell rupturdollowed by separation of soluble and insolubletgmn
fraction: 10 millions of cells grown till mid-expential growth phase were harvested,
washed and resuspended in the disruption buffer (l8BmM Tris-HCI, pH 7.8, 2 mM
EDTA, 0.5% Triton X-100, 1 mM PMSF; proteinase imbirs cocktail added) and
disrupted with equal volume of glass beads (400dmmmeter). Disruption at 4°C was
performed by 10 cicles of 30’ vortex + 30’ ice ibedion. Crude lysates were cleared by
centrifugation (2000xg for 5 min, 4°C). The insdkilprotein fraction was separated from
soluble one by another centrifugation (10,000xgn40, 4 -C). Insoluble proteins, from
the pellet, were extracted twice in the extractirffer (DB exempted of EDTA and
supplemented with 1%SDS and 1%DOC) for 1 h & 4gitation.

2. “Optimized post-alkaline extraction” method consists of two cycles of protein
extraction. 100-200 x £®f actively growing yeast cells were pelleted antjected to the
first round of extraction by the method publishgdKushnirov [230]. Briefly, cells were
pelleted and shortly exposed to mild alkali comti§ (0.1M NaOH) and lysed by heat at
95°C for 5 min in 50l of 1x SDS-PAGE loading buffer (4x buffer: 150mMisHCI
pH6.8, 50% glycerol, 10% SDS, 1084mercaptoethanol, 0.06% bromophenol blue). After
eliminating cellular debris by centrifugation, tfiest protein extract named “first extract”
was ready for analysis by gel electrophoresis.tRer‘second extraction”, cellular debris
was treated with a variant of a standard harsh RiRfier (500mM NaCl, 50mM Tris-
HCI, 1mM EDTA, 1% Triton, 1% DOC, 1% SDS) and patvard to a quick sonication
(Soniprep 150). Precisely, the remaining pellet vessispended in 140 pl of RIPA buffer
(proteinase inhibitors added), incubated on ice2fbmin and then for another 20 min on
the rotation at 4°C. After sonication (5 cyclesldf seconds on and 20 seconds off; 15
microns amplitude), the second protein fractionmed “second extract” (insoluble
aggregates), was separated from remaining cellmjawrities by quick centrifugation and
analyzed by gel electrophoresis.
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Proteins were resolvedon 10% polyacrylamide gel in SDS-Tris—glycine buff
Following SDS-PAGE proteins were electro-transféne Hybond-C Extra nitrocellulose
membrane (Amersham Biosciences, UK) in methand-@lycine buffer. The blots were
blocked with: 1) 10% milk or 2) 5% in TBS-T (Tweé@l%) for 1 h and then, 3) 6 3%
milk 1%BSA in PBS 1x for 1 h, 4) 5% milk in TBST emnight. After blocking blots were
incubated overnight at 4°C with the following primantibodies: 1) anti-Rep monoclonal
mAb 303.9, anti.VP1,2 mAb A69 and anti-capsid mABOAAIl named antibodies were
diluted 1:50 in TBS-T with 5% milk; 2) anti-VP12diluted 1:200 in 2.5% milk TBS-T.
All listed Abs are from Progen Biotechnik GmbH, Hielberg, Germany. For detection of
the protein E4orf6 we used 3) mAb-Anti E4orf6 didt 1:20 in PBS solution
supplemented with 3% milk and 1%BSA (a kind gifbrfr D. Ornelles). Incubation was
done overnight. For detection of E1b55k we useaAb anti-Flag (Sigma) diluted 1:1000
in TBST-5% milk and incubated for 1h, room tempera (RT). For loading control the
same blots were incubated for 1h with primary moastbody anti-3 phosphoglycerate
kinase (3PGK, Molecular Probes) diluted 1:5000 W inilk in TBS-T. Secondary
antibodies conjugated to horseradish peroxidaseé-H&P) (Santa Cruz Biotechnology,
Inc.) were used for detection of specific antibdagding (diluted 1:2500 in the same
solution of the corresponding primary antibody)eTilots were stained with the Super
Signal West Femto chemiluminescent substrate (Théfisher Scientific, Inc.).

5.5. AAV VLP extraction and purification

For this purpose actively growing 25ml 2% glucoséiuze was diluted in 250 ml and re-
grown on glucose for another 12-16h until reac®b&g, 4 (mid-log phase). At this point
the cells were collected and the media replaceld Wibf induction media (0.5% Glu+5%
Gal). After 4.5 h cells were harvested and subgetaadisruption:

Mechanical lysis under non-denaturizing conditiodf)g of yeast dry biomass was
resuspended in 20ml of DNS disruption buffer ofdeing compaosition: 500mM NacCl,
10mMTris(pH8), 1mM EDTA, 0.3% NP-40, 0.3% deoxyddtel (DOC), supplemented
with protease-inhibitor cocktail and homogenizedhie presence of 400nm glass beads 10
cycles of 40sec vortex-homogenization. The crudatl was cleared from cell-debris and
undisrupted cells by quick-low speed centrifugatiafter clearance, the crude lysate was
subjected to 1h high speed centrifugation (20 0@, xvhich was followed by the second
extraction from the obtained pellet. The secondaetion was performed in the same way
as the first one with additional sonication stegmtance solubilization of yeast produced
AAV VLPs. This was done in 10 sonication cyclesr{ipoep 150; 15sec on and 30sec off;
15microns amplitude). After sonication the celldies was centrifuged again for 1h at
20000g at 2C. This extended clearance was supposed to elieninaist efficiently
aggregated, insoluble material. The resulting, sé@xtract (supernatant), was united with
the first extract and subjected to 200,000 x guBtacentrifugation through 40% sucrose
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cushion (40% sucrose in TE-BSA buffer: 10mM Tris§gEmM EDTA and 0.01%BSA).
After the centrifugation, AAV particle-containingediment was resuspended in 5ml
Resuspension Buffer of physiological salts conegiuins (150 mM NaCl, 10 mM Tris-
HCI pH 8, 1 mM EDTA, 5 mM MgG), quickly sonicated and left in agitation for 1at¥
°C. To improve solubilisation of assembly produdtsyas further subjected to 30min 37C
DNase digestion (purity grade |, Benzonase, Novagsiopped by 10mM EDTA. For
digestion, MnCJ and MgC} were added the extract to 1mM final concentratigkisthe
end, extract was cleared from aggregated mateyidlObmin, 15000 x g centrifugation at
4°C and supernatant was loaded on CsCI gradiemAd VLPs purification. CsCl was
added to the sample at final density of 1.4 d/@nd ultracentrifugation was performed in
a SW40-Ti rotor (48 h, 39,000 rpm, 18°C; ultracéngre). 13 fractions of 1.371 to 1.430
g/cm3 densities (refractometer readings) were ciatke dialyzed against PBS buffer, and
each fraction was analyzed for VP composition bysi&e blot. Fractions with similar
densities were united and analyzed by negativaistaelectron microscopy.

5.6. Transmission electron microscopy

After purification by CsCI centrifugation suspemnsioof yeast-produced AAV VLPs were
placed on 400-mesh carbon coated grids. The sangsestained with five drops of 2.5%
(w/v) of uranyl acetate solution and incubated 2ominutes at room temperature. The
excess solution was removed by blotting the edgeach grid onto filter paper and the
grid was air dried for 30 minutes. Samples wer@angred with a Jeol 100 SX

transmission electron microscope with 80000 maggiion.

5.7. DNA isolation and Southern blotting

Genomic DNA was isolatedusing the Master pure yeast DNA purification Kip{centre
Biotechologies). Low molecular weight (Mr) DNA was isolated from 5 to 10
independent URA3+LEU2+ clones harboring the AAV @i by using the yeast plasmid
miniprep kit (Zymo Research Orange, CA) as previougported [286]. TheDpnl
resistance assay was performed to check that dsend had replicated in yeast. When the
plasmid DNA is replicated and methylated by baateri becomes sensitive ©pnl
digestion and it is thus distinguishable from DN/thesized in eukaryotic cells which is
not methylated and, therefore, resistant to digesi287]. By contrastMbaol recognizes
the same sequence @pnl, but cuts only DNA not methylated. The DNA sangplgere
digested withDpnl or Mbol for 24 h and loaded on 1% agarose gel. The DNA wa
electrophoresed, transferred to nylon membrane H&®oand probed with DIG-labelled
URAS obtained by PCR from the plasmid YEplac21lhillowing primers:

PURA-R 5’ GATACCCGGGACCTGACGTCTAAG3 and
PURA-F 5’ACATCCCGGGTGACGGGCTTGTCTGCTCCC3'.
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The ITR probe was obtained by DIG random primecellaily kit (Roche) using as
template gel purified ITRs obtained digesting pSub®ith Xbal and Pvull. To determine
the presence of the plasmid backbone, we alsorcmtest the F1 probe that was obtained
by PCR performed with nucleotide mix containing BAGTP from pSub201 plasmid with
the following primers:

F1 forward: 5’CAA CCA TAG TAC GCG CCC 37
F1 reverse: 5' CAA TAA ATC ATA CAG GCA AGG 3.

To determine the polarity of ssDNAwe used two synthetic oligonucleotides of 100 mer
as probe (IDT integrated DNA technologies). Thebprdor the plus (+) strand, named
URA(+) has the following sequence:

5'CTTCCAACAATAATAATGTCAGATCCTGTAGAGACCACATCATCCACGGITC
TATACTGTTGACCCAATGCGTCTCCCTTGTCATCTAAACCCACACCGG 3

To determine the presence of the minus (-) stramdused the synthetic URA(-) probe
with the following sequence:

5'CCGGTGTGGGTTTAGATGACAAGGGAGACGCATTGGGTCAACAGTATAGBGA
CCGTGGATGATGTGGTCTCTACAGGATCTGACATTATTATTGTTGGAAG 3

The probes were labeled using the DIG oligonuateotB’-End Labeling kit, 2nd
generation (Roche), according to manufacturer'srusions. Equal amount of DNA was
loaded on two gel slots, electrophoresed and tearesf on nylon membrane positively
charged (Roche). Since the 3’end labeled oligomticle probes are less sensitive than the
PCR labeled probes, we hybridized only the ssDN#d¢oease the signal.

S1 and Mung Bean reaction

To identify the presence of sSAAV genome, low Mr ®Eamples were digested with S1
nuclease (Promega) dvlung BeanNuclease (New England Biolabs) which cut only
ssDNA. Briefly, 1l of low Mr DNA were digested with 0.1U of S1 nuake for 30 min
at 37°C in the provided buffer and inactivated @t@ for 10 min. ForMung Bean
Nuclease, 1@ of low Mr DNA were digested with 0.1 U d¥lung Beanfor 30 min at
37°C in the provided buffer. The reaction was stmpwith STOP solution (5mM EDTA,
30mM TrisHCI pH 7.5) followed by heating at 65°G ftd min.
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