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Abstract

Adeno-associated virus (AAV) based in vivo gene therapy has made great
progress in recent years including an approved treatment (Glybera) in Europe and
several successful clinical trials in the United States for hemophilia B and Leber
congenital amaurosis. One drawback of the vector is the large quantity of virus
needed to induce therapeutic levels of transgene expression and thus, production
of the vector must be as efficient as possible. Fundamental aspects of AAV’s
capsid assembly remain poorly characterized, but the recent discovery of
assembly-activating protein (AAP) may be the key to finally understanding this
crucial part of recombinant AAV (rAAV) vector production and AAV biology.

AAVs are non-enveloped, single-stranded DNA viruses with small
icosahedral capsids and simple genomes consisting of two genes, rep and cap. In
2010, a novel protein was discovered in an overlapping, +1 reading frame within
the cap gene and termed AAP for its essential role in the capsid assembly of AAV
serotype 2 (AAV2). Subsequent work showed that AAP was also required for
capsid assembly of AAV8 and AAVY9, but its mechanism of action and
importance in the life cycle of other AAV serotypes has yet to be explored.

AAP from the canonically studied AAV2 (AAP2) is a nucleolar localizing
protein that facilitates the trans-localization of VVP proteins from the nucleoplasm
to the nucleolus where capsid assembly takes place. In the first part of this
dissertation we identified multiple, overlapping nuclear and nucleolar localization
signals (NLSs, NoLSs) in the C-terminus of AAP2 that when mutated, resulted in

mis-localization of AAP2, decrease in AAV?2 titer, and decrease in AAP2 protein
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levels. The decrease in AAP2 protein levels was strongly correlated with the
decrease in titer, demonstrating that this region is also crucial for sustaining AAP
protein levels for high levels of capsid assembly (Chapter 2).
We next compared the amino acids involved in nucleolar localization of
AAP?2 to the corresponding protein sequence of AAPs from serotypes 1 to 12 and
found these regions lacked many of the arginines and lysines seen in AAP2.
Characterization of the AAPs 1 to 12 showed that AAP5 and AAP9 were
nucleolar excluded. Investigation of capsid assembly in a subset of these
serotypes revealed that not all AAVs accumulated capsids in the nucleolus in the
same manner as AAV2, that AAP and capsids did not always co-localize, and
surprisingly AAV4, 5, and 11 did not require AAP for capsid assembly (Chapter
3). Subsequent work using chimeric AAV11 and AAV12 VP3 proteins identified
the region responsible for AAP-independent assembly in AAV11 (Chapter 4).
Taken together, this dissertation work 1) identifies the amino acids in the C-
terminus of AAP2 that contribute to nuclear and nucleolar localization, 2)
demonstrates that nucleolar-localized capsid assembly found in AAV2 is not
generalizable to all AAV serotypes, 3) shows that AAP is not required during
capsid assembly for AAV4, 5, and 11, and 4) identifies the region responsible for
AAP-independent capsid assembly in AAV11. Current rAAV development uses a
variety of AAV serotypes and the implications from this dissertation work will be
an important aspect of improving the vector production for rAAVs from non-
AAV?2 serotypes as well as defining a pathway that may ultimately reveal both the

mechanism of AAP and AAV capsid assembly.
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Chapter 1: Introduction
Adeno-associated virus
1.1 Classification (Parvoviridae family, Dependoparvovirus genus)

Adeno-associated viruses belong to the Dependoparvovirus genus of the
Parvoviridae family. Like all Parvoviridae, AAVs are non-enveloped, single-
stranded DNA viruses with small (~26nm) capsids displaying T=1 icosahedral
symmetry and a simple genome consisting of two genes, rep and cap, flanked by
two inverted terminal repeats (ITRs) (Fig 1.1). One of the characteristics that
distinguishes AAVs from other parvoviruses is the reliance upon a helper virus
for productive replication (1). AAV was originally discovered in 1965 as a
contaminant in stocks of the eponymous adenovirus (Ad) (1, 2). Further
investigation of cell lines (3), adenoviral stocks (2, 4, 5), non-human (6, 7) and
human (8, 9) primate tissues led to the discovery of 13 AAV serotypes (AAV1-
13) and copious variants, which greatly expanded the AAV family. Recent
classification has divided these AAVs into clades A-F, with AAV4 and AAVS in
their own groups (9, 10) (Fig 1.2). New viral isolates and AAV genomes are
being discovered at a rapid pace in various animal tissues or non-primate
adenoviral stocks, including in cow (11), goat (12), bat (13), snake (14), and
lizard (15). As the number of sequenced genomes increases, we can expect to
learn more about the origin and evolutionary history of AAV.

Intriguingly, based on a genetic analysis, the Anseriform (waterfowl)
parvoviruses are also placed within the Dependoparvovirus genus even though

these do not require a helper virus for productive replication (16-19). This close
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relationship may indicate that these parvoviruses serve as an evolutionary link

between helper virus-dependent AAVs and a helper-independent ancestor (17,

18).
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Figure 1.1 Schematic of the wild-type AAV2 genome, ITR, and VP proteins.

(A) The inverted terminal repeats (ITRs) are folded into hairpins at either end of the genome.
The p5, p19, and p40 promoters are shown at their map positions. The rep gene produces
four Rep proteins: Rep78, Rep68, Rep52, and Rep40. The cap gene produces the three
structural proteins: VP1, VP2, and VP3, and AAP. The 2.3kb mRNA that produces VP1 has
an intron at 1906-2201, while the 2.3kb mRNA that produces VP2 and VP3 has an intron at
1906-2228. The mRNA that produces AAP is currently unknown. AAV genome positions:
ITR: 1-145; rep gene: 321-2252; Rep78: 321-2186; Rep68: 321-1906, 2228-2252; Rep52:
993-2186; Rep40: 993-1906, 2228-2252; cap gene: 2203-4410; VP1: 2203-4410; VP2:
2614-4410; VP3: 2809-4410; AAP: 2729-3343; ITR: 4534-4679. (B) Schematic of the ITR
and p5 promoter region. The ITR is designated by complementary regions (A and A’, B and
B’, C and C’) and the unpaired D region. It also contains a Rep binding element (RBE) and
the terminal resolution site (TRS). The p5 promoter region contains one RBE, two binding
sites for the transcription factor YY1, and an MTLF binding site. (C) VP1 contains a
phospholipase A2 (PLA2) domain and a unique BR in its N-terminus. VP1 and VP2 share
two BR regions, and B4 and B5 are found in all the VP proteins.
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Figure 1.2 Clades of AAV. Reprinted with permission from Gao et al., 2004.
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1.2 The AAV genome and protein products

AAV?2, the first serotype to be cloned (20) and used to transduced human cells
(21), has served as the canonical model for AAV biology. This section is based on
the knowledge gained from studying AAV2 unless otherwise specified.

The AAV genome is ~4.7 kb and is composed of two ITRs, two genes (rep
and cap) with three promoters (p5, 19, and p40), and a polyadenylation signal
shared by all AAV transcripts, which is cleaved at position 4450 (Fig 1.1A) (22).
The ITRs contain a Rep binding element (RBE) and are important for genome
replication (23-25), genome packaging (26), and insertion of the AAV genome
into the host genome (27). Aside from the RBE, they are composed of
palindromic repeats designated A, A’, B, B’, C, C’ and an unpaired section, D and
a terminal resolution site (TRS) (Fig 1.1B). The RBEs are essential for control of
both transcription and replication of the genome as well as integration, while the
TRS is critical for productive genome replication, as described in section 1.3.

Through mRNA splicing and different start codons, the rep gene produces
four proteins named for their weight in kilodaltons: Rep78, Rep68, Rep52, and
Rep40. The large Reps, Rep78 and Rep68, produced from transcription of the p5
promoter, are multifunctional proteins involved in replication of the AAV genome
(28), control of transcription from all three AAV promoters (29-34), and
interaction with host proteins (35-40). These proteins have helicase and
endonuclease activity and since they are largely functionally redundant, the term
Rep68/78 will be used when referring to either of the large rep proteins. The p19

promoter produces the small Rep proteins Rep52 and Rep40, which also have
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multiple functions including helicase activity and genome packaging (41).
Activation of p40 produces the VP proteins, VP1, VP2, and VP3 all from the
same reading frame, with VP1 and VP2 having N-terminal extensions not found
in VP3 (Fig 1.1A and C). The unique N-terminus of VP1 contains a
phospholipase A2 domain (PLA2) and multiple regions rich in basic amino acids
that are important for correct intercellular trafficking. In 2010 a second,
overlapping +1 reading frame within the cap gene was identified (42) and found
to encode a previously unknown AAV-specific protein, now termed assembly-
activating protein (AAP). AAP is essential for the capsid assembly of AAV
serotypes 2, 8, and 9 (43), but its mechanism of action and importance in the life
cycle of other AAV serotypes has yet to be explored. AAP from the canonically
studied AAV2 is a nucleolar localizing protein that facilitates the trans-
localization of VP proteins from the nucleoplasm to the nucleolus (42),
presumably through interactions with the C-terminal region common to all the

VPs (44).

1.3 Genome replication and integration

Initial insight into AAV genome replication came from the increasing
knowledge about its sequence and potential secondary structure (45). Early on, it
was clear that the genome was composed of single-stranded DNA, but reports of a
double-stranded portion (46) were resolved by a series of experiments showing
that the ends of the genome could self-anneal (46, 47). After determining the ITR

sequences, Lusby et al. proposed a mechanism of replication initiation in which
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the ends of the genome folded into the characteristic AAV hairpins and were thus
able to prime replication (23). With our current understanding, the proposed
model largely holds true today and is referred to as ‘rolling hairpin’ replication
(45, 48). This mechanism is common to all parvoviruses, but unlike most
parvoviruses, that package only minus stranded genomes due the differences in
their 3’ and 5° ITR sequences, AAV can package either the plus or minus strand
of its genome with equal efficiency (45).

Initially, replication begins at the 3° OH provided by the ITR hairpin and
continues through the second hairpin. This creates an intermediate form with a
closed hairpin on one side and duplexed DNA on the other (Fig 1.3). Rep68/78
has ATP-dependent endonuclease activity and is able to nick the replicating
genome at the TRS and thus provide a new 3°-OH to initiate transcription through
the remaining hairpin (28). This step completes genome replication and results in
two complete duplexed AAV genomes. At this point, either end can refold into a
hairpin and prime replication. The replication complex forces the other genome
out of the duplex via strand displacement. During the nicking process, the
Rep68/78 protein is covalently attached to the 5° phosphate at the TRS (49) and
this attachment is thought to serve as a packaging signal by allowing interaction
between the Rep68/78-AAV genome complex and Rep40/52. Rep40/52 act as
motor proteins to package nascent genomes into preformed capsids (41, 50).

The essential proteins and cis-acting elements involved in AAV genome
replication have been identified and the replication of genomes has been fully

reconstituted in vitro. Surprisingly, only one Ad gene product, the DNA binding
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protein (DBP), is associated with AAV genome replication. This leaves AAV
heavily dependent on cellular replication machinery. Currently, both PCNA and
polymerase & have been implicated in the replication process (37), along with
replication protein A (RPA), replication factor C (RFC) (39), and the mini
chromosome maintenance complex (MCM) (38). These proteins, excluding DBP,
make up the minimal elements needed to reconstitute AAV genome replication in
vitro (38). Polymerase & is a replicative DNA polymerase with 3’ to 5’
exonuclease proofreading activity and high fidelity. It is commonly found in
complex with PCNA, RPA, and RCF. Typically, this complex is responsible for
lagging strand synthesis during host genome replication (51). Since AAV only
replicates through leading strand synthesis, the function of polymerase & in
replicating AAV genomes is likely tied to its ability to perform gap synthesis after
nucleotide removal during DNA repair (52-54), especially since the AAV genome
could resemble a damaged DNA structure (gapped DNA, hairpins). Like other
parvoviruses, replication of AAV genomes takes place during S-phase when the
required host protein complexes are active and thus, AAV is dependent upon the
host cell cycle for its own replication. Rep78 acts to maintain the cell in S-phase
to prolong AAV replication (36, 55), which also explains, in part, the observations
that AAV is anti-oncogenic (56, 57). This leads to a model in which, during S-
phase, the ITR hairpin structure and RBE can recruit Rep, PCNA, polymerase 9,
RPA, RFC, and MCM to form a replication complex that is able to faithfully copy

the AAV genome.
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Figure 1.3 Replication of the AAV genome.

(A) Replication is primed by the 3’OH provided by the hairpin. Rep68/78 (® and O) binds
at the RBE and recruits the replication complex PCNA (O), polymerase & (®), RPA (@),
and RFC (©). (B) Replication proceeds, unwinding the duplexed hairpin as needed. (C)
Rep68/78 nicks the TRS and becomes covalently bound to the 5° phosphate, (D) leaving a
new 3°OH to initiate replication through the remaining hairpin. (E) The hairpins refold and
replication can start again. The replication complex releases the new genome through strand
displacement. The covalently bound Rep and the ITRs act as signals for Rep52/40 (®) to
package the genome into the AAV capsid via the 5-fold pore (marked in red on the AAV2
capsid cartoon). The MCM in is also involved, but not pictured here.
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In cell culture systems, integration of the AAV genome (58) predominantly
takes place at the AAVSL1 site in the human chromosome 19 at position q13.4 (59,
60), although random integrations can take place at a lower frequency (59, 61).
This site-specific integration is dependent upon Rep68/78 (62) and the RBE in the
AAYV genome (63, 64) (Fig 1.1B), as well as specific DNA regions at the AAVS1
site that resemble the RBE and TRS in the AAV ITRs (62-64). A proposed
mechanism for this integration is that the helicase domain in Rep68/78 mediates
non-specific binding and slides along the region until the N-terminal origin-
binding domain (OBD) recognizes the RBE-like ‘-GCTC-’ repeats in the AAVS1
locus. The binding of one Rep molecule facilitates the binding of subsequent
molecules, eventually forming a heptameric complex which can unwind the
integration site (65). Originally, the OBD in the N-terminus of Rep68/78 in
complex with the RBE-like ‘-GCTC-’ repeats was determined for AAVS5 (66) and
recently this interaction was found to be similar for AAV2 (65), indicating it is a
likely mechanism for all AAV serotypes. After unwinding the AAVSL site, the
Rep endonuclease domain nicks the homologous TRS site, creating a 3’ OH that
can act as a primer for replication at AAVS1. This Rep-induced AAVS1
replication can lead to rearrangements at the site and integration of AAV genomes
(67, 68). Frequently these integrations are characterized by breakpoints at the ITR
or p5 region and if multiple genomes are integrated, they commonly do so in a
head-to-tail fashion (69). Weitzman et al. demonstrated that Rep68/78 can bind

both the host DNA and the AAV genome (62), placing the AAV genome in close
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proximity to the integration site and available for insertion by cellular
recombination machinery (69).

Since the site-specific integration of wild-type AAV (WtAAV) is Rep-
dependent, rAAV vectors that lack Rep are unable to undergo this type of
integration. Numerous studies have been conducted on whether rAAV integration
takes place and the general consensus is that it happens very infrequently, at rates
reported as <0.5% (70, 71) to <0.0001% (72). The integration sites are described
to be either random (72) or in active genes (71), but the sites of these integrations
is generally considered safe (71, 73). The more common fate of rAAV DNA is to
form concatemeric, double-stranded episomal rings that are maintained long term
in non-dividing cells (73-76).

Very few studies have looked at WtAAV integration at an organismal level,
but the few that have call into question the specificity of the virus for the AAVS1
site (77, 78). Schnepp et al. were only able to find a single AAV integration event
in 175 AAV-positive human tissue samples and the integration took place on
chromosome 1 (79). Instead, the majority of detected AAV in their study existed
as episomes (79). During a study on endogenous DNA viral elements, Beyli et al.
found AAYV integration events in various species on chromosomes 1, 2, 3, 8, 10,
13, 19, and the X chromosome (80). Although the homology of these areas to
AAVSL is unspecified, rats and mice both had integration events on separate
chromosomes (mice: chromosomes 1 and 3; rats: chromosomes 2, 13, and 19).
This area of research is understudied because the current area of focus has been

on rAAV integration events, but the potential use of endogenous AAV elements
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as a molecular marker in studies on evolution may lead to increased knowledge

about the more common sites of AAV integration (80-82).

1.4 mRNA and protein production in the absence of a helper virus

In the absence of a helper virus, AAV enters into a latent phase characterized
by reduced transcriptional activity and site-specific integration into the host
genome (59, 60). Transcriptional activity is kept to a minimum from interactions
between cis elements in the AAV genome (29, 31, 32, 40, 83), all four Rep
proteins (29, 84), and host factors (40). Both the p5 and p19 promoters are active
in HeLa cells, but low levels of Rep production result in auto-suppression of both
the p5 and p19 promoters (32). This is mediated through Rep binding to the RBE
inside the p5 promoter (85) in combination with the cellular transcription factor
YY1 (40), which has two binding sites in p5 at -60 and +1 (Fig 1.1B).
Interestingly, the suppression of p19 is p5-independent, as demonstrated by a
Rep78 mutant (Rep78/K340H) that is able to suppress p5, but not pl19 (84).
Transcripts from the AAV genome are difficult to detect in the absence of a
helper virus, but experiments using plasmid constructs and new deep-sequencing
technologies (22) have shed insight into which transcripts might be expressed.
The bulk of transcription occurs at the p5 promoter with very little activity from
pl9 or p40 and the majority of these transcripts from all the promoters are
unspliced (22, 29). From the p40 promoter, there are three mRNASs: an unspliced
2.6kb transcript and two spliced transcripts approximately 2.3kb in size that are

generated by the same donor site (1906) but two different acceptor sites (2201 and

22



2228) (86, 87) (Fig 1.1A). In the absence of a helper virus, the 2201 and 2228
transcripts are expressed in approximately equal amounts. The larger 2201
transcript produces VP1 and the smaller 2228 transcript produces both VP2 and
VP3 (87, 88). The 2.6kb transcript is at low abundance in the cytoplasm and does
not appear to produce any protein products (88, 89). While all three transcripts
contain intact reading frames for AAP, the transcript that produces the AAP

protein has yet to be identified.

1.5 mRNA and protein production in the presence of a helper virus

Multiple viruses can supply helper function for AAV, including several herpes
viruses (cytomegalovirus (90), herpes simplex virus 1 (91), and varicella zoster
virus (92)), papillomavirus (93), vaccinia virus (94), and adenovirus (1). The
helper function of Ad is the most extensively characterized and will be covered in
this section, as it also is the most relevant to current vector production methods,
which are discussed later in section 4.1 of this chpater.

Adenoviruses are members of the Adenoviridae family. Like AAV, Ad has a
non-enveloped, icosahedral capsid, but with pseudo T=25 symmetry and
characteristic knobbed proteins called fibers that stick out from the capsid at the
pentons. The Ad genome is linear, double-stranded DNA, which also contains
ITRs that are important for genome replication. Only five Ad genes are required
for productive AAV replication. These encode the E1A, E1B, E2A, E4orf6
proteins, and the virus-associated (VA) RNA. The helper function of E1A

primarily occurs though gene regulation by relieving p5 suppression via
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interactions with YY1 (40) and MLTF (95), consequently displacing Rep and
resulting in a dramatic increase of transcription from the p5 promoter. E2A
encodes the Ad DPB, which helps to increase AAYV titers by several fold, perhaps
by promoting efficient splicing of AAV mRNAs (96, 97), however, the specific
mechanism for this is still unclear (98-100). The E1B-55k protein can form a
complex with the E4orf6 protein which has multifunctional roles in AAV and Ad
lifecycles by promoting AAV mRNA export (101, 102) and preventing p53-
inducded apoptosis by promoting degradation of p53 via the ubiquitin proteasome
pathway (103, 104). Conversely, this complex also leads to degradation of
Rep40/52 and AAV capsid proteins (105, 106). Additionally, E4orf6 assists in
AAV genome replication by promoting the conversion of single-stranded DNA to
double-stranded (107), possibly by indirectly activating DNA repair proteins
(108). The role of the VA RNAs is unclear, but its helper function may be more
generalized by acting through its ability to circumvent cellular anti-viral defenses
(109, 110).

A recent report was able to detect transcription on the minus strand of the p5
promoter upon co-infection with Ad and these divergent transcripts are proposed
to play a role in DNA unwinding at p5 (22), but here, only plus strand
transcription will be discussed in detail. Once p5 repression is relieved by E1A,
there is both an increase in transcription from the p19 and p40 promoters and an
increase in the spliced mMRNA products, especially for the p40 VP mRNAs. Aside
from a general increase in transcripts, there is also a temporal order to the

appearance of the mRNAs that matches their positions in the AAV genome, with
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p5 expression followed by p19 and then p40 (111). The dramatic shift towards
spliced p40 mRNA products and the unconventional ACG start codon for VP2
ultimately leads these structural proteins to be produced in approximately a 1:5:50
stoichiometry (89). This protein ratio is close to the widely reported 1:1:10
stoichiometry in viral particles, but a recent closer examination of individual
particles has shown that this ratio can fluctuate from 0-2:8-11:48-51, yet still
always equating to 60 VPs in total (112). The protein products from the AAV5
genome are slightly divergent from that of the above described AAV2. The
mRNAs from the rep gene of AAVS5 are inefficiently spliced due to
polyadenylation at the internal rep intron and thus, AAV5 lacks both Rep68 and
Rep40. Instead a Rep40-like protein is produced from an alternative start codon
50 amino acids downstream from the Rep52 start codon (113).

It should be noted that even though AAVs are said to be dependent upon a
helper virus while other parvoviruses are autonomous, these distinctions are not
completely binary. In fact, the replication of autonomous parvoviruses can be
enhanced upon co-infection with a helper virus (114, 115) and AAV can be
induced to replicate without a helper virus if the cellular environment is
permissive, i.e. during cellular stress. UV radiation, hydroxyurea, and other
genotoxic agents have all been used to stimulate AAV replication (116, 117). The
reasons for this helper-independent replication are still unclear, but one
explanation may be that protein complexes involved in DNA repair that are
normally inhibitory to AAV replication are sequestered away from AAV genomes

(108). This phenomenon also supports the idea that a major role of helper viruses
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in AAV replication is to induce a cellular environment that is permissive to AAV

replication.

Capsid assembly
2.1 Icosahedral capsid assembly

All spherical viruses utilize icosahedral symmetry and are composed of 60
structural units or capsid building blocks (CBB), which can be as simple as an
individual capsid protein or a complex multi-protein subunit. These CBBs fit
together with equivalent (or “quasi-equivalent” for larger viruses) protein
interactions between the subunits and are related to each other by 2-fold, 3-fold,
and 5-fold axes (Fig 1.4E). During the 1950s, the limited crystallographic data
available at the time allowed Watson and Crick to deduce that spherical virus
capsids must be composed of repeating subunits with cubic symmetry in multiples
of 12 (118). As more viruses were studied, the data indicated that all the spherical
viruses exhibit icosahedral symmetry. This finding led Capser and Klug to
famously lay out their rules for how capsids could be made from repeating copies
of CBBs, noting that icosahedral symmetry would be the most economical way
possible to build a capsid using limited genetic information. (119). Capsids
consisting of only 60 proteins, like AAV, will have 12 pentagons with identical
interactions between the proteins, while any capsid composed of more than 60
proteins will result in having non-identical interactions between the proteins due
to the requirements for both pentagons and hexagons to be present in the capsid

structure. Capser and Klug originally proposed the use of triangulation numbers
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(T numbers) to describe the relationships between these hexagons and pentagons.
The T numbering system is still in use today (119), although, there are exceptions
to these rules: for instance, the capsid of SV40 is considered T=7, but it is
composed only of pentamers (120). Assembling an icosahedral capsid, indeed any
viral capsid, by necessity must be carefully controlled and orchestrated to produce
infectious virions. The timing of capsid protein production is a late-stage event
during infection after early genes have been expressed to create a permissive
environment for viral replication. Viral genomes are either packaged into
preformed capsids or packaged coincident with capsid assembly. Strategies for
the capsid assembly process can be simplified into three pathways that are not
always mutually exclusive (121): 1) unassisted self assembly in which, under the
appropriate conditions, capsid proteins can spontaneously form intact capsids, 2)
scaffolding-assisted assembly, such that assembly requires the use of scaffolding
proteins that are not found in the intact capsid, and 3) nucleic-acid assisted
assembly in which the capsid is formed around the viral genome. Nucleation
models of assembly have predicted sigmoidal kinetics (122) during assembly
reactions, in which intermediate structures composed of several CBBs are formed
during a lag phase, followed by rapid capsid assembly. While experimental data
has matched the theoretical models, these intermediate structures have often been
difficult to isolate experimentally as these states are transient (121) or not
common during in vivo assembly (123). Even with those caveats, some
intermediate structures during in vitro assembly have been identified for

bacteriophage MS2 (124), hepatitis B virus (125), and norovirus (125). The forces
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driving the association of capsid proteins are thought to be mainly weak protein-
protein interactions mediated by hydrophobic contacts (122, 126). Interestingly,
the tertiary structure of icosahedral capsid proteins tend to adopt one of two types
of folds: the HK97 fold or the B-barrel fold (also known as the jelly roll). The
HK97 fold is primarily found bacterial and archaea viruses and the -barrel roll is
predominantly found in eukaryotic viruses. The structure of the B-barrel roll is an
antiparallel 8-stranded B-barrel (Fig 1.4A, B) (127, 128). Since these folds are
found in a wide number of viral families with little amino acid homology, these
structures may represent the only way to form capsids with icosahedral symmetry

(121).
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5-fold axis / pore

2-fold axis

3-fold axis

Figure 1.4 PyMOL models of AAV2 VP monomers, oligomers, and full capsid.
(A) Ribbon model and (B) cartoon of an AAV2 VP monomer displaying B-barrel structure.
(C) Cartoon of an AAV2 VP trimer. (D) Cartoon of an AAV2 VP pentamer. (E) Cartoon of
an AAV2 capsid. 5-fold axis and pore, 2-fold axis, and 3-fold axis are labeled. Images were
created in PyMOL using oligomers from the VIPER database at Scripps from the 1LP3 entry
in the protein database.

(129)
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2.2 Parvovirus capsid assembly

Parvovirus capsid assembly takes place in the nucleus of infected cells as
empty particles into which viral genomes are packaged (50, 130). Sub-nuclear
replication centers or “factories” have been found during infection for numerous
different virus types, including parvoviruses (131-133), but these reflect the site
of genome packaging, which may not be the site of capsid assembly (134). The
capsids are composed of repeat copies of two to four structural proteins termed
VPs, which adopt a p-barrel structure. The major capsid protein is capable of
forming intact particles without the minor proteins present, but the minor proteins
are required for proper intracellular trafficking and infection. These minor
proteins contain N-terminal extensions that are usually not observed in structural
studies and are thought to be tucked inside the capsid shell. The minor proteins
are not capable of forming capsids on their own, likely because the interior of the

capsid structure cannot accommodate 60 copies of their extended region (130).

Minute virus of mice (MVM) serves as a model virus for the Parvoviridae
family and has the most extensively characterized capsid assembly pathway.
MVM has two structural proteins, the minor capsid protein VP1 and the major
capsid protein VP2. In the cytoplasm, these capsid proteins form two types of
trimers, one containing a VP1 protein with two VP2 proteins and the other
consisting of three VP2 proteins. These trimers represent the main intermediates

in MVVM capsid formation (135). VP1 and VP2, which only differ by a short N-
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terminal sequence of 142 amino acids, contain a nuclear localization motif in their
C-terminal end that transports the proteins into the nucleus (136). VP1 also has a
unique N-terminal nuclear localization signal that can transport the VVP1 protein
and the MVVM particle into the nucleus (137). The transport of the trimers into the
nucleus is kept in strict stoichiometry by the differing nuclear localization signals
and motifs. Under normal conditions, the trimers appear incapable of forming
capsids outside of the nucleus, indicating that host proteins or a nuclear
environment is required to change these intermediates from an assembly
incompetent state to a competent state. The balance of nuclear translocation of the
trimers is critical for correct capsid assembly and if altered, results in protein
aggregates (135). Hence, nuclear transport of CBBs is hypothesized to be a
mechanism parvoviruses utilize to ensure capsid assembly occurs in the correct
location and with the correct ratio of CBBs. In conjunction with this, cell cycle
also controls nuclear import of the trimers, which can only happen during S-phase

(138), demonstrating again the reliance of parvoviruses on S-phase for replication.

2.3 AAYV capsid assembly

Even though AAV is also considered a model parvovirus, much less is known
about its assembly pathway and no intermediate structures have been identified.
AAV VPs first migrate from the cytoplasm into the nucleus and then further on to
the nucleolus where capsid assembly is thought to take place. Like MVM, AAV
VPs contain regions rich in basic amino acids (BRs) (Fig 1.1C), but the evidence

for their role in nuclear transport is conflicting. Mutation of BR1 (}22-KKR-12%)
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has little effect on transport of VVP1 protein (44) or nuclear entry of virions (139).
BR2 (**9-PGKKRP-) and BR3 (%-RKR-1%) have a role in nuclear transport of
both VP1 and VP2 since deletion (140) or mutation (141) of BR3 results in partial
retention of the VPs in the cytoplasm. Even with those mutations, a substantial
amount of VP1 and VP2 can still enter the nucleus and the significance of this
cytoplasmic retention is questioned since the resulting VP ratios in assembled
particles is the same (142) or very similar (141) to wild type. These regions may
be more important for nuclear entry of incoming virions during infection through
interactions with importin-p (139, 143, 144). BR4 (3-RPKRLN-%'?) and BR5
(°8B-KENSKR-%%%) do not appear to play a role in nuclear localization of the VP
proteins (141) and there are conflicting reports about whether BR4 is required for
capsid formation (141, 142). Mutation or deletion of an RGN motif (aa position
584-587) also inhibits VP nuclear localization, but it is unclear if this is due to
direct disruption of a NLS or cytoplasmic retention of misfolded proteins (145).
The mechanism of nuclear transport and capsid assembly of AAV VPs is
complicated by the overlapping VP and AAP proteins, the possible existence of
conformational NLMs like those seen in MVM (137), oligomerization-assisted
assembly in which NLSs in VP1 or VP2 could assist in transporting VP3 into the
nucleus (140), or effects of cell-cycle regulation on nuclear import (138). Further
work is needed in this area to tease out the method of VVP nuclear import.

There are conflicting reports about capsid assembly based solely on efficient
nuclear transport of the VP proteins. Hoque et al. added the NLS from SV40 to

the N-terminus of VP3 and were able to observe capsid formation, but Sonntag et
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al. were not able to achieve capsid assembly when VP3 was tagged with the same
NLS or an NoLS from the HIV Rev protein (42, 140). This distinction may be due
to the different methods wused for identifying capsids (EM vs
immunofluorescence), but the generally accepted model is that nuclear
localization of the VP proteins is insufficient to induce capsid formation. Even in
vitro, the VPs are incapable of self-assembly and are only marginally stimulated
to do so when HeLa cell cytoplasmic lysate is added (146). To date, no one has
successfully created AAV capsids in vitro in large quantities, but in vitro
assembly of B19 has been achieved (147).

Beyond nuclear transport, nucleolar targeting of VVPs is also likely important
to the capsid assembly of AAV. Nucleolar involvement in the AAV life cycle is
based on several observations: 1) the nucleolus serves as the initial site of capsid
assembly (148), 2) several nucleolar proteins co-localize with AAV capsids (134,
148-150), 3) AAP is a nucleolar localizing protein that facilities transport of VPs
to the nucleolus (42) (Fig 2.8A, B; Fig 1.5), and 4) the nucleolus is where AAV
capsids localize to at early stages of infection (151). Bevington et al. hypothesized
that initial capsid assembly takes place in the nucleolus with the aid of nucleolar
proteins and, once assembled, the capsids would be moved out of the nucleolus
and into replication centers (152) in a rep-dependent manner (148) for genome

packaging (134).
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Figure 1.5 VP1 localization without or with AAP2

The VP1 reading frame from pAAV2-AAAP2 was cloned into the pCMV; plasmid to create
pCMV1-VP1AAAP2. Hela cells were transfected with pCMV1-VP1AAAP2 without or with
pCMV3-FLAGCcmAAP2. The cells were fixed at 47 hours post-transfection and
immunostained with anti-VP1 (green), anti- nucleostemin (white), and anti-FLAG (red)
antibodies. Scale bar, 10 um. Is pAAV2-AAAP2 a plasmid with 7 stop codons introduced into
the AAV ORF that do not effect the VP3 ORF.

As mentioned previously, stable capsid intermediates have not been isolated,
but some work towards this goal has been done both in the context of co-infection
with AAV2 and Ad or with AAV VP expression alone. During infection, the VVPs
exist predominately in monomeric and oligomeric forms in the cytoplasm and
upon entering the nucleus, are able to form capsids (153). VP3 can form large,
non-capsid oligomers in the nucleus; the nature of which are still unknown (153).
However, this oligomerization is not dependent upon the C-terminus, which is
involved interactions at the 2-fold axes (44).

To date, a likely model of AAV assembly is that VVPs (either as monomers
or oligomers (Fig 1.4)) are able to enter the nucleus via NLS sequences or NLM
motifs. Diffusion is also a possible route in the case of VP3 monomers (154).
Once in the nucleus, they interact with the N-terminus of AAP by a common
domain in their C-termini (44). AAP transports them to the nucleolus and induces

capsid assembly through a scaffolding or chaperone mechanism that pushes the
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VPs toward an assembly-competent state. Once formed, the capsid is transported
to the sites of genome replication where Rep proteins can insert the genome into

the capsid via the 5-fold pore (41).

Pathogenesis
3.1 Parvovirus pathogenesis

Many members of the Parvoviridae family can cause disease, ranging from
mild to fatal. During acute viremia, viral shedding has been detected in feces,
urine, saliva, and nasal mucus, and in some cases shedding can be detected for
weeks after the initial infection. Transmission likely involves direct contact with
infected secretions, inhalation of particles from respiratory droplets, or through
sexual contact. Since replication is dependent upon S-phase associated proteins,
the most common pathologies are in cells with high division rates including fetal
tissue, intestinal epithelium, hepatocytes, and the bone marrow. Apoptosis is
characteristic of parvovirus infections and is mediated by the non-structural (NS)
proteins, either through direct manipulation of cellular proteins or by trans-
activating host genes involved in inflammation. The pro-inflammatory pathways
evoked by some parvovirus can lead to the production of auto-antibodies.
Parvovirus infections can result in persistence, but latency is rare except in the
case of AAV (155). Due to their requirement for cycling cells, the morbidity of
parvoviral infections tends to correlate with the age of the host, with the most
severe consequences occurring in fetuses and newborns. Even AAV, which is

regarded as non-pathogenic, can result in fetal death when given to mice during

35



pregnancy (156). The following section will cover the pathogenesis of several

well-known parvoviruses.

B19: Parvovirus B19 (erythrovirus B19) is a member of the
Erythroparvovirus genus of Parvoviridae and the only known parvovirus that can
cause severe disease in humans. The viral capsid is composed of two structural
proteins, VP1 and VP2 (157). Unlike most parvoviruses, the B19 VP1 unique N-
terminus is partially exposed on the capsid surface and susceptible to antibody
binding (158). B19 also lacks the prominent 3-fold spikes that are typical of
parvovirus capsids (159). Aside from the VPs, there is only one major NS protein,
NS1, and two small proteins of unknown function. Transmission commonly arises
though respiratory droplets, but can also occur following transfusion of blood
products from infected donors (160). The tropism of B19 for the hematopoietic
lineage comes from its use of P antigen as a receptor (161). P antigen is produced
in many cells types, including immune and endothelial cells, but is highly
prominent in erythroid progenitor cells where B19 is known to replicate. Initially,
B19 produces a high viremia and the characteristic giant pronormoblasts, or
‘lantern cells’ (162). Cytopathic effects from the NS1 protein leads to apoptosis,
which can result in various cytopenias (bone marrow failure). This is especially a
concern for developing fetuses, which can become infected with B19 during the
second trimester of pregnancy when P-antigen is present on trophoblasts. Because
erythropoiesis is highly active in the liver at this stage of development and due to

the short erythrocyte life span during this time, disruptions in erythrocyte
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development caused by B19 replication can have severe outcomes including
anemia, hydrops fetalis (accumulation of fluid), hepatitis, and myocarditis. These
symptoms can resolve without complications, but may also result in fetal death
(163). In addition to inducing apoptosis, NS1 can also transactivate TNFa (164)
and IL-6 (165), leading to an inflammatory state that contributes to the
development of auto-antibodies, arthralgia, and long-lasting autoimmune
disorders (166). In children, B19 commonly causes a symmetrical rash on the
cheeks known as fifth disease’, which later spreads to the rest of the body and is
associated with general malaise and flu-like symptoms. In healthy patients,
infection is controlled by 1gG antibodies, but persistence of the virus is common
and some patients test positive for B19 DNA-positive blood samples years post-
infection (167). The mechanism of persistence is unknown and latency has never
been conclusively demonstrated. There is no vaccine or treatment that targets
B19, but IVIG can be given if medically necessary.

Carnivore parvoviruses: The carnivore parvoviruses belong to the carnivore

protoparvovirus genus, which contains several highly related species that infect a
wide variety of carnivores including dogs, cats, minks, foxes, and raccoons.
Feline panleukopenia virus (FPV) and canine parvovirus (CPV) are a significant
concern for domesticated animals, especially in shelters. Vaccination is available,
but interference of maternally derived antibodies can leave young animals
vulnerable after early vaccination (168). FPV and CPV exhibit the infectious and

pathogenic patterns typical of parvoviruses, are easily transmissible, and have
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high fatality rates. Like B19, the clinical manifestations of infection vary with the
age of the host and the tissue types currently undergoing mitosis.

Feline panleukopenia virus (FPV): The FPV genome encodes two NS

proteins and two capsid proteins. It can infect cats and related species, but
does not infect dogs due to species specific differences in the transferrin
receptor utilized by FPV for entry into host cells. In utero transmission can
result in fetal death or damage to the developing neuronal tissue. In adult cats,
the disease manifests as loss of myeloid cells resulting in panleukopenia and
enteritis from infection of rapidly dividing cells in the gut. Infected cats
usually die within 5 days (169).

Canine parvovirus: CPV is derived from FPV (or another closely related

carnivore parvovirus) and the two viruses differ in a structural change in the
VP2 protein that allows the virus to bind the canine transferrin receptor,
effectively changing its host range from cat to dogs. The appearance of this
new virus in the late 1970’s resulted in worldwide dissemination and within a
few years a new variant, CPV-2a, emerged that was able to infect both dogs
and cats, replacing CPV2 as the most common CPV (170, 171). Unlike FPV,
CPV is not characterized by panleukopenia even though it can infect bone
marrow cells (172), but it does cause severe enteritis in adult animals and loss
of osmotic regulation (173). CPV can also cause neuronal damage in
developing fetuses, but myocarditis is more common and has a mortality rate

of 20-100% in infected litters (174, 175).
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Minute virus of mice: Minute virus of mice (MVM) was originally isolated

from a stock of mouse adenovirus (176), but it is an autonomously replicating
parvovirus that does not require Ad co-infection for propagation. Transmission is
likely through a fecal-oral route. There are currently two common strains of
MVM used in the laboratory: MVMi and MVMp. MVMi, but not MVMp,
infection can be fatal in several inbred mouse strains when the host pup is still a
neonate (177, 178). The difference in lethality between the two stains is due to
differences in cellular tropism (179), with MVMi infecting T-cells and MVMp
infecting fibroblasts. MVM infection is acute and without persistence. MVM has
served as a laboratory model for parvoviruses and small icosahedral viruses, in
general. Of note, there is also a mouse parvovirus that can cause persistent, non-
pathogenic infections in mice (180) and is able to suppress the immune system

(181), which MVVMi is not able to do in vivo.

3.2 AAV pathogenesis

AAV is ubiquitous in the human population worldwide and seroprevalence is
high for multiple serotypes (182, 183). Routes of transmission are not known, but
its association with Ad suggests inhalation while tissue distribution of the virus
suggests fecal-oral (9) and sexual transmission (184).

AAV has long been considered non-pathogenic and there is no
epidemiological evidence to connect AAV to any disease. On the contrary, AAV
infection may be beneficial to the host and AAV has been suggested as a

commensal virus of mammals (185). There are several reasons for this unusual
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proposal. First, since AAV requires a helper virus for substantial protein
production and replication, it has little effect to the host cell on its own and its
preferred integration site is considered a ‘safe harbor’ that does not result in
cytopathic consequences for the cell (186). The gene interrupted by AAV
integration at the AAVSL site is protein phosphatase 1 regulatory subunit 12C
(PPP1R12C), which may be involved in the actomyosin contractility pathway
(187), but the function of this subunit is not well described. Expression levels of
PPP1R12C remain normal after integration (188) and many studies of site-
specific integration at AAVS1 have not shown any overt deleterious phenotype in
cell-culture systems (77, 188). Non-integrated AAV remains episomal (79) with
low levels of transcription and is thus unlikely to have negative consequences for
the host. Second, several reports have shown that AAV has anti-oncogenic
properties (189-193) and is considered a negative risk-factor for cervical
carcinoma (56, 194-196), a phenomenon likely mediated by Rep (55, 197). Third,
AAYV is also known to lower titers of pathogenic viruses in cell culture in a Rep
dependent-manner (198-200).

While there is no obvious link of AAV to a disease, there have been reports
that AAV may be a factor in male infertility (201), spontaneous abortion (202), or
other reproductive complications (203), but no studies to date have been able to
demonstrate a clear or direct role for AAV in these adverse events. A report of
rAAV-induced hepatocellular carcinoma (HCC) in specifically neonatal mice
(204) by integration of the vector at the highly active RIAN locus (205) has

caused concern. Another recent report by Nault et al. of wtAAV integrations
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associated with HCC in human tissue samples led the authors to conclude that
AAYV had a pathogenic role in the development of these cancers (78, 206). In the
Nault study, the wtAAV was not integrated at the orthologous RIAN locus
(DLK1-DIO3 in humans) and the strong interpretation of the data has been
questioned (207, 208). The controversy over AVV-induced HCC is still on going

(209) and further studies are currently being conducted (73).

Gene Therapy
4.1 Development of recombinant AAV vectors for in vivo gene therapy

In the early 1980’s, the methods for human gene therapy were focused on ex
vivo manipulation of bone marrow cells that could be transduced with either
plasmids (via chemical transfection or microinjection), DNA viruses, or
retroviruses, with the latter being the most feasible and popular (210). An early
concern with retroviruses was the random nature of the genome integration and
the chance for recombination with endogenous retroviral elements to produce
infectious virions (210). AAV represented an attractive alternative to retroviruses
because of its ability to integrate safely and site-specifically into AAVS1 (21,
211), its lack of association with any known disease, and the production capacity
to both grow and concentrate the virus to high titer (212). Despite subsequent
work demonstrating that rAAV does not integrate site-specifically, AAV is still
considered one of the most promising vectors for gene therapy because it is

capable of long-term transgene expression from an episomal state.
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In some ways, the path for developing AAV into the vector it is today began
with a decision by the NIH RAC in the early 1980s, following suggestion by
ASM virologists, to allow the molecular cloning of human viruses into plasmid
backbones without the need for high level containment (211). This opened the
door for the creation of AAV-containing plasmids and recombinant vectors for
study in model systems. Samulski et al. and Laughlin et al. developed the first
AAV plasmid constructs in 1982 and 1983, respectively. Transfection of these
plasmids into human cell lines along with Ad infection resulted in wtAAV virions
(20, 213), demonstrating that Ad could “rescue” AAV genomes that had been
integrated into plasmids. Soon after, several groups successfully infected and
transduced mammalian cell lines with rAAV using either the SV40 promoter (21)
or the native AAV p40 promoter (83). The discovery that AAV was able to
integrate (58) site-specifically (59, 60) generated interest in using AAV as a
human gene therapy vector (60, 212, 214), but there was uncertainty at the time
over how faithfully the rAAV vectors would mimic the site-specific integration
seen in their natural counterparts. The vector production methods at the time used
a “two-plasmid” approach. The only cis-element needed for packaging wild-type
or recombinant AAV genomes are the ITRs (215), hence cells were transfected
with one plasmid (a vector plasmid) containing a transgene flanked by the ITRs
and one plasmid (a helper plasmid) containing the rep and cap genes. Infection
with Ad enabled replication and packaging of the ITR-containing plasmid only. In
some systems, only the cap gene was replaced in the vector plasmid, so the

resulting vectors were Rep(+). Unfortunately, these methods of vector production
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often resulted in Rep mediated integration of the rAAV genomes from Rep(+)
vectors or contamination with wtAAV though recombination of the plasmids
during viral production. Thus, there was an early and incorrect notion that rAAV
could mediate long-term transduction through site-specific integration at AAVSL.

The first clinical trial using rAAV to treat cystic fibrosis (CF) began in 1996
(216) and this prompted the researchers involved to determine the fate of rAAV
vectors by infecting an immortalized CF bronchial epithelial cell line. Using FISH
and Southern blotting, Kearns et al. found that 6% of the rAAV genomes were
integrated and that they were integrated randomly (217). This study, and several
since then, showed that the predominant mechanism of rAAV transgene
persistence is from head-to-tail concatemerized episomes (75, 76, 218, 219). At
the same time, second-strand synthesis of the single-stranded vector was
identified as a significant rate-limiting step in cellular transduction (220). This
finding eventually lead to the creation of self-complementary vectors (sc-AAV),
which had a 5-140 fold increase in transduction, but reduced by half the already
constrained AAV capacity (221).

Another important step towards the use of rAAV vectors in vivo was the
development of a triple transfection method that forego the use of helper viruses,
thus greatly reducing the concern over wild-type virus contamination (222) (Fig
1.6). In this system, the Ad genes necessary for AAV replication are provided in a
plasmid, often called pHelper. When plasmids containing the rep and cap genes

from AAV (pRepCap) and a transgene flanked by AAV ITRs (pVector) are
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transfected into HEK 293 cells along with pHelper, rAAV can be isolated with a

significantly lower chance for contamination by replication competent viruses.

transgene l

HEK 293 cells

%-o

Figure 1.6 Triple transfection method of rAAV production

pVector (a plasmid containing a transgene flanked by the AAV ITRs), pRepCap (a plasmid
containing AAV rep and cap, with their native promoters), and pHelper (a plasmid containing
E2A, E4orf6, and the VA-RNAS) are transfected into HEK 293 cells. 2-5 days later the cells and
media are harvested and rAAVs are isolated and purified by ultracentrifugation.
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This method is the current standard for the creation of rAAV and was used in
the first hemophilia B trials for in vivo gene therapy in human patients (223). In
this initial study rAAV containing a Factor IX (F.IX) transgene was injected
intramuscularly into hemophilia B patients and resulted in F.IX levels at ~1% of
what would be seen in healthy individuals. While this F.IX production was low,
this study demonstrated the safety of using rAAVs in humans and revealed an
inconsistency in pre-clinical studies using non-human animals, namely that these
studies underestimated the amount of vector that would be needed to achieve
therapeutic levels of transgene expression in humans (223). A follow-up dose-
escalation study using the hepatic artery for delivery was able to achieve
therapeutic levels of F.IX using doses of 4x10% - 2x10%? viral genome / kg, but
the induction of a T-cell mediated cytotoxicity against capsid epitopes caused the
levels to decrease at ~4 weeks post infusion, eliminating the therapeutic effect
(224, 225). This T-cell response was unanticipated since none of the pre-clinical
studies had demonstrated any toxic immune responses to the vectors. While these
early trials were underway, the discovery of new AAV serotypes and their
specific cellular tropism expanded the clinical use of new rAAVs that could target
different tissue types in vivo (226). Using this knowledge, a third trial for
hemophilia B was conducted using an improved sc-AAV F.IX vector genome and
a liver-tropic AAV8 capsid. To circumvent the destruction of transduced cells,
patients were given corticosteroids if they started to develop an anti-AAV
immune response (227). This treatment led to the successful production of F.IX

levels (3-11% of normal) in each patient and those levels remained stable in

45



follow-up years later. Other successful clinical trials using rAAV have been for
the treatment of Leber congenital amaurosis (228-230), Duchenne muscular
dystrophy (231, 232), and lipoprotein lipase deficiency (233), the latter has led to
the first approved gene therapy treatment in Europe and uses an AAV1-based
vector. There are several recent reviews that list some of the numerous ongoing

trials using rAAV-based vectors (234-236).

4.2 Engineering of recombinant AAV vectors

Because AAV2 was the first AAV to be cloned, the first rAAVs were also
AAV?2 based, but the discovery of numerous naturally occurring serotypes and
variants, each with their own tropism and biological properties, has allowed for a
greatly expanded repertoire of AAV capsids with which to work. In conjunction,
the discovery that AAV chimeric capsids could easily be assembled from
different serotypes has led to the idea of an “AAV vector toolkit” composed of
lab-created novel capsids (237, 238). Currently, the creation of unique capsids is a
growing and competitive field within the AAV gene therapy community.
Naturally occurring capsids are being altered, combined between serotypes, and
modified in creative ways to design the most suitable capsid type for specific
disease treatments. The next section will briefly cover some of the more common
methods, which are predominately focused around the generation of a library of
different AAV mutants and then using a selection method for identifying capsids
with desirable properties. This selection method is mostly commonly called

directed evolution or bio-panning.
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Capsid Shuffling: Grimm et al. described the first method for generating

chimeric AAV capsids using a modified DNA shuffling (239) procedure in 2008
(240). Previously, chimeric and mosaic capsids had been made through a limited
combination of serotype helper plasmids (241, 242) and rational domain
swapping (243, 244). The method used by Grimm et al. employed digestion of the
cap gene from eight different AAV serotypes with DNasel and then reassembly in
a random fashion with primerless PCR. These newly created chimeric cap genes
were cloned into an AAV helper plasmid and transfected into HEK 293 cells for
AAYV production using the triple transfection method previously described. This
library of chimeric virions was used to infect human hepatocytes in the presence
of IVIG and Ad (to allow for replication of successfully infecting AAV particles).
The nascent AAV virions were harvested and the process was repeated,
eventually resulting in the isolation of AAV chimeras that were the most
successful in infecting hepatocytes with the lowest rate of neutralization by anti-
AAV antibodies in the IVIG. This resulted in the AAV-DJ capsid, a chimera of
AAV2, 8, and 9, which had an increased ability to infect numerous cell types in
vitro and a higher transduction rate in vivo. This technique has now been refined
and expanded upon by several labs (245-247).

Peptide Display: AAV capsids can be engineered to give novel tropism by

inserting targeting peptides into the VVPs, especially if these peptides are receptor
ligands. This strategy was made feasible by several early studies that identified
regions of the AAV capsid tolerant to peptide insertion (248-250) and are

summarized in several reviews (251, 252). This strategy has been successfully

47



used to generate AAVs that target heart vascular endothelial cells (253), brain
vascular endothelial cells (254), and the CNS (255). Peptide insertion has also
been used to add fluorescent proteins into the capsid proteins (256), which can be
used to track the virus during infection (257).

Immune evasion: The high prevalence of anti-AAV antibodies in the human

population (182, 183) is a barrier to AAV-based gene therapy and current trials
must exclude patients with high antibody titers. In addition, if the gene therapy
requires more than one treatment, the antibodies developed from the first infusion
of rAAV vector will diminish the effectiveness of the second treatment. Hence,
several groups are working on the creation of novel AAVs that can evade
naturally occurring neutralizing antibodies. Aside from the aforementioned use of
IVIG during mutant capsid library screening (240), other approaches are to
rationally-design vectors in which identified antibody epitopes have been altered
(258) and to reconstruct ancestral AAV capsids that are not currently in
circulation (259, 260).

Other alternative techniques can include, site-specific point mutations, error-
prone PCR, and hexapeptide scanning. These methods, among others, are
common ways to create AAV mutant libraries and also identify capsid amino
acids that play an important biological role in the AAV life cycle. As technology
progresses, so have the ways to generate and identify new AAV mutants. The
Nakai lab pioneered a Barcode-Seq approach in which the encapsulated genome
contains a unique DNA barcode, allowing for the characterization of hundreds of

different AAV variants in a high-throughput manner (261). In another example,
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the Zolotukhin lab combined the virtual design of vectors from knowledge of the
capsid structure with high-throughout sequencing and in vivo selection to identify
a liver-tropic AAV2 mutant (262). Together, these techniques paired with
increasing knowledge of AAV biology and technological progress should result in

the AAV toolkit for which many investigators are hoping.

The nucleolus in cell and viral life cycles
5.1 Structure and biogenesis of the nucleolus

The nucleolus is the largest structure within the nucleus and predominantly
known as the site of ribosome biogenesis, but this membraneless organelle is also
involved in multiple aspects of cellular function including cell division and stress
responses. The nucleolus is formed from the act of creating ribosomes and centers
around the ribosomal genes (rDNA) within chromosomes (263). These nucleolar
organizing regions (NORs) (264) contain the genes for the 18S, 5.8S, and 28S
ribosomal subunits and are located in the short arms of the acrocentric
chromosomes (263, 265). The size of the nucleoli is dependent upon the level of
ribosome production and is adjustable given the demands of the cell (263). The
nucleolus is composed of three distinct regions: the granular component (GC) is
the outer layer which surrounds the dense fibrillar centers (DFC), which in turn
contain the innermost fibrillar centers (FCs), although this organization can
change depending on the organism and cellular state (Fig 1.7) (263, 266, 267).
Active transcription of ribosomal genes at the NORs by RNA polymerase | (Pol 1)

takes place at the border between the FC and the DFC zones (Fig 1.7E) (266).
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The pre-ribosomal RNA (rRNA) transcript is processed by nucleolar proteins and
small nucleolar RNAs (snoRNAs) in the DFC and GC, with pre-40S and pre-60S
particles migrating to the GC where subunit assembly takes place (266, 268).
Even though transcription takes place at the edge of the FC region, the FC itself
contains many of the factors required for this process including rDNA, Pol I,

DNA topoisomerase |, and upstream binding factor (UBF)
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Figure 1.7 The nucleolus and ribosome biogenesis

(A) Differential interference contrast (DIC) image of a HeLa cell showing prominent nucleoli
within the nucleus (indicated by arrows). (B) Immunofluorescence labelling of a HelLa cell
with antibodies that are specific for proteins enriched in the GC (B23; shown in green), the
DFC (fibrillarin; shown in red) or the FC (RNA polymerase | subunit RPA39; shown in blue).
(C) DIC image of nucleoli purified from HeLa cells. The inset shows a scanning EM image of
a purified HeLa nucleolus. (D) Uranyl-acetate-stained cell section showing a characteristic
image of a nucleus with a nucleolus imaged by transmission EM. (E) Transcription of
ribosomal DNA (rDNA) by RNA polymerase | occurs either in the fibrillar centers (FCs) or at
the boundary between the FC and the dense fibrillar component (DFC) region. The pre-
ribosomal RNA transcripts are spliced and modified by small nucleolar ribonucleoproteins
(snoRNPs) in the DFC. Final maturation of the pre-ribosomal ribonucleoprotein and assembly
with ribosomal proteins occurs mostly in the granular component (GC) region. In the GC, the
5.8S and 28S ribosomal RNAs (rRNAs) assemble with the 5S rRNA transcript to form the 60S
subunit, whereas the 18S rRNA alone assembles into the 40S ribosome subunit. The 40S and
60S ribosome subunits are both exported to the cytoplasm, where they bind to mRNA to form
functional ribosomes.

Images and text are from Boisvert et al., 2007, reprinted with permission.
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(263). The DFC, as the name implies, contains densely packed fibrils as well as
proteins and snoRNAs involved in the initial steps of rRNA processing. The
nucleolar marker protein fibrillarin is found primarily in this region of the
nucleolus. The GC region is also named because of its contents, in this case
densely packed riboprotein granules. The nucleolar marker proteins nucleostemin
and nucleophosmin primarily reside here, along with other components required
for the assembly of the large ribosome subunits.

Given that the nucleolus is tightly tied to ribosome production, cell cycle
phase has considerable effect on the nucleolus. As the cell progresses into M
phase and transcription stops, the nucleolus breaks down in early prophase and
many of the proteins and snoRNAs normally concentrated in the nucleolus
relocalize and become associated with chromosomes throughout mitosis. Some,
like nucleophosmin and fibrillarin, become distributed over the chromosomes,
while others involved in rDNA transcription, like Pol I and UBF, remain
associated with the NORs (263, 266, 269). During anaphase many nucleolar
components remain associated with chromosomes, but can also be found in
nucleoli-derived foci (NDF) in the cytoplasm along with other nucleolar-
associated proteins (266, 270, 271). The exact function of these NFDs is still
unclear, but their disappearance correlates with the appearance of prenucleolar
bodies during telophase, indicating that they might be a way to sequester and then

deliver these components back to reforming nucleoli at the proper time (266,
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270). By late telophase, the nucleolus is completely reformed around the NORs

(266).

5.2 Cellular stress and the nucleolus

The nucleolus is able to sense and control cellular stress responses though
several mechanisms, notably via p53-MDM2 regulation. p53 is an important
cellular stress-response transcription factor that regulates DNA damage and cell
cycle pathways. There are multiple pathways that control p53 activation, but a
primary mechanism is through the regulation of its stability by MDM2. MDM2 is
an E3 ubiquitin ligase that can target p53 for proteasome degradation and these
two proteins exist in a regulatory feedback loop in which p53 can cause
transcription of MDM2 and in turn, MDM2 ubiquitinates p53 to target it to the
proteasome (272, 273). The nucleolus contains many proteins that interact with
MDM2 or other p53 regulators to enable p53-induced cellular arrest during times
of ribosomal stress. Primarily, Arf has been implicated as playing a central role in
the stabilization of p53 by binding a central acidic region of MDM2, which
prevents proper folding of MDM2 and activation of its ligase activity (273).
Additionally, this interaction leads to sequestration of MDM2 in the nucleolus
(272, 273). Nucleostemin and several other ribosomal proteins can also bind to
MDMZ2 in this same region and prevent E3 ligase activity (273).

Ribosomal processing destabilization can itself lead to cellular stress. Upon
exposure to anisomycin, oxidative stress, or other JNK pathway activators, the Pol

1 transcription factor TIF-1A is phosphorylated by JNK2, which causes relocation
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of TIF-1A to the cytoplasm and also prevents interactions with Pol | and TIF-1B

(266, 273), thus preventing further rDNA transcription.

5.3 Viral interactions with the nucleolus

Given the importance of the nucleolus in ribosome production, RNA
processing, and cell cycling, it’s not surprising that many viral families encode
proteins that localize to the nucleolus or interact with nucleolar proteins (274).
Both positive-strand and negative-strand RNA viruses have interactions with the
nucleolus, even though many of these viruses replicate in the cytoplasm (275).
The multifunctional role of the nucleolus is also reflected in the myriad of
different ways viruses interact with the nucleolus. Because of its role in p53
regulation, viruses such as West Nile Virus can translocate MDM2 to the
nucleolus, thus activating p53-induced apoptosis (276) and alphaviruses can
translocate p21 to the nucleolus which also leads to apoptosis (277). This is in
contrast to viruses that target the nucleolus to prevent apoptosis, such as influenza
A which contain an NS1 protein that can bind to p53 (275, 278). Aside from cell
cycle control and apoptosis, the nucleolus is also targeted because of its role in
cellular transcription. Several picornaviruses can shut down host cell Pol I
transcription by inhibiting UBF and nucleophosmin, while leaving viral RNA
transcription and translation intact (275, 279, 280).

Since many DNA viruses replicate in the nucleus, its not unexpected that
these viruses also have interactions with the nucleolus. A well described

mechanism for HSV intronless viral mMRNA export occurs via the HSV ORF57
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protein and hTREX protein (281, 282). Indeed, many HSV proteins localize to the
nucleolus and interact with nucleolar proteins (275, 282). Both nucleophosphim
and nucleolin are common targets for viral proteins and nucleolin has been
described as a co-receptor for multiple viruses during cellular entry (275) as well

as trafficking HSV capsid proteins from the nucleus to the cytoplasm (283).

5.4 AAV2 interactions with the nucleolus

When Wistuba et al. made the first AAV2 capsid antibodies, they were able to
visualize AAV2 intact capsids initially appearing in the nucleolus, before
spreading to the rest of the infected cell (148, 153). Aside from AAV capsid
nucleolar localization, several nucleolar proteins are able to interact with, or at
least colocalize with, AAV2 capsids during assembly, including nucleolin (284,
285), nucleostemin (150), and nucleophosmin (134, 285) and incoming AAV2
capsids localize to the nucleolus after infection (151). There is also evidence that
the AAV2 Rep78 protein can interact with nucleolin and nucleophosmin (286).
Together, these findings indicate a role for the nucleolus in the life cycle of
AAV?2. A caveat to this is that there is currently no evidence for interaction of VP
monomers with the nucleolus or nucleolar proteins, so the functional relevance of
these interactions during capsid assembly has yet to be determined. Interestingly,
and possibly due to the predilection for AAV2 to localize to the nucleolus, there
may be a preference for rAAV genome integration into the rDNA repeats (71,

287). This phenomenon has become the basis for a class of rAAV vectors which
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contain homology regions to the rDNA repeats and thus promote rAAV genome

integration by homologous recombination (288-290).

AAV antibodies used in research

The AAV field utilizes several common, commercially available antibodies
for research purposes. The following section will discuss those antibodies and
their binding sites.
6.1 AAV2 antibodies

A20: A20 is a neutralizing mouse monoclonal antibody that recognizes a

conformational epitope in intact AAV2 and AAV3 capsids that is not present in
individual capsid protein monomers (Fig 1.8A) (153, 291, 292). The antibody was
created by Wistuba et al. by injecting BALB/c mice subcutaneously with purified
AAV2 capsid proteins and complete Freund’s adjuvant (153). 4 weeks later, the
mice were given a booster of UV-inactivated AAV?2 virus. After sacrificing the
mice, hybridoma cells were created by fusing harvested spleen cells with
X63/Ag8 cells. Specificity of A20 for intact AAV2 capsids was demonstrated by
western blot, in which cell lysates from HelLa cells co-infected with AAV2 and
Ad were separated on SDS-PAGE and probed with different anti-AAV
antibodies. Polyclonal anti-serum was able to recognize the individual capsid
proteins, but A20 was not. (148). Later work using the Fab’ fragment of A20
identified the binding footprint as extending from the plateau next to the spike at
the 3-fold axis, along the 2-fold axis, and into the canyon near the 5-fold pore

(293). Of note, this work was done at OHSU by Dustin McCraw as part of his
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dissertation project and a full detail of the methods and results can be found in his
dissertation: Towards a structural understanding of adeno-associated virus
serotype 2 and its recognition by antibodies

(http://digitalcommons.ohsu.edu/etd/766/).

B1: The Bl antibody is a mouse monoclonal antibody that recognizes the
amino acid sequence IGTRYLTR in the very C-terminus of the AAV2 VP
proteins (Fig 1.8B) (291). The antibody was created in the same manner as the
above mentioned A20 antibody (153). This region is common to all the VPs and
unavailable for binding when the VPs are assembled into capsids. It resides at the
2-fold axis, and interestingly, overlaps with the proposed AAP-binding region
(44). While this antibody was raised against AAV2 capsid proteins, it is capable
of recognizing the VPs from AAV serotypes 1-11, but has only weak reactivity
with AAV serotypes 4 and 11. AAV4 and AAV 11 are distantly related to AAV2
and their corresponding regions are IGSRYLTH and IGSRYLTN, respectively.

The remaining AAV serotypes are completely conserved in this region.

AB69: A69 is a mouse monoclonal antibody created in the same manner as the
above antibodies and recognizes a linear epitope in the VP1 and VP2 N-terminal
regions at amino acids LNFGQTGDADSV (Fig 1.8B) (291). The sequence is not
found in VP3 and is not available for binding in the intact capsid because it is

likely that the VP1/VP2 N-terminal extensions are tucked within the AAV capsid.
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Al: Al is a mouse monoclonal antibody created in the same manner as the
above antibodies and recognizes a linear epitope in the VP1 unique N-terminal
region at amino acids KRVLEPLGL (Fig 1.8B) (291). As with A69, this epitope
is unavailable for binding with intact AAV capsids because it is likely that the

VP1 N-terminal extension is tucked within the AAV capsid.

All the above antibodies are commercially available and the A20 antibody is also

the basis for an ELISA kit specific to intact AAV2 capsids (294).

6.2 Non-AAV2 capsid antibodies

ADK4 and ADK5: ADK4 and ADKS5 are a mouse monoclonal antibodies that

recognize intact AAV4 and AAV5 capsids, respectively. The creation of these
antibodies is described in Kuck et al. 2007 and was done by exposing C57BI/6
mice to 1-5 x 10'° genome containing particles intranasally, followed by boosting
the mice 7 days, 14 days, and 4 months after the first exposure (295). Five days
after the last boost, hybridomas were created by fusing harvested spleen cells with
X63/Ag8 cells. Specificity of these antibodies to intact capsids was determined
by transfecting 293T cells with AAV4 or AAV5 plasmids and running the cell
lysate through sucrose gradients, blotting each fraction onto a membrane, and
exposing the membrane to the ADK antibodies. The strongest signal for
antibodies was at the fraction expected to contain AAV capsids. Denatured lysate

did not show any positive signal from the ADK antibodies.
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ADKS8/9 and ADK9: ADKS8/9 and ADK?9 were generated in the same manner

as ADK4 and ADKS5, but first described in Sonntag et al. 2011 (43). ADK8/9
(called ADKS in the Sonntag paper) recognizes AAV8 intact capsids and has with
weak recognition of AAV9 intact capsids, whereas ADK9 is specific to AAV9
capsids. The specificity of the ADK antibodies for intact capsids was tested in the
same sucrose density procedure as described previously and against denatured
capsid proteins. The strongest recognition was on blotted sucrose density fractions

containing intact capsids (43).

C24 and C37: C24 and C37 are mouse monoclonal antibodies generated in a
similar manner to the previously described Al, A69, B1, and A20 antibodies,
except for the use of synthetic peptide instead of AAV2 capsid proteins (291).
These initial exposures were followed with two boosters of intact AAV2 capsid
(291). These antibodies are not commercially available but are described here

because they are used in Chapter 4, Fig 4.1, which is from Naumer et al. 2012.
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Figure 1.8 Location of AAV2 antibodies

(A) Reconstruction of AAV2 complexed with A20 Fab’ compared to a prior cryo-EM
reconstruction of native AAV2 (B) ( O'Donnell et al., 2009) Reprinted with permission from
McCraw et al 2009. (C) Location of AAV?2 linear antibody epitopes.
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Abstract

Assembly-activating protein (AAP) of adeno-associated virus serotype 2
(AAV?2) is a nucleolar localizing protein that plays a critical role in transporting
viral capsid VP3 protein to the nucleolus for assembly. Here we identify and

characterize AAV2 AAP (AAP2) nuclear and nucleolar localization signals (NLS
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and NoLS, respectively) near the carboxy-terminal region of AAP2 (amino acid
positions 144-184 or AAP2 144-184). This region contains five basic amino acid-
rich (BR) clusters, KSKRSRR (AAP2BR1), RRR (AAP2BR2), RFR
(AAP2BR3), RSTSSR (AAP2BR4) and RRIK (AAP2BR5) from the amino
terminus to the carboxy terminus. We created 30 AAP2BR mutants by
arginine/lysine-to-alanine mutagenesis or deletion of AAP2BRs and 8 and 1 GFP-
AAP2BR and [-galactosidase-AAP2BR fusion proteins, respectively, and
analyzed their intracellular localization in HelLa cells by immunofluorescence
microscopy. The results showed that: AAP2 144-184 has redundant multipartite
NLSs and any combinations of 4 AAP2BRs, but not 3 or less, can constitute a
functional NLS/NoLS; AAP2BR1 and AAP2BR2 play the most influential role
for nuclear localization but either one of these two AAP2BRs is dispensable if all
the other 4 AAP2BRs are present, resulting in 3 different, overlapping NLS
motifs; and the NoLS is shared redundantly among the five AAP2BRs and
functions in a context dependent manner. AAP2BR mutations not only resulted in
aberrant intracellular localization but also attenuated AAP2 protein expression to
various degrees, and both of these abnormalities have a significant negative
impact on capsid production. Thus, this study reveals the organization of the
intermingling NLSs and NoLSs in AAP2 and provides insights into their

functional role in capsid assembly.
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Author Summary

Adeno-associated virus (AAV) has become a popular and successful vector for in
vivo gene therapy; however, its biology has yet to be fully understood. In this
regard, the recent discovery of the assembly-activating protein (AAP), a non-
structural, nucleolar localizing AAV protein essential for viral capsid assembly,
has provided us a new opportunity to better understand the fundamental processes
required for the virion formation. Here we identify clusters of basic amino acids
in the carboxy-terminus of AAP from AAV serotype 2 (AAV?2) that act as nuclear
and nucleolar localization signals. We also demonstrate their importance in
maintaining AAP expression levels and efficient production of viral capsids.
Insights into the functions of AAP can elucidate the requirements and process for
AAYV capsid assembly, which may lead to improved vector production for use in
gene therapy. This study also contributes to the growing body of work on nuclear

and nucleolar localization signals.

Introduction

Adeno-associated virus (AAV) is a small, single-stranded DNA virus from the
parvovirus family, which has become a successful vector for gene delivery. The
recent achievements in the field of AAV vector research have called attention to
the incompletely understood life cycle of this virus. The AAV genome comprises
two genes, rep and cap, which encode for the non-structural Rep proteins and the
structural VP proteins, respectively. The AAV virion is composed of sixty

subunits comprising the three VP proteins; VP1, VP2 and VP3, encoded by a
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single open reading frame (ORF) in the cap gene. Recently, a non-structural viral
protein encoded by an alternative ORF within the cap gene was identified and
termed assembly-activating protein (AAP) for its indispensable role in capsid
formation (42-44). AAP from AAV serotype 2 (AAP2) is a nucleolar localizing
protein that binds to VP proteins through interacting domains in the amino (N)-
terminus of AAP2 (44), transports the VP proteins to the nucleolus and promotes
capsid assembly (42). Therefore, AAP2 is expected to have both a nuclear
localization signal (NLS) and a nucleolar localization signal (NoLS) within its
protein sequence. However, such organelle-targeting sequences in AAP2 remain

to be identified and characterized.

The most common mechanism for targeting a protein to the nucleus is by an
NLS, which is recognized by one of the nuclear import proteins, termed
importins, which are part of the large family of transport proteins known as
karyopherins (296). Classical NLSs can be either monopartite, such as the
PKKKRKYV sequence in SV40 large T-antigen (297), or bipartite, such as the
KRPAATKKAGQAKKKK sequence in nucleophosmin (298). These classical
NLS signals are bound by the adaptor protein importin-al] which is then bound
by importin-f, forming a heterotrimeric complex consisting of the two importin
proteins and the cargo protein. Importin-p mediates nuclear entry of the
heterotrimer through the nuclear pores by its increasing affinity to nucleoporins
along the inside of the nuclear pore complex (299). If the cargo protein also

contains an NoLS, it can then be targeted to the nucleolus through charge-based
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interactions (300) or interactions with nucleolar proteins (301, 302) although the
specific requirements defining nucleolar localization are not as well understood as

those for nuclear import.

As AAP2 is able to localize to the nucleolus (42), we hypothesized that it
would contain both an NLS and an NoLS responsible for this intracellular
localization and that these signals would be critical to its function in capsid
assembly. Because a protein region rich in basic amino acid residues is a hallmark
of NLS and NoLS, we tested our hypothesis on the carboxy (C)-terminal region of
AAP2, amino acid positions 144-184 (AAP21418%) where there are five basic
amino acid-rich (BR) clusters. By fusing GFP or -galactosidase protein with an
AAP2 protein segment of interest and by creating a series of arginine/lysine-to-
alanine mutations or deletions in AAP24+184 \we were able to identify NLSs and
NoLSs and elucidate their redundant and overlapping nature. Mutations in this
NLS/NoLS-containing region resulted in not only aberrant intracellular
localization but also substantial reduction in AAP2 expression and capsid
production, showing the multifaceted functional importance of the NLS/NOLS in

AAP2.
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Materials and Methods

Plasmid construction. pPCMV3-FLAG-cmAAP?2 is a plasmid expressing a codon-
modified (cm) version of the wild-type AAP2 with an N-terminal FLAG tag
under the control of the human cytomegalovirus (CMV) immediately early gene
enhancer/promoter (303). This FLAG-tagged AAP2 is translated from the ATG
start codon. The codon-modified AAP2 ORF was utilized to maximize expression
in human cells and prevent recombination between AAV2-RepVP3 viral genome
(303) and AAP2 plasmid DNA through the homologous sequence during AAV
virus production in human kidney embryonic (HEK) 293 cells. pCMV3-FLAG-
cmAAP2 mutant plasmids were created by site-directed mutagenesis. pCMV3-
GFP is an enhanced GFP (eGFP)-expressing plasmid under the control of the
same CMV enhancer/promoter as that in pCMV3-FLAG-cmAAP2 and was used
to construct plasmids expressing GFP fused with the AAP2144-18 peptide at its C-
terminus. pAAV2-RepVP3 is a plasmid that expresses all the Rep proteins and the
VP3 protein from AAV2, but does not express VP1, VP2 or AAP2 (303). An Ad
helper plasmid, pHelper, was purchased from Agilent. pCMV1-AAV2VP3 is a
plasmid expressing the AAV2 VP3 protein under the same CMV
enhance/promoter (303). pAAV-CMV-lacZ is a plasmid containing an alcohol
dehydrogenase (Adh)-lacZ fusion transgene under the control of the CMV
enhance/promoter (71). This plasmid expresses cytosolic -galactosidase in cells
transfected with the plasmid. To construct pAAV-CMV-lacZ-AAP244184 plasmid
expressing p-galactosidase fused with the AAP2144-184 peptide, the peptide-coding

nucleotide sequence was introduced at the amino (N)-terminus between the start
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and second codons of the Adh-lacZ gene ORF in the plasmid pAAV-CMV-lacZ.
pCMV3-FLAG-cmAAP2-GFP is a plasmid expressing the wild type full-length
AAP2 fused with a FLAG tag and GFP at the N-terminus and C-terminus,
respectively. This protein configuration allows for simultaneous detection of the
wild-type AAP2 in cells using three different approaches; anti-FLAG antibody
immunostaining, direct detection of the GFP fluorescence, and anti-GFP antibody

immunostaining.

Cells. HEK 293 cells (AAV293) were purchased from Stratagene. Human
cervical cancer cell line HeLa was obtained from American Type Culture
Collection (ATCC). HEK 293 cells and HelLa cells were grown in Dulbecco's
modified Eagle's medium (DMEM, Lonza, Basel, Switzerland) supplemented

with 10% fetal bovine serum (FBS), L-glutamine and penicillin-streptomycin.

Immunofluorescence microscopy and data analysis. HeLa cells were seeded on
cover slips in 12-well plates and transfected with plasmid DNA using
polyethyleneimine (PEI). Forty-eight hours after transfection, the cells were fixed
with 4% paraformaldehyde at room temperature, permeabilized with 0.2% Tween
20, blocked with 8% bovine serum albumin (BSA), and stained with mouse
monoclonal anti-FLAG M2 antibody (F1804, Sigma-Aldrich, St. Louis, MO),
rabbit polyclonal anti-nucleostemin antibody (AB5689, Millipore, Billerica, MA
or sc-67012, Santa Cruz Biotechnology, Dallas, TX) and then followed by 4',6-

diamidino-2-phenylindole (DAPI), Alexa Fluor 488-AffiniPure goat anti-mouse
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IgG antibody (115-545-166, Jackson ImmunoResearch, West Grove, PA), and
Cy3-AffiniPure goat anti-rabbit 1gG antibody (111-165-144 Jackson
ImmunoResearch). For imaging of AAP2 and VP proteins together, the cells were
stained with rat monoclonal anti-DYKDDDDK (FLAG) antibody (NBP1-06712,
Novus Biological Littleton, CO), mouse monoclonal anti-AAV VP1/VP2/VP3
antibody (B1) (03-61058, American Research Products, Inc., Waltham, MA),
rabbit polyclonal anti-nucleostemin antibody (sc-67012, Santa Cruz
Biotechnology), and then followed by DAPI, Alexa Fluor 488-AffiniPure goat
anti-mouse 1gG antibody (115-545-166, Jackson ImmunoResearch), Cy3-
AffiniPure  donkey anti-rat 1gG  antibody (712-165-153, Jackson
ImmunoResearch), and Alexa Fluor 647-AffiniPure goat anti-rabbit IgG antibody
(111-605-144, Jackson ImmunoResearch). For a subcellular localization analysis
of B-galactosidase, the cells were treated in the same manner as that for the double
immunostaining of AAP2 and nucleostemin described above except that mouse
monoclonal anti-B-galactosidase antibody (B0271, Sigma-Aldrich) was used in
place of mouse monoclonal anti-FLAG M2 antibody. For antigen retrieval by
protease treatment, transfected Hela cells were fixed with 4% paraformaldehyde
at 48 hours post-transfection, permeabilized with 0.2% Tween 20, incubated with
trypsin (2.5 pg/ml) at 37 °C for 10 minutes, treated with ImM of PMSF at room
temperature for 1 min, and immunostained using mouse monoclonal anti-eGFP
antibody (F56-6A1.2.3, Thermo Scientific, Waltham, MA) and rat monoclonal
anti-DYKDDDDK (FLAG) antibody (NBP1-06712, Novus Biological Littleton,

CO), followed by Alexa Fluor 647-AffiniPure donkey anti-mouse IgG antibody
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(A-31571, Invitrogen, Grand Island, NY) and Cy3-AffiniPure donkey anti-rat 1gG
antibody (712-165-153, Jackson ImmunoResearch). The cells were imaged on a
Zeiss LMS 710 laser scanning confocal microscope. In this study, we defined
NLS (+) as those that showed exclusive nuclear accumulation, NoLS (+) as those
that showed obvious nucleolar enrichment, and nucleolar exclusion (Ex) as those

that showed clear exclusion from the nucleolus.

The functional role of each AAP2BR in nuclear and nucleolar localization was
evaluated in the following manner. The following mutants harboring a pair of
AAP2BR mutations showed impaired nuclear trafficking: AAP2mtl12, mtl7,
mt21, mt22 and mt27. In these 5 mutants, when correction of one AAP2BR
mutation back to the wild-type amino acid sequence resulted in an NLS (+)
phenotype, we interpreted that the AAP2BR that was corrected has an NLS role.
Likewise, we focused on the following nucleolar-excluded mutants harboring a
pair of AAP2BR mutations; AAP2mt17, mt22 and mt27, to assess the NoLS role
of each AAP2BR. In these 3 mutants, when correction of one AAP2BR mutation
back to the wild-type amino acid sequence resulted in an NoLS (+) phenotype, we
interpreted that the AAP2BR that was corrected has an NoLS role. The NLS role

of a given pair of AAP2BRs were also assessed statistically as described below.

X-Gal staining. HEK 293 cells were seeded on a 6-well plate and transfected

with 2 pg of either pAAV-CMV-lacZ or pAAV-CMV-lacZ-AAP2144-184 plasmid

DNA. Twenty-four hours after transfection, the cells were fixed with 2%
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formaldehyde / 0.2% glutaraldehyde in phosphate-buffered saline (PBS) for 5
min, washed with PBS, and stained with 5mM FeK4(CN)s / 5mM FeK3(CN)e /
2mM MgCl, / 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (1mg/ml) in

PBS at 37°C for 1 h.

AAV production and an ELISA specific for intact AAV2 particles. AAV2
VVP3 only viral particles were produced by transcomplementation where VP3 and
AAP2 (the wild type or mutant) were expressed in HEK 293 cells from two
separate plasmids (303). In brief, HEK 293 cells were transfected with pAAV2-
RepVP3, pPCMV3-FLAG-cmAAP2 (the wild type or mutant), and pHelper using
PEI in 6 cm dishes. Forty-eight hours after transfection, the cells were washed in
PBS and resuspended in 100 pl of-HEPES buffered-saline (pH 7.4). The cells
were lysed by three cycles of freeze-thaw using a dry ice/ethanol bath and the
supernatants were collected. The resulting cell lysates containing viral particles
were then subjected to an A20 antibody-based intact AAV2 capsid-specific
ELISA using the AAV2 Titration ELISA Kit (Progen, Heidelberg, Germany) per

manufacturer's instructions.

Western blot analysis. HEK 293 cells were transfected with either the wild-type
or mutant pCMV3-FLAG-cmAAP2 plasmid DNA. Forty-eight hours post-
transfection, the HEK 293 cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer containing protease inhibitors (Complete Mini, Roche,

Indianapolis, IN). Protein concentrations in the cell lysates were determined by a
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DC Protein Assay Kit (Bio-Rad, Hercules, CA). The same amount of total cell
lysates (60 or 80 ug per lane) was separated on an 8% SDS-PAGE gel, transferred
onto a PVDF membrane, reacted with mouse monoclonal anti-FLAG M2
antibody and monoclonal mouse anti-o tubulin antibody (sc-32293, Santa Cruz
Biotechnology), followed by goat polyclonal anti-mouse IgG antibody conjugated
to horseradish peroxidase (sc-2055, Santa Cruz Biotechnology). The signals on
the blots were visualized and quantified using the FluorChem M system
(ProteinSimple, Santa Clara, CA). The data were collected from a biologically

duplicated set of experiments.

Statistical analyses. Differences in AAV viral particle production yields were
statistically assessed by the two-tailed Welch’s t-test. An unconditional exact test
was used to statistically evaluate the association between the presence or absence
of a given combination of 2 intact AAP2BRs and the presence or absence of an
NLS using a 2 x 2 contingency table. For the purpose of this statistical analysis,
the NLS (+) and NLS (-) mutants among AAP2mt10 to 27 were defined as those
that showed exclusive nuclear accumulation and those that did not belong to the
NLS (+) category, respectively. There were 9 NLS (+) and 9 NLS (-) AAP2BR
mutants. The null hypothesis is that there is no association between AAV2BRs
and NLS. Since we analyzed only 18 combinations out of all 25 possible
combinations of AAP2BR mutations that leave at least 2 intact AAP2BRs (10
combinations of 2 intact BRs with 3 mutated BRs, 10 combinations of 3 intact

BRs with 2 mutated BRs, and 5 combinations of 4 intact BRs with 1 mutated BR),
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a range of P values are given in which all the possible outcomes from the 7
AAP2BR mutants that were not assessed are taken into account. Such P values
that would be obtained if all the 25 AAP2BR mutants were analyzed are
expressed as P2s. The P values obtained from the 18 AAP2BR mutants are

expressed as Pis.
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Results
The C-terminus of AAP2 contains both an NLS and an NoLS.

AAP2 has an amino acid stretch rich in basic amino acid residues near the C-
terminus, AAP214418 (Fig. 2.1). This region harbors a KRSR sequence that
matches the classical monopartite NLS motif, K(K/R)X(K/R) (304), a putative
NoLS, RRIK (305, 306), and shares features characteristic of NoLSs including a
high proportion of basic amino acids and proximity to the C-terminus (307). It is
also be possible that these two basic amino acid clusters might serve as a bipartite
NLS with a long linker sequence (304, 308, 309). Therefore, we hypothesized that
AAP214+184 contains both an NLS and an NoLS. To test this hypothesis, we
transfected HelLa cells with the pPCMV3-GFP-AAP244184 plasmid expressing the
GFP fused with the AAP2144184 peptide at its C-terminus or pCMV3-GFP, the
control parental GFP plasmid devoid of the AAP2144-184 peptide. Forty-eight hours
post-transfection, the control GFP was observed diffusely throughout the
cytoplasm and nucleoplasm, while the GFP-AAP2#+18 fysion protein was
localized predominantly to the nucleolus (Fig. 2.2A and B). Since GFP can
diffuse into the nucleus without an NLS due to its small size (27 kDa), we also
investigated whether the AAP214418 peptide could target a large cytoplasmic
protein, B-galactosidase (~120 kDa), to the nucleolus. Both immunofluorescence
microscopic and cytochemical analyses demonstrated strong nucleolar enrichment
of the otherwise predominantly cytosolic -galactosidase when this enzyme was
fused with the AAP2144184 peptide (Fig. 2.2C and D). Addition of the canonical

NLS derived from SV40 large T-antigen (PKKKRKYV) at the N-terminus of f-
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galactosidase was not sufficient for nucleolar targeting showing a nucleolar
exclusion pattern, although the protein accumulated in the nucleus (data now
shown). These observations strongly supported our hypothesis that the AAP2144+

184 region contains both an NLS and an NoLS.
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Figure 2.1 Amino acid sequences of the wild type (wt) and mutants (mt) of AAP2 near the
C terminus and their roles as an NLS and/or NoLS. The sequence of amino acid positions
from 144 to 184 in the wild-type AAP2 is shown at the top, followed by the sequences of a total
of 30 AAP2 mutants with arginine/lysine-to-alanine substitutions (mtl to mt27) or deletions
(mt28 to mt30). The 5 BR clusters are indicated by lines above the wild-type sequence. The red
and light-blue letters show basic amino acids and alanine mutations, respectively. The blue
underlines indicate deletions. The dots in the sequences indicate residues that are the same as
those of the wild type. The presence of a fully functional NLS (N) and/or NoLS (No),
determined by immunofluorescence microscopy (Fig. 2.3), is indicated on the right. A plus in
the N column indicates that the protein is observed exclusively in the nucleus regardless of its
subnuclear localization. A plus in the No column indicates that the protein is strongly associated
with the nucleolus. The mutants that showed a nucleolar-exclusion pattern are indicated by Ex.
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Figure 2.2 Intracellular localization of GFP or bacterial -galactosidase fused with the
AAP2144-18 region at the C or N terminus, respectively.

HelLa or HEK 293 cells were transiently transfected with plasmid pCMV3-GFP-AAP244-
184 (A), pCMV3-GFP (B), pAAV-CMV-lacZ-AAP214184(C), or pAAV-CMV-lacZ (D), using
PEl. pCMV3-GFP-AAP21%-18 and pAAV-CMV-lacZ-AAP2'44-184 are plasmids expressing
the GFP-AAP214418 fiysion protein and the pB-galactosidase-AAP2¥4184fusion protein,
respectively, under the control of the CMV promoter. For HeLa cells, the signals were detected
by immunofluorescence microscopy using corresponding antibodies, except for GFP, for
which direct fluorescence was imaged. For HEK 293 cells, X-Gal staining was performed.
Scale bars, 20 pm.
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The FLAG-tagged wild-type AAP2 and nucleostemin co-localize in the
nucleus and nuclear bodies.

It has been established that AU1-tagged AAP2 and fibrillarin, an endogenous
nucleolar protein, co-localize in the nucleolus in HelLa cells (42). We first
investigated whether the N-terminal FLAG-tagged AAP2 we used for this study
also localizes in the nucleolus as expected. To this end, HelLa cells were
transfected with pCMV3-FLAG-AAP2 and immunostained with anti-FLAG and
anti-nucleostemin antibodies. The FLAG-tagged wild-type AAP2 was found to
localize exclusively to the nucleus with significant nucleolar enrichment (Fig.
2.3A). The AAP2 signals were also found tightly associated with nucleostemin-
positive nuclear bodies (Fig. 2.3A). The AAP2 signals in the nucleolus detected
by immunostaining were stronger in the periphery than in the center exhibiting a
ring-shaped pattern with a central hollow. As discussed below, this nucleolar
staining pattern is most likely an artifact caused by overexpression of a nucleolar-
localizing protein (310). After trypsin treatment of the fixed cells, FLAG staining
was visible throughout the nucleolus (Fig. 2.4). This observation confirmed that
the FLAG peptide fused with AAP2 at the N-terminus does not interfere with its
intracellular localization. The functional integrity of the FLAG-tagged AAP2 had

been confirmed previously (303).
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Figure 2.3 Intracellular localization of various AAP2 mutants with arginine/lysine-
to-alanine substitutions or deletions within the BR clusters, AAP2BR1 to AAP2BR5.
HeLa cells were transiently transfected with a plasmid expressing the wild-type or a
mutant AAP2 with an N-terminal FLAG tag. The cells were fixed 48 hours post-
transfection, immunostained with anti-FLAG antibody (green) and anti-nucleostemin
antibody (red), and counterstained with DAPI (blue), before being imaged on a Zeiss
LSM 710 confocal microscope with a 100x objective. Representative cell images are
shown for the wild type and each mutant. (A) Wild-type AAP. (B) AAP2mt10, showing a
staining pattern representing all the AAP2BR1 mutants, AAP2mtl to -mt10 (the data for
AAP2mtl to -mt9 are not shown). (C to V) AAP2mt11 to -mt30. Formation of multiple
nuclear bodies containing both AAP2 and nucleostemin was evident in many cells
expressing the wild-type AAP2 (A) and the AAP2 mutants showing an intracellular
localization pattern similar to that of the wild type (B, C, F, G, T, and U). The identity
and the role of these speckled structures have yet to be determined. The 5-digit numbers
in the bottom right corner of each FLAG-AAP2 panel indicate mutations introduced in
each AAV2BR in each mutant (1, wild type; 0, alanine mutation; -, deletion). For
example, 01110 (mt12) indicates BR1-/BR2+/BR3+/BR4+/BR5—. Scale bar, 20 um.
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Figure 2.4 Immunofluorescence microscopic analysis of a FLAG-tagged AAP2 fused with
GFP in HelLa cells with or without proteinase treatment. (A to C) HelLa cells were
transiently transfected with pCMV3-FLAG-cmAAP2-GFP expressing the wild-type full-length
AAP2 fused with a FLAG tag and GFP. Intracellular localization of the fusion protein was
analyzed with or without trypsin treatment by anti-FLAG antibody immunostaining (A), direct
detection of GFP fluorescence (B), and anti-GFP antibody immunostaining (C) under a
fluorescence microscope. (D) Merged images. Scale bar, 20 pm.
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Basic amino acid clusters in the C-terminus of AAP2 constitute redundant
multipartite NLSs and NoLSs.

The C-terminal region AAP2144+184 where we found that the AAP2 NLS and
NoLS reside, contains five basic amino acid-rich (BR) clusters separated by 3 to 7
amino acids: KSKRSRR (AAP2BR1), RRR (AAP2BR2), RFR (AAP2BR3),
RSTSSR (AAP2BR4) and RRIK (AAP2BR5) from the N-terminus to the C-
terminus (Fig. 2.1). To dissect the functional roles of these basic amino acids in
the nuclear and nucleolar localization of AAP2, we constructed plasmids
expressing a series of mutant AAP2 proteins by site-directed mutagenesis using
the pCMVs-FLAG-cmAAP2 plasmid (Fig. 2.1). Each mutant AAP2 was
expressed in HeLa cells by plasmid DNA transfection and analyzed for its
intracellular localization by immunofluorescence microscopy (Fig. 2.3).

We first created AAP2 mutants 1 to 12 (mtl to 12 in Fig. 2.1) to investigate
the role of AAP2BR1 and AAP2BRS5, which carry the classical monopartite NLS
motif, KRSR, and the putative NoLS motif, RRIK, respectively. Removal of
positive charges from AAP2BR1 (AAP2mtl to 10) or from AAP2BR5
(AAP2mtl11) did not abolish the ability of mutant AAP2s to translocate to the
nucleus with strong nucleolar enrichment and robust accumulation in the
nucleostemin-positive nuclear bodies (Fig. 2.3B and C). Removal of positive
charges from AAP2BR1 and AAP2BR5 in conjunction (AAP2mt12), however,
resulted in substantial, if not complete, nuclear exclusion and nucleolar exclusion
(Fig. 2.3D). This first set of experiments indicated that there are at least two NLSs

that involve either AAP2BR1 or AAP2BR5 within AAP2144-184 \We then created
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an additional set of 18 AAP2 mutants 13 to 30 (mt13 to 30 in Fig. 2.1) to further
investigate the role of each AAP2BR in nuclear and nucleolar localization. In
these mutants, the positive charge in one or more AAP2BRs was diminished by
alanine substitutions or deletions in various combinations. The 7 AAP2 mutants
that had only 1 mutant AAP2BR and 4 intact AAP2BRs (mt10, 11, 13, 14, 15, 28
and 29) were all found exclusively in the nucleus with obviously enhanced
association with the nucleolus (Fig. 2.3B, C, E-G, T and U). In keeping with this
observation, GFP-AAP244184 fysion mutants that had four intact AAP2BRs were
observed exclusively in the nucleus with strong enrichment in the nucleolus (Fig.
2.5A-C). All the 13 mutants that had 3 or less intact AAP2BRs exhibited
attenuated or complete loss of nucleolar association, and among them, 9 (mt16,
17, 20, 21, 22, 24, 25, 27 and 30) showed various degrees of impaired nuclear
transport and cytoplasmic retention (Fig. 2.3D, H-V). AAP2 is a small protein
that can passively cross the nuclear envelope through the nuclear pore complexes.
The stronger cytoplasmic signals than the nuclear signals in AAP2mt12, 20 and
24 therefore might indicate the presence of a nuclear export signal (NES) in
AAP2. However, we have not observed any nuclear-cytoplasmic shuttling of the
AAP2 protein during the course of AAV2 particle production in HEK 293 cells
by plasmid transfection, where AAP2 consistently remains located in the
nucleolus or nucleostemin-positive nuclear bodies (Earley et al., unpublished
observation). In addition, three different NES prediction programs (311-313) fail
to identify any potential CRM1-binding NES in the AAP2 amino acid sequence.

Thus, the above observations are most likely due primarily to various degrees of
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impairment of nuclear import caused by different mutations although involvement
of an unidentified NES cannot be totally ruled out. Taken together, these
observations indicate that the NLS and NoLS in AAP2 are redundant, and various
combinations of 4 AAP2BRs out of 5 AAP2BRs within the AAP244184 region

are able to constitute a functional multipartite NLS/NoLS.
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Figure 2.5 Microscopic assessment of the abilities of the AAP2BRs to target GFP to the
nucleus and the nucleolus. The method used was the same as that for Fig. 2. (A to F) GFP-
AAP2144-184mt13 to -mt26 are GFPs fused with the 41-amino-acid-long AAP144-184 region
containing their corresponding AAP2BR mutations. (G and H) GFP-AAP2144-150 and GFP-
AAP2144-156 are GFPs fused with AAP2BR1 only (7 amino acids) and AAP2BR1-AAP2BR2
only (13 amino acids), respectively. Scale bar, 20 pm.
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Co-presence of AAP2BR1 and AAP2BR2 is an important but not absolute
requirement for the AAP2 NLS.

The immunofluorescence microscopy analysis described above revealed that
all the 10 AAP2BR mutants that exhibited impaired nuclear translocation and
various degrees of cytoplasmic retention had either or both AAP2BR1 and
AAP2BR2 mutations, and all the 10 combinatorial mutations involving
AAP2BR1 or AAP2BR2 impaired nuclear transport of AAP2 to various degrees.
A statistical comparison of various combinations of two intact AAP2BRs and the
presence of a fully functional NLS in the AAP2 mutants revealed that the
combination of AAP2BR1 and AAP2BR2 is strongly associated with nuclear
localization (Table 1). The GFP-fusion experiment also demonstrated that
AAP2BR1 by itself is not sufficient for active nuclear transport and co-presence
of AAP2BR1 and AAP2BR?2 is required for nuclear accumulation (Fig. 2.5D-H).
When we assessed the NLS role of each AAP2BR based on its ability to restore a
fully functional NLS to AAP2 mutants (see Materials and Methods), we found
that all the 5 AAP2BRs can contribute to the facilitation of nuclear localization of
AAP2. These observations indicate that, although all the 5 AAP2BRs have an
NLS role, the presence of AAP2BR1 and AAP2BR2 in conjunction plays the
most influential role in nuclear targeting. Due to the redundant nature of the
AAP2 NLS, either one of these two AAP2BRs is dispensable if all the other 4
AAP2BRs are present, as evidenced by the nuclear localization of AAP2mt10 and

mt13.
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TABLE 1

Associations between various combinations of two AAP2BRs and the presence of an NLS in
AAP2144—184

AAP2  Association with [no./total (%)]2:
BR

AAP2BR1 AAP2BR2 AAP2BR3 AAP2BR4

AAP2 7/7 (100)
BR2 (Plg = 0.002;
P25 =0.001-0.017)

AAP2 | 4/7 (57) 4/5 (80)°
BR3 (P1s = 1.000; (P1s = 0.211;
Pos = 0.186-1.000) P.s = 0.014-1.000)
AAP2 | 4/7 (57) 4/5 (80)° 3/6 (50)
BR4 (P1s = 1.000; (P15 =0.211; (P1s = 1.000;
Pos = 0.186-1.000) P.s = 0.014-1.000)  P,s =0.317-1.000)
AAP2 | 4/7 (57) 4/4(100)" 3/5 (60) 3/5 (60)
BR5 (P1s = 1.000; (P15 = 0.031; (P15 = 0.696; (P1s = 0.696;

P2s = 0.186-1.000) P,5 =0.002-1.000)  P»5=0.113-1.000) P25 =0.113-1.000)

8eighteen AAP2 mutants (AAP2mt10 to -mt27) were categorized into two groups according to the
presence or absence of an NLS as defined in the legend to Fig 2.1. There were 9 NLS (+) and 9
NLS (-) AAP2 mutants. An unconditional exact test was performed to statistically evaluate the
association between the presence or absence of a given combination of 2 AAP2BRs and the
presence or absence of an NLS. The null hypothesis is that there is no association between
AAV2BRs and NLSs. Two types of P values (P1s and P2s) are provided, as described in Materials
and Methods. Shown are the frequencies of NLS (+) AAP2 mutants among all the mutants that
carry a given combination of two different AAP2BRs.

bThe statistical analysis for the combination does not give a conclusive result due to the wide
range of P,s values across the statistically significant cutoff value of 0.05.

All the AAP2BRs can contribute to nucleolar localization and function in a
context-dependent manner. The NoLS role of each AAP2BR was investigated
based on the functional restoration of nucleolar-excluded AAP2 mutants, as
detailed in the Materials and Methods. This analysis revealed an obvious NoLS
role in AAP2BR1, 2, 4, and 5. For example, the NoLS role of AAP2BR2 could be
demonstrated by the observation that, when the mutated AAP2BR2 was corrected

back to the wild-type sequence in the nucleolar-excluded AAP2mt17 (Fig. 2.31),
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nucleolar retention was restored as evidenced with AAP2mtl1l (Fig. 2.3C). A
comparison between AAP2mtl9 showing modest nucleolar accumulation and
AAP2mt26 showing nucleolar exclusion, which differ only by the presence or
absence of AAP2BR3, revealed that AAP2BR3 also functions as a weak NoLS
(Fig. 2.3K and R). These results indicate that the effective nucleolar
accumulation is a consequence of the cooperation of the redundant NoLSs
residing in the five AAP2BRs in a given combination of AAP2BRs. Interestingly,
AAP2mMt26 (AAP2BR1+/BR2+/BR3-/BR4-/BR5-) exhibited a nearly complete
nuclear localization with nucleolar exclusion (Fig. 2.3R), while the GFP-
AAP21418Imt26 carrying an AAP2144-184 with the same AAP2BR mutations and
the GFP-AAP2441% 'in which GFP was fused with a 13-mer peptide containing
only AAP2BR1 and AAP2BR2, showed nuclear and nucleolar accumulation (Fig.
2.5F and H). The same discrepancy in the pattern of nucleolar accumulation was
observed in AAP2mt22 (Fig. 2.3N) and GFP-AAP2M418mt22 (Fig. 2.5E). It has
previously been shown that adding a nonapeptide containing 9 basic amino acids
to the C-terminus of GFP allows for nucleolar accumulation of this protein not
through a specific NoLS motif, but presumably through non-specific, electrostatic
interactions with negatively charged nucleolar components (300). There are 8
basic amino acids within the AAP2BR1/AAP2BR2 segment and there are 10
basic residues in AAP2mt22 (Fig. 2.1). Therefore, the extra positive electric
charges added to GFP likely explains why the GFP-AAP2144156  GFP-AAP2144-
184mt22 and GFP-AAP24+18mt26 fusion proteins were still capable of nucleolar

retention while AAP2mt26 was not. Taken together, although there is no
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inconsistency in the NLS role of AAP2BR1 and AAP2BR2 between the AAP2

mutants and the GFP fusion proteins, their NoLS role is context dependent.

Capsid assembly-promoting functions of AAP2BR mutants.

A series of studies have demonstrated that nucleolar localization of viral
components is important for the AAV life cycle (134, 148, 151, 284).
Indispensable roles of the nucleolus in the virus life cycle have also been
demonstrated in other viruses (282, 314, 315). Having created a panel of AAP2
mutants whose intracellular localizations are characterized, we addressed how
aberrant localization of AAP2 might affect its assembly-promoting function. To
this end, we performed a transcomplementation assay in which AAV2 VP3 only
particles were produced in HEK 293 cells in the presence of the wild-type AAP2
or a series of AAP2 mutants, and quantified AAV2 viral particle yields using an
AAV?2 intact particle-specific ELISA. There was a strong correlation between
aberrant intracellular localization of AAP2 and attenuated AAV2 capsid
production (Fig. 2.6A). In particular, AAP2 mutants with nucleolar exclusion
consistently showed a 3-log or more fold reduction of capsid production
compared to the wild type. Interestingly, AAP2mt8, 9, 10, and 13, which showed
exclusive nuclear localization with enhanced nucleolar association similar to the
wild type, exhibited a more than 20 to 100-fold decrease in capsid production
(Fig. 2.6A). Thus, normal intracellular localization of AAP2 is prerequisite but is
not sufficient for effective capsid production. The impaired function observed in

AAP2 mutants showing wild type-like intracellular localization implies that
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AAP2BRs are not only the redundant organelle-targeting signals, but also play a

direct or indirect role in the capsid assembly process, which we address in the

following sections.
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Figure 2.6 AAV2 VP3 capsid production titers and wild-type and mutant AAP2 protein
expression levels in HEK 293 cells. HEK 293 cells seeded on 6-cm dishes were transfected
with pAAV2-RepVP3, pCMV3-FLAG-cmAAP2 expressing either the full-length wild-type
AAP2 or a full-length AAP2 mutant with an AAP2BR mutation(s), and pHelper, using PEI
(12). The cells were harvested at 48 hours post-transfection and made into a 100-pl crude cell
lysate in HEPES-buffered saline after three cycles of freezing and thawing. The AAV2
particle concentration in each crude lysate was quantified by an A20 antibody-based ELISA.
(A) Viral titers relative to the titer obtained with the wild-type AAP2 (black bars). A relative
titer of 1.0 corresponds to 7.2 x 1012 particles/ml. The thick horizontal black line between
the graph and the x axis labels indicates the wild type and AAP2 mutants that showed
exclusive nuclear localization with enhanced nucleolar association. The thick horizontal gray
line indicates the mutants showing nucleolar exclusion. The data were collected from
biologically triplicate experiments. *, P < 0.05 (two-tailed Welch's t test) compared to the
wild-type values. In a separate experiment, HEK 293 cells seeded on 6-cm dishes were

transfected with pCMV3-FLAG-cmAAP2 (the wild type or mutant) using PEI. The cells
were harvested 48 hours post-transfection, and mutant AAP2 protein expression levels
relative to the level of the wild type were determined by a quantitative western blot analysis
using biologically duplicate samples (gray bars). The error bars represent standard errors of
the mean (SEM) (black bars) or the difference between each value and the mean value (gray
bars). (B) Correlations between AAP2 protein levels of the wild type and mutants indicated
by the thick horizontal black line in panel A and AAV2 VP3 capsid production titers are
shown in a scatter plot. All values are relative to the levels of the wild type.
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AAP2BRs maintain AAP2 expression levels for effective capsid assembly.
During the microscopic analysis, we had noticed that the number of
transfected HelLa cells and signal intensity in many AAP2 mutants were lower
than those from the wild type to various degrees. Since AAP2BR mutations may
have affected not only intracellular localization but also protein expression levels,
we performed a quantitative western blot assay on lysates from HEK 293 cells
transfected with either the wild-type or mutant pCMV3-FLAG-cmAAP2
plasmids. The molecular weight (MW) of the FLAG-tagged AAP2 protein was
determined as 27 kDa by SDS-PAGE (26 kDa for AAP2), which is slightly higher
than a calculated molecular weight of 24 kDa. Mutation or deletion of the
AAP2BR regions decreased AAP2 protein expression levels to various degrees
between 0.02 and 0.64 compared to that of 1.0 of the wild type (Figs. 2.6A and
2.7). Expression levels of all the mutants showing aberrant localization were
reduced substantially with the relative levels ranging from 0.02 to 0.14. The
reduction of protein levels was particularly pronounced in the nucleolar-excluded
mutants. The AAP2BR1 or AAP2BR2 mutants showing localization similar to
that of the wild type had greater quantities of protein on average than the mutants
showing aberrant localization; however, they also showed attenuated AAP2
expression ranging from 0.03 to 0.64. Importantly, the results showed a very nice
correlation between intracellular AAP2 levels, nucleolar accumulation of AAP2
and AAV capsid production. When AAP2 mutants retained the ability to localize
normally (such mutants are indicated with a horizontal black line in Fig. 2.6A),

AAV capsid yields were positively correlated to the AAP2 mutant protein levels
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with Pearson's correlation coefficient of 0.94 (Fig. 2.6B). When AAP2 mutants
were excluded from the nucleolus, AAV capsid yields were disproportionately
lower than the AAP2 mutant protein levels (such mutants are indicated with a
horizontal gray line in Fig. 2.6A). Although the underlying mechanism has yet to
be elucidated, these results indicate that AAP2BRs play a pivotal role in
maintaining the AAP2 levels for effective capsid assembly. The AAP2BRS' role
in this aspect well explains why some of the AAP2BR1 or AAP2BR2 mutants

showing the wild-type localization failed to produce capsids effectively.
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Figure 2.7 Western blot analysis of the wild-type and mutant AAP2 proteins expressed in
HEK 293 cells.

Cells seeded on 6-cm dishes were transfected with pCMV3-FLAG-cmAAP2 (wild type or
mutant) using PEI. The same quantity of crude lysates prepared at 48 hours post-transfection
were separated on an 8% SDS-PAGE gel and blotted onto a membrane, which was then probed
with both anti-FLAG and anti-a-tubulin antibodies. The AAP2 mutant numbers are shown
above the lanes.
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The AAP2 NoLS is important for nucleolar accumulation of AAV2 VP3.

The data presented above provided insights into the AAP2BRs' functional
roles in intracellular localization of AAP2 and capsid assembly; however the data
did not address the AAP2 role as a VVP3 transporter. Since the nucleolus has been
thought to be important for the AAV2 capsid assembly, and nucleolar-excluded
AAP2BR mutants showed a substantially reduced ability to produce viral capsids,
it is possible that AAP2BR mutants would not associate with VP3 leading to
impaired nuclear transport and/or failure to accumulate VP3 in the nucleolus even
if VP3 is actively localized to the nucleus. To address this, HeLa cells were
transfected with pCMV1-AAV2VP3 and pCMV3-FLAG-cmAAP2 (either the wild
type or AAP2mt26) and intracellular localization of AAP2 and VVP3 was analyzed
by immunofluorescence microcopy at 48 hours post-transfection. As Sonntag et
al. have previously shown, VP3 diffusely localizes to the cytoplasm and
nucleoplasm, but remains outside the nucleus unless AAP2 is present (42) (Fig.
2.8A, B). In the presence of AAP2mt26, which had the ability to exclusively
translocate to the nucleus but was not able to accumulate in the nucleolus, VP3
was seen predominantly in the nucleoplasm, co-localizing with AAP2mt26, and
leaving only a small quantity of VP3 proteins in the cytoplasm. Importantly VP3
failed to accumulate in the nucleolus (Fig. 2.8C). We also have found that, using
a plasmid carrying an AAV2 cap gene that does not express AAP2, expression of
the AAV2 VVP1, VP2, and VVP3 proteins does not result in nucleolar localization of
any of the VP proteins in HeLa cells when AAP2 is not co-expressed (Earley et

al., an unpublished observation). Taken together, these observations indicate that

89



the NoLS in AAP2 plays a primary role in targeting capsid VP proteins to the

nucleolus.
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Figure 2.8 Intracellular localization of AAV2 VP3 in the presence or absence of wild-
type AAP2 or in the presence of the nuclear-targeted, nucleolar-excluded AAP2

mutant, AAP2mt26. Hela cells were transfected with the following plasmids: pPCMV1-
AAV2VP3 only (A), pCMV1-AAV2VP3 and pCMV3-FLAG-cmAAP2 (wild type) (B),
and pCMV1-AAV2VP3 and pCMV3-FLAG-cmAAP2mt26 (C). The cells were fixed at 48
hours post-transfection and immunostained with anti-FLAG, anti-AAV VP1/VP2/VP3,
and anti-nucleostemin antibodies. Scale bar, 20 um.
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Discussion

The NLS in AAP2 had remained unidentified in a series of studies reported
from Kleinschmidt's group (42-44), which prompted us to seek to determine
amino acid residues responsible for nuclear translocation of AAP2. The consensus
sequences of the classical, importin-a-binding NLSs have been well defined. The
monopartite NLSs have the consensus sequence, K(K/R)X(K/R), while the
bipartite NLSs show a consensus sequence composed of two short basic amino
acid clusters separated by a linker sequence such as (K/R)(K/R)X10-12(K/R)3s5
where the C-terminal side cluster contains at least three basic amino acids within
5 consecutive residues (304, 308, 309). Many non-canonical, importin-a-
binding NLSs have also been identified including bipartite NLSs with a long
linker of up to 29 residues (304, 308, 309). In light of this knowledge about
various types of NLSs, one could assume that AAP2 has one classical
monopartite NLS in AAP2BR1 (KSKRSRR) and/or one non-canonical bipartite
NLS with a long linker in AAP2BR1-X30-AAP2BR5 (RRIK). Our experimental
data, however, do not support this assumption. None of the AAP2BRs were
capable of serving as a monopartite NLS. Substantial nuclear enrichment required
the presence of AAP2BR1/AAP2BR2 (KSKRSRR-X3-RRR) or at least four
AAP2BRs when either AAP2BR1 or AAP2BR2 is absent (i.e.,
AAP2BP1/AAP2BP3/AAP2BP4/AAP2BP5 and
AAP2BP2/AAP2BP3/AAP2BP4/AAP2BP5). Thus, we identified at least three
different motifs that can function as an NLS and overlap within the AAP2144-184

region. This redundant nature of the AAP2 NLS explains why a pervious
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investigation concluded that the AAP2BR1 was not involved in nuclear

localization even though the region contained a classical NLS (44).

In nucleolar localizing proteins, an NLS and an NoLS can reside in separate
locations, but they often co-reside in a region highly rich in lysine and arginine
residues. The NLS and NoLS of AAP2 that we identified is a joint NLS/NoLS
because all the AAP2BR regions play either, or both, of the NLS and NoLS roles.
Many such joint NLS/NoLSs have been reported as NLSs in literature mainly due
to incomplete investigation for nucleolar accumulation; and therefore joint
NLS/NoLSs have been overlooked in many instances (307). A recent attempt to
extract commonalities of 48 human NoLSs including joint NLS/NoLSs has
revealed that NoLSs are highly basic, predominantly located near the N- or C-
terminus of proteins, in a-helices or coils and rarely in B-strands, and are solvent
accessible (307). In this regard, the AAP24418 region containing the joint
NLS/NoLSs is consistent with these general trends. That is, in addition to the high
proportion of basic amino acids, the NLS/NoLS resides near the C-terminus; the
AAP2144-184 residues are exclusively in a-helices (49%) or coils (51%) according
to the Jpred3 prediction (316); and proportions of buried residues in the AAP2144+
184 region predicted by Jpred3 are 37%, 10%, and 2% at prediction thresholds of
25%, 5%, and 0%, respectively, which are lower than the full-length protein
control in the study reported by Scott et al. (307) The AAP214418 region also
contains the previously identified (K/R)(K/R)X(K/R) NoLS motif (305). Through

literature search, we could identify a joint NLS/NoLSs that resembles the AAP2
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NLS/NoLS. Liu et al. reported that a stretch of 18 amino acid residues,

27164 KKKMKKHKNKSEAKKRK 2761, is a part of a joint NLS/NoLS found in

1A6/downregulated in metastasis (LA6/DRIM), a large nucleolar targeting protein
(2785 amino acids) involved in ribosomal RNA processing (317). This amino acid
sequence is reminiscent of 15sRRRLPITLPARFRCLLTRSTSSRTSSARRIK 84,
one of the complete joint NLS/NoLSs that we identified in AAP2. Although the
observations obtained from the arginine/lysine-to-alanine  mutagenesis
experiments were not exactly the same between Liu et al.'s and our studies, both
identified basic amino acid clusters that play a dual NLS/NoLS role. In addition,
both studies showed that a decrease in electric charge in the signals resulted in
nucleolar exclusion. As demonstrated with AAP2 and many other nucleolar
localizing proteins (307), NLSs and NoLSs are inherently difficult to clearly
define particularly when they reside within the same region with a portion of the

signal playing a dual role.

How NoLSs exert their role in nucleolar targeting has not been fully
understood. Unlike NLSs, NoLSs do not have well defined consensus sequences,
although they share common characteristics to some degree as described above.
The nucleolus does not have any compartmentalizing membranous structures and
therefore nucleolar accumulation presumably does not require sophisticated
machinery that actively targets this organelle like the nuclear transport machinery.
Rather, nucleolar accumulation of proteins has been thought to be mediated by a

retention mechanism through interactions with nucleolar components, such as
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RNA and other nucleolar proteins (318). RNA binding motifs have been
identified in many nucleolar proteins, including nucleolin, fibrillarin and viral
RNA-binding proteins (319-321). Nucleophosmin, a putative shuttle protein that
transports cargos between the cytoplasm and the nucleolus (322-324), has been
shown to mediate nucleolar retention of other proteins through the interaction
between two highly acidic regions (120EDAESEDEEEED:3; and
16sDEDDDDDDEEDDDEDDDDDDFDDEEAEE1g8) in  nucleophosmin and
positively charged amino acid regions in the other (325). Thus, nucleolar
accumulation is most likely mediated by electrostatic interaction rather than by a
defined set of particular amino acid sequences (300). Concordant with this notion,
we could only vaguely define the AAP2 NoLS, as opposed to its NLSs and found
that the abundance of positively charged AAP2BR regions, rather than a specific
amino acid sequence or a specific combination of AAP2BRs, confers AAP2 with
the ability to translocate from the nucleoplasm to the nucleolus. This is in line
with the notion that the nucleolar accumulation of AAP2 results from non-specific
interaction with negatively charged nucleolar components and also raises a
possibility that the degree of accumulation is determined by the net electric charge
of the AAP2144184 region. The electric charge of AAP214418 js 15 and at least 12
are found to be required for efficient nucleolar accumulation of the AAP2BR
mutants (Fig. 2.1). The net electric charges of the AAP2#+184_corresponding
regions of various serotype AAPs (AAP1-13) (44) vary from 8 to 15, with AAP5
being the lowest and AAP2 and AAP3B being the highest. Assuming that

nucleolar accumulation is determined by the abundance of the net positive
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charges within this region, AAP5 would likely be devoid of an NoLS and
excluded from the nucleolus. If this is true, AAP5 would not be able to transport
AAV5 capsid VP proteins to the nucleolus, the organelle that is believed to be
important for AAV capsid assembly, at least for AAV2 (134, 148). How would
AAVS viral capsid proteins assemble if they are not transported to the nucleolus?
Although our study demonstrates that the nucleolar localization of AAP2 strongly
correlates with the ability for AAV2 to form capsids, it is intriguing to speculate
that the nucleolar accumulation of AAP2 might merely be a coincidental, non-
specific consequence associated with a function(s) other than the nucleolar
targeting and this targeting might not be functionally important. Such non-specific
nucleolar accumulation with no functional role has been demonstrated in the
human histone H2B protein (300). Future studies on the subcellular localizations
of AAPs derived from various serotypes will address this potential paradox and
elucidate the biological significance of the presence of an NoLS in AAPs.
Nonetheless, our observations corroborate the driving role of the electric charge in
nucleolar targeting and support an idea that NoLSs pay a lower cost for the
acquisition of their role by intermingling their signals with NLSs that already
have high electric charges. This is particularly advantageous to small viruses that

have a limited capacity to store genetic information.

Surprisingly, we could identify at least three complete NLSs that overlap

within  the same AAP21“+18  region. They are AAP2BR1+BR2,

AAP2BR1+BR3+BR4+BR5, and AAP2BR2+ BR3+BR4+BR5. Redundant
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NLSs, either as separate NLSs or overlapping NLSs, have been identified in many
proteins including those derived from viruses. For example, the polyomavirus
large T antigen has two separate NLSs, VSRKRPR and PKKARED, each of
which mediates nuclear localization in the absence of the other (326, 327); the
nonstructural protein 1 of influenza A virus (NS1A) has a functionally competent
monopartite NLS, DRLRRDQKSLR, and a classical bipartite NLS-like sequence,
KRKMARTARSKVRRDKMAD (328), which also conveys nucleolar
localization; and bovine adenovirus-3 33K protein has a 40-residue long region
where two karyopherin-binding motifs, an importin-a5-binding motif and a
transportin  3-binding motif, overlap (329). Utilization of different nuclear
transport pathways through the interactions between an NLS and multiple
karyopherins have also been demonstrated in human immunodeficiency virus
(HIV) Rev protein (330). The straightforward inference of the NLS redundancy is
that it ensures and promotes efficient nuclear entry by increasing the avidity to the
nuclear transport system and/or by using more than one nuclear entry pathways.
However, there are also many instances in which the amino acid residues
composing an NLS exert functions distinct from those in nuclear translocation.
For example, the unconventional NLS in the nucleoprotein (NP) of the influenza
A virus plays a crucial role in nuclear import of the viral genomic RNA (331) and
the second NLS in the transcription factor Fli-1 also functions as a DNA binding
domain (332). In fact, DNA-binding domains frequently overlap with NLSs (332)
and this has led to speculation about the possible co-evolutionary origins of these

two motifs (333, 334). In the case of AAP2, our present and previous studies

96



provide clues to understanding the necessity of redundancy. In our previous study,
we used a directed evolution approach to experimentally and computationally
evolve functionally competent mutant AAP2s from a randomly mutagenized
library (303). We demonstrated that the most functionally optimal AAP2 mutants
harbor a strongly basic and hydrophilic heptapeptide, (R/S)7, in the AAP2BR1
region, which remarkably resembles the native sequence, KSKRSRR (303). Since
all the AAP2 mutants used in this previous study had a completely functional
NLS/NoLS composed of AAP2BR2, 3, 4 and 5, AAP2BR1 is most likely not a
simply redundant sequence composing an NLS/NoLS but has an important non-
NLS/NoLS role. In keeping with this notion, mutations in this region could
substantially reduce AAP2 protein levels without affecting its intracellular
localization, and result in significantly impaired capsid assembly (AAP2mt8, 9
and 10). The reduction of capsid production by an AAP2BR1 mutation has also
been reported by Naumer et al. (44) Although the mechanism for the decreased
protein expression has yet to be determined, it could be either due to intrinsic
instability caused by protein misfolding or due to decreased protein-protein or
protein-nucleic acid interactions that stabilize AAP2. Taken together, the
redundancy of the NLS/NoLS in AAP2 is likely a necessity for optimal capsid

production, and presumably results from their alternative functional roles.

In summary, this study identifies a joint NLS/NoLS near the C-terminus of

AAP2. The identified basic amino acid region is not only important for nuclear

and nucleolar localization but also for maintaining AAP2 levels, indicating a non-
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NLS/NoLS role in this region. The system described here can readily be applied
to AAPs derived from other serotypes. Further studies on interactions between
AAP, capsid, and cellular proteins will help understand the mechanism of AAV
capsid assembly and may lead to improved AAV vector production for gene

therapy.
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Abstract

Adeno-associated virus (AAV) not only offers a promising gene therapy
vector but also serves as a model that helps understand functional and structural
biology of small icosahedral viruses. In this regard, the recent discovery of the
assembly-activating proteins (AAPs), a novel class of AAV non-structural
proteins, shed new light on the mechanism of AAV capsid assembly. Previous
studies have shown AAP to be essential for assembly of AAV1, 2, 5, 8, and 9
capsids; however, its mechanistic role in the viral life cycle remains
uncharacterized. Here, we present comprehensive functional studies on AAPS
from AAV serotypes 1 to 12 (AAP1 to 12, respectively). Subcellular localizations
of AAP1 to 12 and assembly of AAV2, 4, 5, 8 and 9 capsids were examined by
immunofluorescence microscopy. AAP’s ability for cross-complementation
among the 12 serotypes was investigated by the Illumina sequencing-based
Barcode-Seq and quantitative dot blot analysis. Transmission electron microscopy
was performed to confirm capsid assembly. These analyses revealed that AAP1 to
12 are all localized in the nucleus with serotype-specific contrastive patterns of
nucleolar association; AAPs and assembled capsids do not necessarily co-
localize; with the exception of AAP4, 5, 11 and 12, AAPs are promiscuous in
promoting capsid assembly of other serotypes; assembled AAV5, 8 and 9 capsids
are excluded from the nucleolus in contrast to nucleolar enrichment of assembled
AAV?2 capsids; and surprisingly, AAV4, 5 and 11 capsids are not dependent on
AAP for assembly. Thus, both nucleolar-localized capsid assembly and the strict

requirement for AAP found in AAV2, does not extend to all AAV serotypes.
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Author Summary

Adeno-associated virus (AAV) is a small, non-enveloped, icosahedral DNA
virus that belongs to the parvovirus family. Even though AAV is a popular and
successful vector for gene therapy, many fundamental aspects of AAV biology
remain unanswered, including the process and proteins involved in capsid
assembly. The recent discovery of a new class of AAV proteins, the assembly-
activating protein (AAP), has provided new opportunities for research in this area.
Previous studies on AAV serotype 2, the canonically studied AAV, show that
assembly takes place in the nucleolus and is dependent upon AAP. Here, we
significantly expand the current knowledge about AAP in capsid assembly by
characterizing the AAPs from AAV serotypes 1 to 12 for their sub-cellular
localization, association with assembled capsids, and ability to promote assembly
of heterologous AAV serotypes. We find that AAV serotypes 4, 5, and 11 are
capable of AAP-independent assembly, that nucleolar-localized capsid assembly
is not a general characteristic of AAVs, and that many AAPs are capable of
promoting assembly in a wide range of heterologous AAV serotypes. These
findings challenge widely held beliefs about the AAP-dependent and nucleolus-
associated AAV capsid assembly and show the heterogeneous nature of the

assembly process within the AAV family.

Introduction

Capsid assembly of icosahedral viruses has been an important area of research

with an impact on multiple fields. Foremost is the basic biology behind how
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pathogenic viral proteins hijack the host cell to aid in their assembly and how
viral capsid proteins fit together with the ultimate end of devising anti-viral
therapies (335). While there are a multitude of morphologies viruses can take,
icosahedral symmetry is found frequently in a wide number of viral families and
may constitute roughly a half of the known forms of viral capsids (336). A model
icosahedral virus with T=1 symmetry (119) is adeno-associated virus (AAV), a
parvovirus that belongs to the genus Dependoparvovirus of the family
Parvoviridae. AAV has recently become a well-regarded vector for in vivo gene
therapy with successful clinical trials for hemophilia B (227), lipoprotein lipase
deficiency (233), Leber congenital amaurosis (228, 229), among others (reviewed
in Mingozzi and High (235), thus making the study of its capsid assembly an
attractive pursuit for both gene therapy applications and for furthering our

knowledge of parvovirus biology.

AAV is a small non-enveloped virus with a single-stranded DNA genome of
4.7 kb containing two genes, rep and cap, between two inverted terminal repeats.
The rep gene produces non-structural Rep proteins essential for viral genome
replication and packaging. The cap gene produces the three structural proteins,
VP1, VP2, and VP3, translated from different start codons in a single open
reading frame (ORF). Alternative mRNA splicing and a combined use of ATG
and an alternative start codon for initiation of VP protein translation leads to the
appropriate capsid stoichiometry, a VP1:VP2:VVP3 ratio of approximately 1:1:10

(89, 337). It had long been believed that the AAV viral genome encodes only the
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Rep and VP proteins until 2010, when a second +1 frame-shifted ORF that
encodes a 204 amino acid-long non-structural protein was identified within the
cap gene of AAV serotype 2 (AAV2) (42). This new AAV protein has been
named assembly-activating protein (AAP) after the role it plays in capsid

assembly (42).

The AAP ORFs have been found in all the parvoviruses that belong to the
genus Dependoparvovirus (42, 43), and among them AAP derived from AAV?2
(i.e., AAP2) has been the main focus of the studies to date. AAP2 is a nucleolar
localizing protein essential for AAV2 capsid assembly (42, 150). When the
AAV2 VP proteins are expressed in cultured cells in the absence of AAP, the VP
proteins can be found in both the cytoplasm and the nucleus but are excluded
from the nucleolus, and there is no detectable capsid assembly (42, 150). When
the AAV2 VP proteins and AAP2 are co-expressed in cells, the VP proteins
translocate to and accumulate in the nucleolus together with AAP2 and assemble
into capsids (42, 150). It has been shown that AAP2 can form high-molecular-
weight oligomers and change the conformation of a wide range of VP protein
oligomer intermediates, leading to the formation of capsid-specific antibody-
positive oligomers before the capsids are fully assembled (44). This, together with
the demonstration of AAP2-AAV2 VP3 interactions through hydrophobic
regions, may suggest that AAP functions as a scaffolding protein in the capsid
assembly reaction as well as a transporter, targeting VP proteins to the nucleolus

for assembly (44, 148). As for the role of AAPs derived from other AAV
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serotypes, Sonntag et al. have demonstrated that AAP is essential for AAV1,
AAV8 and AAV9 assembly by showing that expression of VP3 alone does not
yield capsids, but that assembly can be restored by co-expressing heterologous
AAP2 (43). They have also shown that such cross-complementation of capsid
assembly with heterologous AAP2 does not easily extend to AAV5, one of the
most divergent serotypes (43). In addition, they have found that AAP1, AAP2 and
AAP5 protein expression levels could be significantly affected by the nature of
co-expressed homologous and heterologous VP proteins (43). While these
findings are intriguing, a number of questions remain about the roles of AAP in
capsid assembly and elsewhere in the life cycle.

In this study, to further understand the roles of AAPs in AAV capsid
assembly, we comprehensively characterized AAPs derived from AAV1 to 12
(AAP1 to 12, respectively). To this end, we investigated subcellular localizations
of AAP1 to 12 and their assembly-promoting abilities for homologous and
heterologous AAV VP3 proteins derived from all the 12 serotypes by
immunofluorescence  microscopy, a comprehensive AAP-VP3  cross-
complementation assay, and transmission electron microscopy. These analyses
revealed AAP’s varied capability of nucleolar enrichment and heterologous
capsid assembly among the serotypes and serotype-dependent differences in the
sites of capsid assembly inside the nucleus. The most striking finding was that VP
proteins derived from AAV4, 5 and 11 could assemble without the requirement of
AAP in contrast to the VP proteins from the other nine serotypes that required

AAP for assembly. Recombinant AAV5 vector produced in the absence of AAP
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was found to be infectious and capable of transducing cells, indicating that AAP
IS not a necessary component for the production of infectious virions for some

AAV serotypes.
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Results
Successful expression of AAP1 to 12 in cultured cells

Initial work by Sonntag et al. found that the expression level of AAP in
transfected cells was variable by serotype and was especially low for AAPS. In
effort to try and increase AAP production in our transfections, we used the 750-bp
CMV-IE enhancer-promoter fused with the 132-bp intervening sequence (IVS)
known to enhance the stability of mRNA (338) to drive expression of a FLAG-
tagged codon-optimized AAP2 from the strong ATG start codon in place of the
native non-ATG start codon. Previously, we had found that this expression
plasmid construction led to strong steady-state levels of AAP2 (150). Being
prompted by this observation, we constructed a panel of FLAG-tagged AAP
expression plasmids for the AAPs from AAV1 to 12, pCMV3-FLAG-cmAAPX
(x=1 to 12), using the same plasmid backbone. All the AAPs could be readily
detected by western blot analysis in plasmid-transfected HEK 293 cells in the
absence of co-expressed VP proteins, with each primarily showing a discrete
single band, except for AAP8, 9, and 10 which had a faint secondary band (Fig.
3.1). Interestingly, the molecular weights of FLAG-tagged AAPs that were
experimentally determined by western blot analysis were all found to be heavier
than the theoretical molecular weights by 13% to 63% with AAP4 showing the
largest discrepancy (Table S1). Such a discrepancy has previously been observed
for AAP5 (43). The slower-than-expected migration might simply be due to
differences in amino acid sequences, although the possibility of post-translational

modification cannot be totally ruled out.
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Fig. 3.1 Expression of AAP1 to 12 in HEK 293 cells.

HEK 293 cells were transiently transfected with a plasmid expressing the respective FLAG-
tagged AAP indicated below each panel and AAP expression in transfected cells was analyzed
by western blot using anti-FLAG antibody. a-tubulin was used as a loading control. Molecular
weight markers (kDa) are shown to the left.

AAPs show varied sub-nuclear localization

Our previous work on identifying amino acids involved in AAP2 nuclear and
nucleolar localization identified five clusters of basic amino acids (AAP2BR1 to
AAP2BR5) near its C-terminus that contained overlapping nuclear and nucleolar
localization signals (NLS-NoLS) (150). While these regions are mostly well-
conserved amongst the AAPs from different AAV serotypes (AAP BR1 to AAP

BR5 in Fig. 3.2), certain AAPs lack some or nearly all of the lysine and arginine
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residues found in their corresponding protein sequence (Fig. 3.2). For instance,
AAPS5 has more proline residues and fewer basic residues than AAP2 in these
regions, leading us to hypothesize that AAP5 might be nucleolar excluded, as
discussed in our previous publication (150). To test this hypothesis and determine
the subcellular localization of AAP1 to 12, HeLa cells were transiently transfected
with each FLAG-tagged AAP-expressing plasmid, pCMV3-FLAG-cmAAPX (x=1
to 12), individually, and localization was determined 48 hours later using an anti-
FLAG antibody. All of the AAPs were found in the nucleus, but their nucleolar
localization varied by serotype. AAP5 and AAP9, which show the two lowest
theoretical isoelectric point (pl) values within the amino acid stretch spanning
AAP BR1 to AAP BR5 (Fig. 3.2 and Table S2), were nucleolar excluded and all
the other ten AAPs showed nucleolar localization to various degrees (Fig. 3.3). In
a random model in which only two AAPs are nucleolar excluded among a total of
twelve AAPs, the probability that the two AAPs showing the lowest pl values are
the two AAPs that exhibit a nucleolar exclusion pattern is 0.015. This indicates
strong correlation between pl values and nucleolar exclusion. There is another
basic amino acid-rich region further down toward the C-terminus (AAP BR6);
however, such a strong relationship between low pl and nucleolar exclusion was
not observed in the larger segment containing AAP BR6 (Table S2). Therefore,
the amino acid stretch containing the AAP BR1 to AAP BR5, and not the larger
segment, is the most likely determinant of nucleolar localization. Among those
that showed nucleolar localization, AAP1, AAP3B, AAP6, AAP7, AAP11 and

AAP12 exhibited strong nucleolar enrichment similar to AAP2, while AAP4,
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AAP8 and AAP10 showed more even distribution throughout the nucleus. These
results demonstrate that, while all of the 12 AAPs are nuclear localized, the strict
nucleolar localization observed in AAP2 is not a general characteristic of AAPSs,
and that AAPs with low pl values in the well-conserved basic amino acid-rich

region near the C-terminus are devoid of the ability to translocate to the nucleolus.

144 BR1 BR2 BR3 BR4 BR5 BR6 204
AAP2 KSKRSRRMTVRRRLPITLPARFRCLLTRSTSSRTSSARRIKDASRRSQQTSSWCHSMDTSP
AAP1 KSRRSRRMMASQPSLITLPARFKSSRTRSTSFRTSSALRTRAASLRSRRTCS—————————
AAP3B KLKRSRRTMARRLLPITLPARFKCLRTRSISSRTCSGRRTKAVSRRFQRTSSWSLSMDTSP
AAP4 RSRRSRRRTARQRWLITLPARFRSLRTRRTNCRT————— - m e
AAP5 KSKRSRCRTPPPPSPTTSPPPSKCLRTTTTSCPTSSATGPRDACRPSLRRSLRCRSTVTRR
AAP6 KSRRSRRMMASRPSLITLPARFKSSRTRSTSCRTSSALRTRAASLRSRRTCS—————————
AAP7 RSRRSRRMTALRPSLITLPARFRYSRTRNTSCRTSSALRTRAACLRSRRTSS-—————————
AAP8 RSRRSRRMKAPRPSPITSPAPSRCLRTRSTSCRTFSALPTRAACLRSRRTCS—————————
AAP9 RSKRLRTTMESRPSPITLPARSRSSRTQTISSRTCSGRLTRAASRRSQRTFS—————————
AAP10 RSRRSRRMKAPRPSPITLPARFRYLRTRNTSCRTSSAPRTRAACLRSRRMSS—————————
AAP11 KLRRSQRRTARLRSLITLPARFRYLRTRRMSSRT———————m e
AAP12 RSRRSRRQTARLRSLITLPARFRSLRIRRMNSHT ——————— e

Fig. 3.2 Sequence alignment of the C-termini of AAP1 to 12. Sequences of the basic
amino acid-rich C-termini of AAP1 to 12 are aligned. The basic amino acid-rich regions
(BRs), BR1 to BR®, are indicated with overlines. These 6 BRs are defined arbitrarily based
on the sequence alignment data. The BR1 to BR5 have previously been identified as NLS-
NoLS in the context of AAP2. Please note that the definition of BR4 is different from the
definition described in our previous publication in that it extends toward the N-terminus by
2 amino acid residues to include the arginine residue that is conserved among all the
serotypes except for AAV2.
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Fig. 3.3 Intracellular localization of the AAP1 to 12.

HeLa cells were transiently transfected with a plasmid expressing the respective FLAG-tagged
AAP indicated in each panel. The cells were fixed 48 hours post-transfection and
immunostained with anti-FLAG antibody (green) and anti-nucleostemin antibody (red), and
counterstained with DAPI (blue), before being imagined on a Zeiss LSM 710 confocal
microscope with a 100x/1.46 NA objective. Representative cell images are shown. (A) AAP1,
(B) AAP2, (C) AAP3B, (D) AAP4, (E) AAP5, (F) AAPG, (G) AAP7, (H) AAPS, (1) AAPY,
(J) AAP10, (K) AAP11, and (L) AAP12. All AAPs are enriched in the nucleus. AAP5 and 9
show a nucleolar exclusion pattern, while nucleolar signals are observed with other AAPs to
various degrees. Please note that a ring-shaped anti-FLAG antibody staining pattern with a
central hollow (Panels A, B, C, D, F, G, J, K and L) is most likely an artifact caused by
overexpression of a nucleolar-localizing protein and does not necessarily indicate that
nucleolar expression is enriched in the nucleolar periphery.
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Investigation of assembly of various serotype capsids without AAP

It has been well established that AAV2 capsid assembly requires AAP (42,
150). As for other serotypes, Sonntag et al. have previously reported that AAV1,
AAVS5, AAVE and AAV9 capsid assembly also requires AAP (42). To reproduce
the observations by Sonntag et al. and investigate AAP-independent assembly for
other serotypes, we expressed AAV1 to 12 VP3 proteins from pCMV1-AAVXVP3
plasmids (x=1 to 12) in HEK 293 cells in the presence or absence of cognate AAP
expressed from a separate plasmid. In this transfection system, we also provided
the components necessary for packaging of recombinant AAV viral genomes
encoding enhanced green fluorescence protein (eGFP) into assembled capsids.
We then quantified packaged viral genomes as surrogates of assembly by
quantitative dot blot in a biologically duplicated experiment. In the presence of
AAP, all the serotypes showed assembled capsids at readily detectable levels as
expected (Fig. 3.4). Surprisingly, in the absence of AAP, the signals from AAV4,
5 and 11 were clearly beyond the background in contrast to other serotypes (Fig.
3.4). This result strongly indicated that AAV4, 5 and 11, but not the other nine

serotypes, could assemble without AAP.
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Fig. 3.4 Dot blot titering of VP3 capsids produced in the absence of AAP.

(A) AAP-independent assembly of VP3 proteins from AAV1 to 12 was assessed by a
quantitative dot blot assay in a biologically duplicated experiment. \VP3 only particles derived
from AAV1 to 12 that contained a double-stranded AAV-CMV-GFP genome were produced in
6-well plates in the presence or absence of their cognate AAPs. Benzonase-resistant DNA was
recovered from 7% of the samples obtained from each well, blotted on a nylon membrane
together with standards (i.e., linearized pEMBL-CMV-GFP plasmid), and probed with a 32P-
labeled GFP probe. Pairs of dots in each combination represent the results obtained from two
separate transfections. The pair of dots indicated with a rounded rectangle are negative controls.
(B) The same blot as that shown in Panel A. The signals are intensified.
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AAV5 VP3 can assemble capsids without AAP

To examine potential AAP-independent assembly further, we chose to study
AAVS5 in-depth because there are commercially available reagents for this
serotype that allow for verification of capsid assembly on multiple levels and
because, contrary to our experience, AAV5 assembly was previously reported to
require cognate AAP5 (43). In all the experiments described above, the VP3
plasmids used still retained the C-terminal 80% of the AAP ORFs. Without its
start codon, AAP should not be expressed, but it was important to rule out any
possibility that an unidentified cryptic start codon could have provided a
functional phenotype through expression of an N-terminally truncated AAP5. To
exclude this possibility, we created plasmids carrying codon-modified AAV2 and
AAV5 VP3 ORFs (pCMV:-AAV2cmVP3 and pCMV1-AAV5cmVP3) and used
them in the subsequent experiments. In these new plasmids, the amino acids
encoded by the codon-modified AAP ORFs were less than 50% identical when
compared to the corresponding wild-type AAPs and there were 4 to 6 stop codons
within the AAP ORFs. It would therefore be very unlikely for the plasmids to
produce functional AAPs. To verify that the AAV5cmVP3 proteins could also
assemble capsids without AAP, we transiently transfected HelLa cells with
pCMV1-AAV2cmVP3 or pCMV1-AAV5cmVP3 together with either the cognate
AAP-expressing plasmid (pCMV3-FLAG-cmAAP2 or pCMV3-FLAG-cmAAPS)
or pCMV3-GFP, a GFP-expressing control plasmid devoid of AAP expression.
Forty-eight hours after transfection, the cells were stained with anti-FLAG and

anti-AAV capsid antibodies (A20 to detect assembled AAV2 VP3 capsids and
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ADKb5a to detect assembled AAVS5 VP3 capsids). As previously shown (42),
AAV2 VP3 was only able to assemble capsids when AAP2 was supplied in trans
(Fig. 3.5A). In contrast, AAV5 VP3 was able to produce capsid antibody-positive
staining regardless of the presence or absence of AAP5 (Fig. 3.5A). The ADKb5a
antibody is an anti-AAV5 antibody that should be specific only to intact AAV5
capsids and not monomers or oligomers of AAV5 VP proteins (295). Thus, the
positive staining with ADKb5a strongly indicates that the AAV5 VP3 can

assemble into capsids without a need for AAP.
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Fig. 3.5 Capsid assembly of AAV2, 4,5, 8 and 9 in HeLa cells.

HeLa cells were transiently transfected with plasmids expressing VP3 proteins derived from
AAV?2, 4,5, 8 or 9 in the presence (+) or absence (-) of a co-transfected plasmid expressing
their cognate AAP. The groups that received no AAP-expressing plasmid were transfected
with pCMV3-GFP instead to ensure successful transfection and maintain the total quantity of
transfected DNA constant across the groups. The cells were fixed 48 hours post-transfection,
immunostained with the antibodies indicated in each panel, and counterstained with DAPI.
The images were obtained using Zeiss LSM 710 confocal microscope with a 63x/1.4 NA
objective. (A) The cells were stained with anti-AAV capsid antibody (A20 for AAV2, ADK4
for AAV4, ADKba for AAV5, ADKS8 for AAV8 and ADKS8/9 for AAVY; red) and anti-
FLAG antibody (white). (B) The cells were stained with anti-nucleostemin antibody (white),
anti-AAV capsid antibodies (green) and anti-FLAG antibody (red). Scale bar, 10 um.
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Finally, transmission electron microscopy (TEM) was used to visualize
directly the assembly (or not) of AAV5 "VP3 only" capsid in the presence or
absence of AAP5. HEK 293 cells were transfected using either pCMV:-
AAV2cmVP3, with or without pCMVs-FLAG-cmAAP2, or pCMVi-
AAV5cmVP3, with or without pCMV3-FLAG-cmAAPS plasmids. Five days
post-transfection, the media and cells were harvested and subjected to three
rounds of purification by cesium chloride (CsCl) density-gradient
ultracentrifugation to prepare samples for TEM. On the final round, a discrete
band was found at refractive indices (RIs) of 1.3640 to 1.3645, except for AAV2
VP3 without AAP2 (Fig. 3.6A and D). After fractions were collected, an enzyme-
linked immunosorbent assay (ELISA) specific for intact capsids, was performed
on each fraction to confirm the presence of assembled AAV2 or AAVS.
Assembled AAV?2 capsids were not detected in the absence of AAP2, but were
present when AAP2 was co-expressed (Fig. 3.6B), consistent with the observed
CsCl-banding and immunofluorescence microscopy. AAV5 capsids were detected
by ELISA in both the AAV5 VP3 without AAP5 and the AAV5 VP3 with AAP5S
samples (Fig. 3.6E). The analysis of TEM images of the fractions showing high
ELISA optical density (OD) values confirmed the presence of assembled capsids
while the AAV2 VP3 without AAP2 sample of the corresponding R1 (1.3640) did
not contain any capsids (Fig. 3.6C and F). AAV5 VP3 capsids produced in the
absence of co-expressed AAP5 were morphologically indistinguishable from
those produced in the presence of AAP5 (Fig. 3.6F). Thus, we concluded that the

AAV5 VP3 proteins are capable of forming capsids in the absence of AAP.
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Fig. 3.6 Transmission electron microscopy of AAV “VP3 only” capsids produced with or
without AAP. HEK 293 cells were transfected with plasmids expressing the VP3 proteins and
AAP proteins as indicated. Five days post-transfection, capsids were purified by three rounds of
CsCl density-gradient ultracentrifugation. (A, D, G, and 1) Negative image photos and
accompanying cartoons show bands formed after the third CsCI ultracentrifugation. AAV2 VP3
with AAP2 [AAP2(+)] contained two bands at RIs of 1.3630 and 1.3645. The following ELISA
indicated that the heavier of the two bands contained more capsids and this was the band used for
TEM imaging. (B and E) Assembled AAV capsids positive for anti-AAV capsid antibody in each
CsClI fraction were assessed by an AAV capsid-specific ELISA. Relative optical density (ODaso)
values are plotted against Rls of CsCl fractions. The ODuso value obtained in the peak fraction is
set as to 1.0. Closed and open circles represent the samples prepared with or without AAP. (C, F,
H and J) Representative TEM images of the samples prepared with or without AAP. The CsCl
fractions showing RIs of 1.3645, 1.3640, 1.3645, 1.3640, 1.3640 and 1.3640 were used for TEM
imaging of the AAV2 VP3 with and without AAP2 [AAP2(+) and AAP2(-)], AAVS5 VP3 with
and without AAP5 [AAP5(+) and AAP5(-)], AAV4 VP3 without AAP4, and AAV1l VP3
without AAP11 samples, respectively. Scale bar, 100 nm. Panels A, B and C are for AAV2;
Panels D, E and F are for AAV5; Panels G and H are for AAV4; and Panels | and J are for
AAV11.
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Infectious AAV5 virions can be produced without AAP

While AAV capsids can be composed entirely of VP3, VVP1 is required for
viral infectivity and cell transduction (139, 339, 340). Having established that
AAVS5 VP3 could assemble capsids in the absence of co-expressed AAP, we
sought to determine if infectious AAVS5 virions could be produced by expressing
all of the AAV5 VP proteins, VP1, VP2 and VP3, without supplying the AAP5
protein. To this end, we utilized two types of AAV5 helper plasmids, pHLP-
AAV5(AAP5+) and pHLP-AAV5(AAP5-). The pHLP-AAV5(AAP5+) plasmid is
our standard AAV5 helper plasmid for vector production that expresses AAV2
Rep, AAV5 VP1, VP2 and VP3, and AAP5 proteins. The pHLP-AAV5(AAP5-)
expresses all the AAV proteins except AAP5 due to extensive codon modification
of the AAP-VP overlapping ORFs that abolishes only AAPS5 expression (Fig.
3.7A). Western blot analysis of the cell lysates obtained from HEK 293 cells
transfected with pHLP-AAV5(AAPS5-) or pHLP-AAV5(AAPS5+) with or without
pCMV3-FLAG-cmAAPS showed that the AAVS5 VP3 protein was detectable in
small amounts when AAP5 was not expressed, and that the steady-state level of
expression of AAV5 VP proteins could be increased substantially when AAP5S
was co-expressed (Fig. 3.7B). Using the adenovirus-free plasmid transfection
method (222) with pHLP-AAV5(AAP5-), we could successfully produce AAV5
vectors containing a recombinant AAV vector genome in the absence of AAP5
expression, although the vector yield was a magnitude lower than the yields that

could be obtained when AAP5 was expressed (Fig. 3.7C).
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Fig. 3.7 Production and characterization of AAV5 VP1/VP2/\VVP3 particles produced with
and without AAPS.

(A) Schematic representation of the plasmids expressing AAV5 VP proteins. These plasmids
were used for the experiments shown in Panels B, C and D. The VP1, VP2, VP3 translation
start sites are indicated with black vertical lines and arrows from the left to the right,
respectively. The AAP translation start site is indicated with red vertical lines and a red arrow.
The AAP OREF is shown with red boxes. The codon-modified region is indicated with yellow
boxes. pA, polyadenylation signal; p5(G7), the AAV2 p5 promoter with the TATA box
sequence TATTTAA replaced with GGGGGGG. (B) HEK 293 cells were transiently
transfected with an AAV5 helper plasmid, pHLP-AAV5(AAP5+) or pHLP-AAV5(AAP5-),
with or without a plasmid expressing AAP5. All the groups were also transfected with an
adenovirus helper plasmid, pHelper, to induce protein expression from the AAVS5 helper
plasmids. Forty-eight hours post-transfection, AAV5 VP1, VP2 and VP3 proteins were probed
with anti-AAV VP antibody (B1) by western blot. Cyclophilin A (CPA) was used as a loading
control. (C) HEK 293 cells were transfected with plasmids indicated in the figure to produce
AAVS5 VP1/VP2/VP3 particles or “VP3 only” particles containing a double-stranded AAV-
CMV-GFP vector genome in the presence or absence of AAP5 expressed from a separate
plasmid, pCMVs-FLAG-cmAAPS. Five days post-transfection, the media and cells were
harvested, and Benzonase-resistant viral genomes in each sample were quantified by a dot blot
assay in a biologically triplicated experiment. Y-axis shows AAV vector titer (vector genomes)
per well in a 6-well plate format. (D) CHO-K1 cells were infected with either AAV5(AAP5+)-
CMV-luc or AAV5(AAP5-)-CMV-luc vector, which were produced with or without AAP5,
respectively, at an MOI of 10°. Luciferase activity was measured 46 hours post-infection in a
biologically triplicated experiment. The negative control group received the luciferase-
containing samples prepared in the same manner except for the absence of AAV5 VP protein
expression, which provides a measure of pseudo-transduction. For the pseudo-transduction
control, the same sample volume as that for the AAV5(AAP5-)-CMV-luc vector preparation
was used. Y-axis shows relative light units (RLUS). Error bars represent standard deviations.
An asterisk indicates statistical significance with P < 0.05 (two-tailed Welch's t-test). ns, not
significant
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We then produced two types of recombinant AAV5 vectors expressing firefly
luciferase, AAV5(AAP5-)-CMV-luc and AAV5(AAP5+)-CMV-luc, using pHLP-
AAV5(AAP5-) and pHLP-AAV5(AAP5+), respectively, without supplying
AAPS5 in trans from the pCMVs-FLAG-cmAAPS plasmid. The two vector
preparations were added on Chinese hamster ovary (CHO)-K1 cells at a
multiplicity of infection (MOI) of 108, and luciferase activity was measured 46
hours post-infection in a biologically triplicated experiment. The results showed
that the AAV5(AAP5-)-CMV-luc vector was able to transduce CHO-K1 cells and
there was no statistically significant difference in transduction efficiency between
AAV5(AAP5-)-CMV-luc and AAV5(AAP5+)-CMV-luc vectors (two-tailed
Welch’s t-test, P=0.18, Fig. 3.7D). Taken together, our data demonstrate that
AAVS5 does not require AAPS5 for assembly of infectious virions containing a

recombinant viral genome.

AAV4 and 11 can assemble capsids without AAP

Having determined that AAV5 was capable of assembling infectious virions
in the absence of AAP, we next sought to determine conclusively if AAV4 and
AAV11 could also assemble capsids without AAP. AAV4 has a commercially
available mouse monoclonal antibody against assembled AAV4 capsid, ADK4,
and thus we were able to use immunofluorescence microscopy to determine if
capsids could be made from AAV4 VP3 without AAP4. However, this approach
was not applicable to AAV11 because an antibody specific to assembled AAV11

capsid is currently not available.
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In the immunofluorescence microscopy approach, we transfected HelLa cells
with pCMV1-AAV4VP3 with either pCMV3-FLAG-cmAAP4 or pCMV3-GFP.
Forty-eight hours post-transfection, the cells were fixed and stained with anti-
FLAG antibody or anti-AAV4 capsid antibody (ADK4). This analysis confirmed
that AAV4 VP3 was also able to assemble antibody-positive capsids regardless of
whether AAP4 was co-expressed (Fig. 3.5A). In the TEM approach, we followed
the same procedure that we took for the AAV5 TEM experiment described
earlier. In brief, to completely abolish any possible functional AAP expression,
we constructed pPCMV1-AAV4cmVP3 and pCMV1-AAV11cmVP3 in which the
AAP-VP overlapping ORFs were extensively codon-modified compared to the
native nucleotide sequences. These two plasmids were used to produce viral
capsids in HEK 293 cells in the absence of co-expressed AAP, and the TEM
samples were then prepared by the three rounds of CsCl density-gradient
ultracentrifugation. On the final round of the ultracentrifugation, a discrete faint
band could be seen in each tube at a position showing RIs of 1.3640 for both
AAV4 and AAV11, respectively (Fig. 6G and I). The TEM analysis revealed that
these bands contained capsid structures of the expected size and shape for AAV
(Fig. 6H and J). These observations provide direct evidence that AAV4 and

AAV11 VP3’s are capable of assembling capsids without AAP.
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Heterologous AAPs efficiently promote capsid assembly except for AAP4, 5,
11 and 12.

The promiscuity of AAPs in assembling heterologous AAV serotype capsids
has previously been shown with combinations of AAPs and AAV VP3 proteins
derived from AAVL, 2, 5, 8 and 9 (43). In this study by Sonntag et al., they
reported that AAP2 could stimulate assembly for heterologous AAV1, 8 and 9
capsids, but not AAVS capsid; AAP1 could stimulate AAV2 capsid assembly;
and AAP5 could weakly support AAV1 capsid assembly. While the observation
obtained from these limited combinations has given us a glimpse of the nature of
the AAP-VP compatibility in capsid assembly, more expansive investigation of
numerous different AAP and VP3 combinations for heterologous capsid assembly
is imperative for deeper understanding of the role of AAP. In order to fill this
knowledge gap, we performed an AAP-VP3 cross-complementation study in
which we investigated all the possible 121 combinations of AAP1 to 11 and the
VVP3 proteins from AAV1 to 11 in a biologically triplicated experiment. Including
the no AAP controls that determined the background levels of the assay, a total of
396 assessments of capsid formation was required for undertaking this
comprehensive experiment. For this reason, we applied a massively parallel
capsid assembly assay using the Illumina sequencing-based AAV Barcode-Seq
approach reported earlier (261). In this approach, packaged viral genomes were
quantified as surrogates of assembly (see Materials and Methods). A subset of 7
combinations were validated by quantitative dot blot in a biologically replicated

experiment (n=2 to 4). This validation experiment revealed that the results
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obtained by these two different methods were primarily concordant (Fig. S1). As
for AAP12, which was not included in the massively parallel analysis, we
determined the yield by quantitative dot blot. The results showed that AAPs
derived from AAV1, 2, 3B, 6, 7, 8, 9, and 10 could promote heterologous
serotype capsid assembly at least 30% as efficiently as the native combinations
(Fig. 3.8 and Fig. S2). As observed in the previous study (43), AAP5 also weakly
supported assembly of many heterologous VP3 proteins. AAP12 supported
assembly efficiently only for AAV11 and 12. AAP4, 11 and 12 were found to be
least efficient for heterologous capsid assembly (Fig. 3.8). AAV12 VP3, which
could not assemble without AAP, could form capsids exclusively by AAP4 or
AAP11 besides its cognate AAP12 (Fig. 3.8). The capsid assembly promoting
role of heterologous AAPs were difficult to assess for the AAV4, 5 and 11 VP3
proteins because of the high background signals due to the AAP-independent
assembly (Fig. S2). Nonetheless, the decreased ability for AAP4, 5, 11 and 12 to
promote assembly of VP3 capsids of heterologous serotypes is congruent with the
previously published data showing that AAP4, 5, 11 and 12 were the most
phylogenetically dissimilar AAPs when compared to the other AAPs derived from
AAV1 to 13 (44). These observations establish that the AAPs promiscuously
promote efficient assembly of capsids among wide groups of closely related
serotypes, but that promiscuity does not extend to more distantly related serotypes

such as AAV4, 5, 11 and 12.
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Fig. 3.8 The ability for each AAP to assemble homologous and heterologous VP3 proteins
derived from AAV1 to 12 is shown in a matrix heatmap.

The data were obtained by AAV Barcode-Seq for 121 combinations between AAP1 to 11 and
AAV1 to 11 VP3's in a biologically triplicated experiment. As for AAV12, the data were
obtained by a quantitative dot blot assay in a biologically duplicated experiment.

Concordant and discordant subcellular localization between AAP and
capsids

During our examination of the subcellular localization of various AAPs and
capsid assembly, we observed both concordant and discordant subcellular
localization patterns between particular AAV capsids and their cognate AAPS. In

the case of AAV2, both AAP2 and assembled AAV2 VVP3 capsids were localized
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to the nucleoli and nucleostemin-positive sub-nuclear bodies (Fig. 3.5B). Co-
localization of assembled capsids and AAP was also observed for AAV4 and
AAV9 (Fig. 3.5A and B). In the case of AAV5, although assembled AAV5 VP3
capsids and AAP5 were both nucleolar excluded, they exhibited contrastive
patterns of nucleoplasmic distribution. The AAVS5 VP3 capsid signals formed
discrete spheres and globules while the AAPS5 signals were found diffusely in the
nucleoplasm excluding the nucleoli and the areas where the AAV5 VP3 capsids
were localized (Fig. 5A and B). In contrast to AAV2, which displayed tight
association in the nucleus between assembled capsid, AAP and nucleostemin,
neither of the AAVS5 capsids or AAP5 was co-localized with nucleostemin (Fig.
3.5B). Likewise, such discordance was also observed with AAV8. AAP8 was
expressed diffusely in the nucleus with occasional nucleolar enrichment or
exclusion while assembled AAV8 VP3 capsids were always completely nucleolar
excluded, and there was no association between the assembled AAV8 VP3
capsids and nucleostemin (Fig. 3.5A and B). AAV4 capsids were enriched in the
nucleolus, but did not show tight association with nucleostemin in the same
manner as AAV2 (Fig. 3.5B). Both AAP9 and AAV9 capsids were nucleolar
excluded and, like AAV4, 5 and 8, did not show any association with
nucleostemin (Fig. 3.5A and B). These observations demonstrate that the sites
where AAP proteins are enriched do not necessarily correspond with the sites
where capsids assemble and accumulate, although the mechanisms underlying
these concordances and discordances in the sub-nuclear localizations of AAPs and

assembled AAV capsids have yet to be elucidated. In addition, our data presented
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here challenge a long-believed notion that tight association with the nucleolus is a
hallmark of AAV capsid assembly. Because assembled capsids for certain
serotypes such as AAV5, 8 and 9 are only found outside the nucleolus and are not
associated with the nucleolar protein nucleostemin, the involvement of the
nucleolus and nucleolar proteins seen with AAV2 capsid assembly is not

generalizable to all AAV serotypes.
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Discussion

In this study, we comprehensively analyzed AAPs derived from twelve AAV
serotypes, AAV1 to 12, for their subcellular localization and their ability to
promote assembly of capsids derived from homologous and heterologous
serotypes. For nearly a half century, AAV2 has been the prototype for the studies
on the AAV viral life cycle including infection, replication and assembly, and
much of what is currently known about AAV comes from experiments with this
serotype. Although all the currently known AAV serotypes and variants display
significant similarity to each other in their viral protein amino acid sequences and
virion structures, the studies of AAV as gene delivery vectors for the last two
decades have delineated that there are substantial differences in their biological
properties including cell and tissue tropism (238). This has raised a possibility
that certain aspects of the fundamental AAV biology are also diverse among
different serotypes and what we had learned from the prototype AAV2 might not
be applicable to the basic biology of the entire AAV family, including the process
of capsid assembly. In this regard, the study reported here has clearly
demonstrated that: 1) AAP, which had been believed to be essential for capsid
assembly based on the observations obtained with AAV2, 8 and 9 (42, 43), is not
necessarily so for other serotypes; 2) tight association between AAP and
assembled capsids in the nucleolus during or post-assembly, which has been
shown with AAV2, is not always the case in other serotypes; and 3) targeting to
the nucleolus, which serves as an indispensable organelle for many viruses

including AAV2 (134, 148, 151, 274, 282, 284, 315), may not be required for
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certain AAV serotypes. To be more concrete, we demonstrated here the
dispensability of AAP in assembly of AAV4, 5 and 11 capsids and in production
of infectious virions at least for AAV5; serotype-specific concordant (in the case
of AAV2, AAV4 and AAV9) and discordant (in the case of AAV5 and AAVS)
association between AAP and assembled capsids; and nucleolar exclusion of
assembled AAVS5, 8 and 9 capsids as opposed to the tight nucleolar association

observed in AAV2 capsids.

Structural organization of AAP has been partially revealed in previous studies
(44, 150). AAP has two hydrophobic domains of approximately 15 amino acids
near the N-terminus. The first domain closer to the N-terminus consists of four
short hydrophobic motifs that are evolutionarily highly conserved among AAV1,
2,3B,6,7,8,9, 10 and 13 and partially conserved among AAV4, 5, 11 and 12.
The second domain, which is closer to the C-terminus, is highly conserved across
AAV1 to 13 and termed the “conserved core” of AAP (44). A co-
immunoprecipitation analysis using a panel of AAP2 and AAV2 VP3 mutants has
shown that these two hydrophobic domains in the AAP proteins play a crucial
role in interacting with the capsid VP proteins through a highly conserved
hydrophobic patch near the VP C-terminus that includes 1682 (44) (note: the
amino acid position is based on the AAV2 capsid protein). This high conservation
of amino acids that constitutes the interface of the AAP-VP interaction might
allow an AAP derived from one serotype to assist in the assembly of AAV

capsids from other serotypes. Therefore, the promiscuity of AAPS in cross-
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complementing assembly of heterologous capsids that we observed in the study
conforms well to the inference drawn from the evolutionarily conserved interfaces
in the AAP-VP complex. Although the mechanism underlying why AAP4, 5, 11
and 12 show no, only weak or limited promiscuity in heterologous capsid
assembly has yet to be elucidated, the decreased hydrophobicity in the first
hydrophobic region that is found only in these four most-distantly related AAPs
might correspondingly decrease the ability for the AAPs to interact with the
hydrophobic C-terminal regions in the VP proteins. A note of interest in the
context of AAV capsid engineering by DNA shuffling (238), which is being
actively pursued by many laboratories aiming to create the next generation AAV
vectors, is that, while overall AAPs are generally able to cross-complement many
different serotypes, capsid libraries which include AAV4, 5, 11 and 12 might

benefit from providing their cognate AAPs during capsid assembly reactions.

To our surprise, our study convincingly demonstrated that AAV4, 5, and 11 can
assemble capsids without a need of AAP. This was not anticipated because a
previously published study had shown that AAVS5 capsid assembly required AAP
(43). Although the reasons for this discrepancy are still unknown, a few possible
explanations exist. First, there was a difference in the AAV5 VP3 expression
plasmid constructs used in the studies. The plasmid used in the previous study
contained extra 154 base pairs after the stop codon derived from the AAV5 viral
genome. Second, in our experiment, the AAV5 VP3 might have been expressed in

cells at a level higher than that in the previous study. As detailed in the Materials
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and Methods section, we used a strong CMV-IE enhancer-promoter with an
enhancing element to express VP proteins. Taking this into account, a higher
concentration of AAVS5 VP3 proteins might be required for AAP-independent
capsid assembly. Interestingly, AAV12 VP3 was found to require AAP for
assembly. This was unexpected because AAV12 VP3 is evolutionarily closely
related to VP3 proteins from AAV4 and 11 (43) exhibiting AAP-independent
assembly and because the subcellular localization and the specificity in the cross-
complementation of heterologous serotype assembly are conserved among these
serotypes. Such similarity and dissimilarity in these closely related serotypes
warrants furthers studies to delineate the AAP-independent assembly properties
seen in AAV4 and AAV11 VP3, which will lead to a better understanding of

AAYV assembly mechanisms.

It is worth noting that, despite the dispensable nature of AAP5 for infectious
AAVS5 virion formation, the capsid assembly-promoting role of AAPS is still
obvious as the abolishment of AAP5 expression from our standard AAV5 helper
plasmid expressing AAV2 Rep, AAVS5 VP1, VP2 and VP3 resulted in titers that
were one order of magnitude lower than the titers obtainable with the helper
plasmid proficient in AAP5 expression (Fig. 3.7C). AAP4 and AAP11 also
shared this role (Fig. 3.8) although they were not essential for the capsid
formation. These observations lead us to speculate that AAP might be
contributing to the promotion of capsid assembly through mechanisms other than

its already described essential role. In this respect, it is intriguing that, when we
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used the pCMV1-AAV5cmVP3 plasmid to express AAVS5 VP3 in HEK 293 cells
(Fig. 3.7A), we could produce assembled AAV5 VP3 capsids at equivalent levels
irrespective of the presence or absence of co-expressed AAP5 (Fig. 3.7C) while
this was not the case when we used the pCMV1-AAV5VP3 plasmid (Fig. 3.4).
The pPCMV1-AAV5cmVP3 plasmid differs from the pCMV1-AAV5VP3 plasmid
in that the AAV5 VP3 ORF had been codon-optimized for human cell expression.
Hence, the concentration of VP proteins in cells may be a rate-limiting step in the
AAP-independent assembly process of the AAV5 capsid. At a lower
concentration, the AAV5 VP3 proteins might require the presence of AAP5 to
become stabilized and accumulate to the sites where capsids assemble through the
interaction with AAP5. Therefore, it is plausible to propose a stabilization-
accumulation mechanism via AAP-VP interactions through which capsid
assembly could be further enhanced. Such a mechanism might be exerted not only
for AAV5 but also other serotypes, although AAP-dependent serotypes still

require the AAP's essential role for capsids to assemble.

For many years, the nucleolus has been viewed as an organelle important for
the AAV?2 life cycle. Early work showed that AAV2 capsids are first seen in the
nucleolus and sub-nuclear bodies during replication (134, 148). Several studies
have found a close association between nucleolar proteins and AAV2 capsids
(134, 284), and it was found that AAV2 capsids are trafficked to the nucleolus
following infection (151). These observations led the field to speculate a role for

the nucleolus or nucleolar proteins in AAV?2 replication. A proposed hypothesis is
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that AAV capsid assembly occurs in the nucleolus and capsids are subsequently
moved to the nucleoplasm for genome packaging in a Rep-dependent manner
(134). The nucleolus as the site of AAV2 capsid assembly was further supported
by the identification of the nucleolar-localizing AAP2 protein (42). However, the
role of the nucleolus had not been examined in other AAV serotypes. This study
addressed this question and revealed that AAP5 and 9 display a subcellular
localization markedly different from that of AAP2, (i.e., complete exclusion from
the nucleolus, and that AAV5, 8 and 9 capsids do not accumulate in the
nucleolus). Thus, the question arises as to whether the nucleolus plays an
important role in capsid assembly only for a subset of AAV serotypes including
AAV2. It could be possible that certain AAV serotypes require only transient
interaction with the nucleolus for capsid assembly and the assembled capsids
leave the nucleolus for packaging viral genomes replicating in the nucleoplasm.
Alternatively, for certain serotypes such as AAV5, assembly of the capsid may
not have to rely upon factors in the nucleolus. Thus, our observations challenge
the generalized view on the significance of the nucleolar roles in the AAV life
cycle, and highlight potential heterogeneity of the mechanisms of viral capsid

assembly and replication among different AAV serotypes.

In summary, we show that capsid assembly in the nucleolus and its strict
dependence on AAP are not universal phenomena applicable to all AAV
serotypes. A potential caveat in our study is that we used an artificial plasmid

transient transfection system to study AAPs, which might not necessarily
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recapitulate the AAV infection and replication that takes place in nature.
Nonetheless, this study could at least reveal that the processes and mechanisms
involved in the AAV life cycle among different serotypes are more heterogeneous
than previously thought. Further study into the roles and functions of AAPs in the
AAV life cycle will advance our foundational knowledge of icosahedral capsid
assembly mechanisms and lead to improved methods for production of AAV

vectors for gene therapy.

133



Materials and Methods

Plasmid construction. Plasmids pCMV3-FLAG-cmAAPx (x=1 to 12) are
plasmids expressing codon-modified (cm) versions of AAP with an N-terminal
FLAG tag under the control of the human cytomegalovirus (CMV) immediate-
early (IE) gene enhancer-promoter and an ATG start-codon. Each AAP ORF was
codon-modified to optimize expression in human cells and cloned into the
pCMV3-FLAG-cmAAP2 parental plasmid used in our previous study (150) by
replacing the cmAAP2 ORF with a new cmAAPx ORF. Plasmids pCMV3-FLAG-
AAP2 carries the native AAP2 ORF sequence in place of the cmAAP2 ORF.
Plasmid pCMV3s-GFP is a plasmid expressing enhanced green fluorescence
protein (eGFP) under the control of the same CMV-IE enhancer-promoter.
Plasmids pCMV1-AAVXVP3 (x=1 to 12) are plasmids expressing each VP3
protein from the native ORF initiating at the ATG start codon and ending at the
TAA stop codon. pCMV1i-AAVXcmVP3 (x=2, 4, 5 and 11) are plasmids
expressing each VP3 protein from a codon-modified ORF in which the AAP-VP
overlapping ORFs were codon-modified to optimize VP3 expression in human
cells. The modification resulted in extensive changes in amino acids coded by
each AAP ORF with identities and the number of new stop codons being 37% and
6 for AAP2, 48% and 5 for AAP4, 47% and 4 for AAP5, and 44% and 8 for
AAP11, respectively. This modification most likely abolishes functional AAP
expression completely. Each VP3 ORF was cloned in the pCMV1-AAV2VP3
parental plasmid used in our previous study (150) by replacing the AAV2VP3

ORF with a new VP3 ORF. The CMV-IE enhancer-promoters we used in the
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study contained an intervening sequence (IVS) consisting of a splice donor, an
intron and a splice acceptor from pIRES (Clontech, Mountain View, CA) for the
AAP-expressing plasmids or the 1VS from pAAV-MCS (Agilent, Santa Clara,
CA) for the VP3-expressing plasmids. An Ad helper plasmid, pHelper, was
purchased from Agilent. pHLP-AAV5(AAP5+) and pHLP-AAV5(AAP5-) are
AAVS5 helper plasmids carrying the AAV2 rep gene and the AAVS5 cap gene.
pHLP-AAV5(AAP5+) is the same as pHLP19-5 (341) that has been used for
recombinant AAV5 vector production in our laboratory. In the pHLP19-5 helper
plasmid, the AAV2 p5 promoter is moved from the native location to the
downstream of the AAV2 polyadenylation signal and the TATA box sequence in
the p5 promoter TATTTAA is replaced with the sequence GGGGGGG to reduce
the expression of the large Rep proteins. pHLP-AAV5(AAP5-) is a derivative of
pHLP-AAV5(AAPS+) that carries the codon-modified AAP-VP ORFs that
abolishes functional AAP5 expression while preserving expression of the wild-
type AAV5 VP1, VP2 and VP3 proteins. The identity of AAP5 amino acids
coded by the native and codon-modified AAP-VP ORFs is 44% with 4 new stop
codons being introduced within the AAP5 ORF. pHLP-Rep is a plasmid that
expresses all the AAV2 Rep proteins in human embryonic kidney (HEK) 293
cells in the presence of co-transfected pHelper. pHLP-Rep was constructed by
removing a 1.8-kilobase (kb) Xho I-Xcm | fragment from the wild-type AAV2
genome contained in our standard AAV2 helper plasmid pHLP19-2 (341), and
expressed only AAV2 Rep proteins. pEMBL-CMV-GFP is an AAV vector

plasmid for production of double-stranded AAV vector expressing eGFP under
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the control of the CMV-IE enhancer-promoter, and is a gift from X. Xiao. pAAV-
CMV-luc is an AAV vector plasmid for production of single-stranded AAV
vector expressing firefly luciferase under the control of the CMV-IE enhancer-
promoter and created from pAAV-MCS. Plasmids pdsAAV-U6-VBCx (X is an
integer identification number indicating each different DNA barcode contained in
each pdsAAV-U6-VBCx plasmid) are all double-stranded AAV vector plasmids
carrying a 135-bp DNA fragment (nucleotide positions from 4445 to 4579 of
pAAV9-SBBANN-VBCLIib, GenBank accession code KF032296) that harbors a
pair of 12-nucleotide-long DNA barcodes (Virus Bar Codes (VBCs)). Besides the
DNA barcodes and flaking PCR primer binding sites, the pdsAAV-U6-VBCx
vector plasmids contain a human U6 snRNA promoter-driven nonfunctional non-
coding RNA expression cassette of 0.6 kb in length and a 1.0-kb stuffer DNA
derived from the bacterial lacZ gene between the two AAV2 inverted terminal
repeats. The pdsAAV-U6-VBCx vector plasmids were designed and created for
the purpose of a separate study, and their feature of noncoding RNA expression
was not utilized in this study. We have confirmed that expression of non-coding
RNA from the pdsAAV-U6-VBCx plasmids does not affect AAV vector
production in HEK 293 cells. pCMV: and pCMV3 are control empty plasmids
carrying no transgene in the pCMV: and pCMV3 backbones, respectively. The
native capsid ORFs used for the plasmid construction were from pHLP19-1 to 6
(341), AAV7, 8 and 9 helper plasmids provided by J. M. Wilson and G. Gao,

AAV10 and 11 helper plasmids provided by S. Mori, and a plasmid containing a
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de novo-synthesized AAV12 cap ORF provided by Voyager Therapeutics. The

codon-modified AAP and VP3 ORFs were synthesized at GenScript.

Cells. HEK 293 cells (AAV293) were purchased from Stratagene. The HelLa
human cervical cancer cell line and the Chinese hamster ovary (CHO)-K1 cell
line were obtained from the American Type Culture Collection (ATCC). HEK
293 cells and HeLa cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Lonza, Basel, Switzerland) supplemented with 10% fetal bovine serum
(FBS), L-glutamine, and penicillin-streptomycin. The CHO-K1 cells were grown

in F-12K medium supplemented with 10% FBS.

AAV viral particle production. AAV VP1/VP2/VP3 particles and “VP3 only”
particles were produced in HEK 293 cells by an adenovirus-free plasmid
transfection method (222) with modification. In brief, we changed the complete
culture media to serum free media immediately before transfection, transfected
cells with a mixture of a required amount of each plasmid DNA by
polyethyleneimine (PEI) at a DNA:PEI weight ratio of 1:2, and harvested both
media and cells for viral particle recovery five days post-transfection. The
plasmids used for the production of each viral particle preparation are described in
each relevant section. AAV5(AAP5-)-CMV-luc and AAV5(AAP5+)-CMV-luc
vectors were produced using one 225-cm2 flask, and concentrated from an initial
volume of 25 ml to a final volume of 250 ul using Amicon Ultra Centrifugal

Filter Units with a molecular weight cut off of 100 kDa. For transmission electron
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microscopy (TEM), we produced “VP3 only” virus-like particles using fifteen
225-cm2 flasks. The harvested media and cells underwent one cycle of freezing
and thawing and the cell debris was removed by centrifugation at 10,000 x g for
15 min. The culture medium supernatants were made to 8% polyethylene glycol
(PEG) 8000 and 0.5 M NaCl, incubated on ice for 3 h, and spun at 10,000 x g for
30 min to precipitate viral particles. The pellets were resuspended in a buffer
containing 50 mM Tris-HCI (pH 8.5) and 2 mM MgCI2, treated with Benzonase
(EMD Millipore, Darmstadt, Germany) at a concentration of 200 units per mL for
1 h, and subjected to purification by three rounds of cesium chloride (CsCl)
density-gradient ultracentrifugation (341) followed by dialysis with a buffer (25

mM HEPES, 150 mM NaCl, pH 7.4) for TEM.

Cell infection. CHO-K1 cells seeded on a 96-well plate were infected with
AAV5(AAP5-)-CMV-luc or AAV5(AAP5+)-CMV-luc at a multiplicity of
infection (MOI) of 1x106 in the absence of a helper virus. Forty-eight hours post-
infection, luciferase activity was quantified using the Bright-GloTM Luciferase
Assay System (Promega, Madison, WI) and the CentroXS LB960 plate reader
(Berthold, Bad Wildbad Germany). The data were collected from a biologically

triplicated experiment.

Immunofluorescence microscopy. HelLa cells were seeded on coverslips in 12-

well plates and transfected with plasmid DNA using PEI. Forty-eight hours after

transfection, the cells were fixed with 4% paraformaldehyde at room temperature,
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permeabilized with 0.2% Tween 20, and blocked with 8% bovine serum albumin
(BSA). For AAP localization, the cells were stained with mouse monoclonal anti-
FLAG M2 antibody (F1804; Sigma-Aldrich, St. Louis, MO) and rabbit polyclonal
anti-nucleostemin antibody (sc-67012; Santa Cruz Biotechnology, Dallas, TX),
followed by DAPI (4°,6-diamidino-2- phenylindole), Alexa Fluor 488-AffiniPure
goat anti-mouse 1gG antibody (115-545-166; Jackson ImmunoResearch, West
Grove, PA), and Cy3-AffiniPure goat anti-rabbit IgG antibody (111-165-144;
Jackson ImmunoResearch). For imaging of AAV capsids, cells were stained with
mouse monoclonal anti-AAV2 capsid antibody (A20 clone, 03-61055; American
Research Products Inc., Waltham, MA), mouse monoclonal anti-AAV4 capsid
antibody (ADK4 clone, 03-610147; American Research Products Inc.), mouse
monoclonal anti-AAV5 capsid antibody (ADK5a clone, 03-61048; American
Research Products Inc.), mouse monoclonal anti-AAV8 capsid antibody (ADK8
clone, 03-651160; American Research Products Inc.), or mouse monoclonal anti-
AAVS8/9 capsid antibody (ADKS8/9 clone, 03-651161; American Research
Products Inc.) and rat monoclonal anti-DYKDDDDK (FLAG) antibody (NBP1-
06712; Novus Biological, Littleton, CO), followed by DAPI, Alexa Fluor 488-
AffiniPure goat anti-mouse IgG antibody (115-545-166; Jackson
ImmunoResearch) and Cy3-AffiniPure donkey anti-rat IgG antibody (712-165-
153; Jackson ImmunoResearch). The nucleolus was visualized by rabbit
polyclonal anti-nucleostemin antibody (sc-67012; Santa Cruz Biotechnology) and
Alexa Fluor 647-AffiniPure goat anti-rabbit 1gG antibody (111-605-144; Jackson

ImmunoResearch). GFP was directly visualized with fluorescence microscopy.
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The cells were imaged on a Zeiss LMS 710 laser scanning confocal microscope

using either a 63x/1.4 NA or a 100x/1.46 NA objective.

Quantitative dot blot. HEK 293 cells were seeded on 6-well plates one day
before transfection. We changed complete culture media to serum free media
before transfection and transfected cells with 0.4 pg each of the following 5
plasmids, pPCMV3-FLAG-cmAAPX (x=1 to 12) or pCMV3 (an empty plasmid as
no AAP control), pCMV1-AAVXVP3 (x=1 to 12), pEMBL-CMV-GFP, pHLP-
Rep and pHelper using PEI. Five days post-transfection, we harvested both media
and cells, disrupted cells by one cycle of freezing and thawing, and released viral
particles into the culture media. After cell debris was removed by centrifugation
at 21,100 x g for 5 min, 200 pl of the culture medium supernatant was subjected
to nuclease treatment with 200 units per mL of Benzonase at 37°C for 4 h,
followed by proteinase K treatment at 55°C for 1 h. Viral genome DNA was
purified by phenol-chloroform extraction, ethanol-precipitated, and dissolved in 1
x Tris-HCI| EDTA (TE) buffer (pH 8.0). The viral DNA and linearized standard
plasmid DNA were then denatured with 0.4 N NaOH, blotted on a Zeta Probe
nylon membrane (Bio-Rad, Hercules, CA), and hybridized with a 3?P-labeled GFP
probe. The hybridized signals were imaged and quantified using a Typhoon
FLA7000 scanner (GE Healthcare Bio-Science, Uppsala, Sweden). The negative
control contained double-stranded AAV-CMV-GFP genomes that had undergone
AAV?2 Rep-mediated replication but were not protected by viral capsids. The

negative control ensured efficient nuclease digestion in the assay.
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AAP-VP cross-complementation analysis. For the AAP-VP cross-
complementation analysis, we used two methods; the Illumina sequencing-based
AAV Barcode-Seq (261) and the conventional quantitative dot blot assay as
described above. In the AAV Barcode-Seq, HEK 293 cells were seeded on 12-
well plates one day before transfection and “VP3 only” particles containing a
DNA-barcoded viral genome were produced essentially in the same manner as
described earlier except that we used 0.24 ug of each plasmid, pdsAAV-UG6-
VBCx in place of pPEMBL-CMV-GFP, and pCMV3-FLAG-AAP2 in place of
pCMV3-FLAG-cmAAP2. There were a total of 132 AAP and VP combinations
and each combination received different DNA-barcoded AAV vector plasmid,
pdsAAV-U6-VBCx (x=1 to 132). Five days post-transfection, we harvested both
media and cells and pooled them in a bottle. We performed this procedure in
triplicate and produced three pooled samples. Viral genome DNA was extracted
from 200 pl of each pooled sample and purified by phenol-chloroform extraction,
ethanol-precipitated, and dissolved in 20 ul of 1 x TE buffer (pH 8.0). We then
PCR-amplified both the left-VBCs (It-VBCs) and the right-VBCs (rt-VBCs)
separately using two different sets of PCR primers and 2 ul each of the resulting
DNA solution. The PCR primer sequences are as follows: It-VBC-For (FSN-
SBC-ACCTACGTACTTCCGCTCAT), It-VBC-Rev (FSN-SBC-
TCCCGACATCGTATTTCCGT), rt-VBC-For (FSN-SBC-
ACGGAAATACGATGTCGGGA), and r-VBC-Rev (FSN-SBC-

CTTCTCGTTGGGGTCTTTGC). Each primer contained 7-nucleotide-long
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Sample-specific Bar Code (SBC) and a 1 to 5 Frame-Shifting Nucleotides (FSN)
at the 5' end. The primer combinations, I1t-VBC-For and It-VBC-Rev, and rt-VBC-
For and rt-VBC-Rev, were used to amplify the It-VBCs and rt-VBCs,
respectively, in each of the biologically triplicated sets of the experiment. The
resulting six PCR products were mixed at an equimolar ratio and subjected to
multiplexed Illumina sequencing as previously described (261) together with
other PCR products prepared in the same manner in separate AAV Barcode-Seq
studies. One to five pg of PCR products attached to Illumina sequencing adaptors
were sent to Elim Biopharmaceuticals Inc. (Hayward, CA) and sequenced with a
50-cycle single-end run on an Illumina HiSeq 2500. The quality measures of
Illumina raw sequence reads determined by FastQC (i.e., per base sequence
quality, per sequence quality scores, per base N content, and sequence length
distribution) were all met in the dataset used in the study. We analyzed the
Illumina sequencing data at the Pittsburgh Supercomputing Center using an
algorithm we developed. In this experimental scheme, a pair of the DNA barcodes
carried by each AAV vector plasmid could provide a measure of AAV vector

yield from each individual transfection by means of the AAV Barcode-Seq.

Barcode-Seq data analysis. We determined relative viral particle yields in each
of the triplicated sets of the experiment using the same principle as that used for
our previous study (261). First, we globally normalized Illumina raw sequence
read numbers of all the 132 VBCs to obtain a relative read number data for each

of the It-VBCs and rt-VBCs. We then adjusted the relative read number data for
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each of the It-VBCs and rt-VBCs by each VBC-specific PCR amplification
efficiency factor. The VBC-specific PCR amplification efficiency factor was
determined in the following manner. We created two sets of an equimolar mixture
of 379 pdsAAV-U6-VBCx plasmids (x=1 to 379) independently. The 132
pdsAAV-U6-VBCx plasmids (x=1 to 132) used in the study were included in
each equimolar plasmid mixture. We then PCR-amplified 379 It-VBCs together
using the primers It-VBC-For and It-VBC-Rev, and 379 rt-VBCs together using
the primers rt-VBC-For and rt-VBC-Rev, in each of the two equimolar plasmid
mixtures. The resulting four PCR products were mixed at an equimolar ratio and
subjected to multiplexed Illumina sequencing together with other PCR products
prepared in the same manner in separate AAV Barcode-Seq studies as described
earlier. This gave us raw sequence read numbers of all the 132 It-VBCs and 132
rt-VBCs in each set. We then globally normalized the sequence read numbers and
determined a relative quantity value of each It-VBC and each rt-VBC in each set.
The relative quantity values of each VBC obtained from the duplicated sets of the
experiment were averaged and used as the PCR amplification efficiency factor.
Since the experiment was done in triplicate and two DNA barcodes, It-VBC and
rt-VBC, were used, we obtained a total of 6 relative quantity values that could
quantify AAV vector yield in each AAP-VP3 combination. Among the 6 values
in each AAP-VP3 combination, we excluded outliers showing values more than
three times the interquartile range beyond the upper and lower quartiles. AAV
vector yield of each AAP-VP3 combination relative to the native combination

was determined in each serotype.
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Transmission electron microscopy. The viral particle preparations purified by
three rounds of CsCl density-gradient ultracentrifugation followed by dialysis
were spun at 6,100 x g. for 10 min to remove any viral precipitate, and carbon-
coated copper grids (Pacific Grid-Tech Cu-300CN, San Francisco, CA) were
glow-discharged for 25 s at 15 mA using the PELCO easiGlowTM Glow
Discharge Cleaning System (Ted Pella Inc., Redding, CA) immediately prior to
use. Four pl of each sample was placed onto the grids for 3 min and manually
blotted with a Whatman filter paper (1001-125; GE Healthcare, Pittsburg, PA).
The grids were then placed face down onto 45 pl drops of a buffer (50mM
HEPES, 25mM MgCI2, 50mM NacCl, pH 7.4) for 30 s, then washed three times
similarly with distilled water, then blotted. The samples on the grids were stained
with 5.5 ul of 0.75% uranyl formate (pH 4.5) for 30 s, washed with distilled
water, followed by blotting. The grids were allowed to dry, then stored at room

temperature in a petri dish sealed with Parafilm until imaging.

Western blot. We seeded HEK 293 cells on 6-well plates and transfected them
with a total of 2 ug of a plasmid or a mixture of plasmids using PEIL. The plasmids
used in each experiment are described in each relevant section. Forty-eight hours
post-transfection, we lysed HEK 293 cells in radioimmunoprecipitation assay
(RIPA) buffer containing protease inhibitors (Complete Mini; Roche,
Indianapolis, IN), sonicated, and determined protein concentrations in the cell

lysates with a DC Protein Assay Kit (Bio-Rad, Hercules, CA). The same amount
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of total cell lysates (40 pg per lane) was separated along with a molecular weight
marker on a 10% SDS-PAGE gel, transferred onto a polyvinylidenedifluoride
(PVDF) membrane, and reacted with mouse monoclonal anti-FLAG M2 antibody
and mouse anti-a-tubulin antibody (sc-32293; Santa Cruz Biotechnology) or
mouse monoclonal anti-AAV VP1/VP2/VVP3 antibody (B1) (03-61058; American
Research Products) and rabbit polyclonal anti-cyclophilin A antibody (Cell
Signaling Technology, Danvers, MA) followed by goat polyclonal anti-mouse
IgG antibody (sc-2055; Santa Cruz Biotechnology) or goat polyclonal anti-rabbit
IgG antibody (sc-2004; Santa Cruz Biotechnology) conjugated to horseradish
peroxidase. The signals on the blots were visualized with Immobilon Western
Chemiluminescent HRP Substrate (EMD Millipore) and imaged on X-ray films or
using the FluorChem M system (ProteinSimple, Santa Clara, CA). Molecular
weights of FLAG-tagged AAP1 to 12 were determined in triplicated western

blots.

Statistics. In the cross-complementation study using AAV Barcode-Seq, the null
hypothesis that there was no enhancement of assembly by AAP was examined by
one-tailed Mann-Whitney U-test in each serotype. In the AAVS5 vector production
and infection assays, we used the two-tailed Welch's t-test to assess differences in
the mean values between two groups. P values of < 0.05 were considered

statistically significant.
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Fig. S1 AAP-VP3 cross-complementation analysis by a quantitative dot blot assay.

A total of 7 AAP-VP3 combinations were also analyzed for cross-complementation of
capsid assembly by a quantitative dot blot assay in a biologically replicated experiment. The
number of replicates in each AAP-VP combination is indicated in parentheses. The results
were compared to those obtained by AAV Barcode-Seq shown in Fig. 3.8 and Fig. S2.
Values represent relative AAV "VP3 only" particle yields in each AAP-VP combination
relative to those obtained by the native AAP-VP3 combination. Black and gray bars
represent the results obtained from dot blot and AAV Barcode-Seq, respectively. Error bars
represent standard deviations except for the AAP5-AAV2 VVP3 combination. For the AAP5-
AAV2 VP3 combination, the error bar represents the difference between each value and the
mean value because the data were collected from biologically duplicated samples.
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Fig. S2 AAV Barcode-Seq data on AAP-VP3 cross-complementation between AAV1 to 11.
The ability for each AAP to assemble homologous and heterologous VVP3 proteins derived from
AAV1 to 11 is shown. All possible 12 combinations including no AAP controls were assessed by
AAV Barcode-Seq. No AAP controls are shown as AAP (-) to the leftmost in each panel. Y-axis
shows AAV "VP3 only" particle yields in each AAP-VP combination relative to the yields
obtained with the native AAP-VP3 combination. Error bars represent standard deviations.
Asterisks indicate that values are higher than those of the no AAP controls with P < 0.05 (one-
tailed Mann-Whitney U-test).
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Table S1. Theoretically and experimentally determined molecular weights of FLAG-tagged

AAPs
Molecular AAP

weight(Mw) 1 2 38 4 5 6 7 8 9 10 11 12
Th‘(*l‘()gsca' 22 24 23 19 22 22 22 22 22 22 20 20

Experimentally 27 27 28 31 34 27 27 30 33 34 30 30
determined + + + + + + + + + + + +
(kDa)? 06 06 07 05 07 04 06 04 04 08 08 13
H b

D'ff(%;oe)“ce 127 417 424 +63 455 426 429 +36 +54 450 458 451

aMolecular weight (Mw) of each FLAG-tagged AAP was determined by western blot analysis of
three biologically replicated experiments.
bPercentage increase of Mw determined by western blot analysis compared to the theoretical Mw.

Table S1 Theoretically and experimentally determined molecular weights of

FLAG-tagged AAPs

Table S2. Profiles of isoelectric point (pl) values in the basic amino acid-rich region in the C-
terminus of AAPs.

AAP BR1-5 AAP BR1-6 toward the C-term
No. of residues No. of residues
a a

AAP H, g or DEor pl AAP H, E or DorE pl
(IA\I’?)\EE) 8 0 11.45 AAP5 (NoE) 15 1 11.86
AAP9

(NoE) 11 1 12.37 AAP2 18 2 12.26
AAP3B 15 0 12.43 AAP8 15 0 12.26
AAP8 12 0 12.43 AAP3B 18 1 12.40
AAP7 13 0 12.52 AAP7 16 0 12.48
AAP10 14 0 12.52 AAP10 17 0 12.48
AAP6 13 0 12.65 AAP9 (NoE) 14 1 12.52
AAP2 15 0 12.70 AAPG6 16 0 12.57
AAP11 13 0 12.70 AAP11 13 0 12.70
AAP4 14 0 12.78 AAP1 15 0 12.74
AAP1 12 0 12.96 AAP4 14 0 12.78
AAP12 13 0 13.04 AAP12 13 0 13.04

@The order of AAPs is sorted by pl (the smallest to the largest). pl values were determined using
BioPerl plCalculator.
®NoE, nucleolar excluded.

Table S2 Profiles of isoelectric point (pl) values in the basic amino acid-rich

region in the C-terminus of AAPs.
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Chapter 4: Discussion, Conclusions, and Future Directions
4.1 Discussion and Future Directions

Nuclear and nucleolar localization signals in AAP

As discussed at the end of Chapter 2, the C-terminus of AAP2 contains
multiple overlapping NLS and NoLSs that contribute to the robust accumulation
of this protein within the nucleolus. BR1 is highly conserved across the AAPs in
serotypes 1-12 (Fig 3.2) as the motif (K/R)-(S/L)-(K/R)-R and probably accounts
for the nuclear localization seen in all of these AAPs (Fig 3.3). The conservation
of this strong classical nuclear localization signal denotes the importance of
targeting AAP to the nucleus where capsid assembly must occur to result in
proper packaging of the AAV genome. In this light, the nuclear targeting of an
important assembly factor likely reflects the evolutionary pressure to maintain
capsid assembly in the nucleus and prevent non-productive assembly in the
cytoplasm. Once assembled, there is no known mechanism for AAV capsids to
enter the nucleus without undergoing conformational changes associated with the
endosomal environment that lead to VP1 externalization, hence capsids assembled
in the cytoplasm would be unable to reach the sites of AAV genome replication.

The NoLS in AAP2 and other AAPs is especially interesting in context of the
wider knowledge and discussion about NoLSs. Since the nucleolus is not a
membrane-bound organelle, it is doubtful that there are specific proteins that
regulate traffic as the importins do for the nucleus. Instead, it is likely that
proteins capable of diffusion into the nucleolus are retained there by resident

nucleolar proteins. Given that the main consensus for NoLSs is the presence of

150



positively charged amino acids and that several proteins can associate with the
nucleolus in a non-functional manner though electrostatic interactions (300), the
localization of AAP to the nucleolus may simply be a consequence of its multiple
NLSs. Regardless, the correlation between nucleolar targeting and high pl values
in the C-terminus of AAPs 1 to 12 support the idea of net positive electric charge
being the main determinant in nucleolar localization or exclusion of AAP (Fig.
3.2, 3.3, Table S2). In addition to the effect of point mutations on AAP2
nucleolar localization, the swapping of this C-terminal region can retarget AAP.
When amino acids 144-204 in AAP2 are replaced from the corresponding amino
acids in AAP8 or 9, the protein localization changes from tightly nucleolar to
diffusion throughout the nucleus (Appendix Fig i), again supporting the previous
results showing that this region is the main determinant in AAP localization.

Localization of AAP capsid assembly

The first study of sub-cellular localization of AAV2 capsids during assembly
found that capsids initially appear in nucleoli and that both Rep and AAV-DNA
are primarily nucleolar-excluded (148). AAV?2 capsids are associated with several
nucleolar proteins including nucleophosmin (134, 342), nucleolin (284, 342), and
nucleostemin (150). At least in the case of nucleostemin, this association remains
after the capsids have left the nucleolus and migrate into the cytoplasm
(Appendix Fig ii). Nucleolin and nucleophosmin co-purify with viral particles,
indicating that this association is also not restricted to the inside of the nucleus
(284, 342). These observations have led to speculation on a possible role for the

nucleolus in AAV2 capsid assembly. Intriguingly, AAV2 capsids do not require
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nucleolar targeting for assembly per se. When AAPmt26 was used in place of
AAP2, AAV?2 capsids were still associated with nucleostemin and a portion were
localized to the nucleolus, even though VP3 and AAP were nucleolar-excluded
(Appendix Fig 2.8 and iii). Since nucleostemin can be found in low amounts in
the nucleoplasm, these interactions could have taken place outside the nucleolus.
After binding the capsid surface, nucleostemin could have transported the capsids
into the nucleolus and retained them there. Hence, if there is a role of the
nucleolus in AAV2 assembly, it may be the requirement for specific nucleolar
proteins and not the need to take place in the nucleolus. This notion is supported
by the sub-nuclear bodies seen in HelLa cells during capsid assembly that stain
positive for nucleostemin, AAP2, and AAV2 capsids. These sub-nuclear bodies
also stain positive for nucleolin (Appendix Fig iv), but not positive for fibrillarin
(Anna Maurer, personal correspondence), therefore the recruitment of nucleolar
proteins is likely specific, but this needs to be investigated in further detail before
definitive conclusions can be made. It is noteworthy that while AAP2 is
associated with nucleostemin, unincorporated VP3 is not. The main question to
address is whether these AAV2-associated nucleolar proteins are required during
assembly or only bind to capsids after assembly. There are a few ways to
approach this subject. First, the nuclear excluded AAP2mtl12 has a ~10-fold
reduction in protein levels and no discernable capsid assembly (Fig 2.6). If the
protein levels of AAP2mt12 could be maintained to near wtAAP2 protein levels,
perhaps with different amino acid substitutions or with MG132, it would be

informative to know if this mutant was still capable of promoting capsid assembly
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outside the nucleus. If this were true, it would indicate that nuclear and nucleolar
host factors are not required for capsid assembly. A more direct method would be
to measure capsid production after RNAi knockdown of specific nucleolar
proteins.

When we characterized capsid assembly localization and nucleostemin
association in AAV serotypes 4, 5, 8, and 9, we found that none of these capsids
had association with nucleostemin and only AAV4 capsids were enriched in the
nucleolus. In addition, the AAPs from these serotypes were also not associated
with nucleostemin and in the case of AAP5 and AAP9, were specifically
nucleolar excluded (Fig 3.3, 3.5). Based on these findings it may be that only
AAV?2 (or possibly other Clade B AAVSs) have an association with nucleolar
proteins. Clearly, more investigation is required to determine if this is the case
since in the studies presented here, only one nucleolar protein was probed for and
other proteins such as nucleolin or nucleophosmin may still be associated with
these AAPs or capsids. Unfortunately, there are a limited number of available
anti-AAV antibodies, which constrains the ability to do more co-localization
studies. Recently, an anti-AAV6 antibody became commercially available. AAV6
is a Clade A AAV closely related to AAV2 and it also has a strongly nucleolar
localized AAP (Fig 3.3) much like AAV2. Immunofluorescence studies like the
ones conducted in Chapter 3 would reveal if this AAV also has nucleolar-
localized capsid assembly and association with nucleolar proteins.

It is important for the AAV field to know if the association of AAV2 with the

nucleolus is a significant factor in assembly for other AAVs, if it is significant
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only for AAV2, or if it is merely a consequence of having a positively charged
region on the capsid surface. AAV2 binds its primary receptor, heparan sulfate
proteoglycan (HSPG), though a patch of arginines and lysines near the spikes at
the 3-fold axis (343). This region of highly positively charged amino acids
interact with the negatively charged HSPG molecule to mediate weak binding of
the virus to the cell surface. Nucleophosmin has two acid rich regions of amino
acids that are capable of mediating interactions with other proteins by electrostatic
interactions. In conjunction, nucleolar localization is likely mediated though
interactions between its negatively changed nucleolar components and positively
charged proteins (325), thus the association of AAV with nucleolar proteins may
be a consequence of the positively charged amino acids required for initial
receptor binding. AAV2 and 3 use HSPG as a primary receptor, AAV1, 4, and 5
all use sialic acid, while AAV6 can use both (226). Sialic acids are also negatively
charged molecules, but there is clear a difference in binding ability between AAV
serotypes and this may also reflect in the ability of the virus to bind nucleolar
proteins. Aside from the already proposed RNAI and AAV6 staining experiments,
another way to examine this question is to take advantage of the commonly used
AAV2 R585E mutant, which is unable to bind HSPG. An absence of co-
localization between AAV2 R585E and nucleostemin or nucleophosmin would
strongly indicate that this hypothesis is true. Footprint mapping of nucleolar
proteins in complex with AAV2 would also be informative to see if these
interaction regions overlap with the receptor binding area. While none of these

experiments on its own will conclusively prove the role of nucleolar proteins in
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the assembly of AAV, the preponderance of evidence generated by the results
may inform the field if the nucleolus is worth targeting as tactic to improve vector
production yields.

AAP dependent vs independent capsid assembly

Previous to this work, the majority of information on capsid assembly came
from studying the nucleolar-localizing, AAP-dependent AAV2. These studies
have uncovered that in the context of infection with AAV2 and Ad, VPs exist
predominately in monomeric and oligomeric forms in the cytoplasm and upon
entering the nucleus, they are able to form capsids if AAP is present. VP3 is
capable of forming large non-capsid oligomers, the nature of which are still
unknown (153), but are not dependent upon the C-terminal 2-fold axes
interactions (44). A recent study looking only at sucrose density gradients of VP3,
with or without AAP, found that although the presence of AAP did not change the
amount of VP monomers, it did increase the amount of intermediately sized
oligomers and importantly, it induced A20 binding in these pools of VP3s (44).
This binding was specific for A20, as the other AAV2 capsid antibodies C24 and
C37 did not bind in the presence of VP3 alone (Fig 4.1B). The epitope for the
A20 antibody has previously only been found in fully assembled capsids (291),
but in the immunoblotting done by Naumer et al., AAP is inducing A20 binding
in VP complexes before the capsids are fully assembled, as observed by EM (Fig
4.1C). Interestingly, both the A20 conformational epitope and AAP-VP binding
site are located at the 2-fold axis (44, 293), so it may be that AAP is able to

induce dimers of trimers that can lead to further capsid assembly, although the
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A20 binding domain also covers areas near the 5-fold axis (Fig 1.8A). A model in
which VP trimers are formed and then undergo a conformational change induced
by AAP that allows for rapid capsid assembly in the nucleus would be in line with
the capsid assembly pathway for the closely related autonomous parvovirus
MVM, in which the CBBs are trimers that form in the cytoplasm, but are
incapable of assembly until entering the nucleus and undergoing a conformational
change (135, 344). Naumer et al. suggest that the role of AAP might be to assist
VP interactions at the 3-fold or 5-fold interfaces since these axes consist of
complex folds between the VP monomers (44), as opposed to the relatively
simple interactions at the 2-fold axis. Under this hypothesis, it may be that the
VPs of AAV4, 5, and 11 are able to create these complex structures at the 3-fold
or 5-fold on their own, but AAP can act to help over come the required energy

barriers and lead higher capsid formation during assembly.
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Figure 4.1 Analysis of VP3 conformations in the presence or absence of AAP.

Figure is reprinted with permission from Naumer et al., 2012.

(A) Western blot analysis of sucrose density gradient fractions (Fr. 1 to 20) of lysates from
293T cells expressing VP3 alone or in combination with AAP. VP3 was detected using MoAb
B1. The same amount of each fraction was analyzed under the same conditions. A reference
gradient with purified proteins with known S values was used for calibration. The distribution
of assembled AAV?2 capsids (number of capsids per image) was analyzed by quantification of
at least three representative electron microscopy images from each gradient fraction.

(B) Native dot blot analysis of sucrose density gradient fractions from cell lysates containing
VP3 or VP3 and AAP, respectively. The same amount of each fraction was dotted onto
nitrocellulose membranes under the same nondenaturing conditions and detected by the
capsid-specific antibodies C24, A20, and C37 or the B1 antibody, which is specific for a linear
epitope at the VP3 C terminus, in order to draw conclusions about AAP-induced
conformational changes. The distribution of purified empty AAV2 capsids served as a control.
(C) Electron microscopy images of sucrose density gradient fractions containing VP3 alone
(fraction 6) or in combination with AAP (fractions 6, 13, and 16). Capsids are indicated by
arrowheads.
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The surprising result of finding AAP-independent capsid assembly in AAVs
4, 5, and 11 is an exciting opportunity to gain further insight into AAV capsid
assembly. These serotypes come from two distinct AAV groups, with AAV5 in its
own group and AAV4, 11, and 12 in the AAV4 group (9) (Fig 1.2), showing that
AAP-independence is not restricted to only one linage of AAVs and that other
AAVs may also be capable of AAP-independent assembly. The variance between
AAV11 and AAV12 is a unique chance to determine the differences in AAP-
dependent and independent capsid assembly in these VP proteins and delineate
the place of AAP in capsid assembly. As mentioned above, there are several axes
that AAP could be functioning on and by identifying the regions of difference
between 11 and 12 VPs that are responsible for AAP-independent assembly, we
might be able to determine which axis these differences are placed at. The amino
acids sequences between 11 and 12 VVP3 are 87% identical and, more importantly,
of the same length. Thus, swapping regions between the two proteins to create
chimeric 11_12 VP3s is a good initial strategy for identifying the region that
allows for AAP-independent assembly. A previous attempt at this with the VP3
between differently sized AAV2 and AAV5 VP3s was unsuccessful as none of
the chimeras could form capsids, regardless of the presence of AAP (Appendix
Fig v). Digestion of the pCMVi-AAV1lcmVP3 and pCMVi-AAV12VP3
plasmids used in Chapter 3 with Pvull allowed for a swap between the two
plasmids to easily create 11 and 12 chimeric VP3s (Appendix Fig vi). A
preliminary assessment of the ability of these chimeric VP3s to form capsids

without AAP shows that the C-terminus of the AAV11 VP3 is the region that is
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responsible for, or at least involved in, AAP-independent assembly (Appendix
Fig vi). When the different amino acids are mapped on the crystal structure of
AAV4 VVP3 (structures for AAV11 and AAV12 VP3 are not currently available),
the resulting model shows several areas of divergence involved in VP-VP
interactions (Appendix Fig vi). Especially interesting are the amino acids K718,
T720, P722, and Y729 which are involved in dimer interactions along the 2-fold
axis and reside inside a pocket that is adjacent to and over-laps the AAP binding
region identified by Naumer et al. (44). Another interesting cluster are amino
acids A657, V665, and 1669 which are at the 5-fold axis (Fig. 1.4D, E). Future
work to precisely determine the amino acids that are critical for AAP-independent
assembly, in accompaniment with protein models and biochemical studies, could
reveal the VVP-VP interaction sites that require AAP assistance.

Other functions of AAP

Aside from its role in capsid assembly, it is possible that AAP has other roles
in the AAYV life cycle. There is circumstantial evidence supporting the notion that
AAP is a DNA binding protein that can remodel host chromatin. When
transfected into HelLa cells, AAPs 1, 5, 6, 7, 8, 9, can induce condensation of
DAPI staining (CDS) in correlation with strong over-expression, whereas AAPS
2, 4,12 do not (Appendix Fig vii (AAP2 not pictured)). This change in chromatin
structure is unlikely to be a sign of apoptosis since these cells lack activated
caspase-3 staining and have intact nuclear membranes by gross examination
(Appendix Fig vii). When amino acids 144-204 in the C-terminal of AAP2 are

replaced with the corresponding amino acids from AAP8 or AAP9, the chimeric
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AAP2.8 and 2.9 can cause CDS, indicating that this is the region responsible for
inducing the chromatin remodeling (Appendix Fig vii). Direct evidence that AAP
can bind DNA, histones, or induce other mechanisms of chromatin remodeling is
still lacking, but could be directly tested via an EMSA or ChlP-seq techniques.
Interestingly, AAP8 and Snake AAV AAP can co-localize with DNA during
mitosis, but AAPs 2, 4, 5, and 10 do not (Appendix Fig viii).

If AAP is not directly binding to DNA, it may be interacting with host
proteins and indirectly inducing the CDS. The FLAG-tagged AAP constructs in
the Nakai lab are a valuable resource that can be utilized to identify AAP protein-
protein interactions. Commercially available FLAG immunoprecipitation kits can
be used to pull down potential AAP interacting partners en masse for
identification by mass spectrometry. The elution by excess FLAG peptide should
reduce the non-specific interactions seen when potential interaction partners are
eluted from protein A/G beads via boiling or pH (Earley, data not show). Isolating
AAP interaction partners may also help identify host proteins involved in AAV
capsid assembly. Attempts at in vitro AAV capsid assembly using only AAV2 VP
proteins were largely unsuccessful, but HelLa cell cytoplasmic lysate did
moderately stimulate capsid formation indicating that there may be some host
factors that can assist in this process. The addition of AAP or nuclear lysate
would likely result in more efficient capsid assembly, but this experiment has not

been attempted yet.
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4.2 Conclusions

The work presented here significantly expands the limited knowledge about
the role of AAP in capsid assembly for AAV serotypes 1 to 12. We initially began
this work by delineating the NLS and NoLSs in the C-terminus of AAP2 and we
identified three distinct NLSs that could target AAP to the nucleus. In
conjunction, the amino acids that constituted these NLSs were also involved in
nucleolar localization, likely based on the number of positively charged amino
acids instead of a specific sequence. The corresponding regions in AAPs 1 to 12
contain the conserved NLS in BR1, but vary in conservation of the remaining BR
regions, which influences their nucleolar localization or exclusion. We also
showed that mutations or deletions in this region in AAP2 result in decreased
AAP protein and correspondingly decreased titer, indicating that this region is
important for maintaining optimal levels of AAP protein during capsid assembly.

When we expanded our work to the other AAPs in serotypes 1 to 12, we
found AAV4, 5, and 11 were capable of AAP-independent assembly and that the
region responsible for this independence in AAV11 lies within the last 197 amino
acids of the C-terminus. Additionally, nucleolar localization of AAP and AAV
capsids are not generalizable to all AAV serotypes. Specifically, AAV5 and
AAVS had nucleolar excluded AAP and AAVS5, 8, and 9 had nucleolar excluded
capsids. Only AAV2 capsids were associated with nucleostemin. Taken together,
these findings challenge current viewpoints about the importance of the nucleolus
in the life cycle of non-AAV?2 serotypes and demonstrate that AAV biology is

more heterogeneous than previously appreciated.
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Appendix

Contained in this section is a collection of data that are unpublished, but important
to support the conclusions made in this dissertation and also to act as preliminary
work for future AAP studies. The materials and methods for this section are

included at the end, starting at page 170.

Figure i: Intracellular localization of AAP2.8 and AAP2.9 chimeric AAPs
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Figure i: Intracellular localization of AAP2.8 and AAP2.9 chimeric AAPS

Hel a cells were transfected with the following plasmids: (A) pCMV3-FLAG-AAP2, (B)
pCMV3-FLAGCmMAAP2.8, or (C) pCMV3-FLAGCcmMAAP2.9. The cells were fixed at 48
hours post-transfection and immunostained with anti-FLAG and anti-nucleostemin
antibodies. Scale bar, 10 ym
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Figure ii: Intracellular localization of AAV2 and nucleostemin capsids with

Rep (A) and during co-infection with Ad (B)
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Figure ii: Intracellular localization of AAV2 and nucleostemin capsids with Rep (A) and
during co-infection with Ad (B)

(A) HEK 293 cells were transfected with pHelper, pAAV-RepVP3, and pCMVs-
FLAGCcmMAAP?2. Forty-nine hours post-transfection the cells were fixed and immunostained with
anti-lamin B (green), anti-AAV?2 (red), and anti-nucleostemin (white) antibodies. Lamin B is a
marker for the nuclear membrane. (B) HeLa cells were co-infected with adenovirus (MOI 100)
and wild-type AAV2 (MOI 1000). Forty-eight hours post infection the cells were fixed and
immunostained with anti-AAV2 (green) and anti-nucleostemin (red) antibodies. Scale bar, 10
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Figure iii Intracellular localization of AAV2 capsids in the presence of wild-
type AAP2 or in the presence of the nuclear-targeted, nucleolar-excluded

AAP2 mutant, AAP2mt26
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Figure iii Intracellular localization of AAV2 capsids in the presence of wild-type AAP2 or
in the presence of the nuclear-targeted, nucleolar-excluded AAP2 mutant, AAP2mt26
HeLa cells were transfected with the following plasmids: pCMV1-AAV2VP3 and pCMV3-
FLAG-cmAAP2 (wild type) (A), or pCMV1-AAV2VP3 and pCMV3-FLAG-cmAAP2mt26
(B). The cells were fixed at 48 hours post-transfection and immunostained with anti-FLAG,
anti-AAV2, and anti-nucleostemin antibodies. Scale bar, 10 um
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Figure iv: Intracellular localization of AAV2, nucleolin, and AAP2
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Figure iv: Intracellular localization of AAV2, nucleolin, and AAP2

HEK 293 cells were transfected with pPCMV1-AAV2VP3 and pCMV3-FLAG-cmAAP2. Forty-
eight hours post-transfection the cells were fixed stained and immunostained with anti-AAV,
anti, nucleolin, and anti-FLAG antibodies. Scale bar, 10 pm
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Figure v: Dot blot of encapsulated AAV genomes from particles made with

AAV?2 and AAVS5 chimeric VP3s.
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Figure v: Dot blot of encapsulated AAV genomes from particles made with AAV2 and
AAVS5 chimeric VP3s.

HEK 293 cells were transfected with pAAV-CMV-GFP, pHLP-Rep, pHelper, and a p4.1-CMV-
VP3 plasmid in which the VP3 was the native sequence from AAV2, the native sequence of
AAVS5, or a chimeric VP3 made from swapping domains between the AAV2 and AAV5 VP3
reading frames. AAP function was supplied as indicated by inclusion of both p4.3c-
FLAGCmAAP2 and p4.3c-FLAGCmMAAPS plasmids. The negative control lacked a VP3
plasmid.
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Figure vi: The C-terminus of AAV11 contains a region that supports AAP-

independent capsid assembly
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Figure vi: The C-terminus of AAV11 contains a region that supports AAP-independent
capsid assembly.

(A) Schematic of AAV VP3 proteins: 11 and 12, and the chimeric VP3 proteins: 11_12 and
12_11. (B) Titer of encapsulated genomes from particles made with AAV VP3 11 12 and
12_11 VP3 chimeric proteins produced without or with both pCMV3-FLAGcmAAP11 and
pCMV3-FLAGCmMAAP12. (C) 3D model of AAV4 VP3 with amino acid differences between
AAV11 VP3 and AAV12 VP3 C-terminal regions highlighted. Green denotes amino acids that
are the same in AAV4 and AAV11, but different in AAV12. Yellow denotes amino acids
different in all three serotypes. Arrows indicate amino acids that may be important to AAP-
independent assembly based on their position within the structure of VP3. Green letters
indicate the amino acid identity in AAV11 and blue letters indicated the amino acid identity in
AAV12.
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Figure vii: DAPI staining in HeLa cells highly over-expressing various AAPs
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Figure vii: DAPI staining in HeL a cells highly over-expressing various AAPS.

(A) HeLa cells were transfected with p4.3c-FLAGCcmAAP (AAP serotype is indicated).
The cells were fixed 24-48 hours post-transfection and immunostained with anti-FLAG
(green) and anti-nucleostemin (red) antibodies. DAPI (blue) was used to visualize the
cellular DNA. (B) HelLa cells were transfected with p4.3c-FLAGCmAAPS8. The cells
were fixed 48 hours post-transfection and immunostained with anti-FLAG (green) and
anti-cleaved caspase-3 (red) antibodies. DAPI (blue) was used to visualize the cellular
DNA. Scale bar, 10 um
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Figure viii: AAP localization during mitosis.
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Figure viii: AAP localization during mitosis.
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HeLa cells were transfected with p4.3c-FLAGCcmAAP (AAP serotype is indicated). The cells
were fixed 24-48 hours post-transfection and immunostained with anti-FLAG (green) and anti-
nucleostemin (red) antibodies. DAPI (blue) was used to visualize the cellular DNA. Scale bar,

10 pm.
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Materials and Methods
This section covers the materials and methods for the preceding Appendix.

Plasmid construction. Plasmids pCMV3-FLAG-cmAAPX (x= AAV serotype,
indicated in the figure legend) are plasmids expressing codon-modified (cm)
versions of AAP with an N-terminal FLAG tag under the control of the human
cytomegalovirus (CMV) immediate-early (IE) gene enhancer-promoter and an
ATG start-codon. Each AAP ORF was codon-modified to optimize expression in
human cells. Plasmids pCMV1-AAVXVP3 (x= AAV serotype indicated in the
figure legend) are plasmids expressing each VP3 protein from the native ORF
initiating at the ATG start codon and ending at the TAA stop codon. pCMVz-
FLAG-cmAAP2.8 and pCMV3-FLAG-cmAAP2.9 are plasmids expressing
chimeric AAP proteins in which the amino acids 144-204 in AAP2 were replaced
with the corresponding amino acids from either AAP8 or AAP9. pHelper, an Ad
helper plasmid, was purchased from Agilent. pAAV-RepVP3 is a plasmid that
expresses all the AAV2 Rep proteins in HEK 293 cells in the presence of co-
transfected pHelper, but only the VP3 protein for the cap gene and not VP1, VP2,
or AAP2. pCMV1-AAV11_12-VP3 and pCMV:-AAV12_11-VP3 were created
by digesting pCMV1-AAV11cmVP3 and pCMV1-AAV12VP3 with Pvull and
Ndel, gel purifying the digestion products and ligating the chimeric plasmids
together with T4 DNA ligase (M0202, New England Biolabs, Ipswich, MA).
pCMV1-AAV11 12-VP3 contained an ORF for amino acids 1- 340 of AAV11
VP3 fused to amino acids 341-538 of AAV12 VP3 and pCMV1-AAV12_11- VP3

contained an ORF for amino acids 1- 340 of AAV12 VP3 fused to amino acids
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341-538 of AAV11 VP3. pCMV3-FLAGCmMAAP2mt26 is the same plasmid used

in Chapter 2 and is AAP2BR1+/BR2+/BR3-/BR4-/BR5-.

Cells. HEK 293 cells (AAV293) were purchased from Stratagene. The HelLa
human cervical cancer cell line was obtained from the American Type Culture
Collection (ATCC). HEK 293 cells and HeLa cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Lonza, Basel, Switzerland) supplemented

with 10% fetal bovine serum (FBS), L-glutamine, and penicillin-streptomycin.

Infections. HeLa cells were co-infected with wild-type AAV2 (MOI 100) and Ad
(MOI 100) in serum free media. One hour post-infection the media was changed

to DMEM (10% FBS) and cells were fixed 48 hours later.

Immunofluorescence microscopy. HelLa cells were seeded on coverslips in 12-
well plates and transfected with plasmid DNA using PEI. Forty-eight hours after
transfection, the cells were fixed with 4% paraformaldehyde at room temperature,
permeabilized with 0.2% Tween 20, and blocked with 8% bovine serum albumin
(BSA). The cells were stained with DAPI (4’,6-diamidino-2- phenylindole) and
the following antibodies as indicated: mouse monoclonal anti-FLAG M2 antibody
(F1804; Sigma-Aldrich, St. Louis, MO), rabbit polyclonal anti-nucleostemin
antibody (sc-67012; Santa Cruz Biotechnology, Dallas, TX), mouse monoclonal
anti-AAV2 capsid antibody (A20 clone, 03-61055; American Research Products

Inc., Waltham, MA), rat monoclonal anti-DYKDDDDK (FLAG) antibody
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(NBP1-06712; Novus Biological, Littleton, CO), goat polyclonal anti-Lamin B
antibody (sc-6217; Santa Cruz Biotechnology) and is a gift from Dr. Thayer,
mouse monoclonal anti-nucleolin  (C23) antibody (sc-8031; Santa Cruz
Biotechnology) and is a gift from Dr. Dai, or rabbit polyclonal anti-Cleaved
Caspase-3 (#9664, Cell Signaling Technology, Danvers, MA) and was a gift from
Dr. Mandel. Secondary antibodies used were: Alexa Fluor 488-AffiniPure goat
anti-mouse 1gG antibody (115-545-166; Jackson ImmunoResearch), Cy3-
AffiniPure  donkey anti-rat IgG  antibody (712-165-153;  Jackson
ImmunoResearch), Cy3-AffiniPure goat anti-rabbit 1gG antibody (111-165-144
Jackson ImmunoResearch), Cy3-AffiniPure goat anti-mouse 1gG antibody (115-
165-166 Jackson ImmunoResearch), AF568 donkey anti-goat IgG and was a gift
from Dr. Kurre, or Alexa Fluor 647-AffiniPure goat anti-rabbit IgG antibody
(111-605-144; Jackson ImmunoResearch). The cells were imaged on a Zeiss LMS
710 laser scanning confocal microscope using either a 63x/1.4 NA or a 100x/1.46

NA objective.

Quantitative dot blot. HEK 293 cells were seeded on 6-well plates one day
before transfection. We changed complete culture media to serum free media
before transfection and transfected cells with 0.2 pg each of the following 3
plasmids, pAAV-CMV-GFP, pHLP-Rep and pHelper and the indicated plasmids:
pCMV1-AAV11cmVP3, pCMV1-AAV12VP3, pCMV1-AAV11l 12-VP3,
pCMV1-AAV12 11-VP3, pCMV3z-FLAGcmAAP1l, pCMV3-FLAGCmAAP12,

and pCMV: using PEI at a 1:2 weight ratio of DNA:PEI. Five days post-
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transfection, we harvested both media and cells, disrupted cells by one cycle of
freezing and thawing, and released viral particles into the culture media. After cell
debris was removed by centrifugation at 21,100 x g for 5 min, 150 pl of the
culture medium supernatant was subjected to nuclease treatment with 200 units
per mL of Benzonase at 37°C for 4 h, followed by proteinase K treatment at 55°C
for 1 h. Viral genome DNA was purified by phenol-chloroform extraction,
ethanol-precipitated, and dissolved in 1 x Tris-HCI EDTA (TE) buffer (pH 8.0).
The viral DNA and linearized standard plasmid DNA were then denatured with
0.4 N NaOH, blotted on a Zeta Probe nylon membrane (Bio-Rad, Hercules, CA),
and hybridized with a *?P-labeled GFP probe. The hybridized signals were imaged
and quantified using a Typhoon FLA7000 scanner (GE Healthcare Bio-Science,
Uppsala, Sweden). The negative control contained double-stranded AAV-CMV-
GFP genomes that had undergone AAV2 Rep-mediated replication but were not
protected by viral capsids. The negative control ensured efficient nuclease

digestion in the assay.
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