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Adeno-Associated Virus (AAV) is a small, non-pathogenic parvovirus that has 

gained popularity as a gene therapy vector in clinical trials and a gene transfer tool in 

research. A greater understanding of the basic biology of this virus could allow for the 

optimization of this vector system, and thus may have far-reaching implications in both 

research and clinical settings. The virus is known to enter the cell by receptor-mediated 

endocytosis, and traffics to the nucleus where it uncoats and transcribes its genes. The 

requirement for endosomal acidification to facilitate AAV infection has been known for 

some time; however, the exact role of pH in AAV biology has not been clearly 

determined. Using crystallographic data that demonstrated transitions in two pH-

sensitive regions of the capsid, we made individual alanine mutants and where able to 

identify Y704, E562 and E564 as critical for AAV infection. We characterized the 

intracellular trafficking of these mutants and were able to show evidence of a novel role 

for the AAV capsid in the nucleus. We were also able to identify a previously 

undescribed pH-sensitive protease within the AAV capsid. Our work has shown that the 

pH-sensitive elements of the AAV capsid are critical for AAV infection and govern 

previously unknown aspects of AAV biology.  
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CHAPTER 1 
INTRODUCTION 

Adeno-Associated Virus 

The members of the Parvoviridae family infect a diverse range of hosts and share 

a common characteristic of packaging their single-stranded DNA genome into a small, 

non-enveloped, icosahedral capsid.  While this makes viruses of this family remarkably 

resilient in harsh environments it presents a unique set of challenges during infection 

compared to that of enveloped viruses. Unable to rely on the mechanism of membrane 

fusion, Parvoviruses must utilize receptor-mediated endocytosis to gain access to the 

complex endosomal network, then the cytoplasm and ultimately the nucleus. 

Throughout this journey each Parvovirus must avoid degradation and entrapment in 

dead-end cellular compartments while priming its own tough capsid for genome release 

and second strand synthesis in the nucleus. AAV, a member of the Dependovirus genus 

must further orchestrate all of these events around a co-infection with an unrelated, 

autonomous “helper” virus; a role that can be filled by its name-sake Adenovirus as well 

as human herpes virus, cytomegalovirus and human papillomavirus (5, 17, 78, 85).  The 

steps in intracellular trafficking, uncoating and early replication of AAV are poorly 

understood and yet are of critical significance since the virus is now used in numerous 

clinical trials as a gene delivery vector. While AAV has shown incredibly broad tropism 

across numerous tissue types and has proven to be highly useful as a research tool 

(reviewed in (4)), a deeper and more complete understanding of its basic biology is 

critical to realizing it’s full potential in the clinic.  
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AAV Biology 

Twelve distinct human and nonhuman AAV serotypes have thus far been 

identified, with hundreds of recombinants identified by PCR studies in human and non-

human samples (35, 36, 76, 103). These serotypes can further be organized into 

genetic clades A-F, with AAV4 and AAV5 belonging to their own unique groups. There 

is a 60-99% sequence identity among the members of the clades, with AAV4 and 5 

being the most divergent from all others. In contrast AAV1 and 6 both belong to clade A 

due to a high sequence homology and antigenic cross-reactivity (36). While many of the 

AAV serotypes have been tested for gene therapy applications, the efficient infection of 

AAV2 in tissue culture has made it the serotype of choice for studying the basic biology 

of AAV infection. For this reason most mutagenesis studies of AAV to date have 

focused on AAV2 (14, 40, 41, 71, 108, 122).  

The ss-DNA genome of AAV is 4.7kb in length and contains two large and one 

small open reading frame [ORF]. The coding sequence is flanked by two 145bp inverted 

terminal repeats [ITRs] which are the sole cis elements required for replication, 

packaging and integration (75, 97, 99). The first of the two major ORFs encodes four 

overlapping replication proteins, Rep 78, Rep68, Rep52 and Rep40. The Rep68 and 

Rep78 proteins contain nicking activity as well as ATP-dependent helicase activity in the 

3’-5’ direction. The large Rep proteins (78, 68) are produced by alternative splicing of 

the p5 promoter transcript, while the two smaller Rep proteins are produced from the 

p19 transcript.  During latent infection, Rep78/68 act to suppress AAV gene expression 

and maintain the viral genome via site-specific integration into the host genome. These 

same proteins serve to activate AAV DNA replication and gene expression in the 
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presence of a helper virus. Conversely, the smaller Rep proteins appear to not be 

crucial for DNA replication, but mediate genome packaging (22, 61). 

The second major ORF encodes the three capsid proteins [VP1 (87kDa), VP2 

(73kDa), VP3 (63kDa)]. They are generated by alternative splicing of a single mRNA 

transcribed from the p40 promoter. The full mRNA produces VP1, however the major 

splice variant removes the VP1 start codon, leaving only one other AUG, which is at the 

start of the VP3 sequence. An alternate start site (ACG) upstream of the VP3 start 

codon has the proper Kozak context and thus results in a low level of VP2 expression. 

All three proteins share a common C-terminus (532 amino acid VP3 sequence in AAV2) 

with VP2 and 1 having progressively more unique N-terminal sequence. Recently it was 

discovered that a short ORF, that overlaps the CAP ORF, produces a small accessory 

protein that is necessary for AAV assembly. This protein has been appropriately named 

assembly-activating Protein (AAP) (108). 

Capsid 

The AAV genome is packaged into a 26nm icosahedral capsid that has an 

approximate mass of 4 MDa. The capsid is comprised of 60 subunits assembled as an 

icosahedron with a T=1 symmetry, with the VPs 1 (87kDa), 2 (73kDa) and 3 (62kDa) 

present in a 1:1:8-10 ratio, as determined by denaturing gel electrophoresis (60). The 

common C-terminal region encompassed by VP3 is responsible for forming the bulk of 

the AAV capsid structure and for carrying out most major functions of the capsid. The 

minor VP1 protein is necessary for productive infection and contains within its unique N-

terminal region a phospholipase-A2 (PLA2) domain (38) as well as several basic 

regions that have been shown to function as nuclear localization signals (NLS) (41, 

107). Recent findings indicate that the unique N-terminal region also contains several 
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other trafficking signals including an SH2-binding motif shown to be critical for nuclear 

trafficking and a PDZ-binding motif with implications for nuclear entry (90). While the 

unique N-terminal sequences of both minor proteins are localized to the interior of the 

capsid at room temperature, it has been shown that these domains become exposed 

during infection in capsids that are otherwise intact (107). This feature in combination 

with the fact that VP2 is non-essential has been used to redesign VP2 as a vehicle for 

introducing large ligands into the AAV capsids, which are incorporated into the capsid 

along with VP2 and displayed on the capsid surface (118).   

The capsid has several axes of symmetry, which correspond to prominent 

topological features. The threefold axis of symmetry is characterized by a depression 

which is surrounded by prominent spikes. These form the most distal points from the 

center of the capsid. These are separated by valleys and contain amino acids which 

play a prominent role in receptor binding (59, 116) and host immune response (42, 77). 

In AAV2, this region contains R484, R487, K527, K532, R585, and R588, which are 

responsible for binding heparan sulfate proteoglycan (HSPG), AAV2’s primary 

attachment receptor. In addition to receptor-binding mutants, the AAV2 charge cluster 

alanine mutant mut22 (268-272 NDNHY-NANAY) is also surface exposed and located 

along the threefold axis of symmetry. This mutant is severely defective for infection 

despite being able to form intact capsids and binding HSPG. In close proximity to mut22 

on the outer surface is R432 which when mutated to alanine has a null packaging 

phenotype (122). While R432 is far from the fivefold pore, which is the site of genome 

packaging, it is believed that it interrupts normal interaction between the capsid and 

Rep, thus preventing packaging. On the interior of the capsid, the threefold region 
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appears to mediate capsid interactions with genome-associated DNA, as well as non-

genome associated nucleotides (37, 39, 68, 80, 83). While capsid assembly does not 

require the presence of the AAV genome or REP proteins, the resulting “empty” capsids 

have been shown to still contain short DNA segments. A recent study examining the 

effects of pH on crystals of AAV8 found that one of the two regions that underwent shifts 

in response to lower pH appeared to be involved in capsid-DNA interactions (79). This 

region was located on the inner surface at the threefold and at neutral pH showed a 

density corresponding to a dAMP, similar to what’s been seen in other studies. As the 

pH was dropped, H631 shifted and the dAMP density was no longer observed. This 

region was called the DNA group and involved residues P422, P632, H631 and F629 

(AAV8). Further examination of this region and its function in AAV2 will be discussed in 

the results section.   

The ordered nucleotide-capsid interactions appear to extend from the threefold 

into the twofold region (37) that is defined by a depression that separates the threefold 

spikes on the capsids outer surface. The residues surrounding this region have been 

implicated in AAV infectivity and are of particular importance to the work described here. 

Among the previously identified AAV2 mutants, Mut40 (561-565 DEEEI-AAAAI) and 

Mut37 (527-532 KDDEEK-AAAAA) (122) were both able to produce intact, full capsids 

that were severely defective for infectivity. Both of these mutants are located along the 

sides of the threefold spikes, surrounding the twofold. Located nearby, mut37 

encompasses two out of five residues (K527, K532) responsible for heparin binding, 

and is in direct contact with residues from mut40. Mut40 is in turn part of the second 

region identified by Nam et al, as being sensitive to pH. This second region, dubbed the 
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pH quartet, is comprised of E566, Y707, R372 and H529 in the AAV8 sequence, which 

come together from three different VP monomers. At neutral pH, Y707 and E566 appear 

to interact through hydrogen bonding. This interaction is broken as both residues rotate 

away from one another in response to acidic pH. This transition occurs fairly abruptly 

with approximately 50% of the capsids having their pH Quartets switched at pH6 and all 

being completely switched by pH 5.5. During this transition, the side chain of Y707 also 

transitions from being buried to surface exposed. Several of the residues in the pH 

quartet have previously been implicated in AAV2 infection. E566 (AAV8) corresponds to 

AAV2s E563, which is one of the residues in mut40. Likewise, Y707 (AAV8) 

corresponds to Y704 in AAV2 and is one of the surface tyrosines found by Zhong et al. 

(130) to produce a mild increase in infectivity when mutated to a phenylalanine. An 

additional two surface tyrosine residues from the same study (Y700, Y730), which also 

produced a similar phenotype, are located in close proximity to the pH quartet and come 

together to form part of the floor in the twofold depression. Deeper in the capsid and in 

close proximity to the mutants discussed above, mut47 is also defective in infectivity 

while forming intact capsids (122). Interestingly this mutant is also aberrant for binding 

the A20 monoclonal antibody, which is specific for intact capsids, even though the 

residues in question are located far from the antibody-binding site (120), on the inner 

surface of the capsid, at the twofold axis of symmetry. In addition to all of the mutational 

data, cryoelectron microscopy has suggested that the N-termini of the minor capsid 

proteins reside underneath the twofold axis in intact capsids, prior to externalization 

during infection (37). Clearly this region plays a crucial in AAV infection and will be 

further discussed in upcoming chapters.  
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The fivefold axis of symmetry is characterized by a raised pore surrounded by a 

valley. The pore is the only channel between the interior and exterior environments of 

the intact capsid. The narrowest point is located near the inner surface of the capsid 

and is ~1.2nm across (14) which is large enough to accommodate DNA and peptides. 

The cylindrical channel of the pore is comprised of residues 322-338 in AAV2 and 

extends above the exterior surface of the capsid, forming a raised rim around its 

opening. The residues at either end of this structure are highly conserved, although 

there is variability in the intermediate sequence. At its interior end, the pore meets a 

funnel-like structure, formed by the highly conserved residues 217-223 (AAV2). The 

primary function of the pore is believed to be for packaging the viral genome into pre-

formed capsids, however there is evidence that the pore may also be used for 

externalizing the VP1 and 2 N-termini. Mutants such as L336A, N335A and V221C in 

the pore have been shown to block heat-mediated externalization of the VP1 and 2 in 

vitro, as well as resulted in decreased infectivity, suggesting that this externalization is 

also hindered during infection (14).  

AAV Receptors, Entry and Trafficking 

Typical viral infection begins with receptor binding on the cell surface. In the case 

of AAV this requires the binding of both a primary glycan receptor and a secondary 

protein receptor. Different AAV serotypes bind different glycan receptors. In the case of 

AAV2, HSPG is known to be the primary receptor (112). HSPG is also utilized by AAV3 

(112) and is at least also bound by AAV6 (123), though in that case it is not clear 

whether this plays a functional role in vivo, since AAV6 also binds α 2,6 N-linked sialic 

acids (124). Sialic acids of different linkages are also utilized by AAVs 1, 4 and 5 (54, 

124) while AAV9 has been recently shown to bind terminal galactose residues (104, 
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105).  This variety of glycan receptors belies what may be an even greater number of 

secondary receptors. In the case of AAV2, fibroblast growth factor receptor (FGFR), 

47/67kDa Laminin receptor, hepatocyte growth factor receptor and both the αVβ5 and 

α5β1 integrins have been shown to act as receptors (1, 3, 55, 92, 111). Although other 

serotypes haven’t been as extensively characterized, it is clear that there are both 

receptors that unique to individual serotypes, such as platelet-derived growth factor 

receptor (PDGFR) and AAV5 (26), and some that are used by multiple serotypes, such 

as 37/67kDa laminin receptor and AAVs 2, 3, 8 and 9 (1).  

Out of the two kinds of receptors bound by AAV during infection, only the 

secondary protein receptor triggers endocytosis. It has been thought that binding to the 

primary glycan receptor anchored the capsid on the cell surface, which then allowed 

secondary receptor binding to occur. Whatever the exact nature of the mechanism, AAV 

receptor-binding has been believed to trigger clathrin-mediated, dynamin-dependent 

endocytosis (9, 30). This original model then saw AAV, now residing within clathrin-

coated vesicles, traffic to early endosomes. From here, there have been varying reports 

on the exact path AAV would take through the endosomal system, out into the 

cytoplasm and ultimately into the nucleus (27-29, 56, 101, 126). Many of these reports 

are for AAV2 but seemed to be specific to cell type or multiplicity of infection (MOI) 

used. To those that tried to tackle the question of what specific pathway AAV took 

through the cell, after endocytosis no clear answer emerged. In one case, infections 

with a higher MOI of AAV seemed to direct the virus into recycling endosomes, and 

resulted in a more efficient infection (28). However the same study found, as had others 

that at least a portion of the virus still trafficked through to the late endosome. Late 
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endosomes typically mature into lysosomes, but also exchange material with the trans-

Golgi (16, 47). It is therefore, not surprising that AAV has also been co-localized with 

both of these compartments (8, 51) though in both cases it is not clear whether this was 

representative of virus that would later go on to the nucleus or simply a dead-end.  

It is believed that at least the subset of AAV that ultimately gains access to the 

nucleus escapes from the early or late endosome and rapidly traffics to the nucleus. 

Escape from the endosomal system is believed to be mediated by the PLA2 domain 

within the VP1-unique region (38, 109). While PLA-mediated endosome escape is 

believed to be a conserved feature among parvoviruses, findings with Canine 

Parvovirus (CPV) suggest that this process may be more complicated than simply 

punching holes in vesicle membranes. CPV infection supplemented with different sized 

fluorescent dextrans revealed that while CPV PLA2 is indeed capable of permeabilizing 

the vesicles it resides in, the size of the holes produced were insufficient to allow the 

passage of a 10 kDa dextran. This would indicate that the same holes are also 

insufficient for mediating escape of the much large parvovirus capsid (110). While it is 

clear that PLA2 is necessary for endosomal escape (33, 73, 109), there are new 

findings which propose an alternative scenario, where small endosomal vesicles 

containing AAV traffic in a rapid, unidirectional manner to the nucleus along the 

microtubule network (125). In this scenario, rather than emerging from endosomes 

early, AAV permeablizes them enough to display its VP1 unique region and its targeting 

domains on the exterior of the vesicle, thus directing the entire vesicle towards the 

nucleus. This model, however, doesn’t address the eventual need for the virus to 

escape the vesicle and enter the nucleus, assuming the virus uses the nuclear pore 
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complex (NPC). It does however highlight the point that the cytoskeleton plays a critical 

role in the AAV life cycle. While it was believed that AAV utilized the microtubule 

network to travel to the nucleus via direct interaction after endosomal egress (57, 101), 

electron microscopy data from Xiao et al. suggests that the virus is able to exploit the 

microtubule network from inside a vesicle (125). Given that AAV has also been 

colocalized with both the Golgi and the ER (50, 51) another possibility is that AAV 

follows a trafficking pathway similar to SV40 (102), and traffics through the Golgi into 

the ER, where it exploits the unfolded protein response (UPR) machinery to gain access 

to the cytoplasm and ultimately the nucleus.  

Inspite of the uncertainty about the exact pathway taken by AAV through the 

endosomal system, the fact that AAV uptake occurs by clathrin-mediated dynamin-

dependent endocytosis has been widely accepted and unchallenged until recently. 

However a recent study (84) which looked at the effects of a combination of dominant 

negative mutants in the clathrin uptake pathway and a variety of specific 

pharmacological inhibitors of endocytosis, has cast doubt on this aspect of AAV biology 

and has presented evidence that AAV uptake occurs independent of clathrin, calveolin 

(as with SV40 (102)) and dynamin. This new work instead implicates Cdc42, Arf1 and 

GRAF1, which are factors in the formation of clathrin-independet carriers, as 

responsible for AAV uptake into detergent-resistant GPI-anchored-protein-enriched 

endosomal compartments. The CLIC/GEEC pathway then leads to AAV trafficking into 

the Golgi and involves compartments that undergo acidification as seen in the early/late 

endosomes. While these findings do seem to correlate with the known role of pH in AAV 

trafficking or the reports of AAV Golgi localization, they are in direct contradiction of 
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even more recent findings that once again implicate clathrin and dynamin in the 

internalization of AAV2 and 8 (70). The picture is further complicated by the findings that 

the phenotypes of insertional mutants of the AAV2 heparin-binding motif can be divided 

into two categories, with heparan-binding mutants entering via a clathrin and caveolin-

independent pathway while non-heparan-binding mutants entering via clathrin-mediated 

endocytosis (114). This same study also showed that the mutants entering via the 

clathrin- and caveolin-independent pathways were unable to transduce the cells, thus 

implying that entry alone is not sufficient for productive infection and that the route taken 

is critical to the final outcome. Looking closer at the three studies, the two implicating 

clathrin both utilized chlorpromazine as an inhibitor of the pathway. While 

chlorpromazine does inhibit the binding of the A2 clathrin subunit on plasma 

membranes, thus preventing the formation of clathrin-coated pits (117), it also has wide-

ranging effects on a variety of receptors and signaling pathways (reviewed in (23)). This 

leaves open the possibility that the inhibition of AAV transduction seen with 

chlorpromazine treatment is due to an off-target effect in the cell, rather than inhibition 

of clathrin-mediated endocytosis of the virus. That said, chlorpromazine has been 

widely used as a specific inhibitor of clathrin-mediated endocytosis. In contrast the study 

implicating the CLIC/GEEC pathway used Eps15, which has been shown to be a crucial 

part of the A2 clathrin complex and whose truncated form can be used to abolish 

clathrin-coated pit formation (10). This approach carries less risk for off target effects. 

None-the-less the discrepancy among these studies highlights the confusion within the 

AAV trafficking field and underscores the need for a better understanding of the 

underlying cellular signaling and trafficking pathways.  
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While it is not clear which of the above models is correct or more relevant to 

productive AAV infection, there are several things that are known about AAV infection 

prior to arrival to the nucleus. AAV requires acidification and maturation of the 

endosomal compartments and infection is blocked with drugs such as bafilomycin A 

(29). The need for endosomal acidification goes beyond the simple need to escape into 

the cytoplasm, since microinjection of AAV into the cytoplasm, and even into the 

nucleus fails to result in a productive infection (107). It has been believed that 

acidification is necessary for the externalization of the VP1 N-terminal unique region 

(73, 107), which contains the crucial PLA2 domain, NLS signals as well as trafficking 

domains. Acidic pH has however, failed to produce VP1 externalization in vitro (107) 

suggesting that either other cellular factors are necessary, or that perhaps the pH-

dependent process is simply reversible, and thus, not detected at the typically neutral 

pH during immunoblotting. What is clear is that trafficking through the endosomal 

pathway results in processing of the AAV capsid, which is critical for infection. Some of 

this processing was believed to have been done by resident proteases, and indeed 

there is some evidence that cathepsins B and L are able to process AAV2 and 8 (2) and 

appear to have a modest effect on AAV infection. Given that the study also shows no 

such effect with AAV5, it is unclear how indicative these findings are of AAV infection in 

general.  

It is also known that the proteasome plays a negative role in AAV infection. 

Treatment with proteasome-blocking drugs such as MG132 results in enhanced AAV 

infection (31, 128), which is thought to be the result of decreased viral degradation in 

the cytoplasm. This is in contrast to autonomous parvoviruses, which actually require 
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processing by the proteasome (95). Ubiquitation of proteins can serve to target protein 

to various cellular compartments, depending on the number and the lysine linkage of 

the additional ubiquitin molecules. Polyubiquitination at lysine 48 is a classical signal for 

proteasome degradation (21). One process by which proteins can be targeted for 

ubiquitination is phosphorylation (15, 20, 88, 89). In the case of AAV it was initially 

shown that inhibition of epidermal growth factor receptor protein tyrosine kinase (EGFR-

PTK) resulted in increased AAV transduction (72, 91). It was later demonstrated that 

EGFR-PTK was able to phosphorylate surface tyrosines on the AAV2 capsid, and that 

this phosphorylation was linked with increased ubiquitination and proteasome-mediated 

degradation of the virus (129). Indeed mutation of four out of eight surface tyrosine 

residues to phenylalanine (that can’t be phosphorylated) resulted in a modest to 

moderate increase in AAV infectivity. One such tyrosine, Y704, is located in the pH 

quartet. This residue will be of particular interest in our work described in Chapter 3. 

When discussing AAV infection, it is important to acknowledge one more aspect, 

which is engrained in the very nature of this genus: the helper virus. At first, it would 

seem natural to study AAV infection in the context of an adenovirus infection, since the 

virus is unable to complete it life cycle without a helper (discussed further in 

Replication). However the interest in AAV as a vector also complicates its study, since 

Adenovirus co-infection is not practical for clinical applications. While perhaps the 

primary utilitarian goal of studying AAV is to understand it for the sake of making a 

better vector, some of the inconsistencies that obviously exist when comparing different 

studies may exist due to the fact that helper-free infection is not how the virus typically 

spreads “in the wild” and thus doesn’t accurately reflect the environment in which it has 



 

25 

evolved to function. Although AAV is obviously capable of helper-free transduction with 

robust gene expression, especially in the self-complimentary vectors, the ambiguities 

seen in trafficking may in part be due to AAV evolving to function in the context of a cell 

already infected by a virus. Adenovirus has been demonstrated to enhance AAV 

nuclear trafficking (126). This may be due to the endosome-disrupting properties of 

adenovirus protein VI (119), which have been shown to at least mildly facilitate 

endosomal escape of PLA2-deficient AAV (109). This of course could explain, why in 

Ad-free infections, a large portion of the incoming AAV virions seem to scatter 

throughout the endosomal system in the absence of a strong endosomal disruptor like 

protein VI. This suggests that there are two types of infections, with and without 

Adenovirus, and that AAV has developed strategies to survive both scenarios. Thus, by 

examining AAV in the context of Ad, rather than just focusing on Ad-free infection as is 

often done, we increase our chances at better understanding the underlying biology of 

the virus and ultimately engineering it for our use.  

AAV and the Nucleus 

AAV, like most DNA viruses must deliver its genome to the nucleus for successful 

replication and gene expression. What has not been clear until recently was if the AAV 

capsid entered the nucleus or simply injected its genome as seen with herpesviruses 

and adenovirus (reviewed in (62)). Early evidence suggested that capsid entry into the 

nucleus was highly inefficient (9).  This was based on confocal microscopy findings, 

which revealed few Cy3-labeled capsids in the nucleus, suggesting that either capsid 

entry into the nucleus wasn’t necessary or that the capsid disintegrated prior to nuclear 

entry as seen with hepadnaviruses (reviewed in (62)).  Subsequent efforts revealed that 

A20-positive capsids could indeed be observed in the nucleus (126). Further evidence 
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that the intact capsid enters the nucleus and is critical for infection, was provided when 

microinjection of the A20 neutralizing antibody into HeLa nuclei was shown to be 

inhibitory (107). Because the A20 antibody recognizes only intact AAV capsids, this 

meant that the entire capsid enters the nucleus priority uncoating.   

Having established that the intact capsid does enter the nucleus, the next question 

facing the field was how? Given that the VP1 unique region harbors four basic clusters 

of amino acids, which have been shown to function as nuclear localization signals 

(NLS)(41), it was logical to assume that AAV utilized the nuclear pore complex (NPC) to 

gain access to the nucleus. The typical nuclear complex can dilate up to 39nm to 

accommodate large cargo during active transport (87) and would thus be more than 

capable of allowing the 26nm AAV capsid to pass. There has however, been evidence 

that the virus is able to enter the nucleus without the NPC. Incubation of virus with 

purified nuclei, revealed that AAV was able to enter even in the presence of wheat germ 

agglutinin (WGA), an inhibitor of active nuclear transport (45). This study also showed 

that the virus entry kinetics were dependent on time, temperature and virus 

concentration but were not saturable, further indicating that AAV enters on its own, 

without the assistance of cellular machinery. Further evidence that this NPC-

independent entry method may be shared by all parvoviruses is seen in studies done 

with minute virus of mice (MVM). Initial observations of MVM microinjected into 

Xenopus oocytes, revealed that the virus caused disruptions within the nuclear 

envelope (NE) and nuclear lamina (NL), suggesting that it gained access to the nucleus 

directly, rather than through the NPC (24, 25). These same studies also revealed that 

the damage to the NE was time- and dose- dependent but was not affected by inhibition 
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of the NPC; just as observed with AAV. Further examination revealed that MVM was 

able to achieve these disruptions without the help of its PLA2 domain, and that it did so 

with the help of caspase-3. While caspase-3 is a strongly pro-apoptotic enzyme when 

activated, in the case of MVM, the observed disruption of the NE and underlying nuclear 

lamina were achieved by relocating a small fraction of caspase-3 that is activated in the 

cytoplasm at any given time, rather than activating the larger pool of caspase-3 

zymogen. This would of course prevent cells from prematurely entering apoptosis. 

While it is not clear if AAV uses the same tactic we have observed that AAV is able to 

cause similar disruptions in the NE and NL as judged by confocal microscopy 

(unpublished observations). Recent findings of a nuclear entry role for a PDZ-binding 

domain in the N-terminus of VP1 may point to underlying interactions, governing an 

NPC-free nuclear entry process. This leaves open the possibility that this unique aspect 

of parvovirus biology is conserved between the autonomous parvoviruses and 

dependoviruses.  

The fact that intact capsids must reach the nucleus suggests that AAV capsids 

must reach a particular nuclear location or interact with nuclear components for infection 

to continue. A study, looking to initially characterize the interacting partners of AAV’s 

Rep proteins, stumbled upon the fact that a nucleolar protein, B23/nucloephosmin/NPM 

bound the AAV capsid with greater affinity than Rep (13). The study went on to describe 

how NPM appeared to facilitate Rep78 binding of the AAV ITR as well as Rep 

endonuclease activity. Given that NPM is known to facilitate interactions between 

proteins and nucleic acids in ribosomal assembly and chromatin remodeling (reviewed 

in (69)), these findings are not surprising and may suggest a reason for the AAV capsid 
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to seek out and bind NPM. In another seemingly unrelated study, Johnson et al. 

demonstrated that treatment with proteasome inhibitors not only resulted in 

enhancement of AAV transduction but also an increased translocation of A20-positive 

capsids into the nucleolus (52). Nucleolar localization was observed to a lesser extent in 

untreated cells infected with AAV in the absence of adenovirus. Interestingly the same 

study also observed that treatment with hydroxyurea (HU), an inhibitor of DNA synthesis 

which has been shown to increase AAV transduction (53), resulted in release of AAV 

into the nucleoplasm. Both treatments resulted in increased transduction by AAV and 

were additive when combined suggesting they affected different aspect of AAV biology 

in the nucleus. To further examine the link between the nucleolus and AAV, the same 

study also knocked down expression of NPM and nucleolin (NCL) using siRNA, and 

reported a modest increase in infectivity. NPM siRNA resulted in increases nucleolar 

accumulation and an increase in transduction, as seen with MG132. NCL siRNA 

treatment also resulted in increased transduction but this time accompanied by a 

migration of viral particles into the nucleoplasm, as seen with HU treatment. The 

authors thus suggested that AAV first utilizes the nucleolus as a safe haven within the 

nucleus where it can remain until conditions favor egress from the nucleolus and 

uncoating. Findings with autonomous parvoviruses show that viral infection induces 

marginalization of chromatin and an increase in protein mobility within the nucleus (48), 

suggesting a scenario in which the parvoviral capsid could use NPM to induce favorable 

nuclear remodeling. It seems clear that the AAV capsid has a nuclear role in productive 

infection, but despite tantalizing clues, the exact nature of that role is still unclear.  
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Replication and Assembly 

Productive AAV replication requires co-infection with a helper virus such as 

Adenovirus, Herpesvirus, Cytomegalovirus or Papilloma virus (5, 17, 78, 85) . In the 

case of Adenovirus, it has been established that wt-AAV infection requires at the 

minimum the E1a, E1b, E2a, E4Orf6, and the virus-associated [VA] RNA (18, 19, 43, 

67, 93, 94). E1A is a transactivator that induces cells into S-phase and is responsible for 

upregulating transcription of Adenoviral and AAV genes. E1B works in concert with E4 

to facilitate transport of AAV mRNA, with E4 also playing a role in AAV DNA replication 

and second-strand synthesis. E2A and VA RNA proteins are likewise responsible for 

enhanced accumulation of AAV mRNA and proteins  (34, 78, 81, 98) . In the absence of 

helper virus infection, wild-type AAV has been shown to undergo site-specific 

integration on human chromosome 19 (19q13.3–qter), at a site called AAVS1 (63-65, 

100). In the absence of Rep proteins, as is the case with recombinant AAV (rAAV) 

vectors, the genome has been shown to be maintained long-term in the form of an 

episome (127). 

 AAV genomic DNA is replicated by a strand-displacement mechanism, with the 3’ 

ITR serving as a primer for complimentary strand synthesis.  This model, typical of 

parvoviruses, requires the nicking activity of Rep78/68 to facilitate terminal 

resolution(49, 106). A mutation within the 3’ ITR terminal resolution site (TRS), prevents 

terminal resolution and results in a duplex genome which can still be packaged (74). 

The use of duplex genomes in rAAV vectors circumvents the second-strand synthesis 

bottleneck and leads to rapid gene expression in the absence of helper virus. This 

however comes at the cost of reduced packaging capacity (121). With wild-type and 
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single-stranded rAAV, genomes of both polarities are replicated and packaged equally 

in the nucleus (11, 12) 

AAV capsid formation occurs independent of the Rep proteins or the viral genome 

but requires the expression of AAP (108). AAP facilitates nucleolar localization of VPs 

and the formation of intact, A20-positive capsids. The monomer interfaces forming the 

fivefold and twofold axis, are relatively simple and assembly along them is believed to 

occur spontaneously. In contrast, the threefold axis of symmetry is formed by complex 

“hook in loop” interactions, which have been hypothesized to require chaperones for 

proper formation.  

Specific Aims 

As AAV continues to be developed for therapeutic use and deployed extensively in 

clinical trials, the gaps in our knowledge of the molecular events which govern AAV 

infection are made all the more apparent. Developments, such as the 

phenylalanine/tyrosine mutants and self-complimentary vectors, underscore the 

practical importance of having a thorough and complete understanding of the basic 

biology of AAV. Despite numerous studies implicating acidic pH as critical to AAV 

infection, and identifying regions within the capsid that are responsive to changes in pH, 

the exact role of these regions in AAV infection is still unknown. Additionally, a number 

of mutants have been identified as being critical to AAV infection post-entry, however 

the exact role of these residues as it pertains to AAV trafficking remains unknown. To 

this end, the project described here has developed into two interconnected directions. 
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Mutational and Trafficking Analysis of Mut22 and pH-Responsive Amino Acids of 
the AAV2 Capsid 

We examined the infectivity and characterized the trafficking of the previously 

identified mut22, in an effort to gain insight into the nature of its defect. Similarly we 

mutated amino acids within the pH quartet and the DNA group to examine the role of 

these pH-sensitive elements in AAV infection. We also mutated individual residues 

within mut40 as well as Y700 and Y730 due to their close proximity to the pH quartet 

and their previous implication in AAV infection (122, 130). All studies were conducted in 

the presence of Adenovirus 5 co-infection.  

Identification and Characterization of the AAV Capsid Protease 

Structural analysis of the pH quartet region revealed similarities with acid protease 

active sites. Our aim was to determine if the capsid indeed had protease activity and to 

characterize it. We identified a pH-dependent protease that is capable of autolysis of the 

AAV VPs in response to acidic pH. We demonstrated that this activity is conserved 

across serotypes and appears to involve multiple cleavage sites within the viral coat 

protein. We were able to identify, through both biochemical and mutational analysis, 

unique cleavage sites in AAV1 and 9. Our close collaborator additionally showed that 

the capsid also possessed protease activity against external substrates and that 

mutating the pH quartet residue, E563 (AAV2), could abolish this activity (96).   
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CHAPTER 2 
MATERIALS AND METHODS 

PCR Mutagenesis and Plasmid DNA Purification 

All AAV2 mutants were generated in a pIM45 background using the Quikchange II 

XL site-directed mutagenesis kit from Agilent (Santa Clara, CA). Similarly AAV1 and 

AAV9 mutants where generated using the same method in a pXR1 and Rep2Cap9 

background respectively. After PCR, products were digested with DpnI, transformed into 

XL10-Gold ultracompetent cells and plated on ampicillin-containing agar plates. Single 

colonies were picked and grown up overnight in liquid cultures with ampicillin. A small 

sample from each culture was frozen in 15% glycerol at -80° C for future use while the 

rest of the culture was extracted for plasmid DNA using a Mini-Prep kit (Qiagen, 

Valencia, CA). Mutations and a proper background were verified by sequencing the full 

cap ORF.   

Cell Culture 

HEK293 and HeLa cells were maintained at 37° C and 5% CO2 in Dulbeco 

Modified Essential Media (DMEM), supplemented with 10% heat-inactivated fetal 

bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin. 

Virus Production 

AAV2 pH-Mutants 

Mutant viral stocks were produced by a three-plasmid transfection of HEK293 cells 

using polyethylenimine (linear molecular mass ~ 25000) with either wild-type or mutant 

pIM45, pXX6 and either pTR-UF11 (single-stranded eGFP genome) or pds-eGFP (self-

complimentary eGFP genome). At 68 hrs post transfection lysates were collected and a 

small fraction was saved for dot blots while the remainder was purified by iodixanol step 
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gradient centrifugation and heparin column chromatography as previously described 

(131). Typical preparation size consisted of 20 x 15 cm2 plates of HEK293 cells. For 

large-scale preps, mutant viruses were produced by the UF Vector Core.  

AAV1, 2 and 9 Protease Mutants 

Mutant viruses were prepared by polyethylenimine transfection of 5 x 15 cm2 

plates of HEK293 cells and purified by iodixanol step gradient centrifugation as 

previously described (23). All mutant viruses were packaged with pTR-UF11 containing 

a GFP expression cassette. After iodixanol centrifugation, the material from the 

40%/60% interface was washed in a 150 kDa-cutoff concentrator (Apollo; Orbital 

Bioscience, Topsfield, MA) with 50 mL of 1xTD (1xPBS plus 1 mM MgCl2 and 2.5 mM 

KCl) plus 1 M NaCl. The virus was then buffer exchanged into 1x PBS (pH 7.4) and 

concentrated to 500 μL. 

Wild-type Serotype 1-10 Samples 

Wild-type capsid samples were obtained for serotypes 1-10 for various 

experiments from the following sources and prepared as follows. AAV1 to -3, AAV5 to -

8, and AAV10 virus particles containing a green fluorescent protein (GFP) expression 

cassette (pTR-UF11) were prepared by DNA transfection in HEK293 cells and purified 

by iodixanol step gradients and Mono Q FPLC chromatography as previously described 

(132). AAV9 virus particles (VPs) containing a GFP cassette were purified by iodixanol 

gradient, washed with 1 M NaCl, and buffer exchanged into 1x phosphate-buffered 

saline (PBS). In addition, AAV1 containing an α-1- antitrypsin (AAT) cassette (a kind gift 

from David Knop at Applied Genetic Technologies Corporation [AGTC], Gainesville, FL) 

was made by an alternative protocol using herpesvirus-infected BHK cells and purified 

as previously described (113). Briefly, BHK cells growing in suspension were coinfected 
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with two recombinant herpes simplex virus (rHSV) vectors and then simultaneously 

lysed and digested (1% [vol/vol] Triton X-100, 25 U/mL Benzonase, 2 mM MgCl2) 24 h 

later. The lysate was filter clarified and then column purified by CIM Q (BIA Separations) 

and affinity (AVB; GE Healthcare) chromatography. The GFP-containing virus particles 

were used for autoproteolysis assays as described below. AAV1 containing an AAT 

cassette was used for AAV1 mass spectroscopy and Edman sequencing. Virus stocks 

for autoproteolysis made by DNA transfection were obtained from the University of 

Florida Vector Core Laboratory (AAV1, -2, -5, -8, and -9), Sergei Zolotukhin (rh10), 

Mavis Agbandje- McKenna (AAV3 and -6), and Roland Herzog (AAV7) 

Virus Titering 

All viral stocks were titered by real-time PCR using BioRad MyIQ cycler and iQ 

SYBRGreen supermix (Bio Rad, Hercules, CA) with primers against the chicken beta 

actin (CBA) promoter common to both ss-DNA and ds-DNA genomes 

(FWD: TCCCATAGTAACGCCAATAGG  REV: CATCAAGTGTATCATATGCCAAG).  

Particle to Infectivity Ratios 

HeLa cells were seeded at 1x104 cells per well in 96-well plates 12 hrs prior to 

infection. Cells were infected with serial dilutions of mutant and wild-type AAV ranging 

from 0.1 to 1x106 viral genomes per cell and all infections were supplemented with  

MOI=10 of Adenovirus 5 and done in triplicate. At 48 hrs post-infection (pi), plates were 

imaged with a Zeiss Axiom inverted fluorescent microscope using GFP and/or RFP 

filters. Cells positive for the proper fluorescent protein were counted in the imaged area 

and the total number of positive cells in the well was back calculated. Cells infected with 

only Ad5 were used as negative controls for autofluorescence. Particle to infectivity ratio 
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was calculated by dividing the known virus genome input by the number of GFP/RFP 

positive cells.  

Western Blotting and Dot Blotting 

For dot blots of transfected lysates, equal amounts of protein (60 μg) were loaded 

on either Whatman Protran nitrocellulose blotting membranes [Figure 3-2 and 4-2] (GE 

Healthcare), or Immun-Blot polyvinylidene difluoride (PVDF) membranes [all other blots] 

(Bio Rad, Hercules, CA) in their native state, to assess intact capsids, using a vacuum 

blotting apparatus. For assessment of total VP present samples were boiled, separated 

on 4-20% gradient Tris-HCl polyacrylamide gels, and then transferred to nitrocellulose 

membranes. Blots were then blocked for 2 hrs with 5% non-fat milk (BioRad, Hercules, 

CA) in 1x PBS/ 0.5% Tween-20 and probed with either B1 monoclonal antibody 

(1:3000) to measure total capsid protein or A20 (1:20) to measure intact capsids for 1hr 

at room temperature. Membranes were then washed 3 x 5 min in 1x PBS/ 0.5% Tween 

and incubated with anti-mouse (1:5000) or anti-rabbit secondary HRP-conjugated 

antibodies (company) for 1 hr at RT. After a final 3 x 5 min washes, membranes were 

developed using Millipore ECL reagent (Millipore, Billerica, MA) and imaged using 

HyBlot CL Autoradiography Film (Denville Scientific Inc, Metuchen, NJ).   

Immunocytochemistry and Confocal Microscopy 

For confocal microscopy 16-well chambered slides (BD) were seeded with 7x103 

HeLa cells 24hrs prior to infection, skipping wells to ensure that no cross-contamination 

would occur during infection. Cells were infected with 2x104 vg/cell of AAV with and 

without the addition of MOI=10 Ad5. At each time point, cells were washed three times 

with 37°C 1x PBS and then fixed and stained as previously described (52) with the 

following additions. Nuclei were labeled using Lamin B1 rabbit polyclonal antibody 
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(Abcam; 1:600) and all samples were processed using image-IT FX signal enhancer 

(Life Technologies) prior to blocking with immunofluorescence buffer (Johnson). All 

images were acquired with a Leica SP5 scanning laser confocal microscope and 

processed using Volocity (Perkin Elmer) and Photoshop (Adobe). We also found the 

A20 epitope to be particularly prone to destruction by over-fixation either with higher 

concentrations of paraformaldehyde (PFA; 4% or greater) or when using pure, 

methanol-free formaldehyde (2%). We also found that the manner in which PFA was 

prepared to be critical for success. Briefly, PFA was made fresh from powder prior to 

each experiment in 10 mL batches. 62.5 μL of 1 N NaOH was added to 500 μL of 

ddH2O in a small glass test tube.  PFA powder (0.2 g) was then added to the test tube 

and mixed by swirling in an 80° C water bath until dissolved (approximate 2 minutes). 

The sample was then promptly brought up to a final working volume of 10 mL with 1x 

PBS. 

Subcellular Fractionation 

HeLa cells were seed at 1x105 cells per well in 6-well plates, 12 hrs prior to 

infection. Cells were infected with 1x104 viral genomes per cell of wild-type or mutant 

rAAV and co-infected Ad5 at an MOI of 10. Cells were infected by incubating with virus 

at 4° C for 30 min in 1mL of serum-containing media. After 30 min cells were shifted to 

37° C for 15 min to allow entry of bound virus and then virus-containing media was 

removed and replaced with fresh, pre-warmed serum-containing media.  At the 

appropriate time, cells were collected by trypsinization and pelleted in a refrigerated 

centrifuge at 250x G. Cells were then washed 3x with ice-cold 1x PBS and fractionated 

into cytoplasmic and nuclear fractions with the NE-PER kit (Pierce; Rockford, IL) as per 

the manufacturer’s instructions. The fractionation process resulted in cytoplasmic and 
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nuclear fractions as well as a post nuclear pellet that contained the nuclear membrane 

and cellular DNA. Each fraction was adjusted to 200 μL (post nuclear pellet 

resuspended in 200 μL) with ddH2O. All infections were done in triplicate. 

Viral DNA Extraction and Real Time PCR 

Subcellular fractions were supplemented with 20 μL of 10x proteinase K buffer (100 mM 

Tris-HCl pH 8, 100 mM EDTA, 5% SDS) and 2 U of proteinase K (Fermentas, Thermo 

Scientific, Glen Burnie, MD). Samples were allowed to digest for 1 hr at 50° C and then 

heated to 95° C for 20 min as a final denaturing step. Proteins were then extracted 3x 

with phenol:chloroform:isoamyl alcohol (25:24:1 - Life Technologies) and DNA was 

precipitated with the addition of 1 μL GlycoBlue (Ambion, Life Technolgies), 1/10th 

sample volume of sodium acetate (3 M, pH 5.2) and  2.5x volumes of 95% ethanol. 

Samples were allowed to precipitate overnight at -20° C and were then spun down at 

20,000 RCF at 4° C for 30 min. DNA pellets were washed with 70% ethanol and then 

allowed to very briefly air dry prior to resuspension in 100 μL ddH2O. 1/10th dilutions 

were then made of all samples and viral genomes were measure by real time PCR with 

primers against the CBA promoter (see virus titering). All samples were measured in 

triplicate.   

Uncoating Assay 

When assessing the relative portion of uncoated virions in the nucleus, cells were 

prepared, infected and fractionated as described above. Once nuclear fractions (soluble 

nuclear fraction and post nuclear pellet) were obtained using the NE-PER kit (Thermo 

Fisher, Rockford, IL), fractions were adjusted to 200 μL with benzonase buffer (10 mM 

Tris pH 7.5, 5 mM MgCl2) and then split in half. One half was labeled as “total” and 

processed as described in the subcellular fractionation section while the other half was 
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subjected to digestion with 250 U of Benzonase (Sigma-Aldrich, St. Louis, MO) for 1 hr 

at 37° C. Samples were then processed with proteinase K as detailed before. Both the 

total and benzonased samples were subjected to real time PCR with CBA primers as 

described and the relative fraction of DNAse resistant genomes was determined. 

Capsid Autolysis Assay 

Viruses containing a GFP expression cassette, which were made by the DNA 

transfection method, were used for autolysis, mass spectroscopy (MS), and Edman 

sequencing. Approximately 1 x 1010 viral genome-containing particles were incubated in 

either 1x PBS (pH 7.4) or 0.1 M citrate buffer (pH 5.5) for 1 h at 37° C. Samples were 

incubated at 95° C for 5 min in the presence of Laemmli buffer, separated by SDS-

PAGE using 4 to 20% gradient gels, and transferred onto Immun-Blot polyvinylidene 

difluoride (PVDF) membranes (0.2-μm pore size; Bio-Rad, Hercules, CA). Membranes 

were blocked (5% milk) and probed with either B1 (1:3,000) or A1 (1:20) monoclonal 

antibody for 1 h at room temperature, followed by incubation with anti- mouse 

horseradish peroxidase (HRP)-conjugated (1:5,000) secondary antibodies (GE 

Healthcare Bioscience, Pittsburgh, PA) and enhanced chemiluminescence (ECL) 

visualization. Estimation of fragment sizes was done with ImageQuant TL software (GE 

Healthcare Bioscience, Pittsburgh, PA) analysis of scanned immunoblots using 

Precision Plus pre-stained protein size standards (Bio-Rad, Hercules, CA). 

Mass Spectrometry 

Mass spectroscopy (MS) analysis was conducted on AAV1-AAT cleavage 

fragments with sizes of ~17 kDa and ~50 kDa. Prior to analysis, 1 x 1011 genome-

containing particles were subjected to autolysis at acidic pH as described above. 

Fragments were then separated by SDS-PAGE as described above, and cleavage 
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bands were visualized by staining the gel with biosafe Coomassie blue (Bio-Rad; 

Hercules, CA). The desired cleavage bands were excised with a scalpel and submitted 

to the Protein Core of the University of Florida Interdisciplinary Center for Biotechnology 

Research, where they were treated with 100 mM iodoacetamide (45 min at room 

temperature) and trypsin in preparation for MS analysis. Peptides were extracted from 

the gel slices with 200 μL 80:20 acetonitrile-water containing 0.1% formic acid and 

vacuumed to dryness. Samples were dissolved in 3% acentonitrile, 0.1% acetic acid, 

and 0.01% trifluoroacetic acid (TFA). Liquid chromatography-tandem MS (LC-MS/MS) 

analysis was carried out on a LTQ Orbitrap XL mass spectrometer (ThermoFisher 

Scientific, West Palm Beach, FL). All MS/MS samples were analyzed with Mascot 

version 2.2.2 (Matrix Science, London, United Kingdom). Scaffold version 3.0.9.1 

(Proteome Software, Inc., Portland, OR) was used to validate MS/MS-based peptide 

and protein identifications. Peptide identifications were accepted if they could be 

established at greater than 95.0% probability, as specified by the Peptide Prophet 

algorithm (58). Protein identifications were accepted if they could be established at 

greater than 99.0% probability and contain at least 2 identified unique peptides. Protein 

probabilities were assigned by the Protein Prophet algorithm (82). 

Edman Degradation Sequencing 

For Edman sequencing, 2 x 1012 genome-containing AAV1-AAT or AAV9-GFP 

particles were subjected to acidic autolysis. The samples were then boiled in Laemmli 

buffer and concentrated to 30 μL by vacuum centrifugation. The concentrated samples 

were buffer exchanged into 10 mM Tris-HCl using Micro Bio-spin 6 size exclusion 

columns per the manufacturer’s instructions (Bio-Rad, Hercules, CA). Samples were 

then separated by gradient SDS-PAGE as previously described and transferred to 



 

40 

Immobilon PSQ PVDF membranes (Millipore, Billerica, MA). Membranes were washed 

with double-distilled H2O (ddH2O) and then stained with fresh Coomassie R-250 brilliant 

blue for 30 s followed by destaining with 40% methanol–5% acetic acid. Membranes 

were washed 3 times with ddH2O and allowed to air dry prior to cutting of bands. 

Individual bands were submitted for N-terminal sequencing (Edman degradation) to 

Alphalyse (Palo Alto, CA). 
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CHAPTER 3 
AAV2 CAPSID MUTAGENESIS 

Endosomal processing is required for productive AAV infection (9, 46, 107). Part of 

this processing entails a low pH environment, and drugs blocking endosomal 

acidification have been shown to inhibit AAV infection (9). Recent crystallographic 

evidence points to two regions undergoing pH-dependent shift (79). Both areas are 

comprised of highly conserved residues (Table 3-1). The first, located on the inner 

surface, surrounding the threefold axis of symmetry (Figure 3-1C) appears to be 

involved in pH-dependent interactions between the capsid and DNA. This group is 

comprised of four amino acids, (P419, P630, H629 and F628) and will be referred to as 

the “DNA group” (Figure 3-1D). The second cluster of amino acids, is located near the 

twofold axis of symmetry (Figure 3-1A) and is also made up of four amino acids (R389, 

E563, Y704 and H526 – Figure 3-1B). This group includes residues previously 

implicated in AAV infection (122, 130) and will be referred to as the “pH quartet”. In this 

section we detail our mutational analysis of these two regions in AAV2, and describe the 

trafficking implications for some of the mutants utilizing immunocytochemistry, and 

subcellular fractionation. Additionally, we examine the trafficking of two of the most 

severe capsid infectivity mutants previously identified (mut40, mut22, (122)), one of 

which is partially encompassed by the pH quartet. We also describe the alanine mutants 

of two tyrosine residues (Y700, Y730) which are adjacent to the pH quartet, and that 

have been previously implicated in AAV infection (130). 
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Results 

pH Quartet Mutant Phenotypes 

Within the pH quartet we found that all mutants produced normal levels of intact 

(Figure 3-2 A and B), packaged virus (data not shown). The E563A mutant 

demonstrated a modest effect on infectivity (22 fold), as seen in Figure 3-3, while 

Y704A produced a defect so severe that it was below the level of detection even at high 

MOI (> 8 logs). It is important to note that this same tyrosine residue, when mutated to a 

phenylalanine by Zhong et al. (130), produced a mild increase in infectivity. Despite 

having displayed similar degrees of shift in the pH crystal structures of AAV8 the 

severity of the defects displayed by the E563A and Y704A mutants in AAV2 differed 

greatly and we decided to further examine the defect displayed by these two mutants. 

Entry and Nuclear Trafficking of pH Quartet Mutants 

To learn more about the nature of the defect in the Y704A and E563A mutants, we 

examined capsid cell entry and nuclear trafficking by confocal microscopy as a function 

of time post infection. Intact capsids were visualized with A20 monoclonal antibody, an 

antibody that recognizes only intact AAV2 capsids, at different times post infection.  

Lamin B1 antibody was used to delineate the nuclear membrane.  As previously 

reported, wild-type virus was observed entering the nucleus as early as 8 hrs post 

infection (52) and by 16hrs, appeared in the nucleus in significant quantities (Figure 3-

4).  We observed some concentrated clusters of wild-type virus in the nucleus which 

resembled the nucleolar localization previously seen by others (52) but this 

phenomenon was observed in a small number of cells. In contrast E563A showed very 

little nuclear entry even at 24hrs post infection (data not shown). In the case of Y704A 

we observed an almost complete lack of viral signal in the nucleus regardless of time 
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post-infection or the presence of Adenovirus. Despite the decrease in nuclear staining, 

both E563A and Y704A showed strong perinuclear A20 signals, suggesting that neither 

mutant was defective for cell entry. Instead, it appeared that both mutants were 

defective in nuclear entry.  Although this could explain the low infectivity of Y704A, the 

confocal data for E563A was not consistent with the fact that E563A was only 20 fold 

less infectious than wild type virus.  To confirm the confocal findings, cells infected with 

wild type, E563A, or Y704A were fractionated as described in Methods to separate the 

cytoplasmic and nuclear fractions. Virus was bound to cells at 4oC for 30 min at a MOI 

of 10,000 vector genomes per cell, and then the cells where incubated at 37oC to initiate 

cell entry.  The cells were also coinfected with Ad5 at an MOI of 10 to simulate a normal 

productive infection.  Quantitative real time PCR measurements of viral DNA isolated 

from the two fractions were used to track virus progression through the cytoplasm and 

into the nucleus as a function of time post infection.  The nuclear and cytoplasmic 

markers GAPDH and Lamin B1 were used to confirm the purity of the nuclear and 

cytoplasmic fractions (Figure 3-5). Wild-type virus continued to enter the cell for the first 

8 hours of infection at which point nearly all of the (10,000/cell) wild type input genomes 

had entered the cells (Figure 3-6). After 8hrs post infection, the total wild type viral 

genome content in the cell began to drop, in all likelihood as a result of losing some of 

the input virus in various degradation pathways. Both mutants also continued to enter 

the cell after the first hour post infection.  However, the peak genome levels found 

inside the cell were 38% (16 hrs) and 15% (4 hrs) of input for Y704A and E563A, 

respectively (Figure 3-6). It was not clear whether this reflected a defect in entry for the 

two mutants or an increased rate of degradation for the mutant genomes after entry into 
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the cell.  The 8 fold lower level of E563A genomes found in the cell could in part 

account for the 22 fold lower infectivity of this mutant; but clearly, the 3 fold lower entry 

of Y704A could not account for its 8 log drop in infectivity. 

Surprisingly, when the distribution of viral genomes between the nucleus and the 

cytoplasm was determined, we found that contrary to the confocal findings, both mutant 

viruses delivered their DNA to the nucleus in significant quantities. These were however 

lower than WT due to the previously mentioned defects. By 8hrs pi, 62% of the E563A 

mutant genomes that entered the cell could be detected in the nuclear fraction, which 

was comparable to wild type (61%), and by 16 hrs the fraction of E563A in the nucleus 

was significantly higher than wt (79% vs 66%) (Figure 3-7A).  In addition, the rate of 

entry into the nucleus during the first 4 hrs pi was similar for wt and E563A compare 

Figure 3-7B with C).  In contrast, Y704A displayed a lag in nuclear entry during the first 

4-8 hrs and delivered a significantly lower fraction of genome copies to the nucleus 

compared to wt at 8 hrs (Figure 3-7A, D). However, by 16 hrs, there was no significant 

difference in the fraction of genomes in the nucleus between wt and Y704A (Figure 3-

7A, 68% and 66% for wt and mutant, respectively).  We concluded that although there 

were modest differences in the rate of genome entry into the nucleus, they were too 

small to contribute to the phenotype of either mutant in a significant way. Both Y704A 

and E563A delivered approximately the same fraction of intracellular viral genomes to 

the nucleus. 

Uncoating and Second-Strand Synthesis 

Since the defect in cell entry and nuclear trafficking seen with Y704A could not 

account for the >8 log deficit in transduction, we hypothesized that this mutant might be 

defective for uncoating after entering the nucleus. To test this, nuclear fractions were 
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obtained at 16 hrs, as in the previous experiment, and split in half. One half was treated 

with benzonase to measure genomes that were still encapsidated, while the other half 

was used to determine the number of total genomes present. To our surprise we found 

that the fraction of DNAse sensitive genomes (presumably uncoated) was not 

significantly different between wild-type and mutant viruses (Figure 3-8). In addition, 

when we calculated the average number of genomes per nucleus that were uncoated 

(DNase sensitive) there was no difference between wt and Y704A, approximately 100 

genomes per cell in each case (Figure 3-8). Thus Y704A was approximately 2 times 

better than wt at uncoating once it entered the nucleus (Figure 3-8), and this 

compensated for the fact that it delivered only half the number of total genomes to the 

nucleus as wt (at 16 hrs). This clearly showed that this mutant’s severe defect in 

infectivity was not simply due to uncoating. The only step left in the known infectious 

process is second-strand synthesis, which must occur prior to transcription. To test if 

Y704A had a defect in second strand synthesis we compared the particle to infectivity 

ratio of Y704A containing self-complementary (SC) GFP genomes with those containing 

single stranded (SS) genomes. We also tested the infectivity of the remaining residues 

(D561,E562, E564) in the previously identified mut40, which include the two perfectly 

conserved glutamic acids that surround E563. Both SS and SC versions of these 

mutants were tested and the resulting particle to infectivity ratios are shown in Figure 3-

9. Infection with SS-Y704A was beyond our detection limits (>8 log defect), however 

SC-Y704A was able to generate green cells at high MOI (≥1x105 vg/cell), This however 

still resulted in a particle to infectivity ratio that was 7 logs lower than wild-type. Mut40 

infectivity was below our detection limits (>8 log defect) in both SS and SC versions of 
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the virus. Mutation of D561, E562 and E564 revealed that the majority of the defect was 

the result of E562A and E564A mutations, which with an SS genome displayed a defect 

of 7 logs and >8 logs, respectively. SC genome packaging produced a 3 log increase in 

infectivity for E564A, but as with Y704A, the resulting virus was still ~5 logs less 

infective than wild-type. The same was not observed for E562A, which had a nearly 

identical particle to infectivity ratio, regardless of genome complementarity. While the 

increase in infectivity seen with SC564 and SC704 mutants is novel, the remaining 

defect in these viruses suggests that the self-complimentary genomes are not relieving 

an inherent defect in second-strand synthesis. What is more likely, is that at high MOI 

(when positive cells are observed for the SC viruses) the nucleus is flooded with double 

stranded DNA, some of which we have shown to be uncoated, and thus even Y704A 

and E564A are able to produce a limited number of positive cells. 

 The results with Y704A suggest that this single mutation disrupts a previously 

unidentified role of the capsid in gene expression that functions after nuclear entry, 

uncoating and second-strand synthesis. To see if we could compliment this defect, we 

coinfected wild-type capsids that were either empty or packaged with a CBA-driven red 

fluorescent protein (RFP) cassette. We tested complementation of various 

concentrations of Y704A with 1x104 vg/cell of RFP wild-type virus or an equivalent 

number of empty wild-type particles and examined cells for both GFP (Y704A) and RFP 

(WT) fluorescence. Unfortunately we observed some bleed-through of the RFP signal in   

the GFP channel (Figure 3-10). While this prevented us from making a definitive 

conclusion, we believe that WT virus failed to compliment the mutant. This conclusion is 

based on the fact, that we observed a loss of signal in both channels as the ratio of wild-
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type:mutant virus was shifted from 100:1 to 1:10. This implies that the mutant virus 

began to out-compete the wild-type virus at the higher ratios, thus preventing RFP 

expression, and suppressing signal in the RFP channel (and bleed through in the GFP). 

Had there been complementation, we would have expected to see some loss of RFP at 

higher ratios but with GFP expression remaining relatively intact. Alternately, our result 

could also be interpreted as Y704A capsids having a dominant negative effect on wild-

type infection The empty capsid complementation produced no effect on Y704A 

infection (Figure 3-10).  

Characterization of Mut22 

Mut22 (268-272 NDNHY-NANAY) was originally characterized as a virus that 

produced a full, non-infectious particle. Subsequent analysis, by Wu Xiao (dissertation) 

determined that mut22 was able to bind heparin, enter cells efficiently, and traffic to the 

nucleus at levels comparable to wild-type, yet it remained severely defective for 

infection. In our analysis, we found that mut22 exhibited a very mild defect in assembly, 

which was estimated at ≤ 1log below wild-type (Figure 3-3 B). We also confirmed the 

defect in infectivity as being more than 8 logs (Figure 3-11), as compared to wild-type 

and beyond the detection limit of our assay. This phenotype was the same regardless of 

the the genome packaged (SS vs SC). Our initial characterization of mut22 trafficking by 

A20 immunocytochemistry over a 1-24hr time course, revealed an apparent inability to 

enter the nucleus (Figure 3-12). This defect was in sharp contrast to wild-type virus and 

was present even at 24hr pi, with and without Adenovirus 5 co-infection.  As with our 

other mutants we attempted to confirm this lack of nuclear trafficking by a time course 

infection and measurement of viral genomes in cytoplasmic and nuclear fractions. Real 

time PCR measure of viral genomes revealed that mut22 displayed a greater than 1 log 
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defect in cell entry (Figure 3-13). Despite this, the mutant displayed nuclear 

translocation similar to wild-type (as percentage of total virus in cell). Mut22 also 

reached a peak intracellular viral load at 8hrs pi, just like wild-type. Although our 

findings differ somewhat from those of Wu, in that we have identified a modest entry 

defect and a larger fraction of virus entering the nucleus, the conclusion thus far is the 

same. It appears that mut22 is defective at steps post- nuclear entry. Given our findings 

with Y704A, we have to assume that the defect may involve either uncoating, as 

originally predicted, or the new capsid role in the nucleus which functions after 

uncoating and second-strand synthesis.  

DNA Group 

In the DNA region, all single mutants produced intact particles (Figure 3-2 A and 

B) at levels comparable to wt rAAV. Despite the interaction with DNA suggested by the 

crystallographic data, all mutants packaged to the same extent as rAAV and only P419A 

demonstrated a significant (13 fold) defect in infectivity. The remaining three mutants 

did not significantly differ in infectivity from wild-type rAAV (Figure 3-14). A quadruple 

alanine substitution of all four DNA group residues resulted in an assembly defect in 

which no detectable virus was produced (data not shown). 

Discussion 

pH Quartet 

Our mutagenesis of the two pH-sensitive regions in the AAV2 capsid has shown 

both regions to be important to AAV biology, and has yielded several unexpected 

results. In the case of the four residues in the pH quartet we identified Y704A as a 

severe (>8 log) mutant and E563A as a moderate mutant (22 fold), in comparison to 

Y704A. We were able to show that E563A had corresponding defects in cell entry (1 
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log) and uncoating (2 fold) that could explain the extent of its defect in infectivity. In 

contrast, while Y704A showed a mild defect in cell entry (~3 fold) and delayed nuclear 

trafficking, we could not identify the reason for its complete lack of transgene 

expression. Indeed, this particular mutant appeared to be able to enter the cell (Figure 

3-6), traffic to the nucleus (Figure 3-7) and uncoat (Figure 3-8) but would then fail to 

result in a productive infection. Similarly to E564A, packaging Y704A with a self-

complimentary genome (Figure 3-9) did result in a modest (1 log) relief of its >8 log 

mutant phenotype. The resulting virus was however still  ~7 log defective compared to 

wild-type, suggesting that rather than alleviating a major fault in second-strand 

synthesis, the self-complimentary genome allowed for some bleed-through gene 

expression when the cell was flooded with double stranded viral DNA in high MOI 

infections. The fact that E562A did not exhibit the same SC phenotype (Figure 3-9), 

suggests that it may be defective for nuclear entry or uncoating. The fact that with only a 

single amino acid difference, the capsid was able to nearly completely shut down gene 

expression despite successful trafficking to the nucleus and uncoating suggests that the 

AAV capsid plays a new and unidentified role in AAV infection. Our preliminary analysis 

demonstrated that this function could not be complimented in trans with either full or 

empty wild-type capsids (Figure 3-10) further suggesting that the capsid and its genome 

may still be intimately tied and functioning as a unit even after uncoating. Indeed our 

assay for uncoating only measured protection against a nuclease and did not provide 

any data as to the proximity of an uncoated genome to its parent capsid. These findings 

add to a growing list of observations that the capsid has an unknown but critical role in 

the nucleus. In support of this, the findings of Sonntag et al. (107) showed that micro-
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injection of the A20 monoclonal antibody into the nuclei of infected cells was able to 

neutralize infection, suggesting that the intact capsid was required in the nucleus for 

infection. Similarly with our mutants it is clear that while both are able to deliver their 

genomes to the nucleus and both retain at least a portion of those genomes in a DNAse 

protected state, the capsids are structurally different from wild-type as seen by the 

almost complete lack of A20 signal in the nucleus (confocal) as compared to wild-type 

(Figure 3-4).  

The findings with Y704A are reminiscent of the observations with the autonomous 

parvovirus Minute Virus of Mice (MVM). As previously described, only a two amino acid 

change within the MVM capsid could switch the virus between lymphotropic (I) or 

fibrotropic (P) phenotypes (6, 7). Further more this cell-type restriction occurred post-

entry. While it was not directly shown that the particular MVM subtypes could traffic to 

nucleus and uncoat in non-permissive cell types as seen with our Y704A mutant, it was 

implied since transcription was observed for both virus subtypes, regardless of cell type. 

Interestingly when examining the levels of the R1 and R2 transcripts, which encode the 

NS1 and NS2 proteins, the two subtypes displayed different ratios R1:R2 when infecting 

a hybrid cell line that was permissive to both viruses (7). This suggested that despite the 

minute difference in amino-acid sequence of the capsid protein, the two viruses differed 

in their interactions with the cellular splicing machinery, thus pointing us to a potential 

function that may be disrupted in the Y704A mutant. It is not clear if transcription occurs 

at all for our mutant however both the single-stranded pTR-UF11 and self-

complimentary pDS-CB-eGFP genomes that were used contain introns that must be 

spliced out for proper GFP expression. While the apparent A20 conformational 
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requirement suggests that the capsid plays a direct role, such as a platform for 

recruiting cellular enzymes, the fact that this function could not be complimented in 

trans with wild-type capsids implies that either the AAV genome must continue to 

function as a unit with its parent capsid or that a unique localization (such as to the 

nucleolus or nuclear speckles) could be necessary and may be aberrant in our mutant. 

Further work examining the sub-nuclear localization of this mutant, the nature of its 

transcript profile and any of interactions it may have with nuclear machinery will be 

necessary to understand this unique new function for the AAV capsid. 

DNA Group 

In the case of the DNA group (628, 629, 630, 419) one mutant displayed a 13 fold 

infectivity defect (P419A), suggesting that despite the lack of any obvious defects in 

packaging the region may play a role in priming the genome for uncoating in response 

to an acidic environment. Even more interesting however is the fact that the 

simultaneous mutation of all four residues led to a complete assembly defect. This is 

remarkable since none of the mutated residues are located on the interfaces that define 

monomer interactions between AAV VPs, and individually none result in an assembly 

defect. The assembly defect of the quadruple mutant does suggest that the DNA 

interactions observed in the crystal structures may actually be necessary for assembly. 

In addition to the findings published by Nam et al. (79), there have also been 

observations that densities corresponding to ordered nucleotides (either single or short 

chains) are found  in virus like particles (VLPs) expressed without Rep proteins and in 

the absence of AAV DNA (39, 68, 80, 83), thus suggesting that some form of DNA must 

be present for capsid assembly to occur even in the absence of the viral genome. 

These findings were also based on structures of virus-like particles (VLPs), which 
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lacked Rep and AAV genomes, further suggesting that DNA is required for AAV 

assembly. The fact that the dodecahedral DNA cage observed in this study was also 

within the vicinity of previously identified assembly mutants (122) further supports the 

role of DNA in AAV assembly and lends merit to the authors proposal that DNA serves 

as a nucleating and binding agent to bring together VP proteins at the dodecahedral 

interfaces. A more recent study (37) has suggested that the three-fold axis of symmetry 

may play host to two kinds of DNA-capsid interactions. The above mentioned non-

genome nucleotide interactions appeared to occur deeper within the depression on the 

inner surface of the capsid around the three-fold axis, while the interactions with the 

genome appeared to take place further away from the threefold but still within the same 

region. This would suggest that the region directly around the threefold may be crucial 

for assembly while the surrounding area may play a role in genome organization and 

perhaps uncoating. This is reflected with our own mutants since the only mutant to show 

a defect in infectivity (P419A) is located distal from the threefold relative to the 

remaining three residues. It is unclear if the dAMP observed by Nam et al. was a 

residue belonging to the assembly- or genome-specific DNA content of the capsid and 

this it is not clear if the pH-dependent mechanism was one that would result in the 

disruption of capsid-genome interactions or one that would affect the stability and 

conformation of the capsid, or both. As previously noted (37), the inner surface of the 

capsid appears to show the most discrepancies between crystal and solution-based 

cryo-electron structures suggesting that further mutagenic and functional analysis of the 

region is necessary to dissect these two mechanisms and their relationship to one 

another. 
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Summary 

In summary, our findings demonstrate that the pH quartet is critical for infection. 

Mutants in this region have exhibited defects in cell entry, nuclear trafficking, and 

uncoating. Even more importantly our findings point to a new role for the capsid in the 

nucleus, which functions after uncoating and second-strand synthesis and cannot be 

complimented in trans. This data implies a previously undescribed role for the AAV 

capsid in transcription, splicing or RNA transport.  We have also demonstrated that 

mut22 exhibits a >1 log defect in cell entry, but that the majority of this mutants >8 log 

infectivity defect is accounted for by events occurring after nuclear entry. Finally our 

data also shows that P419, within the DNA group, plays a role in AAV infection and that 

the cluster as a whole is critical for virus assembly. This data provides further evidence 

that non-specific DNA facilitates the assembly of the AAV capsid. 
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Figure 3-1.  Location and Structure of the pH quartet and DNA group. A) Two 

neighboring pH quartets surround the twofold axis of symmetry. B) The pH 
quartet is comprised of R389, Y704, E563 and H526. In addition to E563, the 
remaining residues from mut40 (D561, E562, E564) are located in close 
proximity. The four residues of the pH quartet are contributed by three 
different VP monomers (shown in yellow, green and cyan) C) Three DNA 
groups are seen located around the threefold axis of symmetry on the inner 
surface of the AAV2 capsid. D) At neutral pH, P419 and P630 equivalents in 
AAV8 are seen base stacking with an adenine residue (not shown) while 
H629 interacts with the DNA backbone.   
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Table 3-1.  Alignment of amino acid residues that contribute to the pH quartet and 
surrounding acidic clusters in AAV1 to 10 

AAV 389 526 528-531 561-564 704 

1 R H DDED DEEE Y 
2 R H DDEE DEEE Y 
3 R H DDEE DEEE Y 
4 R A PADS SEEE Y 
5 R N LQGS SESE Y 
6 R H DDKD DEEE Y 
7 R H DDED NEEE F 
8 R H DDEE SEEE Y 
9 R H EGED NEEE Y 
10 R H DDEE SEEE Y 

 
 

 
 

Figure 3-2.  Mutant virus production. A) B1 western blots show total viral protein from 
clarified cell lysates. 60µg total protein was loaded into each well. B) A20 dot 
blot for intact capsids. 60µg total protein from clarified lysates was loaded into 
each well. Top row compares cell only and known amounts of pure wt virus. 
“+” indicates a positive control with 1x1010 particles of pure AAV2 capsid in 
both panels. Cell only used to indicate antibody background reactivity to VP-
free cell lysates. 
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Figure 3-3.  Particle to infectivity ratios of pH quartet mutants. All infections were done 

in HeLa cells at rAAV inputs ranging from 1- 1x106 viral genomes per cell, in 
the presence of Ad5 (MOI =10). GFP positive cells were counted 48 hrs pi, 
and particle to infectivity ratios were calculated by dividing the input number 
of particles by the total number of GFP-positive cells. All infections were done 
in triplicate. Y704A produced a defect that was beyond the detection limit of 
our assay ( > 8 logs worst than WT).  
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Figure 3-4.  A20 confocal microscopy of pH quartet mutants. Intact capsids were 

stained A20 monoclonal antibody and detected with Alexa 488 anti-mouse 
antibody (green). The nucleus was defined by Lamin B1 staining (Alexa 647; 
red). Panels display single Z-slices through the midsection of the nucleus. 
Ad+ samples were cinfected with Ad5 (10 MOI) while Ad- were infected with 
rAAV only. Wt virus displayed robust nuclear entry. Both mutants shows a 
marked lack of nuclear A20 signal, despite A20 staining in the cytoplasm. 

 
 
 

 
Figure 3-5.  Confirming nuclear and cytoplasmic fraction purity. Fractions were checked 

for purity by western blotting against GAPDH (cytoplasmic marker) and Lamin 
B1 (nuclear marker). Scans of western blot films indicated >90% fraction 
purity. Each mutant was done in triplicate. N = nuclear fraction; C: 
cytoplasmic fraction  
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Figure 3-6.  Cellular entry of WT and pH quartet mutant genomes. Pulse infections were 

done in 6-well dishes with wt, E563A and Y704A in presence of Ad5 
(MOI=10). Cells were collected at each time point, fractionated into 
cytoplasmic and nuclear fractions. Viral DNA was then isolated and 
quantitated by real time PCR. The total measure of viral DNA from all 
fractions from each sample is shown above. AAV input was 1x104 viral 
genomes per cell. We were able to detect nearly 100% of input wt virus at 
8hrs pi. Y704A display a 3-fold decrease in entry while E563A had a 10-fold 
defect in cell entry as compared to wt.  
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Figure 3-7.  Subcellular distribution of pH quartet genomes. Time course infections were 

done with wt, E563A and Y704A in presence of Ad5 (MOI=10). Cells were 
collected at each time point, fractionated into cytoplasmic and nuclear 
fractions. Viral DNA was then isolated and quantitated by real time PCR. AAV 
input was 1x104 viral genomes per cell. A) Shows percent of virus in the cell 
that localized to the nucleus at 8 and 16 hrs pi. B),C), D) show viral genomes 
in cytoplasm and nucleus at all time points for wt, E563A and Y704A 
respectively. All infections at all time points were done in triplicate.  
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Figure 3-8.  Percentage of uncoated nuclear genomes. Cell were infected with wt or 

mutant rAAV at 1x104 viral genomes per cell in 6-well plates and conifected 
with Ad5 (MOI = 10). Cell were collected 16hrs pi and fractionated into 
nuclear and cytoplasmic fractions. The percentage of DNAse-sensitive 
(uncoated) genomes was determined by splitting nuclear fractions in half, and 
treating one half with benzonase prior to viral DNA isolation in order to 
remove any uncoated (DNAse-sensitive) genomes. The other half was used 
as a total DNA control. We were able to back calculate the average number of 
uncoated genomes per nucleus for each virus and this is indicated above 
each bar. Each infection was done in triplicate.  
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Figure 3-9.  Particle to infectivity ratios of self-complimentary pH quartet and mut40 

mutants. All infections were done in HeLa cells at rAAV inputs ranging from 1- 
1x106 viral genomes per cell, in the presence of Ad5 (MOI =10). GFP positive 
cells were counted 48 hrs pi, and particle to infectivity ratios were calculated 
by dividing the input number of particles by the total number of GFP-positive 
cells. All infections were done in triplicate. Viruses packaged with self-
complimentary genomes are indicated with “SC”. All other viruses were 
packaged with single-stranded pTR-UF11. The following viruses produced 
defects that were beyond our detection limits (> 8 log worst than WT): Y704A 
(single stranded), E564 (single-stranded), mut40 (with either genome). 
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Figure 3-10.  Wild-type capsids do not compliment Y704A. We attempted in trans 
complementation of the Y704A mutant packaged with a single-stranded (ss) 
GFP expression cassette (pTR-UF11). Complementation was attempted with 
wt virus packaged with an ss-DNA RFP genome as well as WT VLPs. WT* = 
wild-type only at 1X104 vg/cell. For wt GFP and RFP virus, infections were 
done separately. Complementation was attempted with either an excess of 
WT virus (1x104 WT vg/cell : 1x102 Y704A vg/cell) or an excess of the mutant 
virus (1x104 WT vg/cell : 1x105 Y704A vg/cell). With an excess of WT virus we 
observed bleed through of the RFP signal in the GFP channel, but no actual 
GFP signal from the mutant virus. When cells were infected with an excess of 
mutant virus, WT RFP expression was suppressed either by the mutant virus 
out-competing the WT virus at the cell surface or by a potential dominant 
negative phenotype of the Y704A mutant. This resulted in the loss of 
fluorescent signal in both the RFP and GFP channels.  
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Figure 3-11.  Mut22 particle to infectivity ratio. All infections were done in HeLa cells at 

rAAV inputs ranging from 1- 1x106 viral genomes per cell, in the presence of 
Ad5 (MOI =10). GFP positive cells were counted 48 hrs pi, and particle to 
infectivity ratios were calculated by dividing the input number of particles by 
the total number of GFP-positive cells. All infections were done in triplicate. 
Virus packaged with self-complimentary genomes is indicated with “SC” while 
the other virus was packaged with single stranded pTR-UF11. In both cases, 
the mutant produced a defect that was beyond our detection limit (> 8 logs 
worst than WT).   
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Figure 3-12.  Mut22 A20 confocal microscopy. Intact capsids were stained A20 

monoclonal antibody and detected with Alexa 488 anti-mouse antibody 
(green). The nucleus was defined by Lamin B1 staining (Alexa 647; red). 
Panels display single Z-slices through the midsection of the nucleus. Ad+ 
samples were coinfected with Ad5 (10 MOI) while Ad- were infected with 
rAAV only. Wt virus displayed robust nuclear entry and GFP expression in the 
presence of Ad5. Mut22 shows a total lack of nuclear A20 signal, despite A20 
staining in the cytoplasm. 

 

 



 

65 

 
Figure 3-13.  Subcellular distribution of wild-type and mut22 genomes. Time course 

infections were done with wt, and mut22 in presence of Ad5 (MOI=10) as 
previous described in FIG3-6. Cells were collected at each time point, 
fractionated into cytoplasmic and nuclear fractions. Viral DNA was then 
isolated and quantitated by real time PCR. A) and B) show the distribution of 
viral genomes in the cell at different time points for wt and mut22 respectively. 

 

 

 
Figure 3-14.  DNA group particle to infectivity ratio. All infections were done in HeLa 

cells at rAAV inputs ranging from 1- 1x106 viral genomes per cell, in the 
presence of Ad5 (MOI =10). GFP positive cells were counted 48 hrs pi, and 
particle to infectivity ratios were calculated by dividing the input number of 
particles by the total number of GFP-positive cells. All infections were done in 
triplicate.   
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CHAPTER 4 
PROTEASE ACTIVITY OF THE AAV CAPSID 

Previous studies have suggested that AAV undergoes proteolytic processing 

within the endosomal compartments (2), which might allow for structural transitions that 

are necessary for endosomal escape, nuclear trafficking and uncoating. The region 

surrounding the AAV pH quartet encompasses mutants previously identified as critical 

for infection (71, 122, 130) which contain several highly conserved (Figure 4-1 and 

Table 3-1) acidic clusters including 562EEE564 and 528DDEE531. Structural analysis 

of this region reveals similarities to an acid protease active site, prompting the question 

of whether or not the AAV capsid exhibits protease activity. Detailed here, is our 

examination of AAVs ability to undergo pH-dependent autolysis as well as its ability to 

cleave external protein substrates. This activity is conserved across the major AAV 

serotypes, with cleavage patterns that segregate by serotype sequence similarity. 

Through the use of a variety of biochemical tools, we have identified and characterized 

some of the autolytic sites in AAVs 1 and 9. The putative active sites for these 

respective cleavages were confirmed by mutational analysis. While it is not clear if AAV 

does also require cellular proteases, we now show that the capsid has intrinsic protease 

activity unlike that seen in other viruses.  

Results 

Protease Activity Within the AAV Capsid 

To see if AAV undergoes pH-induced protease cleavage, a purified preparation of 

AAV2 was incubated for 60 min at pH 7.4 or pH 5.5, and the molecular mass of the 

three capsid proteins was examined by immunoblotting with B1 antibody, a capsid 

antibody that recognizes an epitope near the C-terminal end of the capsid protein (120). 
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Virus that was treated at pH 7.4 showed no change in the integrity of the three capsid 

proteins compared to untreated virus (Figure 4-2; AAV2). However, virus that was 

treated at pH 5.5 showed a decrease of the two larger capsid proteins, VP1 and VP2, 

as well as the appearance of several new lower molecular-mass viral bands or an 

increase in their intensity. Treatment of AAV1 at low pH produced similar changes in the 

B1 immunoblot pattern (Figure 4-2; AAV1), namely, a decrease in VP1 and -2 and an 

increase in several lower-molecular-mass bands. 

Two of the cleavage bands that were produced when AAV1 was incubated at pH 

5.5, ~17 kDa and ~55 kDa, were isolated by gel electrophoresis and subjected to MS 

analysis to identify the approximate positions of the cleavage sites (see Figure 4-3). The 

17-kDa band generated peptides that clustered near the C terminus of the capsid 

protein, as expected, but also generated peptides located in the middle of the capsid 

and at the N terminus. The same was seen with the 55-kDa band. This suggested that 

both the 17-kDa and 55-kDa bands contained multiple capsid cleavage products, and 

this was consistent with at least two and probably more proteolytic cleavage sites in the 

capsid. 

To check for the possibility that a cellular protease might be contaminating the 

virus preparations, the untreated AAV1 preparations were also analyzed by MS. No 

proteins other than the three AAV capsid proteins were consistently found in the virus 

stocks. Trypsin, which had been added to cleave the capsid proteins during mass 

spectroscopy, was the only protease found, but previous mapping of the trypsin sites on 

AAV capsids (115) was not consistent with the cleavage patterns seen following pH 5.5 

autolysis. The effect of pH 5.5 on the other AAV serotypes was similar (Figure 4-4). In 
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all cases, there was a significant decrease of VP1 and VP2 and the appearance of 

additional lower-molecular-mass bands (or an increase in their intensity) when the 

viruses were incubated at pH 5.5. Comparison of the cleavage patterns seen in the 

different serotypes suggested that there were several different cleavage patterns as well 

as multiple cleavage sites in each serotype. For example, AAV1, -2, and -3 produced an 

approximately 17- kDa C-terminal peptide, while AAV8, -9, and -10 produced an ~10-

kDa C-terminal band. Taken together, it appeared that all AAV serotypes were capable 

of some autolytic activity and that this activity was activated by low pH. 

To see if AAVs can also cleave an external substrate, the PDQ colorimetric pro- 

tease assay was used. Incubation of AAV1, -2, -5, and -8 at a 30 nM capsid 

concentration with the protease substrate showed robust protease activity for each. The 

protease activity in the capsids was comparable (within 2-fold) to that seen with 30 nM 

trypsin (Figure 4-5A). However, unlike autolytic cleavage, which was activated by low 

pH, cleavage of the external substrate was only observed at pH 7.5 and was largely 

abolished at pH 5.5. In addition, cleavage of the PDQ substrate by all serotypes was 

abolished by the addition of protease inhibitors (Figure 4-5C). In contrast, protease 

inhibitors did not seem to have an effect on autolytic cleavage at pH5 (Figure 4-6). The 

possibility that the capsids might be contaminated by a cellular protease that copurified 

with capsid was also tested. Control cell extracts that had been purified the same way 

as capsid preparations were negative for protease activity (Figure 4-5B; mock infected). 

In addition, a portion of the AAV8 stock was filtered through a concentrator (Amicon) 

that would retain the 3x106- kDa capsid but permit a 100-kDa soluble protease to flow 

through. When both the material that passed through the filter and the capsids were 
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tested for protease activity, the capsid fraction retained all of the protease activity 

(Figure 4-5D). 

To see if E563, which had been identified as a pH-sensitive amino acid by X-ray 

crystallography in AAV8, was essential for external protease activity, it was mutated to 

an alanine in AAV2. The E563A mutation completely abolished protease activity on an 

external substrate (Figure 4-5B). However, when we tested the ability of this mutant to 

carry out autolytic cleavage of the capsid, there appeared to be no change in its ability 

to cleave capsid proteins (Figure 4-7). In addition, mutants with mutations in amino 

acids that flanked the E563 position and were completely conserved in all AAV 

serotypes, E562A and E564A, also appeared to be capable of autolytic cleavage. A 

fourth mutant, E561A, as well as a previously isolated mutant (122) that contained all 

four of these acidic residues mutated to alanine (Mut40; E561 to 564A), also shared this 

phenotype (Figure 4-7). Taken together, these findings suggested a possible model in 

which the pH quartet region might not itself be a protease active site but instead might 

be acting like a pH-sensitive switch that induces a structural change in the capsid. This 

in turn activates protease sites throughout the capsid or represses them. 

Determination of Autolytic Cleavage Sites 

To identify specific autolytic cleavage sites, two serotypes were chosen for Edman 

sequencing; AAV1 and -9. These serotypes were chosen because both were available 

in large quantity and produced pH-induced cleavage fragments that could be separated 

from contaminating fragments. Table 4-2 shows that the apparent 10-kDa band 

produced by AAV9 was the result of cleavage between amino acids (aa) 657 and 658 

and has a calculated molecular mass of 9.3 kDa. Similarly, the apparent 17-kDa band 

from AAV1 came from a cleavage between aa 590 and 591 to produce a fragment that 
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has a calculated molecular mass of 16.3 kDa. Finally, a 40-kDa band from AAV1 was 

cleaved between aa 219 and 220. Its molecular mass was apparently the result of 

cleavage at both the 219 and 590 positions, thus producing the apparent 40-kDa band 

isolated from the gel. 

Identification of putative active site amino acids.  

The position 657 cleavage site in AAV9 is part of the so-called HI loop, a loop that 

surrounds the 5-fold pore and extends from one asymmetric unit over a neighboring unit 

in the pentamer (Figure 4-8A). The site is surrounded by several amino acids that could 

participate in acid-induced cleavage, including D657, S669, Y674, and T676 (Figure 4-

8B). Each of these amino acids was individually mutated to alanine and tested for its 

ability to cleave at position 657 to produce the diagnostic 10-kDa C-terminal fragment. 

Mutation of D657 completely abolished production of the 10-kDa fragment (Figure 4-

8C). Mutation of S669 and T676 did not affect cleavage at 657; however, these mutants 

appeared to be unable to produce a fragment of approximately 30 kDa that was present 

in wild-type AAV9. Finally, mutation of amino acid 674 produced capsid proteins that 

could no longer assemble, consistent with its location at a 5-fold interface. Such viruses 

typically degrade their monomer capsid protein, and, thus, no capsid protein was 

detected. The ability of D657A to transduce HEK293 cells when the virus contained a 

GFP expression cassette was also tested. Although AAV9 does not efficiently infect 

cells in culture, no major difference between D657A and wild-type virus transduction 

efficiencies was detected when equal amounts of wild-type virus and mutant virus were 

compared (data not shown). 

A similar set of experiments was carried out to identify amino acids involved in the 

AAV1 cleavage at position 590, which is located on the capsid surface at the top of the 
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three protrusions surrounding the icosahedral 3-fold axes (Figure 4-9A). Four amino 

acids in the vicinity of position 590 (aa 590, 593, 504, and 583) were changed to alanine 

residues (Figure 4-9B). Of these, only the E590A mutation eliminated cleavage at the 

590 position when the products of the cleavage reaction were immunoblotted with B1 

antibody (Figure 4-9C). 

The VP1 cleavage pattern is different from that of VP3.  

The cleavage products from wild-type AAV1 were also immune-blotted with A1 

antibody. This monoclonal antibody recognizes an epitope that is present only at the N-

terminus of VP1 (120) and would visualize only VP1-related cleavage products. When 

this was done, approximately 60% of AAV1 VP1 was cleaved in 30 min, and three new 

A1-positive bands were produced or increased in intensity (Figure 4-10). Thus, in AAV1, 

there was a minimum of three pH-induced cleavage sites within VP1. 

The prominent band at ~67 kDa was expected and is consistent with cleavage at 

aa 590 (Table 4-1). (Note that full-length VP1 is 81.4 kDa, so 81.4 - 16.3 kDa = 65.1 

kDa.) However, a band at 23 kDa was also expected due to cleavage at aa 219, and 

this band was not detected from VP1 (Figure 4-10). Thus, cleavage at position 219 

occurs only in VP3, and possibly VP2, but not in VP1. 

Finally, it should be noted that one of the bands present at pH 7.4 was not 

significantly increased in intensity at pH 5.5 (Figure 4-10; ~50 kDa). This band, 

therefore, may be due to cleavage by a cellular protein, either during capsid assembly 

or during virus purification. Bands that did not respond to pH induction were also seen in 

B1 antibody immunoblots (Figure 4-2 and 4-4). 
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Discussion and Conclusion 

We have presented evidence that the AAV capsid contains protease activity. 

Several lines of evidence support this conclusion. First, we published that purified VLPs 

of serotypes 1, 2, 5, and 8 were capable of cleaving an external protease substrate, and 

the activity was sensitive to protease inhibitors. Furthermore, a single substitution 

mutation in AAV2, E563A, completely abolished AAV2 protease activity on an external 

substrate. In addition, size fractionation of the AAV8 preparation to remove any potential 

low-molecular- mass protease contaminants (~100 kDa) showed that protease activity 

copurified with the AAV capsid. 

We also demonstrated that all of the AAV serotypes tested (AAV1 to -3 and AAV5 

to -10) were capable of autolytic cleavage at multiple sites within the capsid. This 

activity was induced by incubation at pH 5.5, the approximate pH of late endosomes. 

When we mapped two of the cleavage sites in AAV1 (Figure 4-11), one of them was at 

amino acid (aa) 219, a position that is located in the interior of the AAV1 capsid 

(unpublished observation). Since it was unlikely that a contaminating cellular protease 

could enter the capsid through the 5-fold pore, cleavage at aa 219 is likely to be 

autocatalytic. In addition, MS analysis of the AAV1 preparation failed to reveal a 

contaminating protease other than the one added to perform MS. It is also worth noting 

that the virus preparations used in this study were isolated using three different 

production and purification methods (baculovirus infection, herpesvirus infection, and 

DNA transfection) and contained both full and empty capsids. Finally, as in most auto-

cleavage reactions, one of the amino acids at the site of cleavage was essential for 

autolytic cleavage. Mutation of both AAV9 D657 and AAV1 D590 to alanine abolished 

cleavage at these positions. Taken together, our evidence supports the conclusion that 
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the AAV capsid has intrinsic protease activity. A curious aspect of our data was that 

protease activity on an external substrate and autolytic protease activity had different 

pH sensitivities. Autolytic protease activity was induced by pH 5.5 and was not active at 

pH 7.4. In contrast, protease activity on an external substrate was seen only at pH 7.5, 

not at pH 5.5. Moreover, external protease activity was completely eliminated by the 

E563A mutation in AAV2, an amino acid structurally equivalent to one that had 

previously been seen to undergo a structural change when AAV8 crystals were 

examined at pH 5.5 (14). In contrast, autolytic cleavage appeared not to be affected by 

this mutation. Autolytic cleavage was eliminated only by mutation of acidic residues at 

the sites of cleavage (amino acids 590 and 657). In addition, we note that some of the 

autolytic cleavage sites were already cleaved in some viral samples that had been 

prepared and purified at neutral pH. We interpret this to mean that cleavages can occur 

at neutral pH at a reduced rate and accumulate over time. 

The positions of these pH-sensitive sites are illustrated in Figure 4-11. It is 

immediately apparent that all of the cleavages that were mapped (amino acids 219, 

590, and 657) are well separated from the pH quartet region. Both D657 and D219 are 

near the 5-fold pore, outside and inside the capsid, respectively, while D590 is located 

at the protrusions surrounding the 3-fold axis. This begs the question is there one 

protease active site that participates in all of these cleavages or multiple active sites? 

Typically, acid protease active sites have two acidic amino acids that coordinate a water 

molecule that is the nucleophile. An intriguing possibility is that the N-terminal 

sequences of VP1 or VP2, which are the only regions in the capsid that are not 

structurally constrained, may supply the second acidic residue that participates at 
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multiple sites. In this regard, we note that when we examined the cleavage of VP1 using 

an antibody specific for this capsid protein, we did not see cleavage at residue 219. This 

would have produced a 23-kDa N- terminal fragment from VP1; thus, cleavage at 219 

apparently occurs only in VP3, and perhaps VP2. 

As mentioned earlier, the pH quartet region contains amino acids from three 

symmetry-related VP3s that are near the inter- section of the 2-, 3-, and 5-fold axes 

(Figure 4-11). It was identified as one of two sites in the AAV8 capsid that undergoes an 

ordered structural shift when viral crystals are incubated at pH 5.5 (79). Mutations in the 

equivalent region of AAV2 are capable of assembly and DNA packaging but have 

significant defects in their ability to transduce cells (59, 71, 86, 122). The nature of the 

defect has not been identified but appears to occur at a post-entry step, in viral 

trafficking, uncoating, or gene expression (as shown in previous chapter). It has also 

been shown by several groups that exposure to the acidic environment of cellular 

endosomes is an essential step for viral infection (9, 29, 44). Taken together, these 

facts suggest that the pH quartet region and the induction of protease activity perform 

an essential function in the viral life cycle. 

One consequence of passage through the acidic endosomal compartment is the 

extrusion of the N terminus of VP1, which contains both nuclear localization sites and a 

phospholipase activity that are essential for infection (38, 40, 66). Although treatment of 

virus with acidic pH in vitro does not in itself induce exposure of the VP1 N terminus, 

passage through acidic endosomes appears to be essential (107). Thus, acidification 

(plus some other process that occurs during entry and has not yet been identified) is 

essential for VP1 extrusion and infectivity. We note that the autonomous parvovirus 
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minute virus of mice (MVM) undergoes cleavage of its major capsid protein VP2 

approximately 22 amino acids from its N terminus, either sometime after assembly or 

during cell entry. This cleavage is believed to be due to one or more cellular proteases 

and is important for the subsequent extrusion of the VP1 N terminus (32). It is therefore 

tempting to speculate that the pH quartet region is a pH-sensitive “molecular switch” 

that induces a structural change in the capsid, thereby exposing protease active sites 

within the capsid at several locations (Figure 4-11; amino acids 219, 590, and 657). This 

in turn may facilitate extrusion of VP1 to the capsid surface. The identification of 

cleavage sites both external to the 5-fold pore and immediately internal to the pore 

(Table 4-2 and Figure 4-11; amino acids 657 and 219) supports the possibility that the 

role of capsid cleavage may be to prepare the capsid for VP1 extrusion. Alternatively, 

cleavage of the capsid at several locations may be essential to promote viral uncoating 

once the virus enters the nucleus. However, mutation of E563, at least in the context of 

the AAV2 serotype, did not noticeably change the pH induction of autolytic protease 

activity (Figure 4-7). Thus, if the pH quartet is indeed a molecular switch, additional 

cofactors provided by the cell may be required. 

An alternative model is that the pH quartet is itself a protease that is active only on 

an external substrate and the other cleavages that we have mapped (amino acids 219, 

590, and 657) are independent pH-sensitive active sites. This possibility suggests that 

the role of the pH quartet region, which includes E563, is to cleave only an external 

substrate during entry (i.e., some cellular protein that must be cleaved for efficient 

infection). However, this model would then suggest that AAV particles contain multiple 
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protease active sites that are independently controlled by pH. We are not aware of a 

precedent for this in other viruses. 
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Figure 4-1.  A) A portion of the AAV2 crystal structure showing a reference capsid 
protein (blue) that is contained in a pentamer (gray), a trimer (orange), and a 
dimer (cyan). The pH quartet amino acids are shown in the red space-filling 
form. The complete cluster is shown flanking the 2-fold axis of symmetry 
(oval), where all three polypeptide chains contributing to the cluster are 
present. Smaller clusters are shown at other locations where only one or two 
of the participating capsid polypeptides are present. The oval, triangle, and 
pentamer indicate the 2-, 3-, and 5-fold axes of symmetry, respectively. B) 
The positions of the pH quartet amino acids in ball-and-stick form (Y704, 
E563, R389, and H526) in AAV2. These amino acids are potentially 
interacting through hydrogen bonding. In AAV8, the equivalent amino acids to 
Y704 and E563 change their positions at acidic pH (79). Also present are two 
highly conserved glutamates (E562 and E563) and a second charged cluster 
that contributes E531, all in stick form. Mutations in the two acidic clusters 
make normal amounts of packaged virus but are extremely defective for 
infectivity (59, 71, 86, 122) 



 

78 

 

 

 
 
Figure 4-2.  AAV undergoes autolytic cleavage at pH 5.5. (Top) Approximately 100 fmol 

(1010 particles) of AAV2 was either untreated (UN) or incubated at pH 7.4 or 
pH 5.5 for 60 min at 37°C and then electrophoresed on an SDS-acrylamide 
gel and immunoblotted with B1 antibody, which recognizes a common epitope 
present at the C-terminal end of all three capsid proteins. The “0.5 UN” lane 
contains half the amount of virus shown in the UN lane and allows estimation 
of the loss of VP1 and 2 in the pH 5.5 lane. The positions of the VP1, -2, and -
3 bands and several cleavage bands are also indicated to the left and right, 
respectively. (Bottom) AAV1 was treated at pH 7.4 or pH 5.5 for 60 min at 
37°C, electrophoresed on an SDS-acrylamide gel, and immunoblotted with B1 
antibody. 
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Figure 4-3.  Mass spectrometry map of cleavage product peptides. Combined trypsin 

and chymotrypsin peptides generated from the B1 positive ~17 (green) and 
~55kDa (red) cleavage fragments mapped against the sequence of VP1. Pink 
bars show predicted cleavage sites for 17kDa and 55kDa.  

 

 
Figure 4-4.  All of the AAV serotypes undergo autolytic cleavage. Serotypes 1 to 3 and 5 

to 10 were incubated at pH 7.4 and 5.5 as described in the legend to Fig. 2 
and immunoblotted with B1 antibody. 
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*Figure courtesy of Balasubramanian Venkatakrishnan, from (96) 

 
Figure 4-5.  External protease activity of the AAV capsid. The AAV capsid can cleave an 

external protein substrate. A) The PDQ colorimetric protease assay was used 
to compare the protease activity of AAV serotypes at pH 7.5 (open symbols) 
and pH 5.5 (closed symbols) to those of trypsin at pH 7.5 (red diamonds) and 
the no-enzyme control (buffer; gray diamonds). AAV1, orange squares; 
AAV2, blue circles; AAV5, purple triangles; AAV8, green hexagons. B) The 
E563A mutant abolishes protease activity. The protease activities of wild-type 
(wt) AAV2 VLPs (circles) were compared to those of the E563A mutant 
(squares) and to a mock virus extract (gray triangles with dotted line). C) 
Virus was incubated at pH 7.4 with PDQ protease substrate for 1 to 5 h in the 
presence (closed symbols) or absence (open symbols) of protease inhibitor 
(Halt protease inhibitor cocktail; see Materials and Methods) and compared to 
the no-enzyme control (gray diamonds with dotted line). AAV1, orange 
squares; AAV2, blue circles; AAV5, purple triangles; AAV8, green hexagons. 
D) AAV8 was fractionated through a 100-kDa filter (Amicon), and the flow-
through (low molecular mass [MM]) fraction and retained (virus) fractions 
were tested for protease activity.  
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Figure 4-6.  Protease inhibitors have no effect on autolytic pH5 cleavage. WT AAV2 was 

incubated at 37 C for 1hr  in pH7.4  (Lane 1) or pH5 (Lane 2). Virus was also 
incubated at pH5 in the presence of a protease inhibitor cocktail (Lane 3) to 
determine if autolytic cleavage could be inhibited. The addition of these 
inhibitors did not appear to influence pH- dependent autolytic cleavage.  

 

 
 
Figure 4-7.  Autocatalytic activity is preserved in the mut40 acid cluster mutants. The 

E563A mutation and mutations in flanking acidic amino acids do not abolish 
autolytic cleavage of AAV2. Wild-type (WT) and mutant virus preparations 
were incubated at pH 7.4 and 5.5 as described in the legend to Figure 4-2 
and immunoblotted with B1 antibody. Mut40 contains all four of the other 
acidic mutations. 
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Figure 4-8.  AAV9-specific cleavage site mutants. A) AAV9 amino acids 657 and 658 

(blue and red space-filling molecules) are illustrated on the AAV9 pentamer 
(gray and red). The reference molecule (red subunit) illustrates that the 
cleavage site is located on the HI loop, which extends over the nearest 
neighbor capsid protein in the pentamer. B) The amino acids near the site of 
the 657/658 peptide bond (arrow) that were potentially involved in the position 
657 cleavage reaction were substituted for with alanine residues and tested 
for autolytic cleavage activity at position 657. C) Wild-type (WT) AAV9 and 
mutant AAV9 were incubated at pH 7.4 or 5.5 at 37°C for 60 min and 
immunoblotted with B1 antibody. 
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Figure 4-9.  AAV1-specific cleavage site mutants. A) AAV1 amino acids 590 and 591 

(gold space-filling molecules) are illustrated on the AAV1 trimer (gray). B) The 
amino acids near the site of the 590-591 peptide bond (arrow) that were 
potentially involved in the position 590 cleavage were substituted for with 
alanine residues and tested for autolytic cleavage activity at position 590. C) 
Wild-type (WT) AAV1 and mutant AAV1 were incubated at pH 7.4 or 5.5 at 
37°C for 60 min and immunoblotted with B1 antibody. 
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Figure 4-10.  VP1-specific cleavage. AAV1 was incubated at pH 7.4 or 5.5 for 60 min at 
37°C as described in the legend to Fig. 4-2 and then immunoblotted with A1 
antibody, which recognizes an epitope that is present only in VP1.  
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Figure 4-11.  Map of identified cleavage sites. The position of the pH quartet region 
(orange) is shown in space-filling models on the gray wire background of the 
AAV9 crystal structure. The AAV9 position 657 cleavage site (blue), the AAV1 
219 site (red), and the AAV1 590 (green) cleavage site are also shown as 
space-filling models. The oval, pentamer, and triangle indicate the positions of 
the 2-, 5-, and 3-fold axes, respectively. 
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Table 4-1.  Edman N-Terminal Sequences 
 

 
Cleavage 

site Confidence Cleavage 
sequence* 

C-term 
fragment 

(kDa) 

Gel 
fragment 

(kDa) 

AAV1 590 100% TD/PATGDV 16.3 17 

 219 90% AD/GVGNAs 58.1 40 

AAV9 657 90% AD/PPTAFN 9.3 13 

 
* Lowercase indicates a mismatch with the published sequence, and underlining indicates that more than 
one amino acid was detected at the position.  
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CHAPTER 5 
CONCLUSION AND FUTURE DIRECTIONS 

Conclusion 

Our work has demonstrated that the pH-responsive region known as the pH 

quartet is critical for AAV infection. Within this region we have shown, that the Y704A 

mutant is severely defective in infectivity despite being able to enter the cell, traffic to 

the nucleus and uncoat.  By a process of elimination, we have concluded that the 

phenotype of this mutant points to a new critical role for the AAV capsid in the nucleus, 

which functions after uncoating and second-strand synthesis. We were also able to 

demonstrate that the second pH-sensitive region within the capsid, the DNA group, 

appears to play a role in viral assembly and may be involved in viral infectivity. Finally, 

we were able to confirm the severe nature of the mut22 defect, and have shown that 

despite a modest decrease in cell entry, the mutant is blocked at a step after nuclear 

entry.  

The residues of the pH quartet region have also led us to identify and characterize 

a novel protease activity within the AAV capsid. We were able to demonstrate capsid 

autolytic events in response to acidic pH. The autolytic activity produced serotype 

specific cleavage patterns, and we were able to identify three unique cleavage sites in 

AAVs 1 and 9. Using mutagenesis we’re able to show that in two of the cases (AAV1 

590, AAV9 657) the aspartic acid residues adjacent to the cleavage sites were either 

involved in cleavage or constituted a part of a recognition site. The work of our 

collaborator, Dr. Balasubramanian Venkatakrishnan has also indicated that the capsid 

has protease activity against external substrates at neutral pH and that E563A, one of 

the pH quartet amino acids, abolished this activity. The same mutation, as well as other 
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mutants in the region, failed to abolish autolytic activity, and the two activities seem to 

have different pH optima, with neutral pH producing only external cleavage, while acidic 

pH produces only autolytic cleavage. This suggests that either the pH quartet is an 

independent protease that functions separately from the one governing autolysis or that 

it is in fact a pH-sensitive switch that is able to activate proteolytic sites elsewhere.  

During the course of this dissertation work we have demonstrated several new 

roles for the AAV capsid. As a protease, the capsid is able to process itself in response 

to acidic pH, which maybe a prerequisite to uncoating or other structural transitions like 

the externalization of the N-termini. This role was previously thought to be carried out by 

cellular enzymes but now appears to be encoded for in the capsid protein. Likewise the 

external protease function can be envisioned playing a number of roles. These could 

include the cleavage of receptors post-entry, to liberate the capsid, or the generation of 

signaling peptides through cleavage of cellular proteins. AAV could also use its external 

protease activity to enter the nucleus by degrading the nuclear lamina, as seen with 

MVM.  

The novel observation that the capsid is necessary in the nucleus after uncoating 

suggest that the capsid could be used to recruit cellular enzymes that are necessary for 

viral transcription, or even splicing. Given the protease activity of the capsid, it is not 

unreasonable to speculate that in addition to recruitment, the capsid could augment 

cellular proteins through proteolysis thus either selectively degrading certain members 

of multi-protein complexes, such as the spliceosome or by modifying individual proteins. 

Such modifications could allow for the preferential activity of these cellular enzymes on 

the viral genome instead of their usual cellular targets. A greater understanding of these 
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functions could lead to an enhancements of future generations of AAV vectors and to a 

better understanding of the post-entry barriers to infection that have been observed for 

some cell type and AAV serotype combinations.     

Future Directions 

Y704A and the Nucleus 

Further study of the Y704A mutant is needed, in order to isolate and characterize 

the new role for the AAV capsid that our current data has suggested. While it is clear 

that the mutant enters and uncoats in the nucleus, we must now determine if the DNA is 

transcribed and the resulting mRNAs spliced. Likewise, we have shown residues 

surrounding Y704 (namely E562, E564) to be critical for infection, and these too must 

be characterized to determine if they play the same role as Y704 or if these highly 

conserved residues affect cell entry, nuclear trafficking or uncoating. We must also 

determine if mut22 is able to uncoat in the nucleus. This work is currently underway and 

should help determine if mut22 is an uncoating mutant as previously thought, or if its 

defect is after uncoating as seen with Y704A.  

AAV Protease 

Although we have identified three cleavage sites, and shown two to have aspartic 

acids that are necessary for infection, we have yet to identify the active site(s) within the 

AAV capsid protease or the mechanism by which they function. In the future, we need 

to determine the exact nature of the protease domains responsible for both autolysis 

and external cleavage as well as if and how these domains are interrelated. This could 

be achieved both through mutagenesis and the use of specific protease inhibitors. We 

must also examine the possibility that the VP1 unique region may participate in 

autolysis, thus linking several distant cleavage sites across the capsid. We must also 
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determine if other mutants within the pH quartet are defective for external protease 

activity. It also remains to be determined if the defect in E563A (and potentially other 

residues) is the result of disrupting a protease active site or the inactivation of a pH-

sensitive switch. Finally, we need to determine the role of this newly discovered 

protease activity in AAV infection. Preliminary infections with the D657A AAV9 mutant 

revealed no apparent phenotype, suggesting that we may need to first identify and 

inactivate all protease sites, internal and external, prior to being able to determine how 

this new feature fits in the global picture of AAV biology. 
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