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The HI loop is a prominent domain on the adeno-associated virus (AAV) capsid surface that extends from
each viral protein (VP) subunit overlapping the neighboring fivefold VP. Despite the highly conserved nature
of the residues at the fivefold pore, the HI loops surrounding this critical region vary significantly in amino acid
sequence between the AAV serotypes. In order to understand the role of this unique capsid domain, we ablated
side chain interactions between the HI loop and the underlying EF loop in the neighboring VP subunit by
generating a collection of deletion, insertion, and substitution mutants. A mutant lacking the HI loop was
unable to assemble particles, while a substitution mutant (10 glycine residues) assembled particles but was
unable to package viral genomes. Substitution mutants carrying corresponding regions from AAV1, AAV4,
AAV5, and AAV8 yielded (i) particles with titers and infectivity identical to those of AAV2 (AAV2 HI1 and HI8),
(ii) particles with a decreased virus titer (1 log) but normal infectivity (HI4), and (iii) particles that synthesized
VPs but were unable to assemble into intact capsids (HI5). AAV5 HI is shorter than all other HI loops by one
amino acid. Replacing the missing residue (threonine) in AAV2 HI5 resulted in a moderate particle assembly
rescue. In addition, we replaced the HI loop with peptides varying in length and amino acid sequence. This
region tolerated seven-amino-acid peptide substitutions unless they spanned a conserved phenylalanine at
amino acid position 661. Mutation of this highly conserved phenylalanine to a glycine resulted in a modest
decrease in virus titer but a substantial decrease (1 log order) in infectivity. Subsequently, confocal studies
revealed that AAV2 F661G is incapable of efficiently completing a key step in the infectious pathway nuclear
entry, hinting at a possible perturbation of VP1 phospholipase activity. Molecular modeling studies with the
F661G mutant suggest that disruption of interactions between F661 and an underlying P373 residue in the EF
loop of the neighboring subunit might adversely affect incorporation of the VP1 subunit at the fivefold axis.
Western blot analysis confirmed inefficient incorporation of VP1, as well as a proteolytically processed VP1
subunit that could account for the markedly reduced infectivity. In summary, our studies show that the HI loop,
while flexible in amino acid sequence, is critical for AAV capsid assembly, proper VP1 subunit incorporation,
and viral genome packaging, all of which implies a potential role for this unique surface domain in viral
infectivity.

Adeno-associated virus (AAV), a 26-nm nonpathogenic hu-
man parvovirus, is distinct from most viruses due to the de-
pendence on a helper virus for productive infection (adenovi-
rus or herpes simplex virus) (6). In light of the rapidly growing
applications of AAV as a gene therapy vector (51, 57), several
efforts to understand events in the infectious pathway including
host cell recognition (3, 11, 23, 33, 49), intracellular trafficking
(5, 10), and uncoating (43) in the absence of a helper, are
currently under way. Within this context, a thorough under-
standing of the structural correlates of the AAV capsid and
how they contribute to steps during viral transduction is nec-
essary (55). The determination of crystal structures of several
AAV serotypes (32, 48, 60) and related parvoviruses (2, 22)
over the past few years has been critical in this regard.

With respect to AAV, the capsid is encoded by three over-
lapping viral proteins (VPs), VP1, VP2, and VP3 (36), which
are incorporated into a 60-subunit capsid in a 1:1:10 ratio. VP1

has a unique N terminus containing a phospholipase (PLA2)
domain (15) and nuclear localization sequences (18, 42)
thought to be necessary for endosomal escape (12) and possi-
bly nuclear entry (47). VP2 also has an extended N terminus
(compared to VP3) that remains internal to the capsid similar
to VP1 until exposed to experimental conditions involving low
pH or heat (26). Although this protein has been suggested to
be nonessential for viral assembly and infectivity (50), its exact
role remains unknown (18). VP3 is the primary capsid protein
(contained within VP1 and VP2) that constitutes the surface
topology of the AAV capsid, which in turn dictates antigenicity
(20, 27) and tropism (3, 4, 31). Based on crystal structures of
AAV, the VP amino acids involved in forming the icosahedral
fivefold (Fig. 1B), threefold (4), and twofold symmetry inter-
faces have been visualized. The threefold axis has the largest
amount of buried surface area and the highest contact energy,
being the most interdigitated region of the capsid (60). The
surface loops at the threefold axis of symmetry are thought to
be involved in host cell receptor binding (4, 23) and have been
the target of several mutagenesis studies (27, 31, 39, 55, 56). In
addition, recent data have shown that a single amino acid
change (K531E) located at the base of the threefold loops has
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the ability to alter the phenotypes of multiple AAV serotypes
(56), suggesting an incomplete understanding of this critical
region. The twofold axis of symmetry has the weakest amino
acid interactions and the lowest contact energy, while the five-
fold symmetry axis is thought to have intermediate interactions
(60). As mentioned above, there have been many studies on
the threefold axis of symmetry; however, the role of surface
loops that form the interactions at the fivefold and twofold
symmetry axes remains to be determined.

The pentameric assembly of VP3 subunits results in the
formation of 12 pores at the fivefold axis of symmetry (Fig. 1B)
which have been the focus of several recent investigations.
Mutagenesis of residues that constitute the pore has suggested
a critical role in assembly and packaging (8, 17, 55). Therefore,
it is likely that the fivefold pore is necessary for DNA packag-
ing, including Rep protein binding, capsid assembly, and VP1
N terminus exposure. Surrounding this pore at the fivefold axis
of symmetry is a prominent region of the AAV capsid—the HI
loop located between � strands �H and �I, which spans resi-
dues 653 to 669 (VP1 numbering) and extends to overlap each
adjacent subunit (Fig. 1). Recent data have shown that the HI
loop conformationally changes upon capsid interaction with
the primary receptor heparan sulfate proteoglycan (M. Ag-
bandje-McKenna unpublished data), alluding to an important
capsid conformational change for subsequent stages of the
AAV life cycle. In this study, we have carried out a thorough
characterization of the HI loop through deletion-and-substitu-
tion mutagenesis, as well as a battery of biochemical assays to
assess the role of this surface feature in the AAV life cycle.
Our results help demonstrate the plasticity of the HI loop and
imply a potential role in viral genome packaging. Simulta-

neously, we identified a critical residue within the HI loop that
dictates proper incorporation of VP1 in the viral capsid.

MATERIALS AND METHODS

Generation of mutants. All constructs were generated in the pXR2 (34)
backbone by using primers and restriction sites for PCR or oligonucleotide
insertion, respectively. PCR was used to generate AAV2 polyglycine and AAV2
HI�/� mutants. PCR was performed with the Expand Long Template PCR kit
from Roche. All other mutants generated were the result of enzyme digests and
oligonucleotide insert ligations. Restriction sites were placed downstream and
upstream of the HI loop, i.e., Sbf1 and Afe1 (pXSA), respectively. The HI loops
from AAV4 and AAV5 were amplified with these restriction sites on the 5� and
3� ends, digested, and inserted into the digested pXSA backbone. pXR1 and
pXR8 were digested with Sbf1 and Afe1, removing the HI loop, which was then
ligated into pXSA. Restriction enzyme sites were generated at amino acid po-
sitions 648 (Age1) and 666 (Nhe1), surrounding the HI loop, in order to insert
oligonucleotides into this region. Oligonucleotides were ordered with corre-
sponding restriction sites at the 5� and 3� ends, digested, and ligated into the
digested backbone. All oligonucleotides were synthesized by Integrated DNA
Technologies (www.idtdna.com). Site-directed mutagenesis was also used to
generate point mutations within the pXR2 backbone within the HI loop with the
Stratagene QuikChange site-directed mutagenesis kit. The primers generated
are listed in Table 1.

Virus production. Virus was produced by the triple-transfection method de-
veloped in our laboratory as described by Xiao and Samulski in 1998 (58). Cells
were transfected with pXR2 containing the capsid mutations, the pXX6-80
helper plasmid, and pTR-CMV-Luciferase containing the luciferase reporter
transgene flanked by terminal repeats. Cells were harvested at 60 h posttrans-
fection and purified by cesium chloride gradient density centrifugation for 5 h at
65,000 rpm or overnight at 55,000 rpm. Gradients were fractionated, and the
virus was dialyzed against 1� phosphate-buffered saline (PBS) supplemented
with calcium and magnesium. Viral titers were determined in triplicate by treat-
ing 2 �l of the virus fractions with DNase, digesting the capsid with proteinase K,
and loading the viral genomic DNA onto a Hybond-XL membrane (Amersham).
The viral DNA was detected with a 32P-labeled probe complementary to the
luciferase transgene. To carry out the experiments described here, we generated

FIG. 1. HI loop comparison of various AAV serotypes and autonomous parvoviruses. (A) Comparison of amino acid sequence homologies
among representative AAV serotypes. Boxed are the 10 most variable amino acids. (B) An arrow indicates the HI loop on an AAV2 pentamer,
which extends from one VP subunit and overlaps the neighboring VP. (C) Circled in black are the HI loops on a structural superimposition of the
VP monomer subunits of multiple AAV serotypes, i.e., AAV2 (59) (blue), AAV4 (32) (red), AAV5 (48) (gray), AAV1 (28) (purple), and AAV8
(30) (green), and the autonomous parvoviruses canine parvovirus (CPV; 45) (orange), feline panleukopenia virus (FPV; 1) (salmon), human
parvovirus B19 (22) (wheat), monoclinic canine parvovirus (MVM; 45) (lime), and porcine parvovirus (PPV; 40) (slate).
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more than 35 capsid mutants, in excess of 70 vector preparations. Mutants that
were important for the main conclusion of this report were generated multiple
times. For example, we generated AAV2 HI�/� more than five times, AAV2 HI4
two times, AAV2 HI5 more than five times, and AAV2 F661G two times. Each
mutant virus preparation was made in conjunction with AAV2 for a transfection
control and titer comparison. Representative titers and phenotypes are docu-
mented in Results.

Western dot blotting, heat treatment, and Western blotting. Production of
empty and full capsids was determined posttransfection by loading 2 �l of the
virus fractions onto a nitrocellulose membrane in a dot blotting apparatus.
Membranes were blocked in 10% milk in PBS for 30 min at room temperature
(RT) and incubated with primary antibody A20 (dilution, 1:20) (52) in 2% milk
for 1 h at RT. Membranes were washed five times with 1� PBS and incubated
with goat anti-mouse horseradish peroxidase-conjugated secondary antibody
(Pierce; dilution, 1:5,000) for 30 min. The membranes were washed as described

above, and capsid production was visualized with the SuperSignal West Femto
Maximum Sensitivity Substrate chemiluminescence kit from Pierce. To examine
VP1 exposure, capsids were heat treated over a range of temperatures (see
Results) and blotted onto a nitrocellulose membrane through a dot blotting
apparatus. The membrane was incubated as described above, except that the A1
(1:20) and B1 (1:20) (52) primary antibodies were used to detect VP1 exposure
and capsid VP dissociation upon heat treatment, respectively. For Western
blotting (immunoblotting), approximately 1010 dialyzed vector genome (VG)-
containing particles were mixed with NuPAGE LDS sample buffer (Invitrogen),
run on a NuPAGE gel (Invitrogen), transferred to a nitrocellulose membrane
(Invitrogen), and blotted as described above. Other antibodies used to analyze
the VP1 unique region during Western blotting were against amino acids 15 to
29 (1:1,000) and amino acids 60 to 74 (1:1,000) (Pacific Immunology; J. C.
Grieger and R. J. Samulski, unpublished data). Exposure times ranged from 10 s
to 1 min.

TABLE 1. Primers used for AAV2 HI loop mutant capsid generation

Primer Forward Reverse

AAV2 HI�/� 5� TCC TTC ATC ACA CAG TAC TCC ACG GGA
CAG G 3�

5� AGG ATT CGC AGG TAC CGG GGT GTT
CTT GAT GAG 3�

AAV2 poly-glycine 5� GGA GGA GGA GGA GGA GGA GGA GGA
GGA GGA TCC TTC ATC ACA CAG TAC TCC
ACG GGA CAG G 3�

TCC TCC TCC TCC TCC TCC TCC TCC TCC
TCC AGG ATT CGC AGG TAC CGG GGT
GTT CTT GAT GAG 3�

AAV2 poly-glycine F661 5� GCG AAT CCT GGA GGA GGA TTC GGA GGA
GGA GGA GGA 3�

NA

AAV2 poly-glycine K665 5� GGA GGA GGA GGA GGA AAG GGA GGA TCC
TTC ATC 3�

NA

AAV2 poly-glycine F666 5� GGA GGA GGA GGA GGA TTT GGA TCC TTC
ATC ACA CAG 3�

NA

pXSA for HI loop serotype
swaps

(Sbf1) 5� AGA GAT GTG TAC CTG CAG GGG CCC
ATC TGG 3�

NA

(Afe1) 5� AAG GAA AAC AGC AAG CGC TGG AAT
CCC GAA 3�

AAV5 HI loop 5� GAT CCT GCA GGG ACC CAT CTG GGC CAA
GAT C 3�

5� GCT TGG AGT TTT CCT TCT TGA GCT
CCC AC 3�

AAV4 HI loop 5� GAT CCT GCA GGG TCC CAT TTG GGC CAA
GAT T 3�

5� GTT TGG ACC GCT CCT TCT GGA TCT
CCC 3�

AAV2 HI5 TTSF 5� CCC GGA AAT ATC ACC ACC AGC TTC TCG
GAC GTG 3�

NA

pAge1 Nhel (Age1) 5� CTC ATC AAG AAC ACA CCG GTA CCT
GCG 3�

NA

(Nhe1) 5� GCG GCA AAG TTT GCT AGC TTC ATC
ACA CAG TAC TCC 3�

AAV2 SIGYPLP 5� AAG AAC ACA CCG GTA CCT GCG AAT CCT
AGC ATT GGT TAT CCT CTT CCT AAG TTT
GCT AGC TTC ATC 3�

5� GAT GAA GCT AGC AAA CTT AGG
AAG AGG ATA ACC AAT GCT AGG ATT
CGC AGG TAC CGG TGT GTT CTT 3�

AAV2 VNTANST 5� AAG AAC ACA CCG GTA CCT GCG AAT CCT
GTT AAT ACT GCT AAT AGC ACT AAG TTT
GCT AGC TTC ATC 3�

5� GAT GAA GCT AGC AAA CTT AGT GCT
ATT AGC AGT ATT AAC AGG ATT CGC
AGG TAC CGG TGT GTT CTT 3�

AAV2 QPEHSST 5� AAG AAC ACA CCG GTA CCT GCG AAT CCT
CAA CCT GAA CAT AGC AGC ACT AAG TTT
GCT AGC TTC ATC 3�

5� GAT GAA GCT AGC AAA CTT AGT GCT
GCT ATG TTC AGG TTG AGG ATT CGC
AGG TAC CGG TGT GTT CTT 3�

AAV2 RGD 658 5� AAG AAC ACA CCG GTA CCT GCG AAT CCT
CGA GGA GAC TTC AGT GCG GCA AAG TTT
GCT AGC TTC ATC 3�

5� GAT GAA GCT AGC AAA CTT TGC CGC
ACT GAA GTC TCC TCG AGG ATT CGC
AGG TAC CGG TGT GTT CTT 3�

AAV2 RGD 660 5� AAG AAC ACA CCG GTA CCT GCG AAT CCT
TCG ACC CGA GGA GAC GCG GCA AAG TTT
GCT AGC TTC ATC 3�

5� GAT GAA GCT AGC AAA CTT TGC CGC
GTC TCC TCG GGT CGA AGG ATT CGC
AGG TAC CGG TGT GTT CTT 3�

AAV2 RGD 662 5� AAG AAC ACA CCG GTA CCT GCG AAT CCT
TCG ACC ACC TTC CGA GGA GAC AAG TTT
GCT AGC TTC ATC 3�

5� GAT GAA GCT AGC AAA CTT GTC TCC
TCG GAA GGT GGT CGA AGG ATT CGC
AGG TAC CGG TGT GTT CTT 3�

AAV2 RGD 663 5� AAG AAC ACA CCG GTA CCT GCG AAT CCT
TCG ACC ACC TTC AGT CGA GGA GAC TTT
GCT AGC TTC ATC 3�

5� GAT GAA GCT AGC AAA GTC TCC TCG
ACT GAA GGT GGT CGA AGG ATT CGC
AGG TAC CGG TGT GTT CTT 3�

AAV2 SGRGDS 5� AAG AAC ACA CCG GTA CCT GCG AAT CCT
TCG GGA CGA GGA GAC TCG GCG AAG TTT
GCT AGC TTC ATC 3�

5� GAT GAA GCT AGC AAA CTT CGC CGA
GTC TCC TCG TCC CGA AGG ATT CGC
AGG TAC CGG TGT GTT CTT 3�

AAV2 F661G 5� GCG AAT CCT TCG ACC ACC GGC AGT GCG
GCA AAG TTT GCT TCC 3�

NA
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Viral transduction assay. Viral transduction was analyzed by quantifying the
luciferase transgene expression in 293 cell lysate at no more than 24 h postin-
fection. 293 cells (2 � 105) were transduced with 3,000 VGs/cell and lysed with
1� passive lysis buffer provided by Promega. Relative light units were analyzed
with a Victor2 luminometer (Perkin-Elmer) postaddition of the D-luciferin sub-
strate (NanoLight) to the cell lysates.

Electron microscopy (EM). Ten microliters of purified and dialyzed full and
empty virus particles in 1� PBS with Ca2� and Mg2� were pipetted onto a
glow-discharged copper grid. The grid was washed twice with water and then
stained with 2% uranyl acetate. EM images were taken with a LEO EM 910
transmission electron microscope at various magnifications at the University of
North Carolina microscopy laboratories.

Heparin binding assay. We incubated 1010 VG-containing particles of virus
with preequilibrated heparin type III-S agarose beads (Sigma). The flowthrough
was collected, and the beads were washed two times with 1� PBS. The washes
were collected, and the beads were washed with increasing salt concentrations of
0.2 to 0.6 M PBS. A loading control, the flowthrough, washes, and elutions were
blotted onto a nitrocellulose membrane with a dot blotting apparatus. The
membrane was blocked and incubated with antibody as described in Materials
and Methods. In this case, A20 was used as the primary antibody in order to
detect intact capsids and determine the affinity of virus mutants for heparin
beads.

Confocal microscopy. Coverslips were plated with 50,000 HeLa cells/slip in a
24-well plate. Each well was infected with 30,000 VGs/cell. At 12 h postinfection,
cells were fixed with 2% paraformaldehyde and washed with 1� PBS. Cells were
permeabilized with 0.1% Triton X-100 at RT for 5 min and washed with 1� PBS
and 1� immunofluorescence wash buffer (IFWB; distilled H2O, 20 mM Tris [pH
7.5], 137 mM NaCl, 3 mM KCl, 1.5 mM MgCl2, 5 mg/ml bovine serum albumin,
0.05% Tween). Cells were incubated in primary antibody A20 (1:10) in IFWB for
1 h at 37°C. Cells were washed with 1� PBS and incubated with a 488-nm
fluorophore-conjugated secondary antibody (1:1,250) in IFWB for 1 h at 37°C
(Abcam). Coverslips were mounted onto slides with ProLong Gold Antifade with
4�,6�-diamidino-2-phenylindole (DAPI) mounting medium. Slides were viewed
on a Leica microscope in the Michael Hooker Microscopy Facility at the Uni-
versity of North Carolina, Chapel Hill.

Molecular modeling studies. Homologous models of HI loop mutants were
generated with VIPER (35) and/or Swiss-Model (http://swissmodel.expasy.org)
in order to visualize the effects of mutagenesis on the virus capsid. The available
structure of AAV2 (PDB accession no. 1LP3) was supplied as a template for the
mutant models generated in the AAV2 background. Once the Swiss-Model
PDBs were generated, the program O (21a) was used to generate symmetry-
related models of the monomer subunits by icosahedral matrix multiplication.
Structure visualization of mutant models and the structures of other AAV sero-
types whose HI loops were substituted into AAV2, e.g., AAV4 (PDB accession
no. 2G8G) (16), AAV8 (PDB accession no. 2QA0) (30), AAV1, and AAV5
(unpublished), was performed with winCOOT (http://www.chem.gla.ac.uk/
�bernhard/coot/wincoot.html), and images were rendered with MacPyMOL
(http://pymol.sourceforge.net).

RESULTS

With respect to structure and topology, the HI loop is highly
conserved between the AAV serotypes and autonomous par-
voviruses (Fig. 1C); however, the amino acid sequence varies
significantly. In order to determine the role of the HI loop as
it pertains to the AAV capsid structure and life cycle, the
AAV2 HI loop sequence was mutated, swapped between se-
rotypes, or substituted and the resulting viruses were assayed
for viral assembly, encapsidation of the viral DNA, binding to
heparan sulfate, and the ability to successfully infect target
cells. Mutagenesis was performed on the 10 varying amino
acids of the HI loop, starting with serine 658 and ending with
alanine 667 in the AAV2 capsid (Fig. 1A).

Deletion and glycine substitution mutants. First, mutants
were generated in which the AAV2 HI loop amino acids were
either deleted (AAV2 HI�/�) or replaced with a polyglycine
peptide (AAV2 polyglycine). In the substitution mutant, the 10
most variable HI loop amino acids were replaced with a chain

of glycine residues in order to generate a flexible loop structure
devoid of all amino acid side chain contacts between this loop
and the EF loop (located between � strands �E and �F) in the
underlying subunit (Fig. 2A). Upon removal of the HI loop,
AAV2 HI�/� capsid VPs were expressed (data not shown) but
were unable to assemble into particles, as determined by A20
Western dot blot analysis (Fig. 2B) and DNA dot blotting
(Table 2). Interestingly, as shown in Fig. 2B, the AAV2 poly-
glycine mutant formed AAV particles based on Western dot
blot analysis (see fractions 10 and 11 of the cesium chloride
gradient); however, these particles were devoid of DNA (Table
2). The AAV2 polyglycine empty particles appear to be similar
to AAV2 empty particles when analyzed by EM (Fig. 2C), with
the exception of a ring-like staining pattern more apparent
with AAV2 polyglycine particles. Although no other gross
structural changes were evident by EM, potential conforma-
tional changes to the capsid were suggested by the ring-like
staining; therefore, further biochemical analyses such as hep-
arin binding affinity chromatography were carried out. The
AAV2 polyglycine mutant had an affinity for heparin sulfate
comparable to that of wild-type (WT) AAV2 particles, as de-
termined through a heparin binding assay, eluting from the
heparin column mostly at 0.4 M salt (Table 2). From these
data, three important conclusions can be drawn. The presence
of the HI loop is necessary for capsid assembly, and specific

FIG. 2. AAV2 HI loop deletion and glycine substitution character-
izations. (A) AAV2 HI loop sequence alignment showing amino acids
658 to 667, which were removed (AAV2 HI�/�) or replaced with
glycine residues (AAV2 polyglycine). (B) Western dot blot analysis of
CsCl gradient fractions from AAV2, AAV2 HI�/�, and AAV2 poly-
glycine preparations with antibody A20. Gradient fractions were col-
lected and blotted onto a nitrocellulose membrane. The membrane
was incubated with primary antibody A20 (1:20) and incubated with a
horseradish peroxidase-conjugated goat anti-mouse secondary anti-
body (1:5,000). (C) Electron micrograph images of empty AAV2 and
AAV2 polyglycine particles. Gradient-purified, 1� PBS–Ca2�-Mg2�-
dialyzed AAV2 (left panel) and AAV2 polyglycine (right panel) empty
particles were incubated on glow-discharged copper grids negatively
stained with 2% uranyl acetate.
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amino acid side chain interactions within this loop appear to be
necessary for packaging the viral genomic DNA. In addition,
residues forming the HI loop and adjacent capsid regions do
not play a role in heparan sulfate receptor attachment.

HI loop domain swapping. Based on the observations from
the glycine residue replacement studies, we carried out HI loop
swaps from representative serotypes in the hope of obtaining
more information on critical amino acids that have evolved for
the HI loops of specific serotypes. The serotypes chosen for
this study were AAV1, AAV4, AAV5, and AAV8, which are
83%, 61%, 59%, and 83% identical to the overall amino acid
sequence of the AAV2 capsid, respectively (Fig. 1A), and
represent the range of sequence homology between AAV2
and the other serotypes characterized to date (13). The AAV1
and -8 HI loops are similar in conformation (Fig. 3B) but vary
significantly in amino acid sequence (Fig. 3A). AAV2 with the
loops from AAV1 (AAV2 HI1) and AAV8 (AAV2 HI8) gen-
erated titers only twofold lower than those of WT AAV2, at
3 � 109 VGs/�l, 3 � 109 VGs/�l, and 6 � 109 VGs/�l, respec-
tively (Fig. 3D), and display heparan sulfate elution profiles
similar to that of WT AAV2 (e.g., mostly at 0.4 M PBS; Fig.
3E). As determined through EM analysis, the full particles
obtained for the mutant seem to be similar to WT AAV2 full
particles in gross conformation (Fig. 3C). In addition, as shown
in Fig. 3D, AAV2 HI1, AAV2 HI8, and AAV2 all transduced
293 cells (infected with 3,000 VGs/cell) with similar efficien-
cies, as determined through a luciferase assay.

At the other end of the phenotype spectrum, swapping of the
HI loops from the less homologous serotypes AAV4 and
AAV5 did not produce mutant viruses that were similar to WT
AAV2. As shown in Fig. 4A, AAV2 HI4, based on dot blot
analysis, produced a virus titer 1 log lower than that of WT
AAV2 (1.05 � 109 and 1.13 � 108 VGs/�l, respectively). How-

ever, when 293 cells were infected with the same number of
VGs per cell, AAV2 HI4 and WT AAV2 infected cells with
similar efficiencies (Fig. 4A). Interestingly, when WT AAV2
and AAV2 HI4 full particles were heat treated at 1° increments
from 55 to 65°C, AAV2 capsid dissociation was initiated at
temperatures as low as 55°C, with complete dissociation at
63°C, whereas AAV2 HI4 did not dissociate and expose VP1
until 63°C (Fig. 4B). This observation suggests that the AAV2
HI4 mutant capsid is more stable than that of WT AAV2,
although we are still unsure if there is a correlation between
capsid stability and titer.

The AAV5 capsid VP subunit, with 59% homology in amino
acid sequence to AAV2, contains an HI loop that is one amino
acid shorter than those observed in AAV2 and the other AAV
serotypes characterized to date. The AAV5 HI loop structur-
ally lacks a threonine at the amino acid position equivalent to
residue 659 in AAV2. Substitution of this HI loop into AAV2
(AAV2 HI5) resulted in a change in amino acid sequence
beginning at position 655 instead of 658 due to the low homol-
ogy (Fig. 5A). Although AAV2 HI5 can express VP1, -2, and -3
when the cell lysate is subjected to Western blot analysis (data
not shown), the subunit proteins are unable to assemble into
intact capsid particles, as determined by A20 Western dot
blotting (Fig. 5B). In order to determine if the length of the HI
loop contributes to the inability of AAV2 HI5 to assemble
particles, a threonine was inserted into AAV2 HI5 at position
659 (AAV2 HI5 TTSF). The threonine insertion does mini-
mally restore capsid assembly but not packaging based on
Western dot blot (Fig. 5B) and DNA dot blot (Table 2) anal-
yses, respectively.

The HI loop swap phenotypes show that specific amino acid
side chain interactions of the HI loop can affect particle sta-
bility, as seen with the AAV2 HI4 mutant, and the length of

TABLE 2. Phenotype comparison of AAV2 HI loop capsid mutants

Mutant Sequence
Assembly

(Western dot
blotting)

Packaging
(DNA dot
blotting)

Heparin
binding

Infectivitya

(luciferase assay)
Alternative VP1

(Western blotting)

AAV2 HI�/� (655) ANP----------SFI �e � NAf NA NA
AAV2 poly-glycine (655) ANP GGGGGGGGGG SFI �c � � NA �
AAV2 G661F (655) ANP GGGFGGGGGG SFI � � NDg NA ND
AAV2 G665K (655) ANP GGGGGGGKGG SFI � � ND NA ND
AAV2 G666F (655) ANP GGGGGGGGFG SFI � � ND NA ND
AAV2 HI1 (655) ANP PAEFSATKFA SFI � � � No change �
AAV2 HI8 (655) ANP PTTFNSQKLN SFI � � � No change �
AAV2 HI4 (655) ANP ATTFSSTPVN SFI � � � No change �
AAV2 HI5 (655) GNI T-SFSDVPVS SFI � � NA NA NA
AAV2 RGD 658 (655) ANP RGDFSAAKFA SFI � � ND No change �
AAV2 RGD 660 (655) ANP STRGDAAKFA SFI � �d ND 4.7 �
AAV2 RGD 662 (655) ANP STTFRGDKFA SFI � � ND No change �
AAV2 RGD 663 (655) ANP STTFSRGDFA SFI � � ND No changeb �
AAV2 VNTANST (655) ANP VNTANSTKFA SFI � � � 27 �
AAV2 QPEHSST (655) ANP QPEHSSTKFA SFI � � � 2 �
AAV2 SIGYPLP (655) ANP SIGYPLPKFA SFI � � ND 10.4 �
AAV2 SGRGDS (655) ANP SGRGDSAKFA SFI � � ND 4.5 �
AAV2 F661G (655) ANP STTGSAAKFA SFI � � � 13.55 �

a Relative (n-fold) decrease in infectivity.
b In SK-OV3 cells.
c �, similar to WT.
d �, packaging, approximately fivefold lower in titer than WT.
e �, packaging, 1 log lower in titer than WT or unable to package the viral genome.
f NA, not applicable.
g ND, not determined.
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the HI loop appears to be crucial for maintaining proper cap-
sid assembly, as in AAV2 HI5; however, DNA packaging abil-
ity seems to be more stringently controlled by the loop se-
quence, as concluded from the AAV2 polyglycine mutant. In
addition, the data show that this capsid VP region can tolerate
amino acid differences in assembling an AAV capsid, as seen in
AAV2 HI1 and HI8, consistent with the observation of the HI
loop in all of the parvovirus structures determined to date (Fig.
1A), despite the lack of sequence similarity.

Site-directed mutagenesis. To determine which amino acids
within the HI loop are critical for viral genome packaging into
the assembled capsids, a series of site-directed mutants were
generated in this region based on sequence conservation be-
tween the AAV serotypes and observed interactions with the
underlying amino acids, since replacing the AAV2 HI loop
with glycines appears to ablate DNA packaging capabilities. As
shown in the serotype sequence alignment in Fig. 1A, a phe-
nylalanine at position 661 within the HI loop is conserved in

the AAV serotypes aligned. In the crystal structure of AAV2,
the side chain of F661 interacts with a conserved proline at
position 373 in the EF loop within the underlying subunit,
possibly through Pi stacking (see Fig. 7B). Such stacking inter-
actions have been shown to play key roles in protein stability

FIG. 3. AAV2 HI1 and AAV2 HI8 substitution mutant character-
ization. (A) Sequence alignment of AAV2, AAV1, and AAV8 HI loop
amino acids. (B) Structural alignment of AAV2, AAV1, and AAV8 HI
loops (yellow, pink, and blue). (C) Electron micrograph images of
AAV2, AAV2 HI1, and AAV2 HI8 1� PBS–Ca2�-Mg2�-dialyzed,
CsCl-purified (previously mentioned), DNA-containing particles.
(D) Radioactive DNA dot blotting shown as relative change in titer
(left side) and luciferase assay on infected 293 cells with 3,000 VGs/cell
(right side; n 	 3; standard deviation 	 black bars). (E) Heparin
binding profiles of AAV2, AAV2 HI1, and AAV2 HI8. A 500-�l
volume of heparin type IIIS-conjugated agarose beads (Sigma) was
incubated with 1010 VG-containing particles (L 	 load) for 10 min at
RT. The washes (1� PBS) and elutions (0.2 to 0.6 M PBS) were
collected, and capsids were detected via Western dot blot analysis with
monoclonal antibody A20 (1:20).

FIG. 4. AAV2 HI4 substitution mutant characterization. (A) AAV2
HI4 titer and transduction. AAV2 and AAV2 HI4 titers were quanti-
fied via radioactive DNA dot blotting against the luciferase transgene,
shown as relative change in titer (left side). AAV2 HI4 transduction
was quantified via luciferase assay of 293 cells infected with 3,000
VGs/cell (right side; n 	 3; standard deviation 	 black bars).
(B) AAV2 and AAV2 HI4 viral DNA-containing particles (6 � 108)
were heat treated at the temperatures shown on the left, transferred to
a nitrocellulose membrane, and blotted with the antibodies shown at
the bottom at a ratio of 1:20. (C) Structural alignment of the AAV2
(yellow) and AAV4 (pink) HI loops from VP subunits.

FIG. 5. AAV2 HI5 substitution mutant characterization. (A) Se-
quence alignment of AAV2 and AAV5 HI loop residues (left side) and
structural alignment of AAV2 (yellow) and AAV5 (cyan) HI loops
(right side). The amino acid position deleted in AAV5 relative to
AAV2 in this region is depicted as a dash in the alignment, and the
threonine residue inserted at this position in AAV2 is indicated by a
red arrow on the structural superimposition. (B) Western dot blot
analysis of AAV2, AAV2 HI5, and AAV2 HI5 TTSF (threonine in-
serted at amino acid position 659) CsCl gradient fractions blotted with
antibody A20 (1:20).
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and folding (9). Also shown in the sequence alignment, residue
K665 is present in most serotypes (Fig. 1A), which, based on
the crystal structure, forms a salt bridge with an aspartic acid at
position 368 of the underlying subunit. Another amino acid of
interest is F666, which resides in a hydrophobic pocket of the
underlying subunit. As shown in the sequence and structure
alignment (Fig. 1), there is a hydrophobic residue such as
valine or isoleucine at this position in all of the serotypes
compared. In order to determine which of these three con-
served residues are critical for the AAV2 capsid to fully as-
semble and package the viral genome, the glycine residues at
positions 661, 665, and 666 in the AAV2 polyglycine mutant
were individually changed back to the amino acids present in
the WT AAV2 HI loop, i.e., F661, K665, and F666, respec-
tively. Mutating the residues one at a time did not restore the
ability of the AAV2 polyglycine mutant to package the viral
DNA (Table 2). This suggests that cooperative interactions
facilitated by individual residues are critical for maintaining
viral genome packaging capabilities, as seen in the AAV2 HI
loop swap mutants (Table 2). This conclusion is further sub-
stantiated by the experiments described below.

Peptide substitution studies. In order to determine the plas-
ticity of the HI loop, gross mutagenesis of amino acid residues
within this region was carried out on the capsid. Since the data
mentioned previously suggest that a cooperative effect between
amino acids is necessary for viral genome packaging, semicon-
served residues K665 and F666 were left unchanged. The
AAV2 HI loop was replaced with a range of peptide sequences
varying in length and beginning at different amino acid posi-
tions. First, short RGD peptides were replaced in an effort to
“walk through” the HI loop and characterize the effects of
disparate non-AAV sequences on viral assembly and packag-
ing. Amino acid positions 658 to 660, 660 to 662, 662 to 664,
and 663 to 665 were replaced with an RGD peptide (38)
(AAV2 RGD 658, AAV2 RGD 660, AAV2 RGD 662, and
AAV2 RGD 663, respectively) (Fig. 6A). Most mutants were
obtained at virus titers within twofold of that of WT AAV2,
with the exception of mutant AAV2 RGD 660, which was
obtained at a sixfold lower titer than WT AAV2, i.e., 1.48 �
108 VGs/�l compared to 8.81 � 108 VGs/�l (Fig. 6B). AAV2
RGD 658 and AAV2 RGD 662, after adjusting for VG num-
ber, had infectivities similar to that of the WT based on a
luciferase assay (Table 2). However, when 293 cells were in-
fected with AAV2 RGD 660, it was fivefold less infectious than
WT AAV2 (Fig. 6B). AAV2 RGD 660 was lower in titer and
infectivity than the WT and had a replacement of conserved
residue F661 (see Site-directed mutagenesis) with a glycine
residue, suggesting a potential role for F661 in the virus life
cycle. In light of this single amino acid and its phenotypic
effects, we introduced longer peptides into the AAV2 HI loop
for increased amino acid variability and to gain more insight
into structure-function constraints in manipulating this region.

Seven-amino-acid peptides successfully used as insertions in
previous capsid mutagenesis studies were chosen in order to
determine if the variable region of the HI loop could tolerate
these peptides as substitutions. Starting at position 658 in
the AAV2 HI loop, we substituted peptides QPEHSST,
VNTANST, SIGYPLP (53), and SGRGDS (25) (Fig. 6A). All
of the mutants generated virus. AAV2 QPEHSST was able to
make virus in titers similar to that of the WT (within 2-fold),

followed by AAV2 VNTANST (3.5-fold lower than AAV2),
AAV2 SIGYPLP, and AAV2 SGRGDS (4.5-fold lower than
AAV2). However, AAV2 VNTANST was 27-fold less infec-
tious than WT AAV2, while AAV2 SIGYPLP showed approx-
imately 10-fold less infectivity (Table 1). AAV2 SGRGDS and
AAV2 QPEHSST were 4.5- and 2-fold less infectious than WT
AAV2, respectively (Fig. 6B). The aforementioned changes in
titer and infectivity upon gross mutagenesis of the AAV2 HI
loops suggest that the amino acid interactions between the HI
loop and underlying subunit are crucial for maintaining AAV
viability. Data in the literature suggest that the fivefold axis is
necessary for viral genome packaging and VP1 externalization
(8, 26, 55). We do see a viral genome packaging defect in some
of the mutants mentioned above, correlating with a decrease in
infectivity. To further understand the phenotypic changes ob-
served, we carried out a battery of biochemical analyses.

Biochemical analysis. A series of biochemical analyses such
as heparin binding, heat treatment, and Western blotting were
performed in order to understand why the titer and infectivity
of AAV2 RGD 660, AAV2 VNTANST, AAV2 SIGYPLP, and

FIG. 6. AAV2 HI loop peptide substitution mutant characteriza-
tions. (A) Sequence alignment showing residues in the AAV2 HI loop
that were replaced with the specific peptides indicated. (B) HI loop
peptide substitution titer and transduction. Relative change in titer
compared to AAV2 determined by radioactive DNA dot blot analysis
(left side). Relative change in transduction of infected 293 cells (3,000
VGs/cell) determined by luciferase assay (right side; n 	 3; standard
deviation 	 black bars). AAV2 RGD 663 titer and SK-OV3 cell
infectivity present in Table 2. (C) Western blot analysis of peptide
substitution mutants incubated overnight at 4°C with the A1 (1:20) and
B1 (1:20) monoclonal antibodies. The arrow indicates an additional
protein band detected with the A1 antibody (bottom).
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AAV2 SGRGDS were consistently lower than those of WT
AAV2; from such studies, Western blot analysis revealed an
interesting capsid phenotype, as shown in Fig. 6C. We used
monoclonal antibodies B1 and A1 (52), which recognize the
VP3 C terminus and VP1 unique N terminus, respectively, to
characterize the peptide substitution variants described above.
Based on B1 staining, AAV2 VNTANST had decreased VP1
incorporation and an extra protein band between VP2 and
VP3. In addition, AAV2 SIGYPLP had decreased VP1 incor-
poration. Interestingly, when blotted with A1 antibody against
the VP1 unique region of AAV2, AAV2 QPEHSST, AAV2
RGD 660, and AAV2 SGRGDS revealed a second band at 77
kDa. Notably, AAV2 RGD 660 and the longer peptide substi-
tutions that were detrimental to virus titer and infectivity all
changed the amino acid type at the conserved phenylalanine at
position 661 (Fig. 1C). Therefore, the role of this residue in
AAV2 HI loop functionality was investigated further.

Analysis of the conserved F661 residue. F661, which is com-
pletely conserved throughout all AAV serotypes (Fig. 7A) and
interacts with a proline in the underlying VP subunit, was
mutated to a glycine residue in AAV2 (AAV2 F661G). AAV2
F661G produced virus fivefold lower in titer than WT AAV2

based on dot blot analysis (8.2 � 107 and 4.1 � 108 VGs/�l,
respectively; Fig. 7C). AAV2 F661G also binds heparin with an
affinity similar to that of WT AAV2 based on heparin column
binding and elution with increasing concentrations of salt (Ta-
ble 2). Interestingly, AAV2 F661G is 1 log less infectious than
AAV2 based on a luciferase assay (Fig. 7D). In addition to
these data, AAV2 F661G and WT AAV2 capsids were heat
treated at 37°C, 50°C, 60°C, 65°C, and 75°C. While AAV2 was
able to expose the VP1 N terminus based on A1 antibody
staining at 60°C, AAV2 F661G was unable to do so at this
temperature and could only expose the VP1 N terminus when
heated to 75°C upon capsid dissociation (Fig. 8A). To further
corroborate the data showing decreased incorporation of VP1
and reduced infectivity of AAV2 F661G, we carried out intra-
cellular trafficking studies by confocal fluorescence micros-
copy. Briefly, HeLa cells were infected with WT AAV2 and
AAV2 F661G particles at 30,000 VGs/cell. The cells were fixed
at 12 h postinfection and stained with primary antibody A20
for intact capsid detection and then a secondary goat anti-
mouse 488-nm fluorophore-conjugated antibody. In addition,
the nuclei were stained with DAPI. Based on this analysis,
AAV2 F661G was unable to enter the nucleus efficiently and
appeared to remain perinuclear, unlike WT AAV2, which traf-
ficked into the nucleus more efficiently (Fig. 8B).

FIG. 7. Residue F661 structure model and sequence alignment and
AAV2 F661G substitution mutant characterization. (A) Sequence
alignment of representative serotypes showing that F661 is conserved
(cyan). (B) The HI loop located on a pentamer at the fivefold face
(left) is magnified (right), showing that the HI loop from one VP
(white) extends over the underlying VP (pink). The F661 side chain
(cyan) near the center of the HI loop forms a hydrophobic interaction
with a conserved proline residue (yellow) of the underlying adjacent
VP (top right). (C) Relative change in AAV2 F661G viral titer deter-
mined by radioactive DNA dot blotting against the luciferase trans-
gene. (D) Transduction quantified postinfection of 293 cells with
AAV2 and AAV2 F661G (3,000 VGs/cell) and evaluated via luciferase
assay (n 	 3; standard deviation 	 black bars).

FIG. 8. AAV2 F661G VP1 externalization and virus infectivity.
(A) Heat treatment (HT) of 6 � 108 AAV2 and AAV2 F661G viral
DNA-containing particles (temperatures across the bottom). Treated
capsids were blotted onto a nitrocellulose membrane, and intact cap-
sids, dissociated VPs, and externalized VP1 unique N termini were
detected with antibodies A20, B1, and A1 (1:20) as indicated on the
right. (B) HeLa cells were infected with 50,000 VG-containing parti-
cles of AAV2 or AAV2 F661G. Cells were fixed and permeabilized,
and intact capsids were detected with primary antibody A20 (1:10) and
a 488-nm fluorophore-conjugated secondary antibody (1:1,250). The
nucleus was stained blue with DAPI. Red arrows indicate AAV2 (left)
and AAV2 F661G (right) intact capsids.
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In addition, when 109 VGs of dialyzed full particles were run
on a Western blot and stained with monoclonal antibodies B1
and A1, AAV2 F661G revealed a fourth-molecular-mass cap-
sid species between VP1 and VP2 consistently running at 77
kDa. With antibodies that specifically detect amino acids 15 to
29 and 60 to 74 in the VP1 unique region (Fig. 9A), the capsid
band at 77 kDa was not detected on the Western blot, further
confirming an N-terminal truncation of this capsid subunit
(Fig. 9B). This molecular mass species is identical to the
novel protein band seen in the Western blot with the AAV2
QPEHSST, AAV2 RGD 660, and AAV2 SGRGDS capsid
subunit proteins. The novel capsid subunit is approximately
100 amino acid residues shorter than VP1 (Fig. 6B), implicat-
ing potential proteolytic processing of the exposed VP1 N
terminus in these HI loop variants.

Therefore, the aforementioned data demonstrate that the
HI loop can tolerate most amino acid changes, and specific
cooperative amino acid interactions are necessary for proper
viral genome packaging. Additionally, the F661-P373 hydro-
phobic interaction appears crucial for proper incorporation of
the VP1 subunit into the AAV2 capsid. Without the proper
interactions, a distinct VP1 subunit lacking its N terminus
containing the phospholipase activity is incorporated into the
capsid, directly impacting virus infectivity.

DISCUSSION

With the availability of the AAV2 crystal structure (59),
many aspects of the AAV life cycle, including host cell recog-
nition (3, 11, 23, 33, 49), intracellular trafficking (5, 10), and
uncoating (43), are now possible to correlate with structure.
The first of such studies have centered around the threefold
loops and the determination that they are key topological fea-
tures in host cell recognition (4, 23). Similar structure-function
studies have extended from the threefold loops to the fivefold
axis and the location of the virion pore and its potential role in

viral genome packaging, capsid assembly, and VP1 unique
N-terminal exposure (8, 26, 55). Interestingly, the HI loop
surrounds the fivefold pore and has an essential structural role
in viral assembly by overlapping the neighboring VP3 subunit
forming amino acid interactions with the underlying EF loop
(Fig. 1). Recently, Mavis Agbandje-McKenna has observed the
HI loop flipping up 90° upon AAV2-heparan sulfate proteo-
glycan binding, suggesting a dynamic role for this structure in
the viral infectious pathway (unpublished). To better under-
stand the role of this capsid structure, we chose to characterize
in detail the HI loop as it may contribute to specific stages in
the virus life cycle such as viral genome packaging, assembly,
and subsequent stages during the infectious pathway. The re-
sults of this study demonstrate that the AAV2 HI loop is
essential for proper capsid assembly, packaging of the viral
DNA, and viral infectivity when the conserved phenylalanine
at amino acid position 661 is altered.

We carried out a comprehensive amino acid deletion-and-
substitution study to uncover the role of the HI loop in the
AAV life cycle. From these efforts, we determined that re-
moval of the HI loop (AAV2 HI�/�) leads to capsids that
cannot assemble (Fig. 2). We assayed viral assembly primarily
with the A20 monoclonal antibody (52), which detects tertiary
structure of properly assembled AAV capsids. Viruses that
were unable to form virions were further studied with gradients
and Western blot analyses that confirmed the ability to synthe-
size VP subunits (data not shown). Although we relied primar-
ily on A20 recognition to confirm the ability to form proper
virion structures, additional studies such as iodixanol gradient
purification of AAV2 HI�/� cell lysate, followed by EM anal-
ysis, further determined that this mutant only appears to gen-
erate monomer subunits (data not shown). In contrast, re-
placement of the loop with glycines (AAV2 polyglycine)
generated A20-recognizable assembled capsids; however,
these capsids were deficient in the ability to package the viral
DNA. Even though this mutant provided sufficient structure to

FIG. 9. AAV2 F661G VP incorporation. (A) Schematic representation of AAV2 VP3 with an enlargement of the VP1 unique region. The
shaded regions represent VP1/VP2 and the VP1/VP2/VP3 common regions, respectively. Antibodies generated (Pacific Immunology) recognize
specific amino acid stretches in the VP1 unique region, as indicated at the bottom (1:1,000). (B) Western blot analysis of AAV2 and AAV2 F661G
capsids with antibodies B1 and A1 (1:20). An additional protein band was detected at �77 kDa (arrows).
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assemble intact AAV particles, the glycine substitutions spe-
cifically ablate amino acid side chain interactions with the EF
loop of the underlying subunit, suggesting that the HI loop
structure and the backbone interactions of the HI loop with the
underlying subunit are sufficient to facilitate capsid formation.
However, the specific amino acid interactions are required for
efficient packaging of the viral DNA. Although we cannot draw
from our studies the exact mechanism of the viral genome
packaging deficiencies of the glycine substitution mutant, it is
interesting to speculate that this phenotype can possibly be
attributed to gross conformational changes in the structure of
the fivefold pore since the fivefold pore has been implicated as
the site of Rep protein binding, a necessary step for efficient
DNA encapsidation (7, 8). As a result, it will be of interest to
determine the ability of HI loop mutants to bind Rep protein
in pull-down experiments as previously described (7).

In addition to the deletion-and-substitution studies de-
scribed above, we decided to swap the AAV2 HI loop with
those from representative serotypes. Domain swapping, spe-
cifically between virus serotypes, allows for determination of
the role of that specific region of the capsid in the virus life
cycle. For example, in adenovirus, the fiber necessary for host
cell recognition (54), was swapped between adenovirus sub-
groups, resulting in alteration of intracellular trafficking of the
adenovirus vectors (29). Alternatively, in the case of AAV,
domains were swapped between AAV1 and -2 in order to
characterize determinants necessary for AAV1 muscle tropism
(19). In a similar study regarding AAV, domains from AAV2
were swapped with those from AAV8, demonstrating that loop
IV of AAV8 at the threefold axis of symmetry is responsible
for dictating liver tropism (37). Interestingly, in our studies,
swapping the AAV2 HI loop with those of AAV1 and AAV8
did not affect titer, transduction, heparin binding, or gross
conformation. However, this can be expected due to the rela-
tively higher sequence homology between AAV2 and these
serotypes. More importantly, these results suggest that the HI
loop most likely does not contain determinants of tissue tro-
pism or receptor binding. This was further confirmed via
mouse intramuscular injections with AAV2 RGD 662. Briefly,
bioluminescence imaging revealed similar in vivo transduction
profiles for AAV2 RGD 662 and WT AAV2 1 week postad-
ministration (data not shown).

In the case of the AAV4 and AAV5 HI loops, significant
phenotypic variations were seen, possibly due to lower se-
quence homology with AAV2. For instance, the AAV4 HI
loop is composed of a higher number of hydrophobic residues
than the loop from AAV2 based on the amino acid sequence
and crystal structure (16). The three-dimensional structure of
the AAV2 VP3 monomer (Fig. 4C) shows that the side chains
of residues 659 and 660 point away from the capsid and do not
interact with the residues in the underlying subunit. On the
other hand, the conserved phenylalanine at position 661 inter-
acts with proline 373 in the EF loop of the underlying subunit,
as mentioned in Results. The alanine-to-serine change at po-
sition 663 of the AAV2 HI4 mutant might contribute a hydro-
gen bond interaction due to a potentially accessible hydroxyl
group that is not present in the AAV2 HI loop. The K665P
change in AAV2 HI4 suggests a possible contribution to in-
creased hydrophobic interactions with proline, valine, phenyl-
alanine, and methionine residues found in the underlying sub-

unit of AAV2. However, this assessment is based on a
structure model of AAV2 HI4, and a more accurate analysis of
the AAV4 HI loop amino acid contributions to AAV2 capsid
stability is dependent upon knowing the crystal structure of the
AAV2 HI4 mutant.

Collectively, the aforementioned amino acid changes in
AAV2 HI4 could enhance HI loop-EF loop interactions and
thereby could well account for increased capsid stability, as
demonstrated through increased resistance to heat treatment
in comparison to AAV2. In addition, such increases in capsid
stability and possible gross conformational changes to the five-
fold pore might account for lower packaging efficiency and
titers seen with the AAV2 HI4 mutant. It is possible that the
AAV capsid “breathes” or expands in volume during viral
genome packaging, and if the capsid is too stable or held too
tightly together, it may be more difficult for the Rep protein to
package the viral genome. The idea of capsid expansion has
been studied in bacteriophage, and it has been shown that
during the DNA packaging process a conformational change
occurs which causes an increase in capsid volume (21).

Additionally, previous data suggest that the Rep protein is
bound in higher quantities to the capsids of packaging-defi-
cient mutants (7), possibly due to “jamming” of the genome
threading machinery. Such has also been noted in the case of
AAV2 HI4, wherein the particle bound increased amounts of
Rep protein in comparison with AAV2 (data not shown). For
the AAV2 HI4 mutant, it is possible that there is increased
stability of the particle based on the presence of another pro-
tein or proteins on the capsid surface.

In the case of AAV2 HI5, despite normal expression of
capsid subunit proteins, no intact capsid assembly is observed.
This was further confirmed via EM analysis on cesium chloride
gradient fractions of the AAV2 HI5-transfected cell lysate. It
was determined that the AAV2 HI5 mutant may form pen-
tamers but does not form proper intact particles (data not
shown). This phenotype is likely attributable to the fact that
the AAV5 HI loop is one amino acid shorter, based on the
crystal structure (48), than the WT AAV2 HI loop. In corol-
lary, insertion of the missing threonine at position 659 mini-
mally rescues capsid assembly. Therefore, the length of the HI
loop in relation to the underlying subunit appears to be crucial
for proper capsid assembly, while the loop amino acid inter-
actions with the underlying subunit dictate genome packaging
efficiency. This was further corroborated by a new collection of
HI mutants that increased the length of the HI loop by 1, 3, 5,
and 7 glycine residues. The fact that the AAV2 HI loop glycine
extensions formed intact virus particles but were unable to
package the viral genome, based on DNA dot blot (data not
shown) and Western dot blot (data not shown) analyses, fur-
ther supports the importance of the length of the HI loop.

Following the domain swaps, we decided to use peptide
substitutions in order to mutate multiple residues of the HI
loop. Many groups have successfully inserted peptides, specif-
ically at the threefold loops, on the capsid surface as a means
to retarget the virus for specific tissue types (14, 38, 39, 53). In
this study, we used peptides not as insertions but as substitu-
tions in a novel region of the capsid. Peptide substitution
within the AAV2 HI loop showed that certain amino acid
changes do not affect virus titer and transduction, as seen with
the AAV2 RGD 658, AAV2 RGD 662, and AAV2 QPEHSST
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mutants. However, some peptide substitutions resulted in
marked changes in phenotype that were dependent on the
amino acid position substituted. For instance, replacement
with peptide RGD at position 660 (AAV2 RGD 660),
SGRGDS starting at position 658 (AAV2 SGRGDS),
VNTANST starting at position 658 (AAV2 VNTANST), and
SIGYPLP also starting at position 658 (AAV2 SIGYPLP)
resulted in decreased titer and infectivity. In all of these mu-
tants, the conserved F661 residue observed in all serotypes is
replaced.

Interestingly, a number of these mutants, such as AAV2
VNTANST, SIGYPLP, RGD 660, and SGRGDS, also re-
vealed differential banding patterns seen with B1 antibody
staining of a Western blot (Fig. 6C). Specifically, there appears
to be a decreased incorporation of VP1 capsid subunits in
these mutant capsids. It is likely that such a phenotype, which
would reduce the effectiveness of the PLA2 domain (located in
the VP1 N-terminal domain) required for endosomal escape
and nuclear entry of the viral capsid, could explain the de-
crease in transduction seen with these mutants (15, 17, 26, 42).
The lower titers of the aforementioned mutants can possibly be
attributed to improper capsid assembly (7, 44) and defective
packaging (7). In the AAV2 VNTANST mutant, there is an
additional protein band seen between VP2 and VP3 with B1
staining that has yet to be identified. The observed protein
product is most likely due to proteolytic processing of VP1,
which could also account for the decreased amount of VP1
present in this capsid mutant. The 77-kDa protein band in
AAV2 RGD 660 and AAV2 SGRGDS shown by A1 staining
further corroborates these speculations (Fig. 6C).

As mentioned above, one trait shared by these defective
peptide substitution mutants is that they span the conserved
phenylalanine at amino acid position 661. F661 interacts with
P373 in the EF loop in the underlying subunit of all serotypes
through stacking interactions (Fig. 7B). This interaction ap-
pears critical for the stability (9) of assembled capsid subunits
since the HI loop is the only region at the fivefold axis of
symmetry that extends from one subunit and overlaps the un-
derlying subunit. Mutation of F661 results in a phenotype
similar to that seen with peptide substitutions spanning this
region. Based on data shown in Fig. 9, we hypothesize that the
interaction between F661 and P373 is necessary to stabilize the
capsid around the fivefold axis of symmetry, being of great
importance due the fivefold pores’ contribution to viral ge-
nome packaging and infectivity (8, 55). Disruption of this in-
teraction appears, in particular, to reduce the amount of VP1
incorporated into these mutant capsids (Fig. 9B).

Additionally, such mutagenesis could result in improper in-
corporation of VP1 subunits at the fivefold axis of symmetry,
which would expose the critical PLA2 domain to cellular pro-
teases during virus production. If unassembled VP1 monomers
or loosely assembled particles exposing the VP1 unique N
terminus are present, it is possible that they may be susceptible
to cellular proteases. This may not occur as readily in the WT
or other mutant viruses that are able to assemble the VP
monomers efficiently in a stable configuration. Further studies
will help elucidate these hypotheses.

In conjunction with this observation, a similar phenomenon
may be occurring in the AAV baculovirus production system
(41, 46). There appears to be inefficient incorporation of VP1

into the AAV2 capsid during production in insect cells, and
this may be due to the susceptibility of VP1 to cellular protease
in the nonmammalian cell environment (24). The notion that
VP1 is susceptible to cellular proteases is further substantiated
by the fact that when mammalian cells were transfected with
VP1 constructs, specifically, VP1NLSFKN and VP1FKN, a
second-molecular-mass band was detected between VP1 and
VP2 in the cell lysates (17), similar to the result obtained in this
study. Upon mutation of F661, this molecular mass species was
not only generated but also incorporated into the intact capsid.

In addition, it is not surprising that a single amino acid on
the AAV capsid, such as F661, could significantly impact the
biology of the virus. A recent study in our laboratory has shown
that single amino acid mutations, specifically, K531E in AAV6
and E531K in AAV1, suppress and enhance heparin binding,
respectively (56). Taken together, our data support the role of
the HI loop as an important AAV capsid structural element
necessary for proper incorporation of VP1 into an assembled
infectious particle and a functional fivefold pore that allows
efficient packaging of viral genomes.
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