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Dynamics

Vamseedhar Rayaprolu,® Shannon Kruse,® Ravi Kant,? Balasubramanian Venkatakrishnan,® Navid Movahed,® Dewey Brooke,?
Bridget Lins,” Antonette Bennett,” Timothy Potter,® Robert McKenna,” Mavis Agbandje-McKenna,” Brian Bothner®

Department of Chemistry and Biochemistry, Montana State University, Bozeman Montana, USA?; Department of Biochemistry and Molecular Biology and Center for
Structural Biology, The McKnight Brain Institute, University of Florida, Gainesville, Florida, USA®

Icosahedral viral capsids are obligated to perform a thermodynamic balancing act. Capsids must be stable enough to protect the
genome until a suitable host cell is encountered yet be poised to bind receptor, initiate cell entry, navigate the cellular milieu, and
release their genome in the appropriate replication compartment. In this study, serotypes of adeno-associated virus (AAV),
AAV1, AAV2, AAV5, and AAVS, were compared with respect to the physical properties of their capsids that influence thermody-
namic stability. Thermal stability measurements using differential scanning fluorimetry, differential scanning calorimetry, and
electron microscopy showed that capsid melting temperatures differed by more than 20°C between the least and most stable se-
rotypes, AAV2 and AAV5, respectively. Limited proteolysis and peptide mass mapping of intact particles were used to investigate
capsid protein dynamics. Active hot spots mapped to the region surrounding the 3-fold axis of symmetry for all serotypes. Cleav-
ages also mapped to the unique region of VP1 which contains a phospholipase domain, indicating transient exposure on the sur-

face of the capsid. Data on the biophysical properties of the different AAV serotypes are important for understanding cellular
trafficking and is critical to their production, storage, and use for gene therapy. The distinct differences reported here provide

direction for future studies on entry and vector production.

he capsids of icosahedral viruses display multifunctional attri-

butes in the viral life cycle. Depending on the virus type, capsid
viral protein (VP) functions include receptor binding, cell entry,
intracellular trafficking, genome release, capsid assembly, and ge-
nome packaging. Additional selective pressure on VPs can also
arise from the host immune response. Several small nonenveloped
icosahedral viruses, including the single-stranded-DNA (ss-
DNA)-packaging viruses of the family Parvoviridae, have a capsid
that is composed of essentially a single multifunctional VP (1).
Adeno-associated virus (AAV) serotypes belong to the genus De-
pendovirus of the Parvoviridae. They efficiently replicate in the
presence of a helper virus, such as Adenovirus or Herpesvirus (2, 3),
and have distinct capsid-governed tissue specificities and strict
host ranges (4, 5). Thirteen distinct human and nonhuman pri-
mate AAV serotypes (AAV1 to -12 and AAV[VR-942]) have been
described to date, and more than 100 AAV genomes across species
have been identified using PCR (5-7, 9, 100). These viruses have
been classified into eight clades and clonal isolates (AAV1/AAVE,
AAV2, AAV2/AAV3, AAV4, AAV5, AAV7, AAVS, and AAV9)
based on VP sequence and antigenicity (5).

The AAVs have shown significant promise as vectors for gene
delivery for the correction of monogenetic defects. They possess
the following positive attributes: they do not cause disease, have a
stable virus particle that can be purified by biomedically accepted
methods used for recombinant protein products, can be produced
void of viral coding genes, can transduce dividing and nondivid-
ing cells, and can induce long-term transgene expression in cer-
tain cell types (10, 11). The majority of gene therapy applications
to date have used AAV2, including the treatment of blindness in
patients with Leber’s congenital amaurosis (11, 12). Interest in the
use of other serotypes (AAV1, AAV5, AAV6, and AAVS, for ex-
ample) is growing because of their different tissue specificities, cell
transduction efficiencies, and antigenicities (5, 6, 11, 13, 14, 101).
AAV?2 has also received the most attention with respect to dissect-
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ing the mechanisms of cellular entry and trafficking. For this se-
rotype, attachment to the host cell surface is mediated by heparan
sulfate proteoglycans (HSPG) (15-18, 97), and several secondary
receptors or coreceptors have been reported to mediate entry via
dynamin-dependent clathrin-mediated endocytosis (19-22, 25).
AAV?2 may also enter cells via a dynamin- and clathrin-indepen-
dent route (26). HSPG has been found to bind AAV3 strains B (27,
98) and H, while receptor binding of strain H extends to fibroblast
growth factor receptor 1 (28). Linkage-specific sialic acid binding
is utilized by AAV1, AAV4, AAV5, and AAV6 (29-31). For AAVS5,
platelet-derived growth factor receptor has been identified as hav-
ing a role in the binding of this serotype to a glycoprotein (32). A
terminal glycan receptor has yet to be identified for AAVS, while it
has been reported to utilize the 37/67-kilodalton laminin receptor
for cellular transduction (19). AAV9 shares ~85% sequence sim-
ilarity with AAV8 and also utilizes the laminin receptor as well as
N-linked glycans with terminal galactosyl residues (19, 33, 99).
Lastly, AAV7, which shares ~88% sequence similarity with AAV2
and AAVS, has yet to be associated with a specific receptor.

AAV capsids have T=1 icosahedral symmetry and are approx-
imately 250 A in diameter (Fig. 1). Their relatively small capsid
size limits their genome to ~4.7 kb, with two major open reading
frames (ORFs), rep and cap. The rep ORF encodes four proteins
required for genome replication and packaging. The cap ORF en-
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AAV Stability and Dynamics

D
Sequence identity (%) of AAVs
AAV1 : AAV2 83
AAV1 : AAV5 58
AAVI : AAVE 84
AAV2 : AAVS 58
AAV2 : AAVS 83
AAVS5 : AAV 58

FIG 1 Structure and conservation of adeno-associated viruses. (A) Surface topology of AAV2, shown as a depth-cued model, with blue regions being further
from the particle center and white closer. (B) Icosahedral grid overlaid on a structural model of AAV2. Four subunits are shown in different colors to emphasize
interdigitation. Symbols indicate 2-fold (oval), 3-fold (triangle), and 5-fold (pentagon) axes. The capsid is in the same orientation as in panel A. (C) Superim-
position of Ca positions of the VP3 monomers of AAV1, AAV2, AAV5, and AAV8. Amino acid sequence conservation is shown in the color scheme; purple is
highest, and gold is lowest. The core of the subunit is highly conserved, with the sequence variability being primarily in loops I to IX. The N and C termini are also
indicated. The triangle, pentagon, and oval indicate the positions of the 3-, 5- and 2-fold axes. (D) Sequence identity between serotypes. Data were obtained from
multiple sequence alignment of AAV1, AAV2, AAV5, and AAV8 using ClustalW.

codes three structural VPs, VP1, VP2, and VP3, made from alter-
nately spliced mRNAs (10). The proteins overlap, with common C
termini. VP3 is ~61 kDa and constitutes ~85% of the capsid’s
protein content. The less abundant capsid proteins, VP1 (~87
kDa) and VP2 (~73 kDa), containing unique N-terminal exten-
sions (VP1u) containing a phospholipase A2 (PLA2) domain and
nuclear localization signals (VP1/2 common region), respectively
(34,102). A total of 60 copies of the three VPs, in a ratio of 1:1:8 to
10 (for VP1:VP2:VP3, respectively) based on gel densitometry
(35, 36), assemble the T=1 icosahedral particle (37). A third al-
ternative ORF, in the VP2/VP3 mRNA, which encodes an assem-
bly-activating protein reported to aid capsid assembly, was re-
cently discovered (38). It is believed that during cellular entry by
AAV capsids, exposure to acidic conditions in endosomes leads to
a conformational change and exposure of the VP1u and VP1/2
common regions required for endosomal escape and nuclear entry
(34). Interaction with cellular proteases and pH-activated autohy-
drolysis have also been implicated in the entry process (39). In vitro
studies typically use a heat pulse as a surrogate for cellular triggers of
VP1u and VP1/2 externalization, although characterization of cap-
sids after heating has primarily been limited to antibody detection
and electron microscopy (EM) studies (34, 40-42, 75).

The capsid structures of the nine AAV serotypes that represent
the clade and clonal isolates have been determined by cryo-elec-
tron microscopy and/or X-ray crystallography (27, 4347, 103,
104). In all cases, only the VP3 common region is ordered. The VP
subunit is formed by a conserved eight-stranded B-barrel (BB-I)
and a single a-helix (aA), which forms the contiguous capsid core
with loop regions inserted between the strands of the B-barrel
(Fig. 1C). Structural studies and mutational analyses of AAVs
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have identified differences on the surface of capsids that localize to
common variable regions (VRs) involved in receptor binding,
host tropism, and antigenic determinants (reviewed in references
1, 3, and 4). Sequence differences can be minor, as in the case of
AAV1 and AAV6, which differ by only 6 out of 736 amino acids
(0.8%), yet lead to functional changes in receptor binding affini-
ties and transduction rates (48). Larger differences also exist, such
as those between AAV5 and AAV 1, which share only 58% amino
acid sequence identity (Fig. 1D). A commonality of all AAV struc-
tures determined to date is regions of protein/DNA interaction
with a well-ordered nucleotide. These interactions are present in
capsids packaging heterologous cellular DNA or specific viral se-
quences (27, 43, 44, 47).

This study focused on the biophysical characterization of AAV
capsids using virus-like particles (VLPs) and GFP Gene-contain-
ing virions of four serotypes, AAV1, AAV2, AAV5, and AAVS.
These serotypes were selected because they are from four different
clades and represent a range of sequence and structural diversity
across the eight AAV antigenic clades and clonal isolate groups.
Complementary thermal stability assays using differential scan-
ning fluorescent dye binding (DSF), differential scanning calo-
rimetry (DSC), and negative stain electron microscopy revealed
that the temperature at which capsid degradation occurred dif-
fered among the serotypes. AAV5 was the most stable with a melt-
ing temperature (7,,) that was ~5, ~17, and ~20°C higher than
AAV1, AAVS, and AAV2, respectively. Protein dynamics, assessed
by limited proteolysis, showed that each serotype has a specific
proteolytic profile, yet the most dynamic region of the capsid in all
cases clustered around the icosahedral 3-fold axes of symmetry
reported to play arole in receptor attachment for AAV2 and AAV8
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(15-17, 19, 47, 90, 97, 105). Proteolysis was also observed in the
VP1u region that contains the PLA2 domain. The detection of
protein dynamics in VP1u and the receptor binding region is con-
sistent with models that have been developed for other icosahedral
viruses in which functional VP domains are dynamic and that
internal domains can be transiently exposed on the capsid surface.

MATERIALS AND METHODS

Virus-like particle production and purification. Recombinant baculovi-
rus encoding VP1, VP2, and VP3 of AAV1, AAV2, AAV5, and AAV8 were
generated using the Bac-to-Bac expression system (catalog no. 10359-016;
Invitrogen). The virus-like particles (VLPs) of each virus were expressed
in Sf9 cells and purified according to previously established protocols
(51-54). AAV2 was purified using a step iodixanol gradient followed by
anion-exchange chromatography (55, 56), and AAV1, AAV5, and AAV8
were purified on a sucrose cushion followed by a step sucrose gradient
(51-54). The pellets were resuspended in lysis buffer (50 mM Tris-HCI
[pH 8.0], 100 mM NaCl, 1 mM EDTA, and 0.2% Triton X-100), freeze-
thawed three times in a dry ice-ethanol slurry and 37°C water bath with
the addition of 1 pl of Benzonase (50-U/ml final concentration; catalog
no. E1014; Sigma), and incubated at 37°C for 30 min after the second
freeze-thaw cycle. The crude cell lysate was clarified by centrifugation at
12,100 X g at 4°C for 15 min. For AAV2, the clarified supernatant was
loaded onto a discontinuous 15 to 60% iodixanol (Optiprep) step gradi-
ent (catalog no. 1114542; Nycomed) and centrifuged at 350,000 X g at
18°C for 1 h, and the gradient was fractionated. The 25% iodixanol gra-
dient fraction, enriched with AAV2 VLPs, was further purified on a 5-ml
HiTrap Q anion exchange column (catalog no. 17-5159-01; GE Health-
care). The sample was diluted with buffer A (20 mM Tris-HCl, 15 mM
NaCl [pH 8.5]), loaded onto the column, washed with 50 ml of buffer A,
and eluted with a gradient of 30 ml of buffer A and buffer B (20 mM Tris,
15 mM NaCl [pH 8.5]), and the peak fractions were collected. The cell
lysates of AAV1, AAVS5, and AAV8 were pelleted by ultracentrifugation at
149,000 X g at 4°C for 3 h through a 20% (wt/vol) sucrose cushion in
TNET buffer (25 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA,
0.06% Triton X-100). The pellets were resuspended in TNTM buffer (25
mM Tris-HCI [pH 8.0], 150 mM NaCl, 2 mM MgCl,, 0.06% Triton
X-100) at 4°C overnight. The samples were loaded onto a 5-to-40% su-
crose (wt/vol) gradient and ultracentrifuged at 151,000 X gat 4°C for 3 h.
The visible blue band (under a white light) at the 20 to 25% sucrose layer
was extracted and dialyzed into 20 mM Tris-HCI (pH 7.5), 150 mM NaCl.
The purity and integrity of the VLPs were monitored using Coomassie
stained SDS-PAGE and negative-stain electron microscopy (EM) on a
JEOL JEM-100CX III microscope, respectively.

Recombinant AAV production and purification. Recombinant AAV
(rAAV) capsids packaging a green fluorescent protein (GFP) gene,
rAAV1-GFP, rAAV2-GFP, rAAV5-GFP, and rAAV8-GFP, were produced
via calcium phosphate-based cotransfection of plasmid DNA containing
the respective AAV cap, AAV2 rep, and adenoviral helper (E2A, E4, and
VA) genes and the GFP gene flanked by the AAV2 inverted terminal re-
peats (pTR-UF11) into HEK293 cells. Following transfection, the cells
were incubated for 72 h, harvested, and lysed by three cycles of freeze-
thawing, with the addition of magnesium and Benzonase (as described
above) in the last cycle. The clarified cell lysate was loaded onto an iodix-
anol step gradient (15, 25, 40, and 60%) (Nycomed) and centrifuged at
350,000 X gat 18°C for 1 h. The 25% (empty capsid) and 40 to 60% (GFP
gene-containing capsids) fractions were collected, diluted 1:1 with 20 mM
Tris-HCI (pH 7.5) and 150 mM NaCl (the wash buffer), and loaded sep-
arately onto different HiTrap 5-ml Q columns. After a washing, the virus-
containing fraction was eluted by increasing the NaCl concentration to 1
M. The eluted samples were buffer exchanged into phosphate-buffered
saline (PBS; 20 mM Na,HPO,, 20 mM NaH,PO,, 150 mM NaCl, 2 mM
MgCl,).

Differential scanning fluorescence (DSF) stability assay. AAV sam-
ples were diluted into PBS, pH 7.0, at 25°C. PBS was selected because the
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pH of the buffered solution has a low-temperature dependence. Experi-
ments were also conducted with citrate-phosphate buffer, pH 7.0, and
there were no significant differences in the observed melting temperatures
(T,,). T,, was defined as the maximum value of the first derivative (dF/dT;
change in fluorscence/change in temperature) from the raw signal. Assays
were run with a final protein concentration of 0.1 to 0.24 mg/ml. To each
sample, 2.5 pl of 1% Sypro-Orange dye (no. S6651; Invitrogen Inc.) was
added to bring the final volume of each reaction to 25 pl. The assays were
conducted in a quantitative PCR (qPCR) instrument (RG-3000; Corbett
Research) with temperature ramping from 30 to 99°C, increasing 0.1 degree
every 6s. A control sample of lysozyme, at a concentration of 0.24 mg/ml, was
included in each run as a positive control. The lysozyme T, was calculated to
be 67°C, with a maximum fluorescence at 74°C. To test for solute effects and
intercapsid interaction, AAV2 and AAV5 were mixed at equal concentrations
and incubated at 25°C for 2 h before analysis.

Differential scanning calorimetry. AAV VLP samples were dialyzed
into PBS at pH 7.3 as the final buffer, which also served as the reference.
The AAV samples were run at 0.24 to 0.7 mg/ml. Triplicate assays were
conducted in a VP-DSC instrument (MicroCal), with buffer and sample
loaded in two different chambers, with temperature ramping from 10 to
100°C at a scan rate of 60°C/h. The thermal scans were plotted and ana-
lyzed using the Origin software suite (Origin Lab). The triplicate scans
were averaged to improve the signal-to-noise ratio. Averaged data were
used to calculate standard deviations, which provided error values.

Electron microscopy. AAV VLP samples were diluted to 0.1 mg/ml in
PBS, pH 7.0. Ten microliters of each sample was heated to 37, 45, 55, 65,
75, 85, and 95°C for 3 min each using a thermal cycler. Five microliters of
each sample, after cooling to room temperature, was applied to a carbon-
coated copper grid, stained with 2% uranyl acetate, and viewed using a
transmission electron microscope (a LEO 912 with a 2K-by-2K charge-
coupled device [CCD] camera) at a X31,000 magnification. Experiments
were repeated three times using VLPs from different preparations.

Proteolysis and peptide mapping. Proteinase K reactions to compare
rates of proteolysis of the AAV VLPs were carried out in 100 mM Tris-HCl
(pH 7.4), 100 mM NaCl, at a final concentration of 0.2 mg/ml and 0.07
mg/ml of VLP and enzyme, respectively. This equates to 43.5 nM VLP and
2.45 pM enzyme, or approximately a 1:1 molar ratio of VP to protease.
Protein and enzyme were incubated at 37°C and aliquots were removed
for analysis by SDS-PAGE, using gradient gels (4 to 20%) with a Tris
buffer system (192 mM Tris base, 25 mM glycine, 3.4 mM SDS [pH 8.0]).
Protease was inactivated by rapid heating in 2X standard gel loading
buffer. Cleavage site mapping experiments were conducted using trypsin
and thermolysin, which have high specificity. VLP and enzyme concen-
trations were 0.2 mg/ml and 0.01 mg/ml, respectively. Reactions were
conducted at 25°C and were stopped by spotting onto a MALDI plate with
alpha-cyano-4-hydroxycinnamic acid or sinapinic acid matrixes at 5, 10,
and 20 min.

RESULTS

Stability of AAV capsids. To obtain information on AAV capsid
stability, two thermal denaturation assays, DSF and DSC, were
utilized. DSF uses a hydrophobic dye which increases in fluores-
cence intensity upon binding to hydrophobic pockets in proteins
that become accessible during heating (57). Thermal denaturation
curves recorded by DSF for each of the serotypes as VLPs and
rAAV-GFP samples showed clear differences in the transition
temperature. For the VLPs, AAV2 was the least thermally stable,
followed by AAVS, AAV1, and AAVS5 (Fig. 2A; Table 1). For each
serotype, the transition occurred over a narrow temperature
range, which is indicative of cooperative protein unfolding. T,
was also determined using the complementary approach of DSC
(Fig. 2B). The T,, values were within 2°C for the two approaches
utilized (Table 1). The only significant difference was a second
transition in the DSC profile of AAV8. Analysis of rAAV-GFP
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FIG 2 Temperature dependence of particle disassembly. (A) Measurements of fluorescence intensity during heating show that AAV serotypes denature at
different temperatures. Increases in intensity are associated with binding of Sypro orange with hydrophobic pockets that become accessible as the protein unfolds.
(B) Differential scanning calorimetry profiles. Data are the normalized averages from three temperature scan experiments. Data were collected at pH 7 for AAV1

(dotted line), -2 (solid line), -5 (dashed line), and -8 (dotted and dashed line).

samples by DSF produced results very similar to those from VLPs
(Table 1). This observation indicates that in AAVs, protein-pro-
tein and nongenomic DNA-protein interactions may have similar
contributions of overall capsid stability behavior to genome-pro-
tein specific interactions as has been observed for small icosahe-
dral RNA viruses (61, 62).

It has been observed that AAV5 and AAV8 VLPs produced
using the baculovirus/Sf9 expression system incorporate reduced
levels of VP1 compared to capsids (with and without packaged
DNA) produced in mammalian systems (52). To determine if VP
ratio and specifically VP1 contribute to thermal stability, VLPs
lacking VP1 were analyzed by DSF. No change in T, was observed
(data not shown). This suggests that the VP1u domain does not
contribute significantly to the stability of the tested AAVs. An
additional experiment was designed to check for copurifying sol-
ute molecules that could be responsible for lowering or raising the
thermal stability of a given sample. To test this, the serotypes with
the greatest difference in T,,, AAV2 and AAVS5, were mixed to-
gether, equilibrated, and then analyzed by DSF. The T,, from the
combined runs was identical to that of particles analyzed sepa-
rately (Fig. 3), indicating that no unexpected solution conditions
were responsible for the dramatic differences observed. Since tem-
perature is often used to induce exposure of VP1u, the next step
was to correlate T, with particle integrity.

Visualization by negative-stain EM is a suitable method for
studying protein complexes and can be used to detect structural
differences in viruses (63, 64). This approach was recently used to
follow conformational changes in AAV particles upon heating and
to assess particle integrity (65). A heat pulse of 3 min at different
temperatures was used, because this is the standard treatment to

TABLE 1 Melting temperatures of AAV capsids

Tm(°C)
Genome-filled
particles
Serotype VLPs (DSF) (DSF) VLPs (DSC)
AAV1 84.5+ 0.8 84 +0.3 84.4 +0.2
AAV2 69.6 = 0.5 71.6 0.2 67.8 0.2
AAVS5 89.7 = 0.7 90.5 = 0.3 89.6 = 0.1
AAV8 72.5 0.5 73 £0.3 74.7 + 0.4,79.1 £ 0.37

“ AAV8 showed two transitions. The first was the more pronounced.

December 2013 Volume 87 Number 24

externalize the VP1u and VP1/VP2 common region of AAV par-
ticles to characterize the phospholipase activity of VP1u and to
detect these regions by antibodies (34, 66). From 37°C to 65°C
there was no evidence of particle clumping or degradation for any
of the serotypes (Fig. 4). For AAV2 and AAVS, the particles had
denatured and were not observed by 75°C. For AAV1 and AAVS5,
the particles remained intact to 75 and 85°C, respectively. All the
serotypes were denatured at 95°C. This experiment revealed a
clear differential thermal stability of the AAV particles analyzed.
The loss of capsid integrity observed in the postheating electron
micrographs correlated with the T,, values determined by DSF
and DSC (Table 1; Fig. 4).

The large differences observed in AAV thermal stability were
not explained by DNA packaging, method of production, or the
presence of copurifying solute molecules; therefore, we looked
more closely at the capsid structural models for insight. Two fac-
tors that contribute to capsid stability, and in general to the sta-
bility of protein complexes, are subunit contact energies (67, 68)
and free energy of subunit folding (69). To investigate the contri-

12 4

—— AAV2+AAVS
10 — — AAV2+AAVS5 Expected

Relative Intensity
£

50 60 70 80 90 100
Temperature (°C)

FIG 3 DSF measurements of fluorescence intensity during heating of an AAV
serotype mixture. AAV2 and AAV5 show distinct melting temperatures when
analyzed as a mixture after coincubation for 2 h. Data are the normalized
averages from three temperature scan experiments. The curve for expected
results was calculated by linear addition of melting profiles of pure serotype
reactions shown in Fig. 2.
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FIG 4 Thermal stability of AAV particles after heating. AAV capsids were heated
at 37, 45, 65, 75, and 85°C for 3 min and then analyzed by negative-stain electron
microscopy. Representative images at a magnification of X 31,000 show a serotype
dependence on the temperature at which morphological changes, including com-
plete disruption, occur. Heating experiments were repeated 3 times using particles
from different virus preparations. Images were selected to show presence or ab-
sence of intact particles, not total number across grids.

bution of these factors to AAV capsid stability, subunit association
energies and buried surface area for each of the AAVs analyzed
were compared. Values for each unique icosahedral interface were
obtained from the VIPER database (70), and from these, values for
whole capsids were computed (Table 2). No correlation between
T,, and buried surface area, association energy, or a combination
of the two was evident. For example, AAV5 which had the highest
T, has lower values for both buried surface area and association
energy than either AAV2 or AAVS. The lack of a correlation be-
tween solution phase properties and crystal structure contact data
is consistent with studies looking at particle assembly and disas-
sembly as reported for other nonenveloped virus capsids (68).
One factor missing from this analysis was information about con-
formational plasticity. Protein structures determined by X-ray
crystallography contain information on local dynamics as atomic
displacement values or B factors, which reflect the fluctuations of
atoms around their average positions. While direct comparisons
of B factors between structural models derived from different so-
lution conditions and crystal packings should be used with cau-
tion, a brief review shows that AAV2 (PDB ID: 1LP3) had much
larger values overall than AAV1, -5, or -8 (PDB IDs: 3NG9, 3NTT,
and 2QA0, respectively). This suggested that AAV2 may be a more
flexible protein complex.

Capsid protein dynamics. Inspired by the differences in the
response of AAVs to temperature, limited-proteolysis experi-

A AAV1 AAV2 AAVS AAVS PK BSA
mins 0 10 60 0 10 60 0 10 60 0 10 60 KkDa
- 100
VP1 - 75
VP2 s — e e (g .
VES ----—s{————— [ — %
a
<b - 37
e eme— -;ec_—- -— ;g
B u 0 min 10 min 60 min
1 sl
s
2038 I
£
D
= 0.6 5 I
=
@
2z
S04
Y
&
0.2 1
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AAV1 AAV2 AAV5 AAVS
Serotype

FIG 5 Proteolysis of AAV serotypes monitored using SDS-PAGE. (A) SDS-
PAGE gel for the 4 serotypes, proteinase K (PK), and bovine serum albumin
(BSA). Each serotype was subjected to proteinase K treatment at three time
points (0, 10, and 60 min). Bands a, b, and ¢ have molecular masses of 55 kDa,
37 kDa, and 33 kDa, respectively. (B) Graphical representation of the proteo-
lytic trends of the 4 serotypes observed on the gels, with the x axis showing time
and y axis the relative intensity. Error bars show *+1 standard deviation.

ments to characterize solution-phase dynamics of the capsids were
initiated (71-73). Proteinase K, which has low sequence specific-
ity, was used in the initial comparison of the AAV serotypes. Our
interest was in the initial cleavage events, when the majority of
capsid protein was intact. Time course reactions of each AAV
serotype with protease were analyzed by SDS-PAGE after 10- and
60-min incubations with proteinase K (Fig. 5A). AAV1 and AAV2
produced a stable band at ~55 kDa that was absent in AAV5 and
AAVS, while AAV2 and AAV5 had a stable band at ~33 kDa, and
a slightly larger product (~37 kDa) was seen with AAV8. A num-
ber of less prominent bands unique to each serotype appear as
well, such as the band at approximately 40 kDa in AAV2. The
different band patterns show that each serotype has a unique land-
scape of relative dynamics, which is consistent with a report that
trypsin and chymotrypsin could distinguish AAV2 from AAV1
and AAV5 (40). A difference in capsid dynamics is also consistent
with the predicted differences in intrinsic disorder between AAV5
and the other serotypes, as tested by Venkatakrishnan et al. (74).

TABLE 2 Subunit contact energy and area as calculated by VIPER (virus particle explorer)

Association energy (kcal/mol)

Buried surface area (nm?)

Virus 2-fold axis 3-fold axis 5-fold axis Total capsid 2-fold axis 3-fold axis 5-fold axis Total capsid
AAV1 =55 —215 —95 —21,900 28 103 48 10,760
AAV2 —65 —215 —100 —22,600 31 103 49 11,020
AAV5 =50 —210 —100 —21,700 26 99 49 10,490
AAVS =75 —215 —105 —23,400 34 103 51 11,360
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FIG 6 Distribution of potential and observed protease sites in VP3. The po-
sition of potential trypsin cleavage sites in each AAV are shown in blue, and
lysines and arginines at which cleavage occurs are shown in red. Solid symbols
show the position of the 3- and 5-fold symmetry axes.

Densitometry of the intact VP3 in each lane of the gel from the
proteinase K digestion of the AAV capsids confirmed the visual
differences in the amount of protein remaining (Fig. 5B). VP3 of
AAV1 and -2 was hydrolyzed most rapidly, with only ~60% re-
maining after 60 min. AAV5 and -8 were hydrolyzed more slowly,
with >80% remaining after exposure to the protease for 60 min.
There was no straightforward relationship between thermal sta-
bility and susceptibility to proteolysis.

To identify the dynamic regions of the VPs, the limited-prote-
olysis experiment was repeated using trypsin and chymotrypsin.
These proteases have higher specificity than proteinase K which
greatly simplifies unequivocal identification of cleavage sites
using mass spectrometry. Using the data from the trypsin ex-
periment, the cleavage sites were mapped onto the full-length
VP1 sequence (Table 4). As presented, residues in the same row
in Table 4 are analogous across serotypes. The cleavage sites
shown represent less than 25% of the possible positions for pro-
teolysis, with lysine and arginine residues being distributed
throughout the VP in each serotype (Fig. 6). A significant obser-
vation is that the majority of the sites in each serotype were com-
mon with at least one other serotype (Tables 3 and 4). Observed
differences included the VP1u region of AAV2, which had fewer
cleavage events than the other serotypes and the C-terminal end of
AAVS5 (residues 484 to 724) with no cleavage. The data from AAV2
is consistent with the one other study to map exogenous protease
sites, with residues 566, 585, and 588 being among the very first
sites to be cleaved (40).

To initiate a structure-function analysis of the dynamic regions
of the VP identified with proteolysis, the location of the cleavage
sites were mapped on to the available VP3 structural models. Fig-
ure 7A depicts the cleavage sites for AAV2 which had the same
general pattern as those observed on the VP3 of the other sero-

TABLE 3 Numbers of cleavage sites shared between serotypes

No. of shared cleavages/no. of total cleavages

Region AAV1 AAV2 AAV5 AAVS8
VP1 5/8 1/2 5/6 4/5
VP2 2/2 0 2/2 2/2
VP3 517 8/11 3/9 8/10
Full protein 12/17 9/13 10/17 14/17
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TABLE 4 Initial protease cleavage sites on AAV capsids

Position and residue in”:

VR or
Region  AAVI1 AAV2 AAV5 AAV8 motif*
VPlu 39, K
42, R 1
51, K 51, K 2
61, K 60, R 61, K
77, K
84, K
92, R 91, K 92, R 3
103, R 102, K 103, R
116, R 115, K 116, R
122, K 121, K
123, K
VP1/2 142, K 143, R 142, K
153, K 152, R
161, K 4
VP3 235,R,
248, R
425,K 435,R
437, R
450, R
451, K; 456, R v
459, R v
476, K 475, R 462, K 478, K v
485,R 471, R
483, R
490, R \Y%
491, K \%
507, K 510, K
513,R 516,R
532,K 535,R VI
545,K 544,K 547,K VII
567, K 566, R
576, R
585, R; 588, R VIII
609, R 612, R
621, K 620, K 623, K

“ Sites are presented from the N terminus to the C terminus (top to bottom of the
table). Sites in bold type are present in the structural models and are highlighted in Fig.
6; others are in the VP1 and VP2 N-terminal domains. Residues unique to one serotype
are italicized.

bR, arginine; K, lysine.

¢ Motifs predicted by Popa-Wagner et al. (41) to be functionally important are labeled
as follows: 1, sorting signal (dileucine motif); 2, sorting signal (YXX¢); 3, SH2-binding
domain; and 4, FHA-binding domain. Residues in VRs are indicated with roman
numerals.

types analyzed (Fig. 6). Across the 4 serotypes, a number of the
cleavage sites were located in the structurally variable regions
(Table 4). A subset of residues was located below the surface loops.
This included AAV1 476 and 567; AAV2 475, 566, 609, and 620;
AAV5 235; and AAV8 435. Visual inspection suggested that the
sites clustered around the protrusions that surround the icosahe-
dral 3-fold axes (Fig. 7C; also, see Movie Sl in the supplemental
material). Residues 585 and 588 in AAV2 are located on the side of
the protrusion and are critical for heparan sulfate recognition
(15-17, 97), transduction efficiency, and tissue tropism, suggest-
inga connection between protein dynamics and receptor binding.
Distance measurements from the sites of cleavage to the icosahe-
dral 2-, 3-, and 5-fold axes confirmed that the residues clustered
near the 3-fold axes at an average distance of ~25 A (Fig. 7B).
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FIG 7 Icosahedral locations of cleavage sites. (A) Top and side views of 3 subunits of AAV2 VP3. Proteolytic sites on each subunit are marked with a different
color. The hollow black symbols indicate the approximate symmetry fold axes. (B) Average distance (A) of the cleaved residues shown in panel A from each
icosahedral symmetry axis. (C) Representative image of the icosahedral symmetry axes (£, fold; 1, left; r, right; m, main) and the approximate distances of a

representative residue (609 of AAV2) from each of these axes.

These observations establish the protrusions surrounding the
3-fold axis as a dynamic region and indicate that the protein mo-
tion within this capsid region is sufficient to translocate buried
residues to the surface. Cleavage sites also were present in the
VP1lu and VP1/VP2 common regions which are not ordered in
any of the crystal structures determined to date. These domains
are believed to be internalized at least until the cellular entry pro-
cess begins (34, 75). It is important to note that the cleavage loca-
tions shown in Fig. 6 and 7 represent the initial ~10 to 20% of the
cleavage reaction (80 to 90% of VP3 remained intact), which cor-
responds to less than 10 min for the reactions shown in Fig. 5. The
particles remain intact based on size exclusion chromatography
(data not shown), which is consistent with the report by Van Vliet
et al. (40) and similar experiments conducted on canine parvovi-
rus (59).

DISCUSSION

Structural virology has been a cornerstone for understanding vi-
rus particle assembly, receptor binding, and cell entry ever since
the model for quasi-equivalence was put forth (77). Slowly, it
became evident that in addition to structure, dynamics is an inte-
gral part of VP function (16, 40, 71, 72, 75, 78-82). This study
focused on characterizing the solution phase properties of four
AAV serotypes for which high-resolution structures are available.
A premise behind this work was that structural differences and
sequence variations between the serotypes could impart differ-
ences to the solution phase properties of the particles. Our exper-
iments revealed that broad similarities were punctuated by spe-
cific differences between serotypes. For example, the surface
protrusions surrounding the 3-fold axes of symmetry were dy-
namic in all of the serotypes, while the VP1u domain of AAV2
appeared to have less surface exposure than in the other serotypes.
Capsid melting temperatures showed T, variation of >20°C. We
believe that the observed differences in capsid VP stability and

13156 jvi.asm.org

dynamics may have implications for the activation of lipase activ-
ity and genome release during cell entry, both of which could
influence cell type and tissue specificity. In addition to highlight-
ing biological differences, biophysical studies can direct the use
and development of serotypes with optimal stability to improve
production of AAV for therapeutic uses, extend the shelf life of
vectors, and enhance transduction efficiency.

Thermal denaturation of assembled capsids monitored by
DSF, DSC, and EM showed that the T,,s of the least and most
stable AAV serotype tested differed by >20°C. We are unaware of
similar data for other viruses that are naturally occurring variants
in a population. The differences cannot be accounted for by sim-
ply looking at protein sequence similarity, as AAV5 is equally dif-
ferent from AAV1, AAV2, and AAVS. Thermal disassembly of a
virus particle or any protein complex can be separated into at least
two distinct events, disruption of subunit contacts and protein
unfolding. Formation of a multimeric complex can add thermo-
dynamic and thermal stability to proteins (83), and the stabiliza-
tion provided by subunit-subunit contacts can raise the T,, of the
complex significantly above the point where a monomeric subunit
is stable. Hence, thermal denaturation curves for complexes may
show only a single sharp transition, because once disassembly be-
gins, unfolding of the monomers is rapid because they are well
above their T,,. The DSF curves for each serotype have a sharp
transition in which the fluorescence increases to maximum in
only a few degrees, suggesting cooperative two-state behavior (Fig.
2). Similar transitions are observed in the DSC measurements as
well, except for AAVS, which shows a doublet. This could be an
indication that for AAVS, particle disassembly and subunit un-
folding can be separated, that thermodynamically distinct parti-
cles were present, or that a second transition occurs which does
not expose buried hydrophobic patches, so that it is not detectable
in the DSF assay. Together, the DSF and DSC data are highly

Journal of Virology

Sarepta Exhibit 1031, Page 7

Downloaded from https://journals.asm.org/journal/jvi on 03 July 2025 by 2600:1017:b834:b1d5:2¢19:5077:57bc:f5e3.


http://jvi.asm.org
http://jvi.asm.org
http://jvi.asm.org
http://jvi.asm.org

consistent. The application of DSF to the study of virus particles is
relatively new (84, 85). The results presented here together with
the small sample volume and parallel nature of the assay suggest
that it is an efficient method for the characterization of capsid
thermal stability. EM images served as a third approach for fol-
lowing particle denaturation, with the transition temperatures ob-
served by DSF and DSC being consistent with visual loss of particle
integrity from negative stain EM imaging.

Two forms of each AAV serotype were investigated by DSF.
The VLPs contain heterologous cellular DNA, whereas the rAAV
have the GFP genome packaged so that transduction efficiency
can be monitored. Our DSF data show that for AAV1, AAV2,
AAV5,and AAVS, VLPs and recombinant capsid behave similarly.
Structural studies of AAV8 VLPs and rAAV vectors have shown
interactions between ordered nucleotides and the capsid protein
on the inner surface of the capsid and that specific conformational
changes related to pH and endocytosis occur (86). Together, the
data from structural and DSF analysis suggest that capsid protein-
nucleic acid interaction in AAVs may not depend on viral genome
sequence with respect to capsid stability. However, we cannot rule
out the possibility that sequence-dependent DNA-protein inter-
actions occur as pH drops. Our observations make the analysis of
VLPs relevant to those of DNA-containing virions.

Conformational changes are also part of the normal solution-
phase behavior for each of the AAVs we investigated. This was
shown by the limited-proteolysis experiments conducted at 25°C.
Serotype-dependent patterns of cleavage and susceptibility were
evident upon proteinase K treatment (Fig. 5). This extends previ-
ous work that showed that it was possible to distinguish AAV1, -2,
and -5 based on banding patterns using trypsin and chymotrypsin
(40). When it is used in limited-proteolysis experiments, the rel-
atively low sequence specificity of proteinase K minimizes se-
quence bias, emphasizing differences in the dynamic landscape of
proteins. The different banding patterns in Fig. 5 show that subtle
differences in the dynamic regions exist between capsids. AAV1
and AAV2 are more rapidly digested, based on the rate of VP3
hydrolysis, indicating that they may be more dynamic than AAV5
and AAV8 (72, 73). While it is perhaps intuitive that there should
be a correlation between thermal stability and limited conforma-
tional freedom, this is not required by thermodynamics or kinet-
ics. As observed for the AAV serotypes, the different rank order in
thermal versus proteolytic stability indicates a separation of local
conformational fluctuations from global stability. Consistent with
this possibility, AAV8 has been reported to uncoat its capsid faster
than AAV2 while our data indicate that the latter virus is less
thermally stable (106).

Shifting to a highly sequence-specific protease allowed the ki-
netically favored cleavage sites to be precisely mapped onto the
protein sequence. The first sites of cleavage in VP3 by trypsin
cluster around the 3-fold axes of symmetry (Fig. 6). In this region,
AAVS5 differs from the other serotypes by the lack of observable
cleavage (Table 4). AAV5 is also different with respect to the 3-fold
protrusion, which is less pronounced than in the other serotypes
(45, 104), and it is predicted to have a strong propensity for dis-
order across VR5 to -8 based on PONDR (74). Data from mu-
tagenesis and structural studies localize the known primary recep-
tor binding sites to the region surrounding the 3-fold axis (15-17,
19, 88, 97). Protein flexibility plays an important role in receptor
binding for a wide range of viruses (78, 89), and the data presented
here are consistent with what is known about AAV capsid-recep-
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tor interactions. Structural studies of AAV2 show that the binding
of heparin induces a conformation change at the 3-fold and also
distally at the 5-fold axes (16). Structural studies of AAV1 and
AAV2 with neutralizing antibodies also map antigenic epitopes to
the 3-fold region (105). Our proteolytic map also overlies a recent
cryo-EM reconstruction of AAVS in complex with a neutralizing
antibody, which highlights the 3-fold region as an important an-
tigenic determinant as well (90). Residues on the 3-fold protru-
sions of AAV8 also determine receptor binding and transduction
efficiency (19, 90, 91). Cleavage sites near the 5-fold axis did not
show up in our maps, indicating that this region is not highly
dynamic under the conditions use this region is dynamic under
certain conditions, because conformational diversity is present in
structural models (1, 3). The 5-fold axis has been implicated in
externalization of the VP1u PLA2 domain and genome release,
both of which would require substantial remodeling of the 5-fold
axis (75, 87, 92). This suggests that the heparin-induced confor-
mational changes at the AAV2 5-fold axis must be triggered. Such
amodel is consistent with the idea that mature icosahedral capsids
are metastable complexes poised to initiate the entry process in
response to an external trigger (63, 93).

Cleavages also mapped to the VP1u and VP1/2 common re-
gions. In these domains AAV?2 is different from the other AAV
serotypes in having only two cleavage sites compared to the seven
or more in the other viruses. The identification of cleavages on
these regions even though the particles have not undergone heat
treatment has three possible explanations: (i) the VP1 N terminus
is transiently exposed on the capsid surface, (ii) a small population
of broken particles are present, or (iii) proteolysis leads to exter-
nalization of the VP1 N terminus. Transient externalization of
capsid protein domains that are buried in structural models is well
documented in icosahedral viruses, is consistently linked with
protein domains involved with cell entry (71, 72, 79, 94), and is
specifically relevant to parvoviruses due to the requirement of this
transition for successful cellular infection (59, 94). This could ex-
plain the presence of cleavages in the VP1u region but is contrary
to immunoblotting data obtained with monoclonal antibody A1,
which indicates that the AAV2 VP1u cannot be detected unless
particles have been heated or disrupted (34, 40, 75). It is possible
that the “native” orientation of externalized VP1u conceals the A1
epitope until heat treatment. With respect to option 2, aggregated
or broken particles were not detected by size exclusion analysis of
purified AAVs, and because VP1 makes up less than 10% of the
total protein, a significant percentage of capsids would need to be
damaged for VP1u cleavages to be detectable in comparison to
VP3. The third option is supported by data showing that cathep-
sins are important uncoating factors for AAV2 and AAVS. AAV2
VP3 cleavage by the endosomal proteases cathepsin B and L can
occur in vivo and in vitro (76). Consistent with our data, particles
remain intact after cathepsin proteolysis, and the products are
serotype specific. The bands generated by exposure of AAV2 and
AAVS to cathepsin L closely match the major products of protei-
nase K treatment at 33 and 37 kDa for AAV2 and AAVS, respec-
tively, after 10 and 60 min (Fig. 5). The study by Akache et al. also
showed that AAV5 does not interact with cathepsin B or L but
likely relies on a different cellular protease. However, a band very
similar in size to the proteinase K product of AAV2 was also pres-
ent in AAV5. In the experiments by Van Vliet et al. (40), trypsin
and chymotrypsin failed to generate a stable band close in molec-
ular weight to that generated by cathepsin or proteinase K (40). It
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is tempting to speculate that proteinase K cleavage mimics host-
mediated processing during endocytosis. An additional factor that
must be considered is autohydrolysis of AAV VPs. This was re-
cently described for nine of the AAV serotypes (39). Bands origi-
nating from the degradation of VPs increase with time on SDS-
PAGE gels. Similar behavior has been reported for canine
parvovirus as well (59). In AAV, the VPs take an active role in the
proteolysis, adding an interesting twist to the findings reported
here. Two of the primary sites of autohydrolysis are at the 5-fold
axis (219in AAV1 and 657 in AAV9 numbering). Our data suggest
that at neutral pH, this region is not highly dynamic, raising the
possibility that the role of autohydrolysis is to increase dynamics
around the 5-fold axis during trafficking. Our results support the
hypothesis that proteolysis is a trigger for externalization of VP1u,
as was also recently suggested based on the identification of a
protease function in AAV2 (39).

Through a series of complementary approaches, we discovered
that the thermal stability and capsid protein dynamics of AAVsare
serotype specific. The biological force(s) responsible for driving
the biophysical divergence between serotypes is unclear at this
time. What is known is that sequence differences in the VRs con-
tribute to phenotypic differences, including receptor attachment,
transduction efficiency, and antigenic reactivity (1, 3, 4, 88,90, 91,
95, 96, 105). We hypothesize that the observed biophysical differ-
ences between serotypes are connected to the specific biology of
each serotype. These results are also a starting point for the char-
acterization of particle integrity, thermal and thermodynamic sta-
bility, and conformational dynamics under conditions encoun-
tered during infection which together are the basis for establishing
protocols that can be used to compare AAV serotypes, assess fac-
tors that affect particle integrity, and determine suitability of
products for use in gene therapy. Our findings raise important
questions about the relationship of structure to function beyond
AAVs and emphatically point out the functional complexity of
virus capsids.
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