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The adeno-associated viruses (AAVs) display differential cell binding, transduction, and antigenic characteristics specified by
their capsid viral protein (VP) composition. Toward structure-function annotation, the crystal structure of AAV5, one of the
most sequence diverse AAV serotypes, was determined to 3.45-A resolution. The AAV5 VP and capsid conserve topological fea-
tures previously described for other AAVs but uniquely differ in the surface-exposed HI loop between BH and BI of the core
B-barrel motif and have pronounced conformational differences in two of the AAV surface variable regions (VRs), VR-IV and
VR-VII. The HI loop is structurally conserved in other AAVs despite amino acid differences but is smaller in AAV5 due to an
amino acid deletion. This HI loop is adjacent to VR-VII, which is largest in AAV5. The VR-IV, which forms the larger outermost
finger-like loop contributing to the protrusions surrounding the icosahedral 3-fold axes of the AAVs, is shorter in AAV5, creat-
ing a smoother capsid surface topology. The HI loop plays a role in AAV capsid assembly and genome packaging, and VR-IV and

VR-VII are associated with transduction and antigenic differences, respectively, between the AAVs. A comparison of interior
capsid surface charge and volume of AAV5 to AAV2 and AAV4 showed a higher propensity of acidic residues but similar vol-
umes, consistent with comparable DNA packaging capacities. This structure provided a three-dimensional (3D) template for
functional annotation of the AAV5 capsid with respect to regions that confer assembly efficiency, dictate cellular transduction

phenotypes, and control antigenicity.

Recombinant adeno-associated viruses (rAAVs) are promising
viral vectors for gene delivery applications (1, 2). These viruses
belong to the single-stranded DNA (ssDNA)-packaging Parvoviri-
dae and genus Dependovirus. Hundreds of AAV genotypes have
been sequenced from several mammalian species, and to date 12
serotypes (AAV1 to AAV12) have been defined for the human and
nonhuman primate isolates (3—15). The 12 serotypes are classified
into eight genetic groups, clades A to F and clonal isolates AAV4
and AAVS5, based on antigenic reactivity and sequence similarity
(15). The groups are represented by AAV1 to AAVY, with AAV1
and AAV6 belonging to the same clade A because of their high
sequence similarity and antigenic cross-reactivity. The represen-
tative members share ~55 to 99% sequence identity, with AAV4
and AAV5 being the most divergent from each other and from the
other members.

The linear ssDNA AAV genome, ~4.7 kb in length, contains
two genes: cap, which encodes the capsid viral proteins (VPs; VP1,
~87 kDa; VP2, ~73 kDa; VP3, ~62 kDa) and rep, which encodes
the replication proteins necessary for genome replication and ge-
nome packaging. Inverted terminal repeats (ITRs) at the end of
the AAV genome, 145 bp in length, are the only essential active
sequence required to function as (i) the origin for DNA replica-
tion, (ii) the packaging signal, and (iii) integration sites (16—19).
Recombinant AAV gene delivery vectors contain a genome in
which the ITRs are retained, but the wild-type AAV coding se-
quence is replaced with a therapeutic gene (the transgene). These
vectors are assembled by the addition of plasmid constructs en-
coding the VP and Rep proteins in trans. The AAV capsids have a
T=1 icosahedral symmetry and contain 60 subunits, in total, of
VP1, VP2, and VP3 (in a predicted ratio of 1:1:10) translated from
the same mRNA. Therefore, the VPs are overlapping, with VP1
and VP2 sharing their C-terminal sequences with VP3 (~520
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amino acids [aa]) but containing additional N-terminal sequences
not present in VP3. VP1 has a unique N-terminal region (VP1u)
of ~137 aa.

Structures determined for AAVs show capsids assembled from
the common VP3 region (20-29). There is currently no experi-
mentally determined structure for VP1u or the overlapping VP1/
VP2 N terminus. Low-resolution density globules located inside
the capsid under the icosahedral 2-fold axes have been interpreted
as the VP1u (25, 28). The VP3 topology contains a core eight-
stranded (BB to BI) B-barrel motif and large loop insertions be-
tween the B-strands which form the surface of the capsid. Confor-
mational variations in these surface loops (VR-I to VR-IX [22])
define the unique surface features for the each of the six represen-
tative AAV capsid structures, AAV2, AAV3B, AAV4, AAV6,
AAVS, and AAVY9, previously determined by X-ray crystallogra-
phy (21-23, 26, 27, 29).

Several wild-type AAV isolates as well as chimeras generated by
directed evolution or rational mutagenesis are actively being de-
veloped for gene delivery applications (e.g., reviewed in reference
2). Transgenes packaged within the prototype human serotype
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AAV2 have been effective for the correction of genetic diseases of
the eye, brain, muscle, liver, and lung in animal models and suc-
cessfully used for the treatment of human blindness and muscular
dystrophy (see references 30 to 42). However, other serotypes
show capsid sequence-associated improved gene delivery for cer-
tain tissues compared to AAV2. As an example, in studies in which
the same transgene is packaged, AAV5 is more efficient than
AAV2 at transducing neuronal and lung tissues (43—45). In the
apical surface of the airway epithelia, AAV5 shows 20 and 50 times
better transduction than AAV2, in vivo and in vitro, respectively,
and is equally as effective as AAVS in systemic expression of coag-
ulation factor IX for the treatment of hemophilia (44, 46). These
observations have fueled efforts to develop AAV5 as a vector for
treatment of genetic disease (see references 47 to 50). This, in turn,
has resulted in efforts to characterize AAV5 in terms of its capsid
structure and its cellular interactions that dictate its improved
transduction phenotype.

The best-characterized serotype with respect to functional re-
gions of the AAV VP or capsid is AAV2, facilitated by the available
crystal structure of this serotype (21). The structural differences
that have been described between the AAVs are mostly associated
with regions in AAV2 that dictate receptor attachment and tissue
tropism, transduction efficiency, and antigenic diversity between
the serotypes (reviewed in references 22, 26, 27, 29, 51, and 52).
Thus, efforts to improve the therapeutic efficacy of gene delivery
applications can benefit from capsid manipulation aided by struc-
tural information and identification of the capsid regions that
confer unique serotype properties. In this study, the high-resolu-
tion crystal structure of AAVS5, one of the most divergent serotypes
in terms of sequence and antigenicity (as is AAV4) and a promis-
ing vector for gene therapy, was determined by X-ray crystallog-
raphy to provide a three-dimensional (3D) platform for further
annotation of AAV functional domains. In addition to the nine
variable regions (VRs) VR-I to VR-IX previously described when
the crystal structures of AAV2 and AAV4 were compared, addi-
tional surface loop regions have been identified that uniquely dif-
fer in AAV5 compared to other AAVs. These capsid conforma-
tional differences likely confer serotype-specific functionality
involving receptor attachment, tissue transduction, and capsid as-
sembly phenotype. In contrast to the variability observed on the
exterior surface of the AAV5 capsid, the internal surface topology
and the volume it encloses are highly conserved compared to those
of AAV2 and AAV4. The comparable volume is inconsistent with
areport that AAV5 is capable of packaging a genome that is ~50%
larger than the capacity for other AAVs (53) and is consistent with
later observations of a maximal packaging capacity that is compa-
rable to that of other AAVs (54-56). The AAV5 structure also
provided a 3D template for the comparison of the AAV5-like vi-
rus, AAV-Go.l (13), enabling the identification of potential anti-
genic regions on the virus capsid clustered around the protrusions
surrounding the icosahedral 3-fold axes.

MATERIALS AND METHODS

Data collection and processing. The production, purification, and pre-
liminary X-ray crystallographic studies of the AAV5 capsids have been
previously described (57). Briefly, a total of 500 0.3°-oscillation diffraction
images were collected from 10 frozen crystals, grown from baculovirus-
expressed virus-like particles (VLPs) assembled from VP1, VP2, and VP3,
at three different synchrotron beam lines: F1 at the Cornell High Energy
Synchrotron Source (CHESS, Cornell University, Ithaca, NY), X29 at the
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National Synchrotron Light Source (NSLS) at the Brookhaven National
Laboratory, and 22-ID at the Advanced Photon Source (APS) at the Ar-
gonne National Laboratory. The diffraction data were processed, scaled,
and reduced with the HKL package (58). The crystals belong to the ortho-
rhombic space group P2,2,2, with unit cell dimensions of a = 264.7, b =
447.9, and ¢ = 629.7 A. The final data set consisted of a total of 762,314
independent reflections for data between 50.0- and 3.45-A resolution,
with an R, ,, of 16.4% and an overall completeness of 78.6% (57).

Structure determination and refinement. The structure was initially
phased by molecular replacement procedures utilizing cross-rotation and
translation function search procedures with the crystal structure of AAV4
(Protein Data Bank [PDB] accession number 2G8G) as a phasing model
as previously reported (57). There are four complete VLPs in the unit cell
and one particle (assembled from 60 VP monomers) per crystallographic
asymmetric unit. An AAV4 polyalanine icosahedral particle model, con-
taining 60 VP3 monomers, was oriented and positioned in the crystal unit
cell based on the molecular replacement solution. Initial phases were cal-
culated, and the initial model was improved using the simulated anneal-
ing, energy minimization, and conventional positional refinement sub-
routines, followed by real-space electron density map averaging, using a
molecular mask, while applying strict 60-fold noncrystallographic sym-
metry (NCS), in the CNS program (59). A subset of reflections (5%) was
partitioned for monitoring of the refinement process (60). An AAV5 VP3
polypeptide model was built into averaged Fourier 2F, — F.and F, — F.
(where F, is the observed structure factor and F. is the structure factor
calculated from the model) electron density maps using the molecular
graphics programs O (61) and Coot (62), based on the published amino
acid sequence (4). A total of 516 amino acid residues, interpreted as posi-
tions 209 to 724 (VP1 numbering) of the AAVS5 VP, were fitted into the
NCS-averaged 2F, — F, electron density maps by substitution, insertion,
and deletion of amino acids with respect to the AAV4 polyalanine phasing
model. There was no ordered electron density observed for residues 1 to
208. New phases were then calculated using this improved model and
further improved by alternating cycles of refinement and model building
into averaged electron 2F, — F. density maps (59, 61, 62), with the map
subjected to density modification after each round of refinement in the
CNS program. The refinement was deemed to have converged when there
was no further improvement in the overall agreement between the ob-
served and calculated structure factors (R, defined in Table 1), and the
averaging correlation coefficient was ~0.9. Additional omit (F, — F,)
density inside a pocket formed between two VP monomers was inter-
preted as a glycerol molecule. Further uninterpreted high sigma density
(o > 3.5) regions were modeled and refined as sodium ions or solvent
molecules. The CNS-refined AAV5 VP model (residues 209 to 724 in the
VP3 common sequence) was used to calculate average temperature fac-
tors (B factors) and the root mean square deviation (RMSD) from ideal
bond lengths and angles using the CNS program (59) and from main-
chain torsion angles using the PROCHECK program (63). Temperature
factors were also calculated for the glycerol, sodium atoms, and solvent
molecules to confirm their assignment.

Following the AAV5 VP structure refinement/rebuilding procedures
in the CNS program (i.e., at the stage where this procedure was deemed
complete [see above]), the refinement protocol was continued in the
PHENIX program following reports of improved refinement statistics
using this application (64). Ten individual macrocycles, following the
protocol of individual coordinates and atomic displacement parameter
refinement, were carried out using strict NCS restraints, and the target
weights were optimized by PHENIX (64). Bulk-solvent correction was
applied throughout the refinement process, and the Resolve program was
used for electron density modification and molecular averaging, followed
by map visualization and model improvement in Coot (62). The PHENIX
program outputs the RMSD from ideal bond lengths and angles for the
refined model. The use of the PHENIX program for the final rounds of
structural refinement improved the R, value by ~3% (from 28.3% to
25.2%), with a modest improvement in the molecular geometry of the
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TABLE 1 Summary of structure refinement statistics

Parameter Value for the parameter
Ryon/ Resed” 0.25/0.25
RMSDs
Bond length (&) 0.005
Angle (°) 1.15
Wilson B factor (A%) 47
Total no. of atoms
Protein 4,111
Glycerol 6
Sodium 3
Avg B factors (A%)
Protein 55.3
Glycerol 50.1
Sodium 124
Solvent 25.9
Ramachandran plot statistics (%)
Most favored 89.9
Additional allowed 9
Generously allowed 0.7
Qutliers 0.2
MolProbity validation of
Ramachandran plot (%)
Allowed regions 99.8
Disallowed regions 0.2
PDB accession no. 3NTT

“Reryse = 2 | [F,| = || |12 |F,|, where |F,| and |F,| are the observed and calculated
structure factor amplitudes, respectively; R is calculated using the 5 % of reflections
excluded from the overall data set during refinement.

VP3 structure (from RMSDs in bond length and bond angle changes of
0.008 to 0.005 A and 1.48 to 1.15°, respectively) compared to the CNS
program. The average temperature factors for the main and side chains
were computed using the UPPSALA Software Factory MOLEMAN pro-
gram (65). The AAV5 model was validated with the Coot, MolProbity,
and PROCHECK programs (62, 63, 66). The refinement statistics are
given in Table 1.

AAV structural comparisons. The AAV5 VP3 structure was com-
pared to the structures of AAV2 (PDB accession number 1LP3) and AAV4
(PDB accession number 2G8G) by structural alignment with the second-
ary-structure matching (SSM) program (67).The program superposes Cat
positions and provides information on residues that are structurally
equivalent, inserts gaps when the atoms are too far apart to superpose, and
provides the distances (in A) between the Ca positions. Conformationally
distinct regions were identified as previously defined (22) as being regions
of more than two amino acids with Ca positions that are greater than 1.0
A apart between two different serotypes. An additional visual comparison
of the superposition of the structures was carried out using the Coot
program (62). The available crystal structures of AAV3b, AAV6, AAVS,
and AAV9 (23, 26, 27, 29) were not included in this analysis due to their
high similarity to AAV2 and the fact that regions which vary between them
and AAV2 were already described when this serotype was compared to
AAV4.

Calculation of internal capsid volume. The internal volume of the
AAV2, AAV4, AAV5, and human parvovirus B19 (PDB accession number
1558) capsids were calculated from the radius of the capsid interior. This
value was estimated from the average of the distances between the capsid
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center and the innermost position of the capsid protein shell at the icosa-
hedral 2-, 3-, and 5-fold axes. Exterior and interior capsid surface charges
were estimated based on the number of acidic (aspartic acid and glutamic
acid) and basic (arginine, lysines, and histidine) residues and the assign-
ment of minus 1 (aspartic acid and glutamic acid), plus 1 (arginine and
lysine), or plus 0.5 (histidine) charges based on a surface “Roadmap” (68).

Three-dimensional model building for homologous AAV-Go.1. A
homology model was generated for VP3 amino acid sequences of verte-
brate AAV-Go.1 (13) using the AAVS5 structure. The model was generated
using the SWISS-MODEL program (69) with the AAVS5 structure sup-
plied as a template. The AAV-Go.1 model was compared to AAV2 and
AAVS5 to identify VP/capsid regions that are common to or variable in
these viruses. The Coot program (62) was used for visual structural com-
parisons, and the Roadmap program (68) was used for displaying the
surface positions of amino acid differences between AAV5 and AAV-
Go.l1. A sequence alignment of AAV-Go.1 with AAV2 and AAV5 was also
conducted using the CLUSTAL W application in the EXPASY Proteomics
Server (http://expasy.org/tools/) (70).

Protein structure accession number. The refined AAV5 coordinates
have been deposited in the Protein Data Bank under accession number
3NTT.

RESULTS AND DISCUSSION

The AAVS5 crystal structure. The crystal structure of AAV5 VLPs
was determined to 3.45-A resolution. Residues 209 to 724 of the
VP3 common region (here after referred to as VP3) were assigned
into the NCS-averaged electron density maps (example section
shown in Fig. 1A). This structure enabled the high-resolution in-
terpretation of amino acid side chains, surface loop regions, and
secondary structure elements (Fig. 1B) in contrast to the lower-
resolution cryo-electron microscopy and image-reconstructed
(cryo-reconstructed) structure and pseudoatomic model previ-
ously published for AAV5 (24). Residue 724 is the last C-terminal
amino acid. The first 208 amino acids of the VP, comprising the
VP1 unique region with a phospholipase A2 domain, the VP1/
VP2 common region (residues 137 to 192), and the first 15 resi-
dues of VP3, are not observed. This lack of N-terminal VP order-
ing is consistent with all reported parvovirus structures
determined to date, other than the cryo-reconstructed structure of
human parvovirus B19 in which the N-terminal residues of VP2
were observed (71). Two possible explanations for the lack of or-
dering of the N-terminal residues in parvovirus crystal structures
are that the copy numbers of VP1 and VP2 in the capsid are low
relative to VP3 and/or that the N termini of VP1, VP2, and VP3
adopt distinct conformations. These possibilities are incompatible
with the NCS averaging utilized during structure determination.
Sixty copies of the ordered VP region, residues 209 to 724, assem-
ble the AAV5 capsid (Fig. 2A).

Unlike the structures determined for some other AAV capsids,
for example, AAV3B, AAV4, AAV6, and AAVS, including VLPs
produced in baculovirus/Sf9 expression systems (e.g., AAV6 and
AAVS8), where at least one DNA nucleotide is ordered (22, 23, 26,
27,29), there was no DNA ordered in the AAV5 capsid interior in
the previously identified DNA binding pocket, despite the conser-
vation of the binding pocket amino acids. The lack of ordering of
a nucleotide in AAVS5 is predicted to be due to the high radiation
sensitivity of the thin crystals used for X-ray diffraction data col-
lection.

The refinement statistics for the VP3 model, R, and R,
were both 0.25, as given in Table 1. The similarity of the R, and
Ry, values is due to the high NCS of the capsid. These R values are
comparable to or better than those quoted for other available par-
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FIG 1 Structure of AAV5. (A) A section of the averaged 2F, — F, electron density map (gray mesh, contoured at a threshold of 1.0 o) for residues 385 to 389
shown in stick form and colored according to atom type: C in yellow, N in blue, O in red, and S in green. (B) A ribbon diagram representation of the ordered
overlapping VP3 monomer region (residues 209 to 724) of AAV5. The conserved -barrel core motif (BBIDG-BCHEF, gray), conserved oA helix, DE loop
(between BD and BE), HI loop (between BH and BI), and subloops between BG and BH (GH-L1 to GH-L5) are labeled. The approximate positions of the 2-, 3-,
and 5-fold axes are indicated by the filled oval, triangle, and pentagon, respectively. The interior and exterior capsid surfaces are also indicated. The dashed red

circle delineates the subloops within the GH loop. These images were generated using the PyMol program (http://www.pymol.org).

vovirus structures determined at comparable resolution, as re-
ported on the VIPERAb website (http://viperdb.scripps.edu/).
The stereochemical parameters and geometries of the AAV5 VP3
model (Table 1) are also consistent with those reported for other
virus structures at comparable resolution.

AAV5 is assembled from conserved parvovirus VP features.
The most highly conserved regions of the AAV5 VP3, with respect

to the VPs of other parvovirus (including AAV) structures, is the
eight-stranded (BBIDG-BCHEF sheets) antiparallel B-barrel
structure and a helix, oA (Fig. 1B). The B-barrel forms the core of
the capsid, with the BBIDG sheet forming the interior surface
providing the enclosure for the packaged ssDNA (Fig. 2B, blue
interior surface). Small stretches of antiparallel B-strands are also
observed in the loops between the 3-strands (Fig. 1B), as previ-

DE loop

FIG 2 AAV capsid surfaces. (A, C, and E) Exterior capsid surfaces for AAV5, AAV2, and AAV4, respectively. The surfaces are radially color cued (from capsid
center to surface: blue to green to red to yellow; ~80 to 140 A). The white triangles depict the viral asymmetric units bounded by a 5-fold (5f) axis and two 3-fold
(3f) axes divided by a line through a 2-fold (2f) axis. Example surface features that differ between AAV5 and the AAV2 and AAV4 compared are indicated: VR-1V,
VR-VIL, DEloop, and HI loop. (B, D, and F) Cross-sections of the AAV5, AAV2, and AAV4 capsids, respectively, showing their interior surfaces. The radial depth
cue is as described for panels A, C, and E. The dark blue regions show the BA strand and BBIDG-sheet secondary-structure elements conserved in the three
viruses. The 2-fold (2f) axis is indicated in AAV5. These images were generated using the CHIMERA program (118).
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ously described in the structures of other AAVs (21-23, 26, 27, 29)
and members of the autonomous parvoviruses (reviewed in ref-
erences 72 and 73). The AAV5 «A helix (residues 283 to 294) is
located close to the icosahedral 2-fold axis and forms the wall of
the surface depression located at this capsid region (see below)
(Fig. 1B).

The loops between the BB and BI strands extend away from the
B-barrel core (Fig. 1B) and are responsible for forming the surface
topology of the capsid (Fig. 2A). The clustering of these loop re-
gions from icosahedral symmetry-related VP3 monomers forms
the characteristic parvovirus capsid surface features. These in-
clude a depression at the icosahedral 2-fold axis, three protrusions
surrounding the icosahedral 3-fold axis (which is located at a de-
pression), and a depression surrounding the icosahedral 5-fold
axis at which is centered a protruding cylindrical channel (Fig. 2A
and B for AAV5, C and D for AAV2, and E and F for AAV4). The
diameter of the capsid is 216 A at the 2-fold axis, 223 A at the 3-fold
axis, 272 A at the peak of the protrusions surrounding this axis,
and 190 and 247 A at the base and tip, respectively, of the cylin-
drical channel at the 5-fold axis. The 2-fold axis is formed by only
one loop segment (residues 684 to 694) that intertwines with a
symmetry-related loop (as described in reference 22). The floor of
this depression is formed by the conserved oA (Fig. 1B), and the
walls are formed by amino acid stretches 514 to 521, 548 to 553,
and 711 to 721. The 3-fold axis is formed from amino acids on the
descending side of subloop GH-L5 (residues 586 to 592) within
the GH loop (containing ~230/724 VP amino acids) between
strands BG and BH from icosahedral symmetry-related VP3
monomers (Fig. 1B). The three separate protrusions surrounding
this axis (Fig. 2A) contain intertwining loops located within the
GH loop: residues 435 to 452 (within GH-L1) and 566 to 586
(within GH-L5) from one VP3 monomer and residues 470 to 495
(within GH-L2) and 531 to 546 (within GH-L4) from the other
monomer (Fig. 1B). The 5-fold axis is formed by a VP3 loop re-
gion consisting of two small stretches of B-structure (a B-ribbon)
between the BD and BE strands (DE loop, residues 311 to 327)
(Fig. 1B). The B-ribbon from each VP3 interacts with 3-ribbons of
four other VP3s to form the lining of the cylindrical channel that is
conserved at the 5-fold axis in all AAV structures determined to
date (Fig. 2A and B for AAV5, C and D for AAV2, and E and F for
AAV4). This channel is also conserved in all other known parvo-
virus structures (72, 73). The HI loop, between BH and BI (resi-
dues 644 to 658), also conserved in all parvovirus structures, is
located adjacent to the DE loop (Fig. 1B). This loop overlaps the
surface of the CHEF sheet on the adjacent 5-fold-symmetry-re-
lated VP3 monomers to form the floor/surface of the depression
surrounding the 5-fold channel (Fig. 1B and 2A, C, and E).

Structural comparison of AAV5 to AAV2 and AAV4 identi-
fies variable regions that are unique to AAV5. Superposition of
the AAV5 VP3 onto the VP3s of AAV2 and AAV4 clearly demon-
strated that the nine VRs previously identified in comparing
AAV4 to AAV2 (designated VR-I to VR-IX by Govindasamy et al.
[22]) also differ between AAV5 and these two viruses (Fig. 3A). A
number of these differences are due to deletions or insertions in
the AAV5 amino acid sequence relative to the other two viruses
(Fig. 3B). In two of the VRs, VR-IV (GH-L1) and VR-VII (GH-L4)
(Fig. 1B), the AAV5 conformational variations are more pro-
nounced than the differences between the other two AAVs (Fig.
3A and C). Variable region IV, which forms the outermost of the
two finger-like VP loops contributing to the protrusions sur-
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rounding the icosahedral 3-fold axes, is shorter in AAV5 than in
the other AAVs (Fig. 3A, C, E, and F) due to a deletion of sixamino
acids (Fig. 3B). Variable region VII, located at the base of each
3-fold protrusion close to the depression surrounding the 5-fold
axis (Fig. 2A, C, and E), is larger in the VP3 of AAV5 than in the
VP3s of AAV2 and AAV4, extending up to ~8 A from the VR-VII
loop residues in the other serotypes (Fig. 3A, C, E, and F). The
AAVS5 VR-VII loop contains three and two additional amino ac-
ids, respectively, compared to AAV2 and AAV4 (Fig. 3B). The HI
loop structure, not previously defined as a VR, is unique in AAVS5,
differing from AAV2 and AAV4 (Fig. 3D) as well as AAV3B,
AAV6, AAVS, and AAV9 (data not shown). The HI loop is struc-
turally conserved in the other AAVs despite amino acid differ-
ences butissmallerin AAV5 due a residue deletion (Fig. 3A, B, and
D). This HI loop is located adjacent to VR-VII from a 5-fold-
symmetry-related monomer in the assembled capsid (Fig. 2A, C,
and E and 4A). Significantly, the shorter VR-IV and the HI loop,
VR-I, and VR-II differences compared to AAV2 were predicted
from a pseudoatomic model of the AAV5 VP3 built into a 16-A
resolution cryo-reconstructed density map (24). However, the
differences in VR-V to VR-IX (Fig. 3C) have only become evident
in the crystal structure.

As reported for other AAV structures, the VRs are concen-
trated on the surface of the VP3 monomer and cluster to create
local perturbations on the AAVS5 capsid compared to the other
AAV structures (Fig. 2A, C, and E) despite being distributed
throughout the VP3 primary sequence and monomer structure
(Fig. 3A and B and 4A). Variable regions VR-VI and VR-IX con-
tribute to the wall of the depression at the icosahedral 2-fold axis
(Fig. 3E and F), giving rise to capsid surface differences to the
other AAV serotypes (Fig. 2A, C, and E). This depression is wider
in AAV2, narrowest and deepest in AAV4, and almost nonexistent
in AAVS5 (Fig. 2A, C, and D). Variable regions I, III, VII, and IX
(Fig. 3E and F) contribute to surface differences between the se-
rotypes in the raised capsid surface region between the depression
at the icosahedral 2-fold axis and surrounding the 5-fold axis (Fig.
2A, C, and E). Variable regions IV (within GH-L1) and VIII
(within GH-L5) from one VP3 monomer and VR-V (within GH-
L2) from a 3-fold-symmetry-related VP3 form the top of the three
loops that comprise the protrusions which surround the 3-fold
axes (Fig. 2A, C, and E). Variable region IV is larger and projects
radially upward in AAV2, leading to more pointed finger-like
3-fold protrusions than found in AAV5 (compare in Fig. 2A and
C, and 3A). The larger size of the AAV4 VR-IV and its “bent”
conformation toward VR-VIII (Fig. 3A) result in larger and
thicker protrusions around the 3-fold axes than in AAV5 (com-
pare Fig. 2A and E and 3A). Variable region V is located between
VR-IV and VR-VIII in the protrusion. Portions of VR-V in addi-
tion to VR-VIand VR-VII contribute to the formation of the base
of the protrusions. In both AAV2 and AAV5, VR-V is smaller and
structurally distinct from AAV4, which has additional amino ac-
ids (Fig. 3A, B, and C). Thus, the bases of the protrusions are
narrower in AAV2 and AAVS5 than in AAV4 (Fig. 2A and B for
AAV5,CandD for AAV2, and E and F for AAV4). Variable region
11 is located at the top of a B-ribbon (DE loop) which forms the
wall of the 5-fold channel (Fig. 1B, 2A, C, and E, and 3A). The
B-ribbon is conserved in all AAV structures, but the VR-II differ-
ence in AAV5 results in an ~2.5-A-diameter increase at the open-
ing of its 5-fold channel compared to AAV2 and AAV4.
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FIG 3 Unique features of the AAV5 VP3. (A) Superposition of the AAV2 (blue), AAV4 (red), and AAVS5 (gray) VP3 monomer structures shown in a coil
representation. A B factor (temperature factor) putty (thicker-coil) representation is used to show the regions of highest variability. The DE loop, HI loop, VR-I
to VR-IX, and N and C termini are labeled. The approximate icosahedral symmetry axes are indicated as described in the legend of Fig. 1. (B) Structure-based
sequence alignment of AAV2 (blue), AAV4 (red), and AAV5 (gray) for the amino acids in VR-IV, VR-V, VR-VI, VR-VI], and the HI loop. Regions of structural
differences to AAV?2 are offset above (for AAV5) or below (for AAV4) the alignment. (C) Superposition of the AAV2 (blue), AAV4 (red), and AAV5 (gray) VP3
structures at VR-V, VR-VI, and VR-VII (coil representation) within the averaged 2F, — F, electron density map of AAV5 (gray mesh) contoured at a threshold
of 1.0 0. (D) Superposition of the HI loop (coil representation) of the VP3 structures of AAV2 (blue), AAV4 (red), and AAV5 (gray) within the averaged 2F, —
F_electron density map of AAV5 (gray mesh) contoured at a threshold of 1.0 . In panels C and D, amino acid side chains have been omitted for clarity. (E and
F) Positions of VR-I to VR-IX within a viral asymmetric unit (defined in the legend of Fig. 2). The viral asymmetric unit contains contributions from the reference
VP3 monomer and a 2-fold (2f), 3-fold (3f1), and 5-fold (5f1) (see reference 22 for definition of symmetry relationships) VP3 monomer (Fig. 1B). The prefixes
on the labels for the variable regions indicate the contributing monomers. Panels A, C, and D were generated using the PyMol program (http://www.pymol.org),
and panels E and F were generated using the Bobscript program (119) and rendered with the RASTER3D program (120, 121).

Unique features of AAVS5 are stabilized by interactions with
cations and glycerol. In addition to the VP3 density, a glycerol
molecule and three Na* ions (Fig. 4A and B) and 46 solvent mol-
ecules per VP3 were ordered in the NCS-averaged AAVS5 electron
density map. The glycerol molecule, likely ordered from the 30%
used as cryo-protectant during data collection (57), is located in a
cleft at the base of the AAV5 VP3 VR-VII (discussed above), which
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is close to the HI loop from a 5-fold-symmetry-related VP mono-
mer (Fig. 4A and B). The glycerol refined with atomic B factors
that were similar to those of the VP atoms (Table 1). The molecule
forms hydrogen bonds/polar interactions with the VP atoms as
well as hydrophobic interactions. The three hydroxyl groups par-
ticipate in interactions with the side chain of R277 (2.6 A), the
main-chain carbonyl oxygen of N530 (3.3 A), the main-chain car-
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FIG 4 AAVS5 capsid interactions with glycerol and cations. (A) A coil repre-
sentation of the AAV5 VP3 (gray) with the HI loop (stick representation) from
a 5-fold-symmetry-related VP3 monomer (wheat). The ordered glycerol mol-
ecule and three Na™ ions are shown in the averaged AAV5 2F, — F. electron
density map (gray mesh) contoured at a threshold of 1.0 0. The side chains for
the amino acids interacting with the glycerol and Na™ ions are shown in stick
representation colored according to atom type (C in green, N in blue, and O in
red) and labeled. The HIloop and VR-Ito VR-IX are labeled. The approximate
icosahedral symmetry axes are indicated as described in the legend of Fig. 1.
(B). Stereo view of the averaged 2F, — F. electron density map (gray mesh, 1.0
o threshold) for the ordered glycerol molecule and its surrounding amino
acids shown in stick presentation and colored as described for panel A for the
reference VP3 monomer: C in cyan, N in blue, and O in red for the 5-fold-
symmetry-related VP3 monomer; C in yellow and O in red for the glycerol.
Distances (in A) between the glycerol and interacting amino acids are indi-
cated. The images were generated using the PyMol program
(http://www.pymol.org).

bonyl of $531 (3.3 A), the side chain of Q604 (3.8 A), and the side
chain of T711 (4.0 A [data not shown]) from one VP monomer
and with the side chain of D652 (3.1 A) from the 5-fold-symme-
try-related HI loop (Fig. 4B). The backbone atoms of residues 531
to 533 make van der Waals contacts with the hydrophobic side of
the glycerol molecule (Fig. 4B). While a function for the AAV5-
glycerol interaction is unknown, a protein-stabilizing role for
glycerol is well established (74, 75). The localization of this ligand
between two surface loops which differ in structure between
AAVS5 and the other AAVs, VR-VII and HI, with VR-VII being
significantly larger than in the other viruses (Fig. 4A), suggests that
the glycerol may also be playing a stabilizing role in AAV5. Inter-
estingly, this glycerol binding site is very reminiscent of a recently
reported glycerol binding site in the structure of the succinyl-
coenzyme A (CoA):3-oxoacid coenzyme A transferase (76). In this
structure the glycerol was reported to be occupying a cosubstrate,
acetoacetate, binding site in the enzyme, and it participates in
similar side-chain and main-chain hydrogen bonding interac-
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tions. Therefore, it is possible that the ordered glycerol molecule is
located at a substrate-ligand interaction unique to AAV5.

The assignment of Na™ ions was based on a high sigma thresh-
old (3.5 o) for their densities, their monovalent polar coordina-
tion environment, and their low B factors (23.5, 8.9, and 14.5 A?)
(average B factors are given Table 1) following refinement. To
confirm that the atoms were sodium ions, and not Mg®>" and
Ca**, they were replaced and refined independently in addition to
an evaluation of the environment. These atoms refined as Mg”*
with acceptable B factors (34.9, 19.2, and 25.4 A%) but not Ca**
(75.8, 61.17, and 67.6 A%); however, the amino acid environment
and interactions were more consistent with monovalency. The
first Na™ (Na™1 in Fig. 4A) is located between residues at the top
of the BB strand and the HI loop on the capsid surface and is
coordinated by the side chain of residue N243 (3.5 A), the second
Na™ ion (Na*2 in Fig. 4A) is located in the capsid interior and
interacts with the main-chain carbonyl oxygen of N407 (3.7 A) in
the BG strand, and the third ion (Na™3 in Fig. 4A) interacts with
main-chain carbonyl oxygen of residue T541 (3.9 A) located in
VR-VIL Roles for these Na* ions have not been reported. How-
ever, the surface ions Na™ 1 and Na™ 3 are likely playing stabilizing
roles for the AAV5 HI loop and VR-VI], respectively, maintaining
the unique surface configuration of AAVS5 on its shallow canyon
floor surrounding the 5-fold channel.

Unique AAV5 surface features are associated with AAV cap-
sid functions. AAV entry is initiated by cell surface receptor rec-
ognition, and for seven of the nine representative AAV serotypes,
glycans have been reported to serve as primary receptors. AAV1
binds both «2-3 and «2-6 N-linked sialic acid (SIA) (77-79),
AAV2 and AAV3B bind to heparan sulfate (HS) (80, 81), AAV4
binds «2-3 O-linked sialic acids, AAV5 binds a2-3 N-linked SIA
(82-84), AAV6 binds both HS and SIA (78, 85), and AAV9 binds
to galactose (86—88). The glycan receptor (if any) utilized by
AAV7 and AAVY is yet to be determined. Following primary re-
ceptor attachment, virus capsids are internalized by receptor-me-
diated endocytosis via an interaction with coreceptors and traf-
ficked through the endocytic pathway before localizing in the
perinuclear region prior to entry into the nucleus for genome
replication (reviewed in references 51 and 72). For AAV5, platelet-
derived growth factor receptor (PDGFRa) serves as its internal-
ization coreceptor (89). Capsid assembly and genome packaging
occur in the nucleus following protein translation in the cyto-
plasm.

The VRs defined on the AAV capsids are associated with sero-
type-specific functions during infection, including receptor rec-
ognition, tissue transduction efficiency, and antigenic reactivity
(reviewed in reference 51). The AAV capsid surface features that
are unique to AAV5—shorter 3-fold protrusions, extended VR-
VII, and smaller HI loop—contain amino acid residues or are
proximate to capsid regions reported to play essential roles in the
AAV life cycle. For example, residues within VR-IV, VR-V, and
VR-VIII which make up the 3-fold protrusions have been re-
ported to control glycan receptor attachment (VR-V and VR-VIII
for AAV2 and VR-V for AAV9) (90-93, 122), transduction (VR-
IV, VR-V, and VR-VIII in AAV2, VR-VIII in AAVS, and VR-1V,
VR-V, and VR-VIII in AAV9) (94-99) and antigenic phenotypes
(VR-IV, VR-V, and VR-VIII in AAV2 and VR-VIII in AAV8 (97,
100, 101). These regions have similar roles in AAV5. In a study
aimed at identifying determinants of human airway epithelium
(HAE) transduction by AAV5, a chimeric AAV2/AAV5 virus,
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FIG 5 Reported determinants of AAV5 capsid assembly, receptor recognition,
and transduction. An exterior capsid surface representation for an AAV5 VP3
trimer in gray (Ref, reference), green (3f1, 3-fold), and salmon (3f2, 3-fold).
Surface regions of the VP3 monomers with the amino acid deletions (T492 to
N493, red) or duplications (T492, red; Q574 to S575, blue) investigated by
Hida et al. (113) are indicated by arrows and labeled. Residue A581, which
when mutated to T affects AAV5 sialic acid binding by AAV5 and capsid
internalization (102, 103), is shown in pink and labeled. VR-IV, VR-V, and
VR-VIII, which interact from 3-fold-symmetry VP3 monomers to assemble
the protrusions surrounding this axis (3F), are indicated by the dashed arrows
with the open heads. This image was generated using the CHIMERA program
(118).

AAV2.5T, containing amino acids 1 to 128 from AAV2 and amino
acids 129 to 725 from AAV5 with a single point mutation (A581T,
in VR-VIII) showed 100- and 10-fold higher expression levels
than AAV2 and AAVS5, respectively (102). Residue A581 was re-
ported to play a role in SIA recognition and internalization by
AAVS5 (102, 103) and forms a part of a new structurally defined
SIA binding site (M. A. DiMattia, J. A. Chiorini, and M. Agbandje-
McKenna, unpublished data). This residue is located on the capsid
surface proximal to the icosahedral 3-fold axis (Fig. 5). Residues
within VR-VII are implicated in AAV2 antibody recognition
properties (97), and for AAV9, residues in VR-VII were identified
as a transduction determinant (95). The unique structure of VR-
VII in AAVS5 suggests that it may also serve a similar function in
this serotype.

The short HI loop (between BH and BI, residues 644 to 658) in
AAVS5, compared to thatin AAV2 and AAV4, is due to a threonine
deletion between residues 649 and 650 (AAVS5 numbering)
(Fig. 3B). Substitution of this shorter HI loop into the AAV2 VP
sequence was reported to disrupt AAV2 capsid assembly, while
substitution with the AAV4 HI loop, similar in size but with se-
quence variation, resulted in a decreased titer (104). Replacement
of this loop with a glycine peptide in AAV?2 resulted in a defect in
packaging, and the mutation of a sequence and structurally con-
served phenylalanine residue (F661 in AAV2 and F650 in AAV5)
decreased packaging by 10-fold. These observations suggest a crit-
ical role for this loop region in AAV infection.

There are also reports that mutation of AAV2 residues in the
5-fold channel, structurally adjacent to the HI loop, both in the 3-
ribbons that extend outward (with VR-II at its apex) and the res-
idues on the interior narrow region of the channel, results in an

11194 jviasm.org

inability of the capsid to package its genome (105, 106). It has been
suggested that this is principally due to altered Rep-VP complexes
that form at the 5-fold channel, proposed to be the portal for DNA
packaging. Rep proteins bind to the inverted terminal repeats
(ITRs) of the AAV genome and also to an unknown binding site
on the assembled-capsid surface (107-110). Although AAV5 Rep
has been reported to bind a distinct terminal resolution site (TRS)
site found only in the AAV5 ITR (3), cross-packing experiments
suggest that AAV2 Rep is able to interact with an AAV5 capsid
sufficiently to allow packaging of an AAV?2 genome into an AAV5
capsid (15). However, mutagenesis studies implicating AAV2 cap-
sid surface residues 511 to 513 (near VR-VI, AAV2 numbering)
(111) and 549 (in VR-VII) (112) in packaging suggests that the
AAV2 capsid-AAV2 Rep interaction would differ from an inter-
action with the AAV5 Rep. Significantly, the HI loop and VR-VII
structurally abut in 5-fold-symmetry-related VP3 monomers
(Fig. 4A). Thus, it is possible that the 5-fold region, as a whole,
functions to facilitate genome packaging.

The structure of AAVS5 also provides a 3D platform for the
interpretation of the phenotype of capsid mutants (within VR
regions) that were generated with the intent to produce vectors
able to escape antibody recognition and have improved transduc-
tion phenotypes. In a mutagenesis strategy aimed at creating
AAV5 mutant capsids with insertions and deletions, Hida et al.
generated four mutants, two with residue duplications (at resi-
dues 492 and 574 to 575) and two with deletions (of residues 176
to 178 and 492 to 493) (113). N-terminal residues 176 to 178 are
within the VP1/VP2 common region that is not observed in any of
the AAV structures determined to date. The other amino acid
positions are located on the protrusions that surround the icosa-
hedral 3-fold axes and are at interfaces between symmetry-related
VP3 monomers (Fig. 5). Residue T492 is involved in a polar inter-
action with residues K494 and Q503 from the same monomer,
N493 interacts with the side and main chains of M569 and A570,
respectively, and Q574 interacts with the side chain of N482 from
a symmetry-related monomer. The side chain for S575 is surface
exposed and does not interact with any other residue. The dupli-
cated T492 mutant is unable to assemble capsids, suggesting a
possible intolerance of the crowding of the VP interface. The de-
letion of residues 492 to 493 was tolerated for capsid assembly, but
transduction was either undetectable or significantly (~24-fold)
reduced. The duplication of residues 574 to 575, located in VR-
VIII, was tolerated for capsid assembly and resulted in an increase
in transduction compared to the wild-type virus. Significantly, the
side chain of residues 492 and 494, at the end of VR-V, are located
between the loops containing VR-IV and VR-VIII, and their side
chains point into the 3-fold protrusion. The side chain of residue
574 also points inside the 3-fold protrusion to interact with resi-
due 482 located at the more structurally varied end of VR-V, con-
sistent with tolerance of this mutation for capsid assembly. Q574
is structurally equivalent to R585 of AAV2, one of the residues
involved in its HS receptor binding, and is located at a region that
has been reported to tolerate insertions for the latter virus. These
mutants thus identified a critical region of the capsid involved in
capsid assembly interactions, tolerance of insertional mutagene-
sis, and transduction determination, possibly related to receptor
attachment.

Comparison of AAV5 to nonprimate AAV-Go.1 highlights
potential transduction and antigenic determinants. A theoreti-
cal homology model generated for nonprimate AAV-Go.1, re-
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FIG 6 A model of AAV-Go.1 based on the AAV5 VP3 structure. (A) A surface representation of six VP3 monomers, including the reference (Ref) monomer in gray, of
the AAV-Go.1 homology model. Residues differing between AAV5 and AAV-Go.1 and occurring on the capsid surface are shown in purple, indicated with arrows, and
labeled. These cluster on the 3-fold protrusions and the raised capsid region between the depression at the 2-fold axis and surrounding the 5-fold axis. The light gray
triangle depicts the viral asymmetric unit as defined in the legend of Fig. 2. (B). A Roadmap (68) representation of the AAV-Go.1 model showing the capsid surface
positions of the residues that differ with respect to AAV5 in the context of a viral asymmetric unit (black triangle). The residues that differ between AAV5 and AAV-Go.1
are shown in orange. Panel A was generated with the PyMol program (http://www.pymol.org), and panel B was generated with the RIVEM program (68).

ported to be more related to AAVS5 than other serotypes (13) and
than AAV2 and AAV4, identifies regions of structural similarities
and differences. A superposition of the Ca atoms for the model
with the structures of AAV2 and AAV5 showed conservation of
the AAV VP topology, including the eight-stranded B-barrel mo-
tif, aA, and loops between the B-strands as described above. While
AAV-Go.1 differed from AAV?2 at the same VRs as AAV5, this
virus, which shares ~94% sequence identity with AAV5, differed
only in VR-V compared to AAV5. This difference was due to a
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2-amino-acid insertion in AAV-Go.1 (residues 481 and 482) (13)
relative to AAV5. Variable region V is located between VR-IV and
VR-VIII, and together these loop regions assemble the protru-
sions surrounding the icosahedral 3-fold axis (Fig. 5). AAV-Go.1
differs in 42 of the 724 AAV5 amino acids, and while the AAV5/
AAV-Go.1 residue differences are distributed throughout the VP
sequence, 29 of the 42 are located on the capsid surface. These are
clustered on these protrusions and on the raised capsid region
between the 2- and 5-fold depressions (Fig. 6). The surface expo-
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sure of these residues was also predicted based on a model by
Arbetman et al. (13). The surface-localized residues occupy anal-
ogous regions to those mapped as antigenic footprints on other
AAV capsids, for example, AAV2 and AAV8 (97, 100, 101, 114),
and thus likely dictate the antigenic differences reported between
the two viruses when their transduction efficiencies were com-
pared in the presence of intravenous immunoglobulin (13).

Internal capsid volumes are comparable between AAV2,
AAV4, and AAV5 and do not support an increased packaging
capacity for AAV5 compared to other AAVs. A report that AAV5
is able to package a genome of ~8.9 kb (53) was later disputed
with reports of a packaging capacity of ~5.2 kb (54-56). The latter
reports suggested that expression of the large transgenes were
likely the result of recombination of smaller packaged genome
fragments rather than the packaging of the full-length large ge-
nome. The estimated interior capsid volumes for AAV2, AAV4,
and AAVS5, based on radii calculated from their structures, are
~3.4 X 10% ~3.1 X 10% and ~3.1 X 10° A2, respectively, which
are very similar. This observation is consistent with AAV5 not
having approximately double the genome packaging capacity of
the other AAVs. Significantly, Human parvovirus B19, a member
of the Erythrovirus genus of the Parvoviridae, packages a genome
of ~5.6 kb of ssDNA, which is slighter higher (~20%) than the
wild-type AAV packaging capacity. The estimated interior capsid
volume for B19 is 3.2 X 10° A’, which is in the same range as for
the AAVs. A comparable interior capsid volume for the AAVs
(and other members of the parvovirus family) is to be expected,
given that the BBIDG sheet that assembles their interior capsid
surface is conserved and almost exactly superposable for the or-
dered VP3 common region (Fig. 1B and 3A). The ability of the B19
capsid to accommodate more genome than the AAVs may be due
to more available interior capsid space; its VP1u and VP2 N ter-
minus are reported to be located on the exterior of the capsid (71)
in contrast to the AAVs, where these VP regions are proposed to be
localized inside. However, it is also possible to package ~6 kb into
the recombinant AAV vectors (115, 116).

Nucleic acid-protein interactions are mostly electrostatic and
involve the negatively charged phosphate groups of the DNA
and basic amino acid residues or the heterocyclic DNA bases and
acidic amino acid residues. Thus, the exterior and interior capsid
surface charge distributions were visualized and compared for
AAV5, AAV2, AAV4, and B19 (data not shown). There was no
significant difference between the net exterior and interior capsid
surface charge distributions for these viruses, suggesting that the
size of the packaged genome is likely not dictated by these inter-
actions. Notably, the charge contributions of the VP1u and VP1/
VP2 common regions were missing from the AAV and B19 esti-
mations, and their contribution cannot be ruled out. These
observations are interesting, and the importance of interior charge
residues in increasing DNA packaging capacity, especially for the
parvoviruses which package their genome after capsid assembly
(117), needs further exploration.

Summary. The structure of AAV5, one of the most diverse
AAV serotypes with respect to sequence and antigenic diversity,
was determined to further facilitate structure-function correla-
tions for this promising group of gene delivery vectors. Unique
features of the AAV5 capsid surface, including a smaller HI and
VR-1IV loop and larger VR-VII, are contained in VP sequences
important for essential functions, including capsid assembly, ge-
nome packaging, and transduction and antigenic determinants.
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In addition, the surface amino acid differences between AAV5 and
the closely related AAV-Go.1 point to regions that likely serve as
important antigenic and transduction determinants. Finally, vol-
ume calculations do not support an increased packaging capacity
for this serotype. This structure provides an important new 3D
platform for future efforts to engineer the cellular transduction
and antigenic properties of the AAV gene delivery system.
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