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ABSTRACT Adeno-associated viruses (AAVs) from clade E are often used as vectors
in gene delivery applications. This clade includes rhesus isolate 10 (AAVrh.10) and 39
(AAVrh.39) which, unlike representative AAV8, are capable of crossing the blood-
brain barrier (BBB), thereby enabling the delivery of therapeutic genes to the central
nervous system. Here, the capsid structures of AAV8, AAVrh.10 and AAVrh.39 have
been determined by cryo-electron microscopy and three-dimensional image recon-
struction to 3.08-, 2.75-, and 3.39-Å resolution, respectively, to enable a direct struc-
tural comparison. AAVrh.10 and AAVrh.39 are 98% identical in amino acid sequence
but only �93.5% identical to AAV8. However, the capsid structures of all three vi-
ruses are similar, with only minor differences observed in the previously described
surface variable regions, suggesting that specific residues S269 and N472, absent in
AAV8, may confer the ability to cross the BBB in AAVrh.10 and AAVrh.39. Head-to-
head comparison of empty and genome-containing particles showed DNA ordered
in the previously described nucleotide-binding pocket, supporting the suggested
role of this pocket in DNA packaging for the Dependoparvovirus. The structural char-
acterization of these viruses provides a platform for future vector engineering efforts
toward improved gene delivery success with respect to specific tissue targeting,
transduction efficiency, antigenicity, or receptor retargeting.

IMPORTANCE Recombinant adeno-associated virus vectors (rAAVs), based on AAV8
and AAVrh.10, have been utilized in multiple clinical trials to treat different monoge-
netic diseases. The closely related AAVrh.39 has also shown promise in vivo. As re-
cently attained for other AAV biologics, e.g., Luxturna and Zolgensma, based on
AAV2 and AAV9, respectively, the vectors in this study will likely gain U.S. Food and
Drug Administration approval for commercialization in the near future. This study
characterized the capsid structures of these clinical vectors at atomic resolution
using cryo-electron microscopy and image reconstruction for comparative analy-
sis. The analysis suggested two key residues, S269 and N472, as determinants of
BBB crossing for AAVrh.10 and AAVrh.39, a feature utilized for central nervous
system delivery of therapeutic genes. The structure information thus provides a
platform for engineering to improve receptor retargeting or tissue specificity.
These are important challenges in the field that need attention. Capsid structure
information also provides knowledge potentially applicable for regulatory prod-
uct approval.
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A
deno-associated viruses (AAVs) are nonpathogenic, single-stranded DNA (ssDNA)
viruses of the Parvoviridae used as vectors for gene delivery applications. To date,

three AAV-vector-mediated gene therapies have gained approval for commercializa-
tion: Glybera, an AAV1 vector for the treatment of lipoprotein lipase deficiency by the
European Medicines Agency (EMA) (1); Luxturna, an AAV2 vector for the treatment of
Leber’s congenital amaurosis (2); and Zolgensma, an AAV9 vector for the treatment of
spinal muscular atrophy type 1 (3), the latter two by the U.S. Food and Drug Admin-
istration (FDA). These approvals usher in a new era for the use of this vector system for
the treatment of monogenetic diseases. The virions of these viruses are composed of
nonenveloped capsids with T�1 icosahedral symmetry and diameters of �260 Å that
enclose the ssDNA genome (4). Currently, 13 human and primate AAV serotypes, and
numerous additional genomic isolates from different primate and nonprimate species,
have been described (5–7). The amino acid sequence identity of the capsids of these
different AAVs can diverge up �50%. The capsids are assembled from 60 subunits of
three overlapping capsid viral proteins (VPs)—VP1 (�82 kDa), VP2 (�73 kDa), and VP3
(�61 kDa)—in a 1:1:10 ratio (8). The individual VPs are expressed within the same open
reading frame and share a C terminus that includes the entire VP3. VP1 and VP2
represent N-terminal extended forms of VP3. In addition, VP1 possesses �137-amino-
acids (aa) N-terminal to VP2. This unique region of VP1 (VP1u) contains a phospholipase
A2 (PLA2) domain, a calcium-binding domain, and a nuclear localization signal, all of
which are required for AAV infectivity (9, 10).

The three-dimensional (3D) structures of numerous AAV capsids have been deter-
mined by either X-ray crystallography and/or cryo-electron microscopy and image
reconstruction (cryo-EM) (11–24). The VP structures show ordering of only the common
VP3 region, regardless of the method of structure determination. In these structures,
the first �15 aa of VP3 are missing. The structure consists of a core eight-stranded (�B
to �I) anti-parallel �-barrel motif, with a BIDG sheet forming the inner surface of the
capsid. An additional strand, �A, runs antiparallel to the �B strand. Furthermore, all
AAVs conserve an alpha helix (�A) located between �C and �D. Inserted between the
�-strands are large loops of high sequence and structure variability that constitute AAV
serotype-specific capsid surface features. These loops are named after their flanking
�-strands (e.g., DE-/HI-loop). The sequence variability of different AAVs results in
alternative conformations of the surface loops. Nine regions of significant diversity were
defined as variable regions (VRs) by structural alignments (21).

Despite the differences on their capsid surfaces arising from various loop topologies,
all AAVs conserve similar morphologies (reviewed in reference [4]). The icosahedral
5-fold symmetry axis is surrounded by DE-loops that form a cylindrical channel. This
portal is believed to be the route of genomic DNA packaging and uncoating, and VP1u
externalization during endo/lysosomal trafficking after cell entry (25, 26). At the 2-fold
symmetry axis, depressions are flanked by protrusions surrounding the 3-fold symmetry
axis, and the raised capsid regions between the 2- and 5-fold axes are termed 2/5-fold
walls. The AAV capsids have multiple functions. They package and protect the viral
genome and mediate the attachment to various host cell receptors, thereby determin-
ing the virus’ cell and tissue tropism. Many AAV serotypes utilize cell surface glycans as
their first contact receptors. Among these are heparan sulfate proteoglycan binders
(e.g., AAV2, AAV3, AAV6, and AAV13) (27–31), sialic acid binders (e.g., AAV1, AAV4,
AAV5, and AAV6) (32–34), and terminal galactose binder (e.g., AAV9) (35, 36), and
AAVrh.10 was shown to bind to a sulfated N-acetyl-lactosamine (LacNAc) on a glycan
array (37). In addition, a series of protein receptors have been described, e.g., AAVR (38),
laminin (39), �v�1 integrin (40), �v�5 integrin (41), the hepatocyte growth factor
receptor (42), the fibroblast growth factor receptor (43), and platelet-derived growth
factor receptor (44). Following host cell entry, the AAV capsid is crucial for the delivery
of the packaged genome through the endo/lysosomal pathway to the nucleus, where
it is uncoated and replicated. In addition, the surface of the capsid displays antigenic
sites for antibodies raised by the host immune response (45).

AAV variants isolated from rhesus macaque tissues are being developed for a variety
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of gene delivery applications. This is because of the lower percentage of preexisting
neutralizing antibodies against their capsids in the human population (46) and their
higher transgene expression in a variety of tissues in comparison to other AAV
serotypes (47, 48). The primate AAVs are classified into six genetic groups (clades A to
F) and two clonal isolates (5). AAV rhesus isolate 10 (AAVrh.10) and 39 (AAVrh.39)
belong to clade E represented by AAV8 (5). The capsid amino acid sequence of
AAVrh.10 and AAVrh.39 differ by �6.5% from AAV8 and exhibit different tissue tropisms
compared to AAV8 (49, 50). They are reported to cross the blood-brain barrier (BBB) and
efficiently transduce neuronal cells (50–52) similar to AAV9 that belongs to clade F (53).
This phenotype has resulted in the utilization of AAVrh.10 vectors in multiple clinical
trials (54, 55) despite its basic biology being poorly understood. In this study, the
structures of the AAVrh.10 and AAVrh.39 were determined by cryo-EM to 2.75- and
3.39-Å resolution, respectively. In addition, these structures were compared to the
capsid structure of AAV8 determined to 3.08-Å resolution, also by cryo-EM. The only
minor differences observed among the three viruses are at the previously described
surface VR-IV. The absence of structural differences between the different AAVs at the
proposed region responsible for BBB crossing in AAVrh.10 (52) points to specific amino
acids that are similar to AAV9 for conferring this property. This suggests that S269 and
N472, absent in AAV8, control this phenotype. A comparison of the empty (no DNA)
and full (genome packaged) capsid structures for all three viruses showed that a
previously described nucleotide binding pocket has extended DNA ordering in
genome-containing particles. This observation confirms the assignment of this pocket
as a conserved nucleotide interaction site and suggests that a role in genome pack-
aging that is yet to be confirmed.

RESULTS AND DISCUSSION

Cryo-EM reconstruction of empty and genome-containing particles. Recombi-
nant rAAV8, rAAVrh.10, and rAAVrh.39 vectors produced by triple transfection in
HEK293 cells were utilized for cryo-EM data collection. AVB affinity chromatography,
used for sample purification, resulted in highly pure AAV vector preparations but did
not separate empty (no genome) and genome-containing (full) particles as observed in
cryo-EM micrographs (Fig. 1A). Further “purification” by separate particle picking, using
their light (empty) and dark (full) appearances, enabled the independent structural
determination of empty and full particles (Fig. 1B). For rAAV8, AAVrh.10, and rAAVrh.39,
empty/full structures were determined from 8,574/1,072, 245,529/82,463, and 52,912/
9,723 particles, respectively, to resolutions of 3.08/3.77, 2.75/2.98, and 3.39/3.58 Å (FSC
0.143), respectively (Fig. 1B, Table 1). The slightly lower resolution of the full structures
compared to empty is likely due to the reduced number of particles used for the
reconstructions. All three AAV structures, with up to 6.6% amino acid sequence
variability, displayed the characteristic features common to AAV capsids: a channel at
the 5-fold symmetry axis, protrusions surrounding the 3-fold symmetry axis, depres-
sions at the 2-fold symmetry axis, and a 2/5-fold wall separating the depression
surrounding the 5-fold axis and at the 2-fold axis (Fig. 1B).

While the reconstructed density maps looked very similar on the outer capsid
surface for the empty/full structures (Fig. 1B), cross sections showed a significant
amount of density in the interior of the full particles that are absent from the
corresponding empty maps (Fig. 1C). Another distinguishing feature of the empty and
full maps was density (observed at a sigma [�] threshold of 0.9) extending beneath the
5-fold channel for the empty AAV8 and AAVrh.39 capsid structures, but not in the
AAVrh.10 empty structure (Fig. 1C and 2A to C). Interestingly, this basket-like density in
the empty structures occupies the equivalence of a “gap” in full structures (Fig. 1C and
Fig. 2A and B). The third difference between the empty and full structures is the
presence of density within the 5-fold channel in the full maps for AAV8 and AAVrh.39
but not in the empty maps. In contrast, the AAVrh.10, for which the empty structure
does not have an interior basket at this symmetry axis, there is density within the
channel of both the empty and full structures (Fig. 2A and D).

Capsid Structures of AAVrh.10, AAVrh.39, and AAV8 Journal of Virology
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The capsid structures of AAV8, AAVrh.10, and AAVrh.39 are conserved. The
resolution of the maps enabled the unbiased building of atomic models for AAV8,
AAVrh.10, and AAVrh.39, based on their respective VP3 sequences. Different amino acid
side chain densities in the equivalent positions of the VP, such as T417 or Q417 were
readily identifiable (Fig. 3A). The first observed ordered amino acids at the N termini
within the VP3 common region for the three maps was glutamic acid 217 (in AAVrh.39),
glycine 218 (in AAV8), and alanine 219 (in AAVrh.10) (Fig. 2C). This is comparable to
most other previously described AAV capsid structures (11–13, 15–18, 20–24). Amino
acid side chain densities were interpretable to the last C-terminal residue, 738, in all
three maps at �2�. An exception is the apex of VR-IV showing disorder in all three
viruses. Residues aa 455 to 457 in AAVrh.10 and AAVrh.39 showed high level of disorder
preventing reliable building of the main and side chains. For the corresponding amino
acids in AAV8 the main chain could be built at 1.5� suggesting better ordering. The
structural disorder within VR-IV is likely due to flexibility caused by the presence of
glycine residues in this short stretch of amino acids: GGTAN, GGTAG, and GGTQG for
AAV8, AAVrh.10, and AAVrh.39, respectively. It is possible that having two instead of
three glycines reduced flexibility and thus disorder in AAV8.

Similar to all other AAV structures, the VP monomers of AAV8, AAVrh.10, and
AAVrh.39 consist of the core eight-stranded (�B to �I) anti-parallel �-barrel motif with
the additional �A strand and the alpha helix (�A) located between �C and �D (Fig. 3B).
The surface loops containing the VRs (VR-I to VR-IX) are similar among AAV8, AAVrh.10,
and AAVrh.39. Structural superposition of the C� coordinates for the three AAVs (Fig.
3B) resulted in root mean square deviations (RMSDs) of 0.5 Å for AAV8 versus AAVrh.10,

FIG 1 Empty and genome-containing AAV8, AAVrh.10, and AAVrh.39 capsid structures. (A) Electron micrographs show the presence of empty (white arrow) and
genome-containing particles (black arrow). Scale bar, 50 nm. (B) Capsid surface density maps determined by cryo-EM reconstruction contoured at a sigma (�)
threshold level of 1. The resolutions of the structures are calculated based on an FSC threshold of 0.143. The reconstructed maps are radially colored (blue to
red) according to distance to the particle center, as indicated by the scale bar below. The icosahedral 2-, 3-, and 5-fold axes and the 2/5-fold wall are indicated
on the empty AAVrh.10 map. (C) Cross-sectional views of the reconstructed maps from genome-containing and empty particles contoured at a threshold level
of 0.9. The positions of some icosahedral 2-, 3-, and 5-fold symmetry axes are indicated by arrowheads. This figure was generated using UCSF-Chimera (78).
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0.6 Å for AAV8 versus AAVrh.39, and 0.5 Å for AAVrh.10 versus AAVrh.39. The minor
difference in topology indicated at the apex of VR-IV for AAVrh.10 and AAVrh.39 may
not be accurate due to the flexibility of this VP region described above (Fig. 3B).
Notably, while this is the first report of the capsid structures of AAVrh.10 and AAVrh.39,
the capsid structure of AAV8 has been previously determined by X-ray crystallography
(11, 56). The superposition of the atomic model coordinates of the AAV8 crystal and
cryo-EM structures resulted in an RMSD of 0.5 Å with no significant deviations of the VP
main chain or side chains.

Structural comparison of empty and full capsids of AAV8, AAVrh.10, and

AAVrh.39. Direct comparison of the empty and full structures for each virus showed no
significant differences in the ordered VP3 region, with RMSDs of 0.2 Å for the AAVrh.10
structures and 0.3 Å for the AAV8 and AAVrh.39 structures. These values are similar for
pairwise structural alignments of previously reported crystal structures of virus-like
particles (VLPs) and full particles of AAV6 [PDB 3OAH versus PDB 4V86] (18, 57) and
AAV8 [PDB 2QA0 versus PDB 3RA4] (11, 56) resulting in RMSDs of 0.4 and 0.2 Å,
respectively. In contrast to these high-resolution structures, a direct comparison of
empty and full AAV1 particles at �10-Å resolution, determined by cryo-EM, reported
conformational rearrangements of the �-barrel (58). Rearrangements of this magnitude

FIG 2 Fivefold region of empty and full AAV8, AAVrh.10, and AAVrh.39 capsids. (A and B) Close-up cross-sectional
views at the 5-fold symmetry axis in empty (A) and genome-containing (B) maps for AAV8, AAVrh.10, and AAVrh.39.
The maps are colored as for Fig. 1. (C) Modeled N termini of AAV8, AAVrh.10, and AAVrh.39 residues are shown
inside their mesh density maps (black, empty; red, full). The amino acids are shown as stick representation. Atom
colors: C, yellow; O, red; N, blue. The first ordered residue in each map is indicated by an asterisk (black, empty; red,
full). (D) The density in the channel at the 5-fold axis for the empty and full AAV8, AAVrh.10, and AAVrh.39 maps
is contoured at a � threshold level of 0.9. Residues 198 to 209 are modeled inside the channel. This figure was
generated using UCSF-Chimera (78).
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FIG 3 Structural comparison of AAV8, AAVrh.10, and AAVrh.39. (A) The modeled AAV8, AAVrh.10, and
AAVrh.39 residues are shown inside their mesh density maps (black, empty; red, full). The high resolution
enables the clear assignment of the map to the different AAV variants at positions with alternative amino
acids. The larger side chain density at position 417 identifies AAVrh.10 that possesses a glutamine residue
compared to AAV8’s and AAVrh.39’s threonine. The truncated density for the glutamic acid side chain
(E413) is due to high sensitivity of acidic residues to radiation damage caused by cryo-electron
microscopes (84). The amino acids are shown as stick representation. Atom colors: C, yellow; O, red;
N, blue. This figure was generated using UCSF-Chimera (78). (B) Structural superposition of AAV8,
AAVrh.10, and AAVrh.39 VP shown as ribbon diagrams. The conserved �-barrel core motif (�B to �I), �A,
and the �A helix are indicated, the positions of VR-I to VR-IX are labeled, and the approximate icosahedral
2-, 3-, and 5-fold axes are represented by an oval, triangle, and pentagon, respectively. This image was
generated using PyMOL (85).
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have not been reported for any other parvovirus empty/full structure comparison and
were not observed for the current AAV8, AAVrh.10, and AAVrh.39 structures.

As previously stated, three main differences exist between the empty and full
density maps: (i) electron density fills the interior of the full structures, (ii) the basket-
like density in the empty AAV8 and AAVrh.39 particles extend the channel at the 5-fold
axis, and (iii) the full structures for all three viruses, as well as the empty AAVrh.10
structure, have density within the 5-fold channel (Fig. 1C, 2, and 4A). The additional
density in full capsids extend into a pocket underneath the 3-fold-symmetry axis while
leaving a gap at the 5-fold axis (Fig. 2B and 4A). An adenine nucleotide could be built
into the portion of this density (at 1.5�) inserted between VP3 amino acids P422 and
H632/P633 offset from the 3-fold axis (Fig. 4B). This assigned nucleotide density is
contiguous with additional low sigma density (at 0.8 �) flanking either side of the
adenosine nucleotide, exiting the 3-fold pocket and filling the remaining void in the
pocket, leading toward the 3-fold symmetry axis. These nucleotides, not as well ordered
compared to the adenine nucleotide, were interpreted as cytosines; thus, a dCAC
trinucleotide was built (Fig. 4B). Two of these nucleotides, the 5= dCMP and dAMP, are
structurally equivalent to those previously reported in the crystal structure of AAV8 full
particles (56). The application of icosahedral symmetry to the VP model, including the
dCAC, to generate a capsid, likely results in steric clashes of the dC nucleotides
positioned at the 3-fold axes. This suggests that only one ssDNA strand can lead into
the 3-fold pockets and interacting with two symmetry-related VP P422 and H632/P633
pockets before exiting the 3-fold pocket. Thus, three possible “pathways” for the ssDNA
ordering could be interpreted to generate a pentanucleotide chain at the 3-fold region
(Fig. 4C and D). The less ordered state of the DNA density in all three maps compared
to the surrounding VP density is likely due to the fact that the ssDNA does not follow
icosahedral symmetry (unlike VP3), which was imposed during the 3D image recon-
struction (Fig. 4B and C). While the positioning of the DNA density was similar in all
three viruses, H632 adopts a dual conformation in AAVrh.39 that introduces minor
differences in interaction and juxtaposition between the ordered nucleotides and VP
atoms among the three viruses (Fig. 4B). Significantly, side chain movement of residues
F631 and H632, “the HIS-PHE switch,” was proposed as a mechanism for the loss of
VP-DNA interaction as the pH decreases in full AAV8 particles, resulting in the loss of
DNA density (56). The orientation of H632 in all three viruses is consistent with the DNA
binding position observed in other AAVs (17, 18, 20, 21, 24, 56) and the dual orientation
in AAVrh.39 appears to stabilize the phosphodiester bond between the dAMP and the
3= dCMP (Fig. 4B). Histidine 632 is not the only residue displaying dual conformation in
these structures. Notably, histidine 230 also adopts a dual conformation in the empty
AAVrh.10 structure (Fig. 5) but not in the full particles or in the AAV8 and AAVrh.39
structures. This residue is located near the 5-fold symmetry axis and the dual confor-
mation may be related to the observed differences of the 5-fold region in empty
AAVrh.10 particles versus the AAV8 and AAVrh.39 particles.

The 3-fold pocket is the previously described AAV nucleotide-binding site conserved
among AAV serotypes (11, 17, 18, 20, 21, 24). However, these previous reports include
an ordered nucleotide in “empty” AAV6 and AAV8 VLPs (11, 18). The presence of an
ordered nucleotide in an otherwise empty capsid led to the hypothesis that the AAV
capsids might require a nucleotide to initiate capsid assembly (11). The present study
suggests that previous observations were due to both empty and DNA-packaged
particles in samples crystallized rather than an assembly requirement because of the
lack of nucleotide density in the empty structures. The previous reports thus support
reports of AAV packaging cellular pieces of DNA in the absence of Rep proteins (59). A
prior study of AAV8 showed that while exposure to low-pH conditions reduces nucle-
otide ordering in full particles, this is reversible when conditions are restored to pH 7.5
(56). Thus, the low pH used for elution during AVB purification is not responsible for the
lack of interior density in the empty particles.

A similar density to that extending the channel at the 5-fold axis in the empty AAV8
and AAVrh.39 structures has been previously reported for bocaparvoviruses (BoVs) VLPs
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and AAV5 VLPs complexed an FAb (60–62). The first N-terminal residue in the ordered
VP region for all currently known parvovirus VP structures is located at the base of the
5-fold channel (63). In the BoV and AAV5 complex structures, the main chain of
additional N-terminal amino acids, compared to other parvovirus VPs and wild-type
AAV5 were built into the basket density (60, 61). Empty AAVrh.10 particles did not show

FIG 4 Comparison of nucleotide binding pocket in empty and full particles. (A) Close-ups of cross-sectional views underneath the 3-fold symmetry
axis based on the empty maps, colored as for Fig. 1. The additional density of the full maps is colored in pink showing the position of the
nucleotide binding pocket (rectangle). (B) The modeled AAV8, AAVrh.10, and AAVrh.39 residues at the nucleotide binding pocket are shown inside
their mesh density maps (black, empty; red, full). The presence of extra density including an ordered nucleotide (dAMP) exclusively in the full maps
of AAVrh.10 and AAVrh.39 can be observed. The more disordered density on either side of the dAMP was interpreted as cytosine nucleotides
(dCMP). (C) A pentanucleotide built based on density at the 3-fold symmetry axis is shown for the full AAVrh.39 structure (as an example) inside
a red mesh density map. The location of the 3-fold symmetry axis is indicated. Panels A to C were generated using UCSF-Chimera (78). (D) Three
models of a pentanucleotide (CACAC) DNA strand shown at the 3-fold DNA binding pocket. Since the DNA does not follow icosahedral symmetry,
icosahedral averaging results in the disorder of nucleotides (circles with broken lines). Atom colors: C, yellow; O, red; N, blue.
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any extended density below the 5-fold channel and the first ordered N-terminal residue
is alanine 219 (Fig. 2C). In empty AAV8 particles the N-terminal density is slightly
extended which allowed the building of an additional residue, glycine 218 (Fig. 2C).
However, in full AAV8 particles the ordered density is truncated to glycine 221. The
basket-like structure in empty AAVrh.39 particles allowed the building of additional
amino acids up to asparagine 216 (Fig. 2C), which suggests that the N terminus is
projected into the interior in empty but not in full capsids. AAV8, AAVrh.10, and
AAVrh.39 have no amino acid differences at their VP N termini, and the same genome
was packaged into all three viruses; thus, the reason for the difference in the 5-fold
basket ordering among them remains to be determined.

Notably, the gap observed in the additional density in the full capsids underneath
the 5-fold channel coincides with density inside the channel of the full structures for all
three viruses (Fig. 1C, 2B, and D). In addition, the AAVrh.10 empty map, with no basket,
has density within the 5-fold channel (Fig. 2A). Previous studies suggest that the VP1u
of parvoviruses is externalized via the 5-fold channel for its PLA2 enzyme function (25).

FIG 5 Dual conformation of histidine 230. The modeled AAV8, AAVrh.10, and AAVrh.39 residues are
shown inside their mesh density maps (black, empty; red, full). Atom colors: C, yellow; O, red; N, blue;
S, green. Histidine 230 adopts alternative side chain conformations in the absence of packaged DNA
exclusively in AAVrh.10. This figure was generated using UCSF-Chimera (78).
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The VP1/2 common region also requires externalization for its nuclear localization
functions, which is also proposed to occur via the 5-fold channel. Thus, it is possible
that the flexible VP1/VP2 common region and VP1u normally occupy the space under
the 5-fold channel and that the gap observed is because these VP regions are
externalized in the three full structures and AAVrh.10 empty structure. Density in the
5-fold channel has been reported for crystal structures of AAV8 VLPs and full AAVrh.8
capsids (11, 17). As discussed above, the AAV8 VLP structures previously reported were
likely a mixture of empty capsids and those containing fragments of DNA. Significantly,
the rod-shaped densities in the 5-fold channels observed here are reminiscent of the
channel density reported for AAVrh.8 (Fig. 2D) (17). Interpretation of the exact amino
acids in the channel density is difficult because this stretch at the 5-fold symmetry axis
is icosahedrally averaged, and it did not connect to the first ordered residues, nor did
it extend further inside the capsid to the basket residue. However, due to the narrow
diameter of the channel, a stretch of amino acids with small side chains such as, for
example aa 198 to 209 (GLGSGTMAAGGG) is suggested. The presence of several
glycines to confer flexibility to the VP N termini would facilitate externalization of the
enzymatic VP1u region. The absence of the channel density in the AAV8 and AAVrh.39
empty capsid structures and presence of the basket underneath the 5-fold channel is
consistent with the lack of externalized N-terminal VP regions and indicates their
positioning within the capsid interior.

Specific residues determine the ability to cross the blood-brain barrier. One of
the advantages of AAVrh.10 is its natural ability to cross the BBB and transduce
neuronal cells similar to AAV9 (50, 52, 53). Unlike AAV8, AAVrh.39 is also capable of
crossing the BBB and efficiently transduces neuronal cells and keratinocytes but
possesses an alternative tissue tropism to different neuronal cell types compared to
AAVrh.10 (50). Due to the high structural similarity of these viruses, the difference in the
ability to cross the BBB is thus likely based on amino acid differences within the VRs.
The majority of the 48 amino acid differences between AAV8 and AAVrh.10 are located
within or near the VRs on the capsid surface (Fig. 6A). Similarly, most amino acid
differences between AAVrh.10 and AAVrh.39 are also located on the capsid surface (Fig.
6B). In the case of AAVrh.10, BBB crossing was previously mapped to VR-I (52). In this
regard, it makes sense that AAVrh.39 shares the same ability since there is no structural
or sequence difference in both AAVs in this region. AAV8 is also structurally similar in
VR-I compared to AAVrh.10 and AAVrh.39 but displays a single amino acid difference
(S269A) (Fig. 6D). This points to the importance of serine 269 in the BBB crossing ability.
Interestingly, AAV9, which is also able to cross the BBB, conserves the serine (S268) in
VR-I (Fig. 6C and D). Despite the fact that the AAV9 VR-I adopts a different loop
configuration compared to AAV8, AAVrh.10, or AAVrh.39, the serine side chain is
located approximately in the same position in all three structures where it is conserved
(Fig. 6D). In a recent study, the amino acids of AAVrh.10 VR-I were substituted to the
corresponding sequences of AAV1 (AAVRX1) and the BBB-crossing efficiency was
reduced in this variant but not completely lost (64). This indicates that additional amino
acids of the AAVrh.10 capsid act together with serine 269 to achieve the BBB crossing
phenotype. In order to identify these residues, differences on the capsid surfaces of
AAVrh.10 and AAVrh.39 compared to AAV8 were analyzed and subsequently cross-
checked with AAV9 (Fig. 6C and D). Among the shared differences for AAVrh.10 and
AAVrh.39 to AAV8, eight amino acids are identical to AAV9, including serine 269 (Fig.
6C). Interestingly, two additional shared amino acids are in close proximity to serine 269
and are located at the base of VR-IV. Asparagine 472 (N470 in AAV9) is located �7.5 Å
away with identical side chain orientations (Fig. 6D). This amino acid is reported to be
important for galactose binding in AAV9 (65). Among numerous AAVs compared, no
other serotype contains this asparagine in this position, including AAV8 that has a
threonine (Fig. 6D). The second residue is alanine 468 (A466) with a distance of �6 Å
to asparagine 472, which is a glycine in AAV8. In addition, alanine 475 of AAVrh.10 and
AAVrh.39 might preserve a more hydrophobic environment similar to AAV9 with a
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valine (V473) unlike AAV8 with an asparagine (N465) (Fig. 6D). It would be interesting
to see whether the mutation of asparagine 472 in AAVRX1 (64) completely knocks out
the capability to cross the BBB.

Conclusions. Following its identification in 2003, from rhesus macaque tissues (66),
vectors based on AAVrh.10 have been utilized in multiple clinical trials to treat mono-

FIG 6 Comparison of the capsid surfaces of AAV8, AAVrh.10 and AAVrh.39. (A) Gray surface representation of the AAVrh.10 capsid
generated from 60 VP monomers. The amino acid differences to AAV8 on the capsid surface are colored and an example of each is labeled.
(B) Surface representation of the AAVrh.10 capsid showing the locations of amino acid differences to AAVrh.39. Example residues are
labeled. (C) Tabular overview of all capsid surface amino acid differences between AAV8, AAVrh.10 and AAVrh.39. In addition, the
corresponding amino acid in AAV9 is shown. Residues highlighted in green are present in AAV8 or identical to AAV8. Similarly, residues
in brown are present in AAV9 or are shared with AAV9. Amino acids highlighted in yellow are found exclusively in AAVrh.10 and AAVrh.39.
(D) Structural comparison of the region proposed to confer ability to cross the BBB. Its approximate location on the full capsid is shown
by the rectangle in panel A. This image was generated using PyMOL (85).
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genetic diseases, including Sanfilippo syndrome type A (55), metachromatic leukodys-
trophy (54), Batten Disease, or hemophilia B (https://clinicaltrials.gov). In contrast to
AAV8 and AAVrh.10, AAVrh.39 is yet to be used in a clinical trial, but studies show
promise in certain neuronal cells and in keratinocytes (49, 50). The capsid structures of
clinical vectors at atomic resolution provides an additional feature for product identi-
fication and approval if needed by the FDA or the EMA since they require sufficient
knowledge of the vector background for evaluation (67). In addition, by providing
atomic detailed information, the available structures can serve as a platform for further
engineering toward improved characteristics. Potential capsid engineering targets
include surface-exposed tyrosine, serine, threonine, and lysine amino acids to prevent
phosphorylation or ubiquitination of the capsid that leads to their degradation follow-
ing cellular entry to improve gene therapy success related to transduction efficiency
(68, 69). Furthermore, the capsid surface information will aid future engineering at-
tempts to generate AAVrh.10 and AAVrh.39 variants with the ability to (i) escape
preexisting neutralizing antibodies based on information on known epitopes for other
AAVs (70) or (ii) target different cell types based on tissue tropism information (50).

MATERIALS AND METHODS

Recombinant AAV production and purification. Recombinant AAV8, AAVrh.10, and AAVrh.39
vectors, with a packaged luciferase gene, were produced by triple transfection of HEK293 cells, utilizing
pTR-UF3-Luciferase, pHelper (Stratagene), and either pXR8, pAAV2/rh.10, or pAAV2/rh.39; purified by AVB
Sepharose affinity chromatography; and concentrated as previously described (60).

Cryo-EM data collection. Small aliquots (3.5 �l) of purified rAAV vectors were applied to glow-
discharged Quantifoil copper grids with 2-nm continuous carbon support over holes (Quantifoil R 2/4
400 mesh), blotted, and vitrified using a Vitrobot Mark 4 (FEI) at 95% humidity and 4°C. The particle
distribution and ice quality of the grids were screened in-house using an FEI Tecnai G2 F20-TWIN
microscope (FEI Co.) operated under low-dose conditions (200 kV, �20 e�/Å2). Images were collected on
a GatanUltraScan 4000 charge-coupled device camera (Gatan). Grids deemed suitable for high-resolution
data collection were used for collecting micrograph movie frames using the Leginon application (71)
on a Titan Krios electron microscope. The microscope was operated at 300 kV, and data were collected
on a DE20 (for AAV8 and AAVrh.39) or DE64 (for AAVrh.10) direct electron detector (Direct Electron).
During data collection, a total dose of 60 to 67 e�/Å2 was utilized for 37 to 40 movie frames per
micrograph. The movie frames collected on the DE20 detector were aligned using the DE_process-
_frames software package (Direct Electron) without dose weighting as previously described (61, 72).
MotionCor2 was used for aligning the movie frames collected on the DE64 detector with dose weighting
(73). The data sets were collected as part of the NIH Southeastern Center for Microscopy of MacroMo-
lecular Machines (SECM4) project.

Icosahedral 3D image reconstruction. Individual particle images were selected from the aligned
micrographs using the semiautomated and automated boxing application e2boxer subroutine in the
EMAN2 program (74) and coordinated files converted to the bcrd format using the auto3dem subroutine
box2bcrd. The AUTOPP subroutine (options F and O) of AUTO3DEM was used for preprocessing
(normalization and apodization) of the extracted particle images (75). The defocus values for each
micrograph were estimated using CTFFIND4, embedded in AUTOPP (option 3X), to correct the
microscope-related contrast transfer functions (CTFs) (76). Initial models at low resolution (i.e., �30-Å
resolution) were generated from 100 particle images using the ab initio model generating subroutine
within AUTO3DEM while applying icosahedral symmetry (75). For each reconstruction, the entire data set
was used to search the particles’ origins and orientations, followed by cycles of origin and orientation
refinement, solvent flattening, and CTF refinement. In the case of the AAV8 and AAVrh.39 data sets,
which utilized the non-dose-weighted images, the movie frames were realigned by truncating the
number of frames to 3 to 20. This step aimed to minimize the effects of drift in early movie frames and
potential radiation damage in latter movie frames. The new images were used for further rounds of
refinement, followed by removal of outlier particles with the “score fraction” option within AUTO3DEM
(75). For all data sets, different B-factor (temperature factor) values—1/50, 1/100, 1/150, and 1/175
Å2—were applied to sharpen the high-resolution features of the resulting final maps, followed by visual
inspection in the Coot and Chimera applications (77, 78). The resolution of each cryo-reconstructed map
was calculated based on a Fourier shell correlation (FSC) of 0.143 (Table 1).

Model building and structure refinement. 3D homology models of AAVrh.10 and AAVrh.39
VP3 were generated using their amino acid sequences (NCBI accession numbers AAO88201.1 and
ACB55313.1, respectively) in the protein structure homology-modeling server Swiss-Model (https://
swissmodel.expasy.org/) with the crystal structure of AAV8 (RCSB PDB 2QA0) supplied as a template (11,
79). A 60-mer coordinate model was generated from the VP3 with the VIPERdb2 oligomer generator
subroutine by icosahedral matrix multiplication (80). The 60-mer capsid models of each AAV were docked
into the cryo-reconstructed density maps of AAV8, AAVrh.10, and AAVrh.39 by rigid body rotations and
translations using the “fit in map” subroutine within UCSF-Chimera (78) that uses a correlation coefficient
(CC) calculation to assess the quality of the fit between the map generated from the model and the
reconstructed map. During the model fitting, the voxel (pixel) size of each reconstructed map was
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adjusted to optimize the CC between the models and maps. The fitted models were exported relative to
the respective map for further use. Each map was resized to the voxel size determined in Chimera using
the “e2proc3D.py” subroutine in EMAN2 (74) and then converted to the CCP4 format using the program
MAPMAN (81). A VP monomer was extracted from each 60-mer, and the side and main chains were
adjusted into the maps by manual building and use of the real-space-refinement subroutine in Coot (77).
The adjusted capsid model was refined against the map utilizing the rigid-body, real-space, and B-factor
refinement subroutines in Phenix (82). Model refinement was alternated with visualization and adjust-
ment using Coot to maintain model geometry, as well as rotamer and Ramachandran constraints (77).
The CC and refinement statistics, including the RMSD from ideal bond lengths and angles (Table 1), were
analyzed using Phenix (82).

AAV capsid structure comparison. The C� positions of all ordered residues within the VP3 atomic
coordinates of AAV8, AAVrh.10, and AAVrh.8 were superposed using secondary structure matching (SSM)
in Coot (83). The SSM subroutine generated RMSD values between the structures and calculated
distances between the aligned C� positions.

Data availability. The full and empty AAV8, AAVrh.10, and AAVrh.39 cryo-EM reconstructed density
maps and models built for their capsids were deposited in the Electron Microscopy Data Bank (EMDB)
with accession numbers EMD-21004/PDB ID 6V10 (AAV8 full), EMD-21010/PDB ID 6V12 (AAV8 empty),
EMD-21011/PDB ID 6V1G (AAVrh.10 full), EMD-0663/PDB ID 6O9R (AAVrh.10 empty), EMD-21020/PDB ID
6V1Z (AAVrh.39 full), and EMD-21017/PDB ID 6V1T (AAVrh.39 empty), respectively.
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Processing or refinement parameter
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Pixel size (Å/pixel) 0.95 0.95 0.97 0.97 0.95 0.96
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No. of particles used for final map 974 6,878 46,558 84,375 5,997 30,949
Inverse B factor used for final map (Å2) �1/25 �1/50 �1/100 �1/100 �1/75 �1/100
Resolution of final map (Å) 3.77 3.08 2.98 2.75 3.58 3.39
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RMSD (angles) 0.78 0.78 0.84 0.85 0.91 0.84
All-atom clashscore 9.44 6.27 9.22 7.40 10.26 8.81
Ramachandran plot

Outliers 0.2 0 0 0 0 0
Allowed 2.7 1.9 2.1 1.5 2.6 3.7
Favored 97.1 98.1 97.9 98.5 97.4 96.3

Rotamer outliers 0 0 0 0 0 0
C� deviations 0 0 0 0 0 0
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