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ABSTRACT Adeno-associated viruses (AAVs) are being developed as clinical gene therapy
vectors. One issue undermining their broad use in the clinical setting is the high prevalence
of circulating antibodies in the general population capable of neutralizing AAV vectors.
Hence, there is a need for AAV vectors that can evade the preexisting immune response.
One possible source of human naive vectors are AAVs that do not disseminate in the pri-
mate population, and one such example is serpentine AAV (SAAV). This study characterizes
the structural and biophysical properties of the SAAV capsid and its receptor interactions
and antigenicity. Single particle cryo-electron microscopy (cryo-EM) and thermal stability
studies were conducted to characterize the SAAV capsid structure at pH 7.4, 6.0, 5.5, and
4.0, conditions experienced during cellular trafficking. Cell binding assays using Chinese
hamster ovary (CHO) cell lines identified terminal sialic acid as the primary attachment re-
ceptor for SAAV similar to AAV1, 4, 5, and 6. The binding site of sialic acid to the SAAV cap-
sid was mapped near the 2-fold axis toward the 2/5-fold wall, in a different location than
AAV1, 4, 5, and 6. Towards determining the SAAV capsid antigenicity native immunodot
blots showed that SAAV evades AAV serotype-specific mouse monoclonal antibodies.
However, despite its reptilian origin, it was recognized by ;25% of 50 human sera tested,
likely due to the presence of cross-reactive antibodies. These findings will inform future
gene delivery applications using SAAV-based vectors and further aid the structural charac-
terization and annotation of the repertoire of available AAV capsids.

IMPORTANCE AAVs are widely studied therapeutic gene delivery vectors. However,
preexisting antibodies and their detrimental effect on therapeutic efficacy are a primary
challenge encountered during clinical trials. In order to circumvent preexisting neutralizing
antibodies targeting mammalian AAV capsids, serpentine AAV (SAAV) was evaluated as a
potential alternative to existing mammalian therapeutic vectors. The SAAV capsid was
found to be thermostable at a wide range of environmental pH conditions, and its structure
showed conservation of the core capsid topology but displays high structural variability on
the surface. At the same time, it binds to a common receptor, sialic acid, that is also utilized
by other AAVs already being utilized in gene therapy trials. Contrary to the initial hypothe-
sis, SAAV capsids were recognized by one in four human sera tested, pointing to conserved
amino acids around the 5-fold region as epitopes for cross-reacting antibodies.

KEYWORDS AAV, adeno-associated virus, antibody, capsid, cryo-EM, gene therapy,
human sera, parvovirus, receptor, sialic acid

Adeno-associated viruses (AAVs) are ssDNA, non-enveloped, small (;26 nm diameter),
T = 1, viruses of the family Parvoviridae, genus Dependoparvovirus (1). Dependoparvoviruses

have been isolated from a wide range of mammals including human (2), nonhuman primate
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(3), cow (4), goat (5), pig (6), sea lion (7), fox (8), rodents (9), and bat (10). In addition, mem-
bers of this genus have also been found in birds (11) and reptiles (12, 13). The structures of
many AAV serotype, variant, and isolate capsids have been determined by X-ray crystallogra-
phy and/or cryo electron microscopy (cryo-EM) (14–30). All AAV capsid structures display
common features such as a channel at the 5-fold axis, protrusions around the 3-fold axis,
and depressions at the 2-fold axis and around the 5-fold channel (31). The capsids are com-
posed of three overlapping structural viral proteins (VPs), the minor proteins VP1 (;80 kDa)
and VP2 (;65 kDa), and the major protein VP3 (;60 kDa). A total of 60 VPs are incorporated
in a capsid at an approximate ratio of 1:1:10, respectively (32). The amino acid sequence of
VP3 is shared with both minor capsid proteins, while VP2 has an N-terminal region that it
shares with VP1 (VP1/2 common region). The VP1/2 common region contains nuclear local-
ization motifs that have been shown to play a role in targeting of the incoming capsid to-
ward the nucleus following infection of a cell with an AAV (33). In addition, VP1 contains a
unique N-terminal sequence, termed the VP1 unique region (VP1u), that contains a phos-
pholipase A2 domain that is required for escaping the endosomes during trafficking through
the endo-lysosomal pathway (34). The N termini of both VP1 and VP2 are believed to be
located in the interior of the capsid and following a structural rearrangement become exter-
nalized upon acidification of the endosome during cellular trafficking (35). This externaliza-
tion was suggested to occur through the channel at the 5-fold axes of the capsids (36). Due
to the intrinsic disorder as well as the lower copy number of the N termini of VP1 and VP2
to date, their structures are unknown. Similarly, the first ;15 N-terminal residues of VP3 are
not ordered in the determined AAV capsid structures. The core of the ordered VP3 common
region of the AAVs contains a jelly roll motif with an eight stranded antiparallel b-sheet,
plus an additional bA-strand, antiparallel to bB, which form the interior surface of the capsid
(32). Also common to AAV capsid structures is an a-helix located near the 2-fold axis. The core
b-sheets and a-helical region are structurally conserved among the Dependoparvoviruses.
Between the b-strands large loops are inserted that form the exterior capsid surface topology.
In contrast to the core, these surface loops display high structural variability that have been
defined as variable regions (VRs) (17). A total of nine VRs (VR-I to -IX) have been described. The
VRs of the AAVs are responsible for the phenotypic differences of the AAVs. They have been
associated with glycan and protein receptor attachment (31, 32, 37), transduction (38–40), and
antigenicity (41–44).

The AAVs are widely studied for their use as therapeutic gene delivery vectors to
treat a large variety of monogenetic diseases (45). Currently all the vectors used in clinical tri-
als and approved gene therapy biologics are based on primate AAVs. Despite the nonpatho-
genic character of the viruses, a significant percentage of the human population (40-70%)
are seropositive for neutralizing antibodies that target primate AAVs (46) due to prior expo-
sure. These antibodies can potentially target the viral capsids and lead to vector inactivation
resulting in a loss of treatment efficacy. In order to circumvent this preexisting immunity,
capsids of viruses may be utilized that are not prevalent in the human population. Squamate
dependoparvovirus 1, also known as serpentine adeno-associated virus (SAAV), was isolated
from Python regius and Boa constrictor snakes (12), and the capsid displays low sequence iden-
tity to the primate AAVs (54–59%).

In this study, the capsid structure of SAAV was determined by cryo-electron microscopy
(cryo-EM) and 3D image reconstruction at pH 7.4 to 3.25 Å resolution. Comparisons of the
SAAV capsid structure to AAV1, AAV2, and AAV5 show significant differences in the surface
loops while the core of the capsid remains structurally conserved. Nonetheless, SAAV was
found to bind to a common glycan receptor, sialic acid, that is also utilized by other AAV
serotypes such as AAV1, 4, 5, and 6. The sialic acid binding site was mapped to the 2/5-fold
wall near the 2-fold axis. Following cellular attachment, the viral capsid encounters lower pH
conditions during endosomal trafficking. Here, we show that the SAAV capsid structure
remains largely unchanged at pH 6.0, 5.5, and 4.0, compared to pH 7.4, with some structural
rearrangements of the N termini and 5-fold channel. In an effort to characterize the antige-
nicity of SAAV, the capsid was probed with a panel of AAV-specific monoclonal antibodies
(MAbs) directed against the AAV serotypes and various human serum samples. While SAAV
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was not recognized by any of the MAbs, ;25% of human sera reacted with SAAV capsids,
likely due to the presence of cross-reactive antibodies. This could hamper the utilization of
SAAV based vectors for future gene delivery applications but may also help to identify the
cross-reactive epitopes of different AAVs to further optimize vectors with antibody escape
properties.

RESULTS AND DISCUSSION
SAAV structure determination. Following production of SAAV virus-like particles (VLPs)

in Sf9 cells by recombinant baculoviruses and purification by sucrose cushion and gradient
ultracentrifugation with subsequent anion-exchange chromatography the purified fraction
contained a major band consistent with SAAV VP3, migrating at ;60 kDa, by SDS-PAGE (Fig.
1A). Negative stain EM (not shown) and cryo-EM micrographs showed intact and pure par-
ticles of approximately 25 nm in diameter (Fig. 1A). Thus, the SAAV VLPs were deemed suita-
ble for structure determination by cryo-EM, and data collection was supported by the NIH
“Southeastern Center for Microscopy of MacroMolecular Machines (SECM4)” project. For 3D-
image reconstruction of the SAAV capsid, a total of 73,613 individual particles were utilized
resulting in a resolution of 3.25 Å, based on an FSC threshold of 0.143 (Table 1). The recon-
structed SAAV capsid map displayed the characteristic surface features also seen in other
AAVs such as channels at the icosahedral 5-fold axes, three protrusions surrounding the
3-fold axes, and depressions at the 2-fold and depressions surrounding the 5-fold axes,
which are separated by a raised region termed 2/5-fold wall (Fig. 1B). However, the 3-fold
protrusions were less “spiky” compared to AAV2 and more similar to those of AAV5 (14, 16).
The SAAV capsid map displayed well-ordered side chain densities (Fig. 1C) for most of the

FIG 1 SAAV VLPs cryo-EM structure. (A) SDS-PAGE of the purified SAAV VLPs at pH 7.4 with a band at ;60 kDa
equivalent to the size of VP3 and example cryo-electron micrograph. Scale bar: 100 nm. (B) The capsid surface
density maps contoured at a sigma (s ) threshold level of 2. The map is 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
are indicated on the capsid map. (C) The modeled SAAV residues of the bD strand are shown inside their
density map. The amino acid residues are shown as stick representation and colored according to atom type:
C, yellow; O, red; N, blue. Panel B and C were generated using UCSF-Chimera (79).
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amino acid residues, and a model for SAAV VP3 was built starting from alanine 206 at the
N-terminus to leucine 726 at the C-terminus. This N-terminal alanine is equivalent to alanine
218 in AAV1 and AAV2 and alanine 208 in AAV5. The start of structural ordering at the N-ter-
minus is comparable to the other AAVs, with AAV1 and AAV2 showing one additional and
AAV5 displaying one less ordered residue relative to SAAV (14, 16, 23). The final pH 7.4
SAAV multimerized capsid model (60mer) was refined and evaluated relative to the cryo-
reconstructed map using Phenix, resulting in a correlation coefficient of 0.863 (Table 1).

Structural comparison of SAAV to other AAVs. The amino acid sequence identity
of SAAV for the ordered VP structure compared to other AAVs is low, e.g., 57% versus AAV1,
55% versus AAV2, and 53% versus AAV5. However, similar to other known AAV capsid struc-
tures (14–30), the SAAV VP3 topology conserves the core bA-strand, the eight-stranded anti-
parallel b-barrel (bB-bI), and a-helix (Fig. 2A and B), which are superposable to the AAV1
(PDB-ID 3NG9), AAV2 (1LP3), and AAV5 (3NTT) VP monomers with Ca RMSDs ranging from
0.60 to 0.66 Å. The majority of sequence conservation is located in or near the b-barrel and
a-helix (Fig. 2A), whereas only 8–15% of the surface amino acids are conserved. Structural
variability of the SAAV VP is mostly observed in the exterior surface loops within the previ-
ously defined VRs (Fig. 2A and B) (17). The VRs with the highest structural variability are VR-I,
VR-IV, VR-VII, and VR-IX (Fig. 2B and C). The SAAV VR-I, located at the 2/5-fold wall, possesses
a single amino acid insertion compared to AAV1 and two insertions compared to AAV2 and
AAV5 (Fig. 2A) with a Ca distance of the aligned VPs of up to ;8 Å for AAV1, ;5 Å for
AAV2, and ;6 Å for AAV5, respectively (Fig. 2C). The large structural variability of VR-IV is
mainly caused by a 6 amino acid insertion in AAV1 and AAV2 when compared to SAAV and
AAV5, resulting in Ca displacements of up to;11 Å (Fig. 2A and C). The VR-IV is the loop re-
sponsible for the “spiky” appearance of the AAV2 3-fold protrusions. Thus, sharing a similar
loop length to AAV5 explains the similar appearance of the SAAV capsid. While SAAV’s VR-IV
loop is similar to AAV5, differences are observed at the base of the loop where SAAV is
more like AAV1 and AAV2 (Fig. 2B). The other two loops contributing to the 3-fold protru-
sions, VR-V and VR-VIII, show less variability. In the case of SAAV’s VR-VIII, the highest Ca dis-
tance difference of up to 6 Å is observed at the base of the loop instead of the apex com-
pared to AAV1, 2, and 5. VR-VII, located on the side of the 3-fold protrusions, adopts a
different conformation in SAAV with up to 8 Å in Ca distance variation compared to the
other AAVs despite the absence of insertions or deletions relative to AAV1 and AAV2 (Fig.
2B and C). SAAV’s VR-IX is unique, due to a 5 amino acid insertion compared to AAV1, 2,
and 5, generating an additional loop on the SAAV surface (Fig. 2A and B). None of the other
AAV serotypes or rhesus isolates possess any insertions in VR-IX indicating a possible reptile-
specific adaptation of the capsid, especially since bearded dragon parvovirus, another reptile

TABLE 1 Summary of data collection, image processing, and refinement statistics

Parameter pH 7.4 pH 6.0 pH 5.5 pH 4.0 3’SLN 6’SLN
Micrographs 390 1,435 2,002 1,217 1,693 1,806
Defocus range (mm) 0.9–3.3 1.0–3.0 0.–2.8 1.0–3.0 1.5–2.6 1.2–2.4
Electron dose (e-/Å2) 62 60 34 60 34 34
Frames per micrograph 30 50 30 50 30 30
Pixel size (Å/pixel) 1.24 1.09 1.09 1.09 1.09 1.09
Particles used for final map 73,613 55,586 402,005 149,155 96,418 269,981
Resolution (Å) 3.25 2.73 2.14 2.66 3.50 3.50

Model refinement statistics
Map CC 0.866 0.863 0.870 0.850 0.844 0.842
RMSD bond (Å) 0.01 0.01 0.01 0.01 0.01 0.01
RMSD angle (°) 0.79 0.82 0.82 0.83 0.71 0.72
All-atom clash score 5.02 6.67 4.02 6.29 5.68 5.98
Ramachandran (%)
Favored 98.1 98.2 98.4 98.4 97.8 98.0
Allowed 1.9 1.8 1.6 1.6 2.2 2.0
Unfavored 0 0 0 0 0 0

Rotamer outliers (%) 0 0 0 0 0 0
C-b deviation (%) 0 0 0 0 0 0

Characterization of the SAAV Capsid Journal of Virology

June 2022 Volume 96 Issue 11 10.1128/jvi.00335-22 4

https://doi.org/10.2210/pdb3NG9/pdb
https://doi.org/10.2210/pdb1LP3/pdb
https://doi.org/10.2210/pdb3NTT/pdb
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00335-22


FIG 2 Structural alignment of SAAV, AAV1, AAV2, and AAV5 VPs. (A) Structure-based sequence alignment, except for the VP3 N termini prior to the
first structurally ordered amino acid. The VP3 residue numbers indicated above the amino acid sequence are based on SAAV. Secondary structure
elements such as b-strands and a-helices are shown as black arrows and black cylinders, respectively. The positions of the VRs are indicated above
the sequence. Amino acids highlighted in yellow indicate sequence identity among all four viruses. Amino acids whose Ca atoms are further than
2 Å apart when superposed onto SAAV are shown offset and in red below the aligned residues. (B) Structural superposition of SAAV (pink), AAV1
(purple), AAV2 (blue), and AAV5 (gray) shown as ribbon diagrams. The position of b-strand A-I, a-helix A, the N- and C-terminus, and the
icosahedral 2-, 3-, and 5-fold axes are labeled. This figure was generated using PyMol (86). (C) Ca-Ca distance plot for SAAV compared to AAV1
(purple), AAV2 (blue), and AAV5 (gray). The positions of the VRs are indicted.
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dependoparvovirus, also displays a similar insertion in VR-IX (13). VR-IX is located next to
VR-I at the 2/5-fold wall and flanks the 2-fold axis. In contrast to VR-I and VR-IX, SAAV’s VR-III,
which is also located at the 2/5-fold wall, only shows minimal structural variability to the
other AAVs (Fig. 2B). The least structural variability to the primate AAVs is seen around the
5-fold axis, which includes VR-II and the HI-loop with the exception of AAV5, which pos-
sesses a single amino acid deletion in the HI-loop (Fig. 2A and B). The absence of significant
structural differences in these loops are likely due to the essential common functions of the
AAVs, such as DNA packaging and VP1u externalization (36, 47). The overall Ca RMSD of the
SAAV VP structure to the other AAVs ranges from 1.6 to 1.9 Å, which is comparable to a
BtAAV-10HB, another recently determined nonprimate AAV (30).

SAAV binds to terminal sialic acids. One of the functions of the capsid is to attach
to a receptor of the host cell. Many AAVs utilize glycan receptors such as terminal sialic
acid (AAV1, AAV4, AAV5, and AAV6), galactose (AAV9), and heparan sulfate proteogly-
cans (AAV2, AAV3, AAV6, and AAV13), which have been described as cell attachment
factors (48–53). In order to determine whether SAAV utilizes these common glycans for
cell attachment, a heparin binding assay and a cell binding assay using differential gly-
can presenting CHO cell lines were conducted. For the heparin binding assay, AAV2
was used as a positive control that bound to heparin-conjugated beads. In contrast,
SAAV did not bind to these beads (data not shown), thus likely excluding heparan sul-
fate proteoglycan as a receptor for SAAV. For the cell binding assay, the CHO-Pro5 cell
line that displays terminal sialic acid, the mutant Lec2 cell line that displays terminal
galactose, and the mutant Lec8 cell line that displays terminal N-acetylglucosamine
were utilized. The Lec2 and Lec8 cell lines are derived from the parental CHO-Pro5 cell
line resulting from mutations in specific genes required for glycan biosynthesis (54).
Binding of fluorescently-labeled capsids to the cells was determined by a FACS-based
assay. The AAV2 capsid was used as a positive control for the three cell lines since hep-
aran sulfate proteoglycan is present on all CHO cell lines. AAV1 and AAV5 showed ro-
bust binding to the Pro5 cells but not to the sialic acid deficient Lec2 and Lec8 cell
lines (Fig. 3). These AAVs are known sialic acid binders and thus used as benchmark for
this receptor type. Indeed, SAAV showed a very similar binding pattern as AAV1 and
AAV5, strongly indicating that terminal sialic acid is a receptor for SAAV. Also, terminal
galactose could be excluded as a SAAV receptor as it would have shown robust prefer-
ential binding to the Lec2 cell line, as seen previously for AAV9 (52).

The SAAV sialic acids binding site is located at the 2/5-fold wall. Both the sialic
binding pockets in the AAV1 and AAV5 capsid have been identified (55, 56). The AAV1 capsid
binds sialic acid at the side of the 3-fold protrusion toward the 2/5-fold wall, making contact
with N447, V473 (both VR-IV), and N500 (VR-V) (55), whereas AAV5 binds sialic acids near the
center of the 3-fold protrusion with residues M569, Y585, and L587 (all in VR-VIII) being the im-
portant contact residues (56). For AAV4 the sialic acid binding pocket has not been fully con-
firmed yet, but AAV4 capsid variants with amino acid substitutions in VR-V (K492E, K503E) and

FIG 3 SAAV binds to terminal sialic acid. Fluorescent-labeled VLPs were incubated with CHO Pro5,
Lec2, and Lec8 cells as described in the methods and the percentage of cells with fluorescent signals
determined by a FACS-based assay. AAV2 was tested as a positive control for all cell lines as it binds
to heparan sulfate proteoglycan. AAV1 and AAV5 were included as sialic acid binding controls.
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VR-VIII (G581D, Q583E, N585S) prevent cell binding and hemagglutination (57), also pointing
to the 3-fold region as the sialic acid binding pocket. The SAAV capsid does not conserve any
of these contact residues in structurally equivalent positions, suggesting an alternative binding
site for sialic acid. In order to determine the sialic acid binding site 3’SLN (NeuNAca2-3Galb1-
4GlcNAc) or 6’SLN (NeuNAca2-6Galb1-4GlcNAc) was added to SAAV VLPs at 10-fold excess
per potential binding site and cryo-EM data collected on these complexes. Both glycans with
alternative sialic acid linkages were tested as some AAVs such as AAV4 bind to a2-3-linked si-
alic acids but not a2-6-linked sialic acids (53). In contrast, other AAVs such as AAV1, AAV5, and
AAV6 bind to both types of sialic acids (48). The SAAV-glycan complexes were reconstructed
to 2.30 Å (3’SLN) and 2.14 Å (6’SLN) resolution from 96,418 and 269,981 capsids, respectively.
The resulting density maps showed very well-ordered amino acid side chain densities, and the
model generated from the 3.25 Å resolution map fitted well without significant structural devi-
ations. At this high resolution some additional disordered densities on the capsid surface were
observed for both complex maps. For better comparison to the lower resolution SAAV map,
an earlier iteration of the reconstruction process (at 3.5 Å resolution) for both complex maps
was used (Fig. 4A). In these maps, the extra density at the 2/5-fold wall is clearly visible when
the SAAV capsids were complexed with 3’SLN or 6’SLN. This density is similar in profile in both
maps and is located near VR-IX, and potential contact residues include F691, G692, D695, and
D699 (Fig. 4B and C). Both glycans are trisaccharides, but only the terminal sialic acid is
expected to bind to the capsid whereas the attached galactose and N-Acetyl glucosamine will
likely be flexible and not observed in the icosahedral reconstructed cryo-EM structure. Thus,
the densities near VR-IX were interpreted as sialic acids (Fig. 4B and C) which indicate that
SAAV binds both a2-3- and a2-6-linked sialic acids, similar to AAV1, AAV5, and AAV6 (48). As
the sialic acid binding pockets of the other AAVs are located around the 3-fold protrusions,
SAAVs’ sialic acid binding pocket around the 2-fold is unique. The capsids of minute virus of
mice (MVM), another parvovirus of a different genus, also bind to sialic acid near the 2-fold
symmetry axis (58). However, its binding mode is different from SAAV as it binds to sialic acid
utilizing residues in VR6 (equivalent to VR-VI of the AAVs) (59) that are located away from the
2/5-fold wall.

SAAV capsids gain stability at low pH. Following the attachment to the target cell
and receptor-mediated endocytosis, the viral capsid undergoes continuous acidification as it
traffics through the endosomal/lysosomal pathway. These changes in pH are believed to
trigger rearrangements in the capsid resulting in the externalization of the VP1u and VP1/2
common region. In order to characterize the SAAV capsid at the conditions of the early
endosome (pH 6), the late endosome (pH 5.5), and lysosome (pH 4), the VLPs were dialyzed
to the pH of these environments. Cryo-EM micrographs showed intact capsids for all the
tested conditions (Fig. 5A), and no indication of degradation of the VPs was visible by SDS-
PAGE (Fig. 5B). To further analyze the stability of the capsids, the melting temperatures (Tm)
of the SAAV capsid were determined at the different pHs by differential scanning fluorimetry
(DSF) and compared to AAV1, 2, and 5. The Tm of SAAV (in universal buffer) at pH 7.4 was
determined to be ;85°C (Fig. 5C). At the lower pHs of 6.0 and 5.5, the SAAV capsid exhib-
ited increased stability with a Tm of;89°C. However, pH 4.0 resulted in an abrupt reduction
of capsid stability with a Tm of;82°C. The same trend of stability at the different pH condi-
tions was also observed for AAV1 and AAV2 (Fig. 5C). However, AAV5 did not follow this
trend. The highest Tm for AAV5 was seen at physiological pH of 7.4 at;89.5°C, then steadily
decreasing as the pH is reduced to ;89.0°C at pH 6.0, ;88.0°C at pH 5.5, and ;76.5°C at
pH 4.0, respectively (Fig. 5C). The Tms reported here for AAV1, AAV2, and AAV5 follow the
same trend recently described for these viruses in citrate-phosphate buffer (60). Variations of
the Tm at the identical pH are caused by the buffer conditions (61).

Low pH conditions result in rearrangements of the N-terminus and the 5-fold
channel. The observation that the SAAV capsid remains intact at low pH conditions
allowed the determination of their capsid structures. For this purpose, the SAAV VLPs
were dialyzed to these pH conditions and vitrified on EM grids, and data were col-
lected. A total of 55,586 particles at pH 6.0, 402,005 particles at pH 5.5, and 149,155
particles at pH 4.0 were 3D-reconstructed to resolutions of 2.73, 2.14, and 2.66 Å,
respectively (Table 1). The reconstructed SAAV maps did not show any significant
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differences on the surface of the capsid (not shown) compared to the SAAV capsid at
pH 7.4 (Fig. 1B). The refined atomic SAAV model at pH 7.4 was docked into the three
pH maps and where necessary, structures were refined to fit the density, resulting in
correlation coefficients similar to the pH 7.4 structure of 0.863 (pH 6.0), 0.870 (pH 5.5),
and 0.850 (pH 4.0), respectively (Table 1). All the pH maps showed well-ordered amino
acid side chain densities (Fig. 6A) allowing a reliable comparison to the pH 7.4 struc-
ture. As indicated by the similar capsid surface projections, the overall VP structures
are very similar to Ca RMSDs of 0.46 Å (pH 7.4 versus 6.0), 0.39 Å (pH 7.4 versus 5.5),
and 0.45 Å (pH 7.4 versus 4.0). However, a major difference at all pH conditions was
observed for the N-terminus of the VP and at the base of the 5-fold channel. While struc-
tural ordering of the VP monomer at pH 7.4 starts at amino acid 206, density for the first
ordered residue was not observed until amino acid 214 at pH 6.0, pH 5.5, and pH 4.0 (Fig.
6B). A similar disordering of the N-terminus was previously reported for two AAV2 capsid

FIG 4 Determination of the SAAV sialic acid binding site. (A) Capsid surface density maps of SAAV without glycan, SAAV with 3’SLN, and
SAAV with 6’SLN contoured at a sigma (s ) threshold level of 1. The maps are radially colored (blue to red) according to distance to the particle
center, as indicated by the scale bar in Fig. 1 A closeup of the 2-fold region for each map is shown below. The position of the sialic acid binding site
is indicated with a pink oval. The missing density for the map without any glycans is indicated by a white oval. (B and C) Amino acid residues 690–
699 including a sialic acid (SIA) molecule inside the density map at a sigma (s ) threshold level of 1.0 depicted as a black mesh. The model is shown
in stick representation and the atoms are colored: C, yellow; O, red; N, blue. This figure was generated with Chimera (79).

Characterization of the SAAV Capsid Journal of Virology

June 2022 Volume 96 Issue 11 10.1128/jvi.00335-22 8

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00335-22


variants (AAV2-L336C and -R432A) whose capsid structures were determined by cryo-EM (24,
25). In the case of the AAV2-L336C variant, structural ordering started at glycine 226 (25) which
is equivalent to the ordering seen for glycine 214 in the low pH SAAV maps (Fig. 6B). In the
AAV2-R432A variant the first ordered residue was serine 232 (24), which aligns to threonine
220 of SAAV. These AAV2 variants were also shown to display both genome packaging
defects and altered VP1u externalization properties (47, 62). Furthermore, in both these AAV2
variant structures the side chain of arginine 404 moves into the available space previously
occupied by the N-terminus. The same rearrangements can be seen in the SAAV capsid at
R395, which is the structural equivalent position to AAV2 R404. At pH 7.4 R395 of SAAV adopts
the same side chain orientation compared to R404 in AAV2 (Fig. 7A). At the lower pH condi-
tions the orientation of the arginine side chain shifts radially outwards by 4 Å, identical to
R404 in AAV2-L336C and AAV2-R432A, and moves into the space where the N-terminus was
ordered at pH 7.4. In close proximity to R395 a second observed shift occurs in the main-chain
at the base of the DE loop at low pH conditions, which results in the leucine 326 side chain
rotating in a sideways manor (Fig. 7B). These shifts of the main-chain were also observed in
the AAV2-L336C and -R432A capsid structures (24, 25). Leucine 326 in SAAV, which is equiva-
lent to L336 in AAV2 and L172 in MVM, represents the narrowest point of the 5-fold channel
and has been suggested as a “gate-keeper” to prevent premature genome ejection (63). The
rotation of the leucine side chain results in a widening of the 5-fold channel from;7 Å (at pH
7.4) to;12 Å (at pH 6.0/5.5/4.0) (Fig. 7C and D), which was also observed in the AAV2-L336C
structure (25). This leucine residue in the 5-fold channel is conserved across the parvoviruses
(32) and is involved in a conserved hydrophobic interaction to valine 209 in SAAV or V221 in
AAV2. A likely mechanism could be that low pH conditions disrupt this hydrophobic interac-
tion, a state that was also simulated by the leucine-to-cysteine variant, which leads to the N-
terminus to become more flexible, thereby allowing R395 and the base of the DE-loop to
move, resulting in the widening of the 5-fold pore (Fig. 7C to F) for the externalization of the
VP1u and VP1/2 common region (36). Since the conserved leucine-valine pair in the 5-fold
channel has been suggested to be involved in genome retention (63), it is also possible that a
genome release is triggered by the loss of interaction between the residues at low pH

FIG 5 Analysis of the SAAV capsid stability at different pH conditions. (A) Cryo-EM micrographs of the
SAAV capsids dialyzed to indicated pH buffer. (B) SDS-PAGE analysis of the dialyzed samples. (C)
SAAV, AAV1, AAV2, and AAV5 capsid stability analysis by differential scanning fluorimetry. The
melting temperatures were determined at pH 7.4, 6.0, 5.5, and 4.0. Results are displayed as mean 6
standard deviation (n = 3).
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conditions. It remains to be seen whether SAAV capsids indeed eject their genome under
these conditions, as the VLPs used in this study were free from packaged genomes. If con-
firmed, this would limit purification methods for potential SAAV based vectors to neutral con-
ditions only.

In addition to these changes at the N-terminus and at the 5-fold channel, multiple
basic residues were observed with different side chain orientations at the low pH conditions
compared to pH 7.4. These residues include R288, K299, K304, and K627, which are con-
served among the AAV serotype and correspond to R298, K309, K314, and K640 in AAV2.
Mutation of these residues to alanine in AAV2 resulted in assembly defects except for
K640A, which displayed a wild-type-like phenotype (64). Interestingly, all of these amino
acids are located on the interior surface of the AAV capsid (Fig. 7E and F). K304 (Fig. 6A) is in

FIG 6 The SAAV capsid structure at different pH conditions. (A) The modeled SAAV residues of the bD strand are shown inside their density map for pH
7.4, 6.0, 5.5, and 4.0. Of note is the alternative side chain orientation of K304 in pH 7.4 versus the low pH conditions. (B) The modeled SAAV residues near
the N-terminus (206–224) are shown inside their density map for pH 7.4, 6.0, 5.5, and 4.0. While structural ordering begins with residue 206 in pH 7.4,
residues 206–213 are disordered in pH 6.0, 5.5, and 4.0. The amino acid residues are shown as stick representation and colored according to atom type: C, yellow;
O, red; N, blue. Panels B and C were generated using UCSF-Chimera (79).
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FIG 7 The low pH conditions result in structural rearrangements at the base of the 5-fold channel. (A) The
modeled SAAV residues 210–213 and 394–397 are shown inside their density map for pH 7.4 (black mesh) and
pH 6.0 (orange mesh). The side chain orientation of R395 shifts at low pH conditions and moves into the space
of the disordered N-terminus. (B) The modeled SAAV residues 324–328 are shown inside their density map as
in A. The movement of the arginine side chain (here shown without its density mesh) affects the base of the
DE loop above with a slight shift of the main-chain and the movement of the L326 side-chain. (C and D)
Shown are cross sections of two VP monomers inside their density maps at the 5-fold symmetry axis for pH 7.4
(C) and pH 6.0 (D). The positions of critical residues are indicated, as well as the distance of the leucine
residues in the SAAV model at their narrowest point within the 5-fold channel. Panels A–D were generated
using UCSF-Chimera (79). (E and F) Shown are interior surface representations based on the refined SAAV
models at pH 7.4 (E) or pH 6.0 (F) conditions viewed down the 5-fold axis from the interior of the capsid.
Residues with structural variability or alternative side-chain conformations compared to pH 7.4 are highlighted.
Panels E and F were generated using PyMol (86).
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close proximity to the ordered N-terminus at the low pH conditions and may change its ori-
entation as a result. Another possibility could be that these basic residues are involved in
the interaction with the packaged, negatively charged genome. The movements of the ly-
sine or arginine thus may be an adaptation to prepare the capsid at low pH conditions to
release the genome. None of these residues are near the known nucleotide binding pocket
of the AAVs (18–20, 22, 65). This pocket is also conserved in SAAV but in the absence of a
packaged genome of the VLPs did not show any ordered nucleotides. In a previous study,
genome-containing AAV8 particles were analyzed at low pH conditions, which resulted in a
loss of the ordered nucleotide compared to AAV8 particles at neutral pH conditions (65).
However, none of the observed structural rearrangements of the N-terminus, including the
widening of the 5-fold pore, were seen with either genome-containing AAV8 capsids or
AAV9-VLPs at the same pH conditions (65, 66), indicating that the effects may be independ-
ent of the package genome and possibly specific to SAAV.

SAAV is not recognized by AAV-specific MAbs but by some human sera. To test the
antigenicity of the SAAV, a series of MAbs, detecting conformational epitopes on intact cap-
sids of various AAV serotypes were probed against the SAAV capsid in a native dot blot
assay. While the MAbs recognized the previously described AAV serotypes, ADK1a bound to
AAV1 and 6 (67), A20 to AAV2 and AAV3 (68), ADK4 to AAV4 (67), ADK5b to AAV5 (67),
ADK6 to AAV6 (69), ADK8 to AAV3 and AAV8 (69), and ADK9 to AAV9 (69), none of these
antibodies recognized SAAV capsids (data not shown). The majority of these antibodies
bind to or near the 3-fold protrusions or the 2/5-fold wall (70) that are formed by VR-I, -III,
-IV, -V, -VI, VII, -VIII, and -IX, which displayed the largest structural and amino acid sequence
variability of the SAAV capsid compared to AAV1, AAV2, and AAV5 (Fig. 2). Thus, the observed
inability of the MAbs to bind to the SAAV capsid was not surprising.

To further characterize the antigenicity, the SAAV capsids were probed with a panel of 40
different human serum (HS) samples alongside with AAV2 and AAV5. The vast majority (75%)
of the analyzed human sera did not recognize any of the three AAV capsids. AAV2 capsids
were detected by 25% (n = 10) of the human serum samples (Fig. 8A). This percentage is
much lower compared to previous studies that reported seroprevalences of anti-AAV2 anti-
bodies of up to ;70% (46, 71). While variations of seroprevalence of geographically different
donor populations are possible, another factor is the lower detection limit of native dot blots
compared to ELISAs used in other studies, and samples with low antibody titers against AAV
capsids remain undetected. Compared to AAV2, SAAV is detected with 23% (n = 9) and AAV5
with 18% (n = 7) of the human serum samples (Fig. 8A). However, all sera reacting with SAAV
or AAV5 also react with AAV2. This indicates the presence of potential cross-reactive antibod-
ies, especially since the signal intensities toward SAAV are generally lower compared to AAV2
with the exception of HS35 (Fig. 8A). While the majority of the SAAV capsid surface is structur-
ally different with many amino acid substitutions, the region around the 5-fold symmetry axis
and in the 2-fold depression show some conservation compared to AAV2 and AAV5 (Fig. 8B
and C). To date, no antibody capable of binding inside the 2-fold depression has been found
for any of the AAVs or any other parvovirus (70), likely due to the size of an Fab. Thus, as the
immune response is polyclonal targeting different regions of the capsids, it is possible that
some antibodies generated against AAV2 capsids are also capable of binding to the SAAV and
AAV5 capsids around the 5-fold region. The fact that the 2- and 5-fold region possess these
conserved residues in the otherwise very different capsid surface of AAV2, AAV5, and SAAV
may indicate common functions such as genome packaging, VP1u externalization, and possi-
bly transcriptional activation (47, 72). Thus, changing these residues in any of these virus cap-
sids may be detrimental to AAV infectivity for vector development.

Conclusions. With 55% amino acid sequence identity of the ordered VP structure
compared to AAV2, SAAV has one of the most divergent capsids known to date in the ge-
nus Dependoparvovirus. Nonetheless, the core capsid topology is conserved, and structural
variability is restricted to the capsid surface. Despite these differences, it binds to a common
glycan receptor, sialic acid, that is also utilized by other AAV serotypes (AAV1, 4, 5, and 6),
but at an alternative position of the capsid. With the intention to utilize SAAV as a potential
alternative to existing mammalian therapeutic vectors, the thermostability and antigenicity
of the SAAV capsid were evaluated. The SAAV capsid was found to be highly thermostable,
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comparable to AAV5, at a wide range of environmental pH conditions but with rearrange-
ment at the VP N termini following the exposure to low pH conditions. This is consistent
with the suggested dynamics of this region needed for the externalization of the enzymatic
PLA2 domain located within VP1u during endosomal trafficking (36). Due to the significant

FIG 8 Dot immunoblot analysis of SAAV against human sera. (A) Representative native dot immunoblots of
AAV2, AAV5, and SAAV against human sera with 1010 or 109 loaded VLPs. Native blots for human sera 1–10,
and additional sera positive for SAAV, are shown. (B) Surface representation of the SAAV capsid, generated
using PyMol (86), with conserved residues highlighted in blue (vs. AAV2) or red (vs. AAV5) that are structurally
in equivalent positions (,1 Å distance) to AAV2 or AAV5, respectively. (C) Roadmap projections generated
using RIVEM (87) of the icosahedral asymmetric unit highlighting the conserved surface amino acids as in B.
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sequence and structural differences on the capsid surface, it was expected that SAAV would
be antigenically silent when encountering antibodies targeting primate AAVs, thus circum-
venting potential neutralization. Indeed, monoclonal antibodies developed against the differ-
ent AAV serotypes were unable to bind to SAAV. However, despite its reptilian origin, SAAV is
recognized by 23% of human sera, likely due to the presence of cross-reactive antibodies that
might bind the 5-fold region of the capsid. While this could hamper the utilization of SAAV
based vectors for future gene delivery applications, it could help to identify the cross-reactive
epitopes of different AAVs to further optimize vectors with antibody escape properties.

MATERIALS ANDMETHODS
Cell culture. Spodoptera frugiperda insect (Sf9) cells (ATCC CRL-1711) were grown in suspension cul-

ture using Sf-900 II Serum-Free Media (Thermo Fisher), supplemented with 1% Antibiotic-Antimycotic (100X,
Thermo Fisher). Cells were grown at 28°C in a shaking incubator. Adherent cultures of the Chinese Hamster
Ovary (CHO) cell line variants Pro5 (ATCC CRL-1781), Lec2 (ATCC CRL-1736), and Lec8 (ATCC CRL-1737) were
grown in Minimum Essential Medium Alpha 1 Glutamax (GIBCO) supplemented with 10% Fetal Bovine
Serum, and 1% Antibiotic-Antimycotic. Cells were incubated in a 37°C stationary incubator in 5% CO2.

Expression and purification of SAAV virus-like particles. SAAV virus-like particles (VLPs) were pro-
duced using the baculovirus expression system in Sf9 cells. The SAAV capsid gene encoding VP3 was cloned
into the pFastBac1 vector in order to produce a recombinant baculovirus via standard Bac-to-Bac protocols
(Invitrogen) (73). For SAAV production the Sf9 cells were infected with the recombinant Baculovirus, and the
infected cells harvested 3 days postinfection by pelleting at 2,000 rpm for 10 min at 4°C in a JA-10 rotor
(Beckman). The medium supernatant was mixed with 10% wt/vol PEG8000 (poly-ethylene glycol 8000), stirred
at 4°C overnight, and spun at 9,000 rpm in a JA-10 rotor for 90 min to generate the PEG pellet. The cell and
PEG pellets were resuspended in 1� PBS supplemented with 2.5 mM KCl and 1 mM MgCl2 and subjected to
three freeze/thaw cycles using liquid nitrogen and a 37°C water bath. After the last thaw step, benzonase (25
units per mL) was added to the sample and incubated for 1 h in a 37°C water bath. The lysate was clarified by
centrifugation at 10,000 rpm for 15 min at 4°C in a JA-20 rotor (Beckman). Purification of the SAAV VLPs was
carried out using a sucrose cushion and sucrose density gradient. For the sucrose cushion, 5 mL of 20% (wt/
vol) sucrose in TNET (50 mM Tris HCl, 100 mM NaCl, 1 mM EDTA, 0.2% Triton X-100, pH 8) was pipetted under
the supernatant in an ultracentrifugation tube and spun at 45,000 rpm in a Ti70 rotor (Beckman) for 3 h at 4°C.
The pelleted sample was manually resuspended in TNTM buffer (25 mM Tris HCl, 100 mM NaCl, 2 mM MgCl2,
0.2% Triton X-100, pH 8) and incubated overnight at 4°C for further resuspension. The sample was centrifuged
at 10,000 rpm for 10 min at 4°C in a JA-20 rotor to remove insoluble material. The clarified supernatant was
subjected to a 10–40% (wt/vol) step sucrose gradient with centrifugation at 35,000 rpm for 3 h at 4°C in an
SW40 Ti rotor (Beckman) with slow acceleration and deceleration. Sample fractions were recovered using nee-
dle puncture, diluted in 20 mM Tris-HCl (pH 8.5), 15 mM NaCl, and further purified by anion-exchange chroma-
tography using prepacked HiTrap Q HP column (GE Healthcare). After washing with 20 mM Tris-HCl (pH 8.5),
15 mM NaCl, 1 mL fractions were eluted with a linear gradient of 20 mM Tris-HCl (pH 8.5), 500 mM NaCl.
Fractions containing SAAV VP3 were identified by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), which were then dialyzed into 20 mM Tris-HCl, 300 mM NaCl, 2 mM MgCl2, pH 7.4 or universal
buffer (20 mM HEPES, 20 mM morpholineethanesulfonic acid, 20 mM sodium acetate, 150 mM NaCl, 5 mM
CaCl2) adjusted to pH 7.4, 6.0, 5.5, or 4.0, respectively. The concentration was determined based on UV absorb-
ance of 280 nm with an extinction coefficient of 1.7 M21 cm21. The purified virus-like particles were concen-
trated to;1 mg/mL using Apollo concentrators (Orbital Biosciences).

VLP Sample purity and integrity. The purity and integrity of the sample were confirmed by SDS-
PAGE and negative-stain electron microscopy (EM), respectively. For the SDS-PAGE analysis, the sample was
incubated with 1� Laemmle Sample Buffer (Bio-Rad) with 10% vol/vol b-mercaptoethanol and boiled for
5 min at 100°C. The denatured proteins were applied to a 10% SDS-polyacrylamide gel and run at 80 V. After
the run, the gel was washed three times with distilled water (diH2O) and stained with GelCode Blue Protein
Safe stain (Invitrogen) for 1 h. The gel was destained with diH2O prior to imaging using a GelDoc EX system
(Bio-Rad). For negative stain EM, 5 mL of the sample was incubated with glow-discharged CF400-CU carbon
coated 400 mesh copper grids (Electron Microscopy Sciences) for 2 min and washed in three 15 mL droplets
of water. Excess water was blotted with filter paper (Whatman), and the grid was stained with filtered 2% ura-
nyl acetate. Excess stain was blotted, and grids were imaged using a Tecnai G2 Spirit Transmission Electron
Microscope (FEI) operating at 120 kV.

Vitrification and cryo-electron microscopy data collection. Three mL of the SAAV VLPs in their re-
spective pH buffers or in complex with 3’SLN or 6’SLN (received from the Center for Functional Glycomics
Reagent Bank) were applied to glow discharged C-flat holey carbon-coated grids (Protochips Inc) and vitrified
using the Vitrobot Mark IV (FEI) automatic plunge-freezing system. The sample was incubated on the grids at
4°C and 95% humidity for 3.0 s prior to blotting using filter paper and plunging into an ethane slush, cooled
with liquid nitrogen, for vitrification. The grids were maintained at liquid nitrogen temperatures until data col-
lection. 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, ;20e2/Å2). The data collection
for high resolution cryo-EM was performed at the Florida State University (FSU) Biological Science Imaging
Resource Core or the University of California, Los Angeles (UCLA) using the Titan Krios electron microscope.
The microscopes were operated at 300 kV and data were collected on a DE-20 (pH 7.4) or K3 (pH 6.0, pH 5.5,
pH 4.0, 3’SLN, and 6’SLN) (Gatan) direct electron detector camera. During data collection at FSU, a total dose of
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60 to 62 e2/Å2 was utilized for 30 to 50 movie frames per micrograph. The Titan Krios electron microscope at
UCLA was equipped with a Gatan Energy Filter (GIF), and a slit width of 20 eV was set for energy filter. Movies
were recorded with the K3 camera operating in counting mode with dose rate of the electron beam set to
27 electrons per physical pixel per second on camera. An accumulated dose of 34e- per Å2 on the sample
was fractionated into a movie stack of 30 image frames. The movie frames collected on the DE-20 detector
were aligned using the DE_process_frames software package (Direct Electron) without dose weighting as
previously described (74, 75). MotionCor2 was used for aligning the movie frames collected on the K3 detec-
tor with dose weighting (76). The pH 7.4, pH 6.0, and pH 4.0 data sets were collected as part of the NIH
“Southeastern Center for Microscopy of MacroMolecular Machines (SECM4)” project. The pH 5.5 data set was
collected as part of the National Institutes of Health (NIH) “West/Midwest Consortium (WMC) for High-Resolution
Cryo Electron Microscopy” project.

Data processing and 3D image reconstruction. For the three-dimensional image reconstruction of
the SAAV data sets, the cisTEM software package was utilized (77). Briefly, the aligned micrographs were
imported into the program and their contrast transfer function (CTF) parameters estimated. The CTF informa-
tion was used to eliminate micrographs of poor quality. This was followed by automatic particle picking using
a particle radius of 125 Å. This set of particles was subjected to 2D classification that eliminated non-VLP par-
ticles (ice and debris) from the automatic picking process. Following 2D classification, SAAV particles were
reconstructed using default settings. This included the ab initio 3D model generation, auto refinement, and
density map sharpening with a pre-cutoff B-factor value of -90 Å2, and variable post-cutoff B-factor values 0,
20, and 50 Å2. The sharpened density maps were inspected in the Coot and Chimera applications (78, 79). The
290 Å2/0 Å2 sharpened maps were used for assignment of the amino acid main- and side-chains. The resolu-
tions of the cryo-reconstructed maps were estimated based on a Fourier Shell Correlation (FSC) of 0.143.

Model building. The Swiss Model online server was used to generate an in silico model of the SAAV
VP monomer based on the amino acid sequence (80). A 60mer of this model was generated using
ViperDB (81) and docked into the cryo-EM density map with Chimera using the “Fit in Map” option (79). Voxel
size was adjusted to maximize the correlation coefficient. The EMAN2 subroutine e2proc3d.py was imple-
mented to resize maps based on best fit parameters as determined by correlation coefficients from Chimera
(79, 82) and converted to the CCP4 format using MAPMAN (83). The main- and side-chains of the SAAV model
were manually refined in Coot using the real-space refinement tool (78). The SAAV model was further auto-
matically refined using PHENIX, which also provided the final refinement statistics (Table 1) (84).

Structural comparison. For structural comparison, the SAAV VP model was superposed in Coot
onto the previously determined VP structures of AAV1 (PDB ID 3NG9), AAV2 (PDB ID 1LP3), and AAV5
(PDB ID 3NTT) (14, 16, 23) to obtain the distances of the aligned Ca positions. Distances between nono-
verlapping Ca positions, due to residue deletion/insertions, were measured using the distance tool in
Coot. Regions of two or more adjacent amino acids with $2.0 Å difference in superposed VP Ca posi-
tions were considered to be structurally diverse and assigned to previously described VRs.

Fluorescent labeling of AAV VLPs. SAAV, AAV1, AAV2, and AAV5 VLPs were fluorescently labeled
using the DyLight 488 Antibody Labeling Kit (Thermo Fisher). Following a modified version of the manu-
facturer’s specifications, 40 mL of borate buffer (0.67 M, pH 8.5) was added to the VLPs at a concentration
.0.5 mg/mL, and the entire volume transferred to the DyLight Reagent vial as per manufacturer’s suggestion.
The samples were mixed and incubated, protected from light, for 1 h at RT. Following this, an additional 20mL
of borate buffer was added to the reaction and incubated for 30 min. Unbound fluorescent molecules were
removed from the samples via three rounds of dialysis into 1� PBS. The success of the labeling procedure was
confirmed by SDS-PAGE showing fluorescent VP bands when viewed under UV light.

Cell binding assay. CHO variant cell lines Pro-5, Lec-2, and Lec-8 were passaged to 50% confluence
into 15 cm plates 24 h prior to conducting the experiment. On the day of the cell binding assay, cells at
90–100% confluence were detached from the plate by addition of 2 mL 0.5 M EDTA to the medium of a
15-cm plate. Cells were transferred into a 50-mL conical tube and centrifuged in a benchtop centrifuge
for 5 min at 500 rpm. The supernatant was removed, and the pellet was resuspended in 6 mL of prechilled
unsupplemented MEM. The cells were counted under a microscope using a hemocytometer, diluted to
5 � 105 cells/mL, aliquoted to 500-mL fractions, and prechilled for 30 min at 4°C. Each tube of cells was then
incubated with the fluorescently labeled VLPs at an MOI of 106 under constant rotation and protected from
light for 3 to 4 h at 4°C. Following the incubation, the cells were pelleted at 2,000 rpm for 10 min in a bench-
top centrifuge and the supernatant discarded. Unbound VLPs were removed by washing the cells with
300 mL prechilled 1� PBS followed by centrifugation. Pellets were resuspended in 300 mL 1� PBS and ana-
lyzed utilizing a FACS Calibur (BD Biosciences). All experiments were conducted in triplicate. The FSC Express5
software suite (BD Biosciences) was used to analyze the raw data.

SAAV capsid low pH characterization. In order to simulate the conditions the SAAV capsid encoun-
ters during the endo-lysosomal trafficking, the SAAV, AAV1, AAV2, and AAV5 VLPs were dialyzed into universal
buffer at pH 7.4, 6.0, 5.5, and 4.0. Their capsid stability was determined by differential scanning fluorimetry as
described previously (61). Briefly, 22.5 mL of the VLPs from each pH condition were mixed with 2.5mL SYPRO
Orange dye (1% vol/vol; Life Technologies). Samples were loaded into a 96-well PCR plate in a Bio-Rad MyiQ2
Real-Time PCR instrument and were subjected to a temperature gradient (30°C–99°C) with an increase of
0.5°C per 30 s. The capsid melting temperature was calculated from a plot of fluorescence emission versus tem-
perature, and statistical significance was calculated using standard deviation and standard error, with n = 3.
The dialyzed SAAV capsids were also used for structural characterization by cryo-EM as described above.

Native immuno dot blot. The cross-reactivity of SAAV capsid with monoclonal antibodies against
conformational epitopes of AAV serotypes 1 to 9 was tested using native dot blots. Fifty mL of virus
(50 ng/mL) was applied to a nitrocellulose membrane using a dot blot manifold, which allowed excess
fluid to be drawn through the membrane by vacuum filtration. Blots were blocked overnight at 4°C in
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10% wt/vol in 1� PBS1 0.05% Tween 20. The purified mouse IgG primary antibodies were diluted 1:500
for ADK1a, ADK4, and ADK8, 1:700 for ADK9, 1:1000 for A20 and ADK5b, and 1:3000 for ADK6 and B1 in
5% wt/vol milk in 0.05% Tween 20-PBS and incubated with the nitrocellulose membrane for 90 min. The
membranes were subjected to 3 � 10 min washes in 0.05% Tween 20-PBS prior to secondary antibody
incubation. Anti-mouse horseradish peroxidase-conjugated secondary antibody (GE Healthcare) was
diluted 1:10,000 in sterile-filtered 1� PBS, and incubated with the membranes for 1 h at RT. The mem-
branes were washed as described above prior to development in a 1:1 solution of peroxide solution and
luminol (ThermoFisher) with the signals detected on X-ray film. To further determine the antigenicity of
the SAAV capsids, 40 individual human sera from healthy donors (Valley Biomedical, Winchester, VA,
USA) were tested against AAV2, AAV5, and SAAV VLPs, as described previously (85).

Data availability. The SAAV cryo-EM reconstructed density maps and models built for the capsids at
different pH conditions and in complex with sialic acids were deposited in the Electron Microscopy Data
Bank (EMDB; https://www.ebi.ac.uk/emdb/) with accession numbers EMD-26390 (Protein Data Bank
[PDB] ID 7U94) (pH 7.4), EMD-26391 (PDB ID 7U95) (pH 6.0), EMD-26392 (PDB ID 7U96) (pH 5.5), EMD
-26393 (PDB ID 7U97) (pH 4.0), EMD-26394 (3’SLN), and EMD-26395 (6’SLN).
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