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The application of adeno-associated virus (AAV) vectors in hu-
man gene therapies requires reproducible and homogeneous
preparations for clinical efficacy and safety. For the AAV
production process, often scalable affinity chromatography
columns are utilized, such as the POROS CaptureSelect
AAVX affinity resin, during downstream processing to ensure
highly purified AAV vectors. The AAVX ligand is based on a
camelid single-domain antibody capturing a wide range of re-
combinant AAV capsids. Described here is the identification
of the AAVS capsid epitope to AAVX at 2.3 A resolution using
cryo-electron microscopy. The ligand binds near the 5-fold axis
of the capsid in a similar manner to the previously character-
ized AVB affinity ligand but does not conform to the capsid’s
icosahedral symmetry. The cross-reactivity of AAVX to other
AAV capsids is achieved by primarily interacting with the
peptide backbone of the AAV capsid’s structurally conserved
DE and HI loops. These observations will guide AAV capsid
engineering efforts to retain the ability of future recombinant
capsid designs to be purified using antibody-based affinity
ligands.

INTRODUCTION

Adeno-associated virus (AAV) vectors have become the preferred
delivery system in the clinic setting for the treatment of a wide
variety of monogenetic diseases." Due to the high demand for
AAV vectors, with increasing patient numbers and the high doses
required, rapid and efficient downstream purification methods are
required. Affinity chromatography column methods, utilizing cam-
elid single-domain antibodies (nanobodies) that bind to the surface
of the non-enveloped AAV capsids, are often the method of choice.”
These nanobodies are relatively small (approximately 15 kDa), sta-
ble, and possess high affinity and specificity for their antigen.” While
some of these, such as AVB Sepharose, allow the efficient purifica-
tion of multiple AAV serotypes,4 others, such as the POROS
CaptureSelect AAV8 or AAVY affinity ligand, bind specifically to
individual AAV serotype capsids.” The more recently released
AAV-binding resin POROS CaptureSelect AAVX affinity ligand
was shown to enable purification of a broad range of divergent
AAV capsids, including AAV8 and AAV9.> For this pan-AAV-
binding property, the affinity ligand needs to bind to highly
conserved features on the capsid surface.

The capsid structures of many AAV serotypes have been determined
by X-ray crystallography and/or by cryo-electron microscopy (cryo-
EM).° These studies have shown that the capsids of ~260 A diameter
possess T = 1 icosahedral symmetry and are composed of 60 viral
proteins (VPs). The overall VP structure of the AAVs consists of a
conserved B-barrel core with variable surface loops connecting the
B strands. Despite significant amino acid sequence variation, the
AAVs share similar morphologies, including channels at their
5-fold symmetry axes, protrusions surrounding the 3-fold axes, and
depressions at the 2-fold axes. The highest level of surface sequence
conservation is observed around the 5-fold channel, which is also
the binding site of the AVB affinity ligand.”

In this study, the binding site of the AAVX nanobody is determined
by cryo-EM to a resolution of 2.3 A. Similar to AVB, the AAVX
nanobody primarily interacts with the DE and HI loops around
the 5-fold axis but binds in a non-icosahedral mode, possibly medi-
ated by alternative side-chain conformations of asparagine (N) 670.
The capsid-AAVX interaction information is critical for capsid en-
gineering efforts to retain the purification ability of novel AAV
vectors.

RESULTS

The three-dimensional (3D) image reconstruction with icosahedral
averaging of cryo-EM data collected on AAVS capsids alone and in
complex with AAVX resulted in density maps of 2.4 and 2.3 A reso-
lution, respectively (Figure 1A). The AAV8 capsid structure of this
study is, as expected, identical to the previously determined AAVS
capsid structures with C, root-mean-square deviation (RMSD) values
<04 A”® The AAVX-AAVS complex map exhibited five distinct
densities for AAVX surrounding the 5-fold axis that were absent
in the AAVS8 alone map. This matches the results shown by
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Figure 1. Determination of the AAVX interaction to
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cryo-EM map. Hydrogen bonding between AAV8 and
AAVX is indicated by black dashed lines. (D) The AAV8
VP (yellow) is shown with the bound AAVX (gray) as
ribbon/coil diagrams, with the B strands in blue and the o
helix in red. The N and C termini, the surface, and CDRs
are labeled. (E) All contacts between AAV8 and AAVX via
hydrogen bonding are listed, providing the residue
numbers, contacting atoms, loop location, and distance
between the atoms in A.
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ThermoFisher.” The high-resolution data enabled reliable modeling
of the AAV8 capsid and the majority of the AAVX nanobody, allow-
ing the identification of the contact residues (Figures 1B and 1C), with
the AAVX primarily interacting with the DE and HI loops of the
AAVS capsid with its complementarity-determining region (CDR)
2 and CDR3 loops (Figures 1D and 1E). A total of 16 potential
hydrogen bond interactions (<3.5 A) per nanobody to the AAVS
capsid were observed.

Analysis of the icosahedrally averaged map showed that the den-
sity of AAVX was weaker than the corresponding capsid and
not visible at higher sigma (o) thresholds, indicating a lower occu-
pancy of the nanobody (Figure 2A). Thus, a localized reconstruc-
tion of the 5-fold region with symmetry relaxation was conducted,
revealing that in the map determined to 3.3 A resolution and in all
defined 3D classes during the reconstruction, only two adjacent-
bound nanobodies per 5-fold were bound (Figures 2B and S2).
The modeled AAV8 and AAVX residues built into the icosahedral
map (Figure 1D) fitted the localized map without further adjust-
ments (Figure 2C). The only exception was asparagine 670 of

Similar to AAVX, AVB binds around the

5-fold axis but, unlike AAVX, appears to
interact with the capsid in an icosahedral fashion, as density for the
nanobody is still observed at higher o levels (Figure 3A). In fact,
fitting of the atomic AAVX model into the AVB density showed
that both nanobodies nearly perfectly overlap with a C, RMSD of
~0.4 A (Figure 3B). Furthermore, most of the amino acid side chains
in the CDRs appeared to be identical with a few exceptions (e.g.,
H59Y or T101S; Figure 3C), indicating that both nanobodies may
have a common origin.

DISCUSSION

The AAV-specific affinity ligands allow rapid purification of AAV
vectors.' However, as the number of engineered AAV variants
for gene delivery applications increases,'" the capsid-binding inter-
faces of these purification ligands need to be characterized to ensure
compatibility to guide capsid engineering efforts. Previously, the
binding sites of the AVB and the AAV8 and AAV9 CaptureSelect
affinity ligands have been mapped.” The development of the latter
two ligands was necessary because AVB did not allow the purifica-
tion of AAV9 or did so only with poor efficiency, in the case of
AAVS8.>" In contrast, AAVX enabled the purification of the vast
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majority of AAV capsid variants.” Despite these differences, AAVX
is nearly structurally indistinguishable from AVB in the high-reso-
lution cryo-EM maps. In the absence of the amino acid sequence for
the AVB nanobody, only a few potential sequence differences are
identifiable. Other substitutions could be present but may not be
distinguishable due to amino acids with similar-sized side chains.
This similarity may indicate that AAVX was developed based on
AVB to confer the ability to purify a wide range of AAV capsids.
The identified AAVX contacts to AAV8 showed that the nanobody
primarily interacts with the peptide backbone of the capsid. The side
chain interactions to K333 and E720 are likely not critical since
these amino acids are not conserved in other purifiable AAV sero-
types (Figure S1).” As a result, the AAVX nanobody likely binds
similarly to most AAVs, as shown for AAV1 (Figure S1), as long
as the loop conformation of the DE and HI loops is maintained
and long-chained amino acids are not introduced to the capsid
that interfere with AAVX binding, as seen for N670 (Figure 2D).
The binding characteristics of AAVX to the 5-fold region highlight
the notion that the AAV capsids are not perfect icosahedrons. Non-
conforming T = 1 attributes of “icosahedral capsids” have been pre-
viously suggested.'*”'* In the case of the AAVs, the lower incorpo-
ration of VPl and VP2 with their highly flexible N termini
compared to VP3 and the packaged genome cannot conform to

Figure 2. The asymmetric binding of AAVX

(A) The icosahedral-averaged density map of the
AAV8:AAVX complex is shown at a sigma (o) threshold of 4
and 1, centered down a 5-fold axis. The position of the
5-fold axis is indicated and a pentagon connecting the
surrounding 3-fold protrusions added to the map. (B) A
density map of the 5-fold region is shown after localized
reconstruction of the region. (C) Amino acid residues of
the AAV8 BH strand (left) are displayed inside the
localized-reconstructed map. To the right, residues of
AAVX are shown in the same map. (D) The modeled
AAV8 Hl-loop residues in the presence or absence of
AAVX are shown inside the localized-reconstructed map.

the symmetry of the capsid. Additional symme-
try mismatches arise when viruses interact with
recep‘[ors,15 antibodies,'® and/or other proteins
resulting in structural rearrangements but also
when the capsid packages eject their genetic ma-
terial.'” In the AAVS map, in the absence of
AAVX, N670 adopts the AAVX-off conforma-
tion, indicating that AAVX binding may induce
the rotamer change of the asparagine side chain.
However, why this change occurs only in two
neighboring VP monomers at the 5-fold region

“AAVX off“

is unclear. Future studies may further charac-

terize the stoichiometry of AAVX and AVB

binding to the AAV capsids by mass photom-

F672 etry, analytical ultracentrifugation, or charge

detection mass spectrometry (CDMS).'#2!

Nonetheless, the “reduced” binding of AAVX

(using only two for the available five sites) is clearly sufficient for
AAV vector purification.

MATERIALS AND METHODS

Cryo-EM sample preparation, data collection, and processing
AAVX-purified AAVS capsids produced in HEK293 cells’
were mixed with the CaptureSelect Biotin Anti-AAVX Conjugate
(ThermoFisher) in an excess of affinity ligands compared to the
capsid (120 nanobodies per capsid) and vitrified using a Vitrobot
Mark 4 (ThermoFisher). Cryo-EM data for these grids were collected
at the UMASS-Chan CryoEM Core using a Titan Krios electron mi-
croscope operated at 300 kV. The data collection parameters are pro-
vided in Figure 1. MotionCor2 was used to align the raw movie frames
with dose weighting.”* The motion-corrected micrographs were im-
ported into cisTEM> for icosahedral 3D reconstruction. Scipion
was utilized for the localized reconstruction of the 5-fold region®*
(for details, see the supplemental materials and methods). All the

atomic models were built and refined in Coot and PHENIX.>>%°

AAVX sequencing

To determine the amino acid sequence of AAVX, 8 ng of the
AAVX-biotin conjugate were digested with sequencing-grade trypsin
(Promega) using the manufacturer’s recommended protocol. Briefly,
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Figure 3. Comparison of the AVB and AAVX affinity ligands

(A) The density map of the AAV8:AVB complex is shown at 2- and 4o centered onto
the 5-fold axis. (B) Superposition of the AVB and AAVX affinity ligands bound to
AAV8 shown as ribbon/coil diagrams. (C) The modeled AAVX CDRs are shown
inside the AVB (blue mesh) and AAVX (orange mesh) density map. The amino acid
residues are shown in stick representation and colored according to atom type: C,
orchid/gray; O, red; N, blue; and S, green.

samples were reduced by adding 1 pL of 0.1 M dithiothreitol in
100 mM ammonium bicarbonate for 30 min at 56°C, followed by
alkylation with 0.54 uL of 55 mM iodoacetamide in 100 mM ammo-
nium bicarbonate for 30 min at room temperature in the dark. Enzy-
matic digestion was performed using 1 pL of freshly made trypsin
(1 pg/pL) by incubating at 37°C for 2 h. The enzyme activity was in-
hibited by the addition of 0.5% TFA. The mass spectrometry (MS)

Molecular Therapy: Methods & Clinical Development

analysis was immediately performed to ensure high-quality tryptic
peptides with minimal non-specific cleavage. Proteomics analysis of
the digested protein samples was performed using nano-liquid chro-
matography tandem MS (nano-LC/MS/MS) (supplemental materials
and methods). The data were imported into the Peaks AB 3.0 software
(Bioinformatics Solution) for automated protein de novo sequencing.

DATA AND CODE AVAILABILITY

The AAV8 and AAV8-AAVX cryo-EM reconstructed density maps and models built
were deposited in the Electron Microscopy Data Bank (EMDB) with the accession
numbers EMDB: EMD-46740, PDB: 9DC2 (AAVS alone), and EMDB: EMD-46741,
PDB: 9DC3 (AAV8-AAVX).
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