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Adeno-associated virus serotype 9 (AAV9) is a promising gene
therapy vector for treating neurodegenerative diseases due
to its ability to penetrate the blood-brain barrier. PHP.eB
was engineered from AAV9 by insertion of a 7-amino acid pep-
tide and point mutation of neighboring residues, thereby
enhancing potency in the central nervous system. Here, we
report a 2.24-Å resolution cryo-electron microscopy structure
of PHP.eB, revealing conformational differences from other
7-mer insertion capsid variants. In PHP.eB, the 7-mer loop
adopts a bent conformation, mediated by an interaction be-
tween engineered lysine and aspartate residues. Further, we
identify PKD2 as the main AAV receptor (AAVR) domain
recognizing both AAV9 and PHP.eB and find that the PHP.eB
7-mer partially destabilizes this interaction. Analysis of previ-
ously reported AAV structures together with our pull-down
data demonstrate that the 7-mer topology determined by the
lysine-aspartate interaction dictates AAVR binding strength.
Our results suggest that PHP.eB’s altered tropism may arise
from both an additional interaction with LY6A and weakening
of its AAVR interaction. Changing the insertion length, but not
sequence, modifies PKD2 binding affinity, suggesting that a
steric clash impedes AAVR binding. This research suggests
improved library designs for future AAV selections to identify
non-LY6A-dependent vectors and modulate AAVR interaction
strength.

INTRODUCTION
Adeno-associated virus (AAV) is a member of the Parvoviridae that
comprises an icosahedral 60-protein capsid packaging a single-
stranded DNA (ssDNA) genome.1,2 Recombinant AAV (rAAV) vec-
tors offer a promising delivery vehicle for the gene therapy field due to
their infectivity toward both dividing and non-dividing cells and their
low pathogenicity.3–5 In particular, the AAV9 serotype, which can
penetrate the blood-brain barrier (BBB) and transduce the central
nervous system (CNS), is a focus of intense study for the treatment
of neurodegenerative diseases.6,7 However, AAV9 has a broad
tropism, targeting non-neuronal as well as neuronal cells, which
has limited its application as a CNS-targeting vector.

Our group and others have used directed evolution to create multiple
rAAV vectors with enhanced and selective tropism toward the
CNS.8–10 Of particular interest, the AAV-PHP.B (PHP.B) and
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AAV-PHP.eB (PHP.eB) variants of AAV9 show highly CNS-
enhanced tropism and have been widely adopted both in basic
research and preclinical gene therapy studies.8,11 PHP.B was evolved
by inserting seven randomized amino acids, TLAVPFK, between res-
idues 588 and 589 of viral protein 1 (VP1), which are at the outermost
tip of the capsid’s protruding VR-VIII loop. PHP.eB was created by
adding two point mutations at residues 587 (A587D) and 588
(Q588G) to PHP.B, further enhancing tropism toward the CNS.

The infection mechanism of AAV is still poorly understood, although
a few key vertebrate recognition factors have been identified.N-linked
glycans, in particular those with terminal galactosyl residues, have
been shown to be the primary receptors of AAV9.12–15 AAV receptor
(AAVR) is another essential factor for AAV infection in most, but not
all, known serotypes.16–18 AAVR contains an array of five immuno-
globulin (Ig)-like polycystic kidney disease domains (PKD1–5) that
share a conserved b-barrel structure but present different residues
on their surface so that each PKD domain forms distinct interactions
with different AAV serotypes.16,19–23 AAV1, AAV2, and AAV8
interact with the PKD2 domain, while AAV5 interacts with PKD1.
Interestingly, AAV2 can attach to the cell surface without AAVR
but cannot transduce cells, indicating that AAVR may act as a traf-
ficking factor rather than simply a binding platform.18 AAVR is
also known to play a key role in AAV9 and PHP.eB infection
in vivo,16,19 but the relevant interacting domain has not been identi-
fied. Recently, several groups reported that PHP.B and PHP.eB
directly bind to lymphocyte activation protein 6A (LY6A), a glycosyl-
phosphatidylinositol (GPI)-anchored protein on brain macrovascular
endothelial cells that likely serves as the receptor for BBB penetration
and CNS infection of these engineered capsids.24–26

In this study, we present the cryo-electron microscopy (cryo-EM)
structure of PHP.eB and analyze the function of the 7-mer amino
acid peptide insertion by comparing our structure with those of other
natural and engineered capsids. Interestingly, we find that the 7-mer
loops exhibit different rigidity and conformation depending on
neighboring residues in the VR-VIII loop. In particular, we find
apy: Methods & Clinical Development Vol. 26 September 2022 343
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that lysine of the 7-mer interacts with a nearby aspartate, replacing
the A587 in the wild type to form a lysine lever that contributes to
the conformation of the VR-VIII protrusion. Pull-down assays of re-
combinant AAVs (rAAVs) and receptors reveal that only the PKD2
domain strongly interacts with both AAV9 and PHP.eB. Finally, we
find that the 7-mer conformation translates into differences in
receptor usage, modifying binding strength toward PKD2 and
LY6A binding availability. Together, our results rationalize how
7-mer modifications can change receptor affinity and selectivity
and provide hints for further rational design of rAAVs.

RESULTS
Cryo-EM determination of AAV-PHP.eB capsid structure

To investigate the CNS-enhanced tropism of PHP.eB, we solved a
high-resolution cryo-EM structure of PHP.eB by single-particle recon-
struction (Figure 1A). The resolution of 2.24 Å, estimated by gold-
standard Fourier shell correlation (FSC) cutoff at 0.143 (Figure S1;
Table S1), was sufficient to allow us to accurately refine an atomic
model of both backbone and side chains using a previously deter-
mined crystal structure of the parent AAV9 (Protein Data Bank
[PDB]: 3UX1) as a template.27 The resulting model of PHP.eB shows
an ordered structure from residues 219 to 743 (Figures 1B and 1C).

At a high contour level, the VR-VIII protrusion shows relatively weak
electron density, indicating that this part might be more flexible than
other parts of the capsid. However, at a lower contour level of sz 2,
we observed electron density from the 7-mer peptide at the outermost
portions of the VR-VIII protrusions (Figure 1C). The electron density
forms a partial loop that is disconnected in the middle (Figure 1C).
On one side, electron density consistent with two residues extends
from the C terminus of D587, while on the other side, another two
residues’ worth of electron density extends from the N terminus of
the lysine in the 7-mer. This suggests that the VR-VIII 7-mer protru-
sion, while not highly rigid, exhibits some preferred structure.

We manually built the model of the 7-mer amino acids and two
mutated residues (587DGTLAVPFK7’) of PHP.eB into oneof themono-
mer maps and refined the model with PHENIX (Figure 1C).28 We
denote the threonine, leucine, alanine, valine, proline, phenylalanine,
and lysine in the 7-mer as T10, L20, A30, V40, P50, F60, and K70, respec-
tively.Despite the overallflexibility of theVR-VIII protrusion, we could
confidently place residues D587, G588, and K7’. For residues T10, P50,
and F60, it was difficult to ascertain the conformation of side chains, so
we located thembased on the rotamer suggestion and real-space refine-
ment functions of Coot and PHENIX,28,29 which revealed that the side
chains of both P50 andF60 pointed toward the capsid surface.A patch of
three hydrophobic residues, L20, A30, andV4’ (2’LAV4’), was fully disor-
dered, as expected given its highly solvent-exposed position at the
outermost tip of the loop. It is very likely that the conformational het-
erogeneity we observed in T10 and P50 is an effect of the disordered na-
ture of these neighboring hydrophobic residues.

To examine any structural information lost by imposing icosahedral
symmetry (I1) during averaging, we also determined the symmetry-
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free cryo-EM structure of PHP.eB (Figure S2; Table S1). Even without
icosahedral symmetry, the resolution of the reconstruction was high:
2.90 Å. Looking at the insertion loop in the VR-VIII protrusion, we
found that approximately two-thirds of the monomers displayed a
partial loop structure as observed in the I1 symmetry reconstruction,
indicating that this 7-mer structure might be the most stable confor-
mation. As in the I1 symmetry structure, 2’LAV4’was disordered in all
monomers. These residues are not highly conserved among BBB-
crossing AAV9 variants, suggesting that this patch does not form a
biochemical or structural motif (Figure 1D).

The bent 7-mer conformation is a unique feature of PHP.eB

conferred by an electrostatic lysine-aspartate interaction

The high resolution of our PHP.eB structure revealed that the acidic
residue D587 is positioned to interact with K70 on the opposite side of
the 7-mer loop (Figure 2A). The distance between this residue pair is
short enough for both hydrogen bonding and electrostatic interac-
tion. This interaction seems to hold two sides of the loop together,
limiting the flexibility of the 7-mer. Notably, this interaction is only
possible due to a mutation, A587D, introduced in the iterative engi-
neering of PHP.B into PHP.eB. To investigate the effect of this molec-
ular interaction, we superimposed our PHP.eBmonomer structure on
other, published structures of AAVs: AAV9, PHP.B, and AAV1-
PHP.B, which is a variant of the AAV1 serotype containing the
same VR-VIII 7-mer insertion as in PHP.eB (Figures 2B and
2C).15,27,30 Most of the ordered regions were similar, especially in
AAV9 variants; AAV9, PHP.B, and PHP.eB shared almost identical
structures in both highly ordered regions and flexible loops. Interest-
ingly, however, we found that the bent 7-mer is a unique feature of
PHP.eB, lacking even in other variants with an identical 7-mer inser-
tion (Figures 2C and 2D).

Looking for the basis of this difference, we found that the angle of the
loop correlates with the orientation of the lysine in the 7-mer (Fig-
ure 2D).30 In PHP.eB, the interaction we observed between D587 and
K70 appears to introduce an inward tension on the loop that could
bend the 7-mer tip downward (Figure 2D, top right). In AAV1-
PHP.B, however, K70 is instead positioned to interact with D590, pull-
ing the 7-mer upward (Figure 2D, bottom right). In PHP.B, K70 does
not seem to interact with any nearby residues, likely explaining the flex-
ibility that washes out the electron density of the 7-mer (Figure 2D, bot-
tom left). These results indicate thatK70 works as a lysine lever that con-
trols the conformation of the 7-mer tip and suggest an idea for rational
design of the structure through strategic positioning of an acidic residue
close to this lysine lever. Our results also suggest an explanation forwhy
PHP.eB exhibits much stronger CNS tropism than PHP.B despite
differing in only two residues: the interaction between D587 and K70

of PHP.eB, by limiting theflexibility of the 7-mer,may keep it in a struc-
tural conformation favored by receptors on the BBB or CNS cells.

AAV9 and PHP.eB interact with the PKD2 domain of AAVR, and

the 7-mer orientation predicts the AAVR binding strength

AAVR is a direct receptor for multiple AAVs, including AAV9, and
is essential for efficient cell infection.16,17 After determining the
mber 2022
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Figure 1. High-resolution cryo-EM structure of AAV-PHP.eB

(A) Representative micrograph and resulting single-particle cryo-EM reconstruction of AAV-PHP.eB (PHP.eB). Color indicates the distance from the capsid center (purple:

100 Å; yellow: 140 Å). Triangles and pentagon indicate the icosahedral 3- and 5-fold axes, respectively. Scale bar: 50 nm. (B) Model of 3-fold spike trimer built using the

PHP.eB monomer structure. One of the monomers is colored yellow. The other two monomers are colored gray. Dashed arch and black arrows indicate the 7-mers of

each monomer. (C) Atomic model of PHP.eB monomer (left), and cryo-EM map with fitted atomic model of the 7-mer and two point mutations in the VR-VIII loop of PHP.eB

(right). Cryo-EM map is contoured at a level of s z 2. (D) Sequences of AAV-PHP variants’ 7-mer peptides inserted between residues 588 and 589 of AAV9. Conserved

residues are colored green. Unique residues are colored orange. Partially conserved residues are colored gray. Basic residues are colored blue. Acidic residue is colored

red. Residue frequency for just the 7-mer is shown above. Size of letter represents prevalence, and color represents properties of residues.
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(A) Interaction site between D587 and K70 of PHP.eB. (B) Comparison of 7-mer sequences of AAV9 variants (top) and AAV1 variants (bottom). Residues 587 and 588 and the

7-mer are colored by variant according to the color code shown in (C). Aspartates are indicated by red boxes and red arrowheads. Lysines are indicated by blue boxes and a

blue arrowhead. Lysine lever pairs are indicated with arches. (C) Superimposition of atomicmodels of AAV9 (PDB: 7MT0), PHP.eB (this study), AAV-PHP.B (PDB: 7RK8), and

AAV1-PHP.B (PDB: 7RK9). Detail of the outermost tip of VR-VIII (dashed box) is enlarged in the inset. In the inset, residues 587 and 588 and the 7-mer are colored according
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structure of PHP.eB, we conducted pull-down assays to screen
which of the five domains of AAVR, PKD1, 2, 3, 4, and/or 5, me-
diates interaction with AAV9 and PHP.eB. We immobilized each
polyhistidine (6xHis)-tagged PKD on Ni-NTA resin and added
AAV9 or PHP.eB as a prey to analyze the interaction (Figure 3A).
As a negative control, we used 6xHis-tagged IgG-Fc (His-Fc). The
results revealed that both AAV9 and PHP.eB bind to the PKD2
domain of AAVR and not significantly to any other PKD (Fig-
346 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
ure 3B). This result is consistent with AAV9’s sequence and struc-
tural conservation with AAV1 and AAV2; AAV1 and AAV2 are
known to interact with PKD2 in the same 3-fold conformation.20–22

We generated a phylogenetic tree of the sequences of the capsid-
forming VP3 and found that AAV9 clusters with AAV1, AAV2,
and AAV8, all of which interact with the PKD2 domain of
AAVR, while AAV5, the only known PKD1 interactor, is highly
divergent (Figure S3A).19 In addition, the loop regions VR-I, VR-III,
mber 2022
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VR-VI, and VR-VIII, which are known to bind PKD2, show conser-
vation of both sequence and structure between AAV9, PHP.eB,
AAV1, and AAV2 (Figure S3B).20–22,27 Together, these results
Molecular The
strongly suggest that both AAV9 and PHP.eB require PKD2 to
transduce cells and likely do so through a similar interaction inter-
face as other PKD2-binding serotypes.
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Interestingly, in our pull-down assays, we observed that His-PKD2
consistently pulled down less PHP.eB than AAV9, suggesting that
the binding affinity of PKD2 for PHP.eB might be weaker than for
AAV9. To confirm this, we gradually increased the amount of His-
PKD2 bait and detected the corresponding amount of AAV pulled
down (Figure 3C). Indeed, the amount of capsid pulled down was
consistently less for PHP.eB than for AAV9 across a 16-fold concen-
tration gradient of PKD2, indicating that PKD2 does bind PHP.eB
more weakly than AAV9.

LY6A was recently identified as a direct and critical interaction part-
ner of PHP.eB.24–26 We therefore performed pull-down assays of
AAV9 and PHP.eB with 6xHis-tagged LY6A as a bait (Figure 3D,
top). We found that LY6A pulled down PHP.eB even more efficiently
than PKD2 did. By contrast, LY6A did not detectably capture any
AAV9 capsids, revealing significantly different receptor selectivity
for AAV9 and PHP.eB. Our results suggest that 587DGTLAVPFK7’

offers a binding platform for LY6A receptors while simultaneously
destabilizing binding with AAVR-PKD2.

To test whether the topology of the 7-mer impacts AAVR-PKD2
binding strength and receptor selectivity, we conducted similar
pull-down assays with AAV1 and AAV1-PHP.B, which has a
different 7-mer conformation than PHP.eB (Figure 3D, bottom).
Interestingly, for AAV1-PHP.B, we did not find any significant differ-
ence in PKD2 binding of AAV1-PHP.B compared with AAV1, indi-
cating that the 7-mer in AAV1-PHP.B does not alter the PKD2 bind-
ing strength. Neither AAV1 nor AAV1-PHP.B showed any binding to
LY6A, as previously reported,30 suggesting that the different confor-
mation of the 7-mer in AAV1-PHP.B is not favorable for LY6A.

Based on our pull-down assays, VP3 phylogenetic analysis, and struc-
tural comparison of PKD2 interaction sites, we assumed that AAV9
and PHP.eB would share the same PKD2-interacting 3-fold confor-
mation as AAV1 and AAV2.20–22 Thus, we superimposed our new
PHP.eB model and the previously reported AAV1-PHP.B model
onto a previously reported AAV1-PKD2 trimer complex structure
(PDB: 6JCQ) (Figure 3E).20 The location of the VR-VIII protrusion,
including the 7-mer peptide, in the tight interface between two neigh-
boring PKD2 domains suggests that the bulky 7-mer may cause a ste-
ric clash with PKD2. The bent angle of the PHP.eB 7-mer appears to
enhance this clash with PKD2, which would explain its weaker bind-
ing. By contrast, in AAV1-PHP.B, the upright conformation of the
7-mer loop positioned it to extend through the channel without clash-
ing, explaining the similarity of its PKD2 binding affinity to AAV1 in
pull-down assays.

We next compared the PKD2 binding affinities of PHP.eB and PHP.B
(Figure S4A). Our pull-down assays showed that AAV-PHP.B was
captured less efficiently than PHP.eB. To further understand the dif-
ference between PHP.B and PHP.eB, we modeled the missing parts of
the VR-VIII loops in PHP.B and PHP.eB using RosettaRemodel (Fig-
ure S4C).31 Structural modeling resulted in divergent poses of the
7-mer in both PHP.B and PHP.eB, consistent with the loss of electron
348 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
densities observed in cryo-EM structures (Figure 2D). A large fluctu-
ation in predicted structures around F60-A589 of PHP.B, near the
PKD2 interaction site (Figure S3B), suggests that the hydrophobic
phenylalanine in this solvent-exposed position destabilizes the loop
structure (Figure S4C). Among the top ten PHP.eB 7-mer models,
four models (colored red, orange, and yellow) showed a similar struc-
ture as our cryo-EM reconstruction, while the other models (colored
purple, blue, and green) diverged around F60, similar to the PHP.B
structure (Figure S4C). These models suggest that the lysine lever
in PHP.eB limits the mobility of F60 and A589, thereby reducing
the structural instability of the 7-mer.

The flexibility and size of a peptide insertion in the VR-VIII

protrusion can alter the AAVR binding affinities of engineered

rAAVs

To further test the hypothesis that 7-mer topology impacts AAVR-
PKD2 binding affinity, we designed new PHP.eB variants, TLAV(�),
TLAV(�2), and TLAV to AGAG, which have a shorter peptide, a
longer peptide, and smaller residues in the peptide, respectively
(Figures 4A and 4B). We then conducted pull-down assays to
compare the amount of each new variant captured by PKD2 with
wild-type AAV9 and PHP.eB (Figures 4C–4E). As expected,
TLAV(�2) lost nearly all PKD2 binding affinity, consistent with
the longer VR-VIII protrusion causing more steric hindrance in the
PKD2 gap (Figure 4C). In contrast, TLAV(�) recovered PKD2 bind-
ing affinity to a level similar to wild-type AAV9 (Figure 4D). For the
TLAV to AGAG construct, we observed no obvious change in bind-
ing compared with PHP.eB, indicating that PKD2 recognition is
influenced more by the length of the a-carbon backbone than by
the size or biochemical properties of residue side chains (Figure 4E).

We also designed a PHP.eB variant, eB-flip, which has a reversed
7-mer sequence (1’KFPVALT7’), which we reasoned should transform
the 7-mer structure upward (Figure 4B). We then conducted pull-
down assays to test whether reversing the bending direction can
recover PKD2 binding affinity (Figure 4F). However, eB-flip showed
a similar PKD2 binding affinity to PHP.eB, suggesting that this
dramatic change might modify the topological and biochemical
properties of the loop, obscuring the effect of the different a-carbon
backbone conformation.

5’PFK7’ in the 7-mer is an essential motif required for LY6A

recognition

We next tested if the newly designed PHP.eB variants still possess
LY6A binding affinity. We conducted pull-down assays with PHP.eB
variants (TLAV(�2), TLAV(�), TLAV to AGAG, eB-flip) and
compared the amount of AAV captured by 6xHis-tagged LY6A (Fig-
ure 5). Surprisingly, only TLAV(�), which has the shortest peptide,
could bind LY6A (Figure 5B), while the other variants completely
lost LY6A binding affinity (Figures 5A, 5C, and 5D). This result indi-
cates that of the 7-mer residues, P50, F60, and K7’ (5’PFK7’) alone are
sufficient for recognizing LY6A. The fact that all other PHP.eB vari-
ants lost their LY6A binding indicates that LY6A binding is more
dependent on 7-mer conformation than PKD2 binding, which was
mber 2022
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never totally lost in the same PHP.eB variants (Figure 4). We also
compared the LY6A binding affinity of PHP.B with PHP.eB and
found it to be weaker (Figure S4B), as expected if the unstable VR-
VIII structure of PHP.B impedes LY6A binding as it does for PKD2
(Figures S4A and S4C).

DISCUSSION
PHP.eB has been widely adopted in the fields of neuroscience32–36 and
preclinical gene therapy37–42 for its ability to penetrate the BBB, but the
molecular basis of this behavior is poorly understood. Here, we deter-
mined a 2.24-Å resolution structure of PHP.eB showing that the in-
Molecular The
serted 7-mer of PHP.eB has higher flexibility than the rest of the capsid
surface but that the two neighboringmutated residues D587 andG588,
distinguishingPHP.eB fromPHP.B, limit thismobility. Specifically, we
find that K70 of the 7-mer acts as a lever for the VR-VIII loop, pairing
with a nearby aspartate, either D587 in PHP.eB or D590 in AAV1-
PHP.B, to control the angle of the protrusion. This suggests a possible
strategy for further improving viral tropismby engineering theposition
and nature of the aspartate-lysine pair.

Previous in vivo studies showed that AAVR is essential for AAV9 and
PHP.eB transduction of the mouse CNS,24 and LY6A was recently
rapy: Methods & Clinical Development Vol. 26 September 2022 349
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identified as a critical murine receptor for PHP.eB transduction.24–26

Here, we find that the PKD2 domain of AAVR is the main receptor
for AAV9 and PHP.eB in vitro and that PHP.eB shows relatively
weaker binding affinity for PKD2 and higher affinity for LY6A than
AAV9. This difference suggests that the 7-mer insertion may not
only play a role in binding to new receptors (LY6A) but may also
modify the recognition of existing receptors (AAVR-PKD2). One
possible scenario is that while PHP.eB still requires AAVR for cell
infection, its relatively unstable AAVR binding reduces infectivity,
an effect compensated for, either directly or indirectly, by LY6A.
PHP.eB could therefore stably bind cell membranes presenting
LY6A, explaining the improved neurotropism of PHP.eB. Further
biophysical and in vivo studies are needed to test this idea and deter-
mine the actual molecular mechanism.

We also show that the conformation of the 7-mer may impact AAVR
binding strength in vitro. PHP.eB, AAV1-PHP.B, and PHP.B have
different topologies of the 7-mer: bent downward, pulled upward,
and disordered, respectively. PHP.eB and PHP.B show much weaker
PKD2 binding than AAV9, while AAV1-PHP.B shows no significant
350 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
difference fromAAV1. Our structural comparison andmodeling sug-
gest that the bent-downward or disordered structure of the 7-mer in
PHP.eB and PHP.B, respectively, might destabilize PKD2 binding,
while the upright 7-mer in AAV1-PHP.B avoids steric clashes with
PKD2. Further, PHP.B shows even weaker PKD2 binding than
PHP.eB. Our loop modeling results suggest that the lysine lever in
PHP.eB may stabilize and narrow the 7-mer by limiting the mobility
of hydrophobic alanine and phenylalanine and thereby reduce the
steric hindrance against PKD2 interaction. As reported before,
AAV1-PHP.B did not show any binding affinity toward LY6A, which
is surprising because it contains the same 7-mer at the tip of the VR-
VIII loop.30 A different 7-mer conformation might explain why
AAV1-PHP.B is not favored by LY6A. A previous study reported
that replacing most of the VR-VIII loop in AAV1 with that of PHP.eB
allowed it to interact with LY6A.30 This replacement relocates an
aspartate from AA590 to AA587 and therefore might switch the
lysine lever so that the 7-mer adopts a conformation favorable for
LY6A. Further structural and biophysical experiments will be
required to fully understand the correlation between 7-mer confor-
mation and AAVR selectivity.
mber 2022
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Our structural comparison suggests an explanation for the weakened
binding of PHP.eB to AAVR-PKD2: the 7-mer peptide insertion in-
duces steric stress between neighboring PKD2s on 3-fold spikes.
Informed by this analysis, we were able to successfully control the
binding affinity of the PHP.eB capsid for PKD2 by changing the
length of the insertion peptide. Duplicating or removing the most
labile region of the 7-mer 1’TLAV4’ abrogated or strengthened
PKD2 binding, respectively. Interestingly, replacing the hydrophobic
residues 1’TLAV4’ with 1’AGAG4’ did not significantly change PKD2
binding. In the directed evolution that yielded the PHP.eB capsid,
these residues were not highly conserved among selected variants,
suggesting, with our results here, that the conformation, and not
the biochemistry, of the 1’TLAV4’ patch is important for receptor
binding. Further, we identified 5’PFK7’ as an essential motif in the
PHP.eB 7-mer for binding LY6A. Contrary to 1’TLAV4’, 5’PFK7’ is
highly conserved among BBB-crossing AAV9 variants, suggesting
that this motif plays a similar role in LY6A binding in other variants.

Taken together, our results reveal that the conformation of the VR-
VIII loop in rAAVs correlates with binding affinity toward AAVR.
This suggests a strategy for modulating AAVR binding affinity by en-
gineering a lysine lever interaction to control the flexibility of the loop
and its steric hindrance with the PKD2 domain of AAVR. We also
provide proof of principle for another possible strategy for modu-
lating AAVR binding affinity: modifying the insertion loop length.
Current neurotropic vectors such as PHP.eB rely on a murine recep-
tor, LY6A, that is not found in higher vertebrates. Novel library-
design strategies for engineering rAAVs with CNS-biased tropism
such as those suggested by this study are therefore essential for real-
izing the full promise of CNS gene therapy.

MATERIALS AND METHODS
AAV vector production

All AAV capsids were expressed and purified as described in Challis
et al.43 7-mermodifiedPHP.eBvariant capsids (TLAV(�2), TLAV(�),
TLAV toAGAG, and eB-flip) capsidswere cloned into theAAV9back-
bone using the Q5 Site-Directed Mutagenesis Kit (NEB). HEK293T
cells were cultured in 150-mm dishes at 37�C with 5% CO2 until
they reached 80%–90% confluency and were triple transfected using
polyethylenimine (PEI) with pHelper, a cargo plasmid containing
the GFP reporter gene expressed from the ubiquitous CAG promoter,
and a plasmid encoding one of the following capsids: AAV9, PHP.B,
PHP.eB, TLAV(�2), TLAV(�), TLAV to AGAG, eB-flip, AAV1,
andAAV1-PHP.B.Media were collected after 72 h andmedia and cells
at 120 h. Media were cleared by centrifugation, and viral particles were
collected by precipitation with 8% polyethylene glycol (PEG) 8000
(Sigma-Aldrich). Cell pellets were lysed with salt-active nuclease
(SAN) (ArticZymes). Precipitated viruses and lysate were combined
and cleared by centrifugation. Viral particles in clarified supernatant
were purified by ultracentrifugation in an iodixanol gradient. Viruses
were concentrated and buffer exchanged into Dulbecco’s phosphate-
buffered saline (DPBS) (ThermoFisher Scientific). Viruseswere titered
bymeasuring capsid protection of theWPRE cargo region using qPCR.
Linearized cargo plasmid was used as a standard.
Molecular The
Cryo-EM data collection and image processing

Three mL PHP.eB at a concentration of 8E13 vg/mL in DPBS was
loaded onto glow-discharged Quantifoil R1.2/1.3/300 Cu EM grids
and plunge frozen using a Vitrobot Mark IV (FEI). All cryo-EM
was done in the Beckman Institute Resource Center for Transmission
Electron Microscopy at Caltech, using a 200-keV Talos Arctica
(Thermo Fisher Scientific) equipped with a K3 direct detector
(Gatan). A total of 1,485 micrographs were collected, with 40 frames
per movie, at a pixel size of 0.4345 Å/pixel (super res) and a total dose
of 60 e�/Å2.

For the I1 symmetry structure, image-processing steps were per-
formed in cryoSPARC (v.3.3.1).44 Micrographs were motion cor-
rected using the built-in patchmotion correction function and binned
to 0.869 Å/pixel. Contrast transfer function (CTF) estimation was
performed with the built-in patch CTF estimation function. From
1,485 micrographs, a total of 81,327 particles were picked and sub-
jected to one round of two-dimensional (2D) classification. From
the 81,327 particles, 50,195 good-quality filled viral particles were
selected for homogeneous refinement with I1 symmetry applied fol-
lowed by global CTF refinement and local CTF refinement.45 The
final cryo-EM structure had a resolution of 2.24 Å as measured by
the gold standard FSC at a cutoff of 0.143. The 3D model was built
with Coot29 and refined with the real-space refinement function im-
plemented in PHENIX,28 using a structure of AAV9 solved previously
by X-ray crystallography (PDB: 3UX1) as an initial model.27

For the symmetry-free structure, image-processing steps were per-
formed in Relion (v.3.1.3)46 in the SBGrid software library.47 Micro-
graphs were motion corrected using MotionCor248 and binned to
0.869 Å/pixel. CTF estimation was performed with Gctf.49 From
1,485 micrographs, a total of 97,560 particles were picked and sub-
jected to two rounds of 2D classifications and one round of 3D clas-
sification. From the 97,560 particles, 49,405 good-quality full viral
particles were selected for 3D auto-refinement followed by CTF
refinement, Bayesian polishing, and post-processing. No symmetry
was imposed, to enhance visualization of asymmetric features. The
final cryo-EM structure had a resolution of 2.90 Å as measured by
the gold standard FSC at a cutoff of 0.143.

All structure figures were created using Chimera.50

RosettaRemodel structure prediction

Missing loop structures were modeled with RosettaRemodel (bundle
release 2018.48.60516)31 using a previously published model of
PHP.B (PHP.B, PDB: 7RK8)30 and our new PHP.eB atomic model,
with a symmetrical input that considers interactions around the
3-fold axis. The template file in PDB format was first cleaned up
with a Python script in the software bundle (tools/protein_tools/
scripts/clean_pdb.py) to remove water molecules and comments in
the file. A trimeric model was then built with PyMOL (v.2.3.3).51

The trimer complex was saved as an individual .pdb file and
then used to generate symmetry files. Symmetry files describing
the C3 rotational symmetry were generated using a Perl script
rapy: Methods & Clinical Development Vol. 26 September 2022 351
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(main/source/src/apps/public/symmetry/make_symmdef_file.pl, us-
ing NCS mode). The symmetry file and _INPUT.pdb file generated
from the Perl script were used as input files for the Remodel applica-
tion. Flags for the remodel application were set to perform next-gen-
eration kinematic loopmodeling.52 The blueprint file was set tomodel
the unresolved residues along with two flanking residues on each side.
Due to their similar energy level scores, the top ten models of each
variant were not ranked. Key settings in the flags and the blueprint
file are listed in Table S2.

Phylogenetic tree generation

VP3 sequences of AAVs in the primate group (AAV1: residues 219–
736; AAV2: residues 218–735; AAV3: residues 218–736; AAV4: res-
idues 212–734; AAV5: residues 208–724; AAV6: residues 218–736;
AAV7: residues 219–737; AAV8: residues 219–738; AAV9: residues
219–736; AAV10: residues 219–738; AAV11: residues 212–733;
AAV12: residues 221–742; and AAV13: residues 217–733) were fed
into the phylogenetic tree generator in philogeny.fr and built-in pro-
grams applied.53 Briefly, sequences were aligned with MUSCLE
(v.3.8.31),54 and ambiguous regions were eliminated by Gblocks
(v.0.91b).55 Using the cleaned-up alignment, a phylogenetic tree
was generated using the PhyML (v.3.1/3.0 aLRT)56 with 100 iterations
of bootstrapping.

Protein purification

Single PKD domains of AAVR (PKD1: residues 308–400; PKD2: res-
idues 401–498; PKD3: residues 499–594; PKD4: residues 595–687;
and PKD5: residues 688–781) were expressed as fusions double
tagged with Myc and 6xHis in BL21 (DE3)-RIPL E. coli. The cells
were lysed, and cell debris were cleared by centrifugation at
20,000� g for 20 min. For each single domain, the resulting superna-
tant was loaded onto a Ni-NTA column (Qiagen) equilibrated with a
buffer containing 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, and
20 mM imidazole. The column was then sequentially washed with
20 mM Tris-HCl (pH 8.0), 20 mM imidazole, and a gradient of
NaCl concentrations (500, 1,000, 500, and 150 mM) to remove
non-specifically bound material. PKD domains were eluted using
20 mM Tris-HCl (pH 8.0) and 100 mM NaCl with a stepped imid-
azole gradient (50, 100, 150, and 250mM), and the 250mM imidazole
fractions were used for experiments.

LY6A (residues 1–109) from C57BL/6 mice triple tagged with Fc (hu-
man IgG1), Myc, and 6xHis was transfected into HEK293T cells at
80%–90% confluency using PEI. Media containing secreted His-
Fc-LY6A were collected after 120 h and filtered using a 0.22-mm
PES vacuum filter (Sigma-Millipore). His-Fc-LY6A in clarified media
was captured with Ni-NTA resin (Qiagen) and eluted with 100 mM
NaCl, 50 mM Tris-HCl (pH 8.0), and 150 mM imidazole. Purified
His-Fc-LY6A was concentrated using a 10K Amicon concentrator
(Sigma-Millipore).

Pull-down assays

Prey rAAVs (0.01–0.05 pmol) were mixed with 6xHis-tagged bait,
either purified AAVR single domains (ranging from 5–80 pmol, de-
352 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
pending on the purpose of the assay), His-Fc-LY6A (10–60 pmol),
or His-Fc (30–60 pmol, negative control) and 15 mL Ni-NTA resin
in a buffer containing 50 mM Tris-HCl (pH 8.0), 100 mM NaCl,
and 20 mM imidazole for 1 h at 4�C in a rotary shaker. The mixture
was loaded onto a spin column and washed twice with 100 mL (10 col-
umn volumes total) wash buffer containing 50 mM Tris-HCl (pH
8.0), 100 mM NaCl, and 20 mM imidazole to remove unbound
rAAVs. Prey rAAVs interacting with the 6xHis-tagged bait were
eluted with 80 mL elution buffer containing 50 mM Tris-HCl (pH
8.0), 100 mM NaCl, and 150 mM imidazole. The resulting eluate
was electrophoresed by SDS-PAGE and analyzed by western blotting
with anti-VP1/VP2/VP3 and anti-6xHis antibodies. Western blot im-
ages were analyzed using ImageJ.57

Amino acid frequency plot generation

The amino acid frequency plot of insertion loops of BBB-crossing
AAV9 variants were created using Weblogo (v. 2.8.2).58

Data availability statement

Cryo-EM map and 3D coordinates are available in wwPDB and
EMDB with the following accession codes: I1 symmetry applied
AAV-PHP.eB, PDB: 7UD4 and EMD: 26453 and symmetry-free
AAV-PHP.eB, EMD: 26417.
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