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Deamidation of Amino Acids on the Surface of
Adeno-Associated Virus Capsids Leads to Charge
Heterogeneity and Altered Vector Function
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Post-translational modification of the adeno-associated virus
capsids is a poorly understood factor in the development of
these viral vectors into pharmaceutical products. Here we
report the extensive capsid deamidation of adeno-associated
virus serotype 8 and seven other diverse adeno-associated virus
serotypes, with supporting evidence from structural, biochem-
ical, and mass spectrometry approaches. The extent of deami-
dation at each site depended on the vector’s age and multiple
primary-sequence and three-dimensional structural factors.
However, the extent of deamidation was largely independent
of the vector recovery and purification conditions. We demon-
strate the potential for deamidation to impact transduction
activity and, moreover, correlate an early time point loss in vec-
tor activity to rapidly progressing spontaneous deamidation at
several adeno-associated virus 8 asparagines. We explore muta-
tional strategies that stabilize side-chain amides, improving
vector transduction and reducing the lot-to-lot molecular vari-
ability that presents a key concern in biologics manufacturing.
This study illuminates a previously unknown aspect of adeno-
associated virus capsid heterogeneity and highlights its impor-
tance in the development of these vectors for gene therapy.
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INTRODUCTION
The adeno-associated virus (AAV) capsid is icosahedral in structure
and is comprised of 60 viral protein (VP) monomers (VP1, VP2, and
VP3) at a 1:1:10 ratio.1 All 519 amino acids in the VP3 protein
sequence are contained within the C terminus of both VP1 and
VP2. The shared VP3 sequences are primarily responsible for the
overall capsid structure. Due to the structural flexibility of the
VP1/2 unique regions and the low representation of VP1 and VP2
monomers relative to VP3 monomers in the assembled AAV capsid,
VP3 is the only capsid protein that has been resolved via X-ray crys-
tallography.2 VP3 contains nine hypervariable regions (HVRs) that
are the primary source of sequence variation between AAV sero-
types.3 Given their flexibility and location on the capsid surface,
HVRs are largely responsible for interacting with target cells and
the immune system.4,5 Although the structures of several AAV sero-
types are published (see PDB: 1LP3, 4RSO, 4V86, 3UX1, 3KIC, 2QA0,
and 2G8G for the structure entries for AAV2, AAVrh.8, AAV6,
AAV9, AAV3B, AAV8, and AAV4, respectively), we currently
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know very little about surface modifications on these capsids.1,2,6–10

Research suggests that intracellular phosphorylation of the capsid
occurs at specific tyrosine residues.11 Despite putative glycosylation
sites in the primary VP3 sequence, no glycosylation events have
been identified in AAV2.12,13 Furthermore, other AAV serotypes
have not yet been evaluated for capsid glycosylation.

Post-translational modification (PTM) events on the AAV capsid,
especially those that affect function, could impact the development
of AAV as a pharmaceutical product for gene therapy applications.
One such modification that has the potential to introduce vector
heterogeneity is the deamidation of select amino acids. In some
instances, this process is catalyzed by viral or bacterial deamidases
to modulate host cell signaling pathways or innate immune
responses.14,15 More commonly, endogenous deamidation is an
enzyme-independent spontaneous process. In some scenarios, this
event serves as a molecular clock to indicate the relative age of a pro-
tein and regulate its turnover.16 Variations in PTMs of non-gene ther-
apy protein therapeutics have complicated their development as
drugs.17,18 For example, deamidation of selected amino acids modu-
lates the stability of and the immune response to the recombinant
protective antigen-based anthrax vaccine.19,20

Deamidation occurs when the amide group of an asparagine or, less
frequently, a glutamine side chain is lost after nucleophilic attack
from an adjacent main-chain amide. This process leads to a succini-
midyl intermediate21 that, via hydrolysis, resolves into a mixture of
aspartic acid and isoaspartic acid (or glutamic acid and isoglutamic
acid22; see Figure 1A). Studies of short synthetic peptides estimate
that this hydrolysis results in a 3:1 mixture of isoaspartic acid and
aspartic acid.23 Several biophysical factors contribute to the kinetics
of spontaneous deamidation including the identity of the N+1 amino
erican Society of Gene and Cell Therapy.
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Figure 1. Electrophoretic Analysis of AAV8 VP Isoforms

(A) Diagram illustrating the mechanism by which asparagine residues undergo nucleophilic attack by adjacent nitrogen atoms, forming a succinimidyl intermediate.

This intermediate then undergoes hydrolysis, resolving into a mixture of aspartic acid and isoaspartic acid. The beta carbon is labeled as such. The diagram was generated

in BIOVIA Draw 2018. (B) 1 mg of AAV8 vector was run on a denaturing one-dimensional SDS-PAGE. (C) Isoelectric points of carbonic anhydrase pI marker spots are shown.

(D) 5 mg of AAV8 vector was analyzed by two-dimensional gel electrophoresis and stained with Coomassie blue. Spots 1–20 are carbamylated carbonic anhydrase

pI markers. Boxed regions are as follows: a, VP1; b, VP2; c, VP3; and d, internal tropomyosin marker (arrow: tropomyosin spot of molecular weight [MW] = 33kDa, pI = 5.2).

Isoelectric focusing was performed with a pI range of 4–8. 1� 1011 GC of WT AAV8 (E) or mutant (F, N255D; and G, N517D) vector were analyzed by 2D gel electrophoresis

and stained with SYPRO Ruby. Protein labeling: A, VP1; B, VP2; C, VP3; D, chicken egg white conalbumin marker; E, turbonuclease marker. Isoelectric focusing was

performedwith a pI range of 6–10. Primary VP1/2/3 isoform spots are circled, andmigration distances of major spots of markers are indicated by vertical lines (turbonuclease,

dashed; conalbumin, solid).
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acid, local flexibility of the peptide chain, overall protein structure,
solvent accessibility, buffer identity, pH, and temperature.24–26 The
N+1 residue is particularly important, because the size and charge
of this residue influences the local flexibility of the peptide backbone;
glycine in the N+1 position has the greatest effect on reducing the
half-time of deamidation, followed by histidine and serine.16 The
Molecular Therapy Vol. 26 No 12 December 2018 2849
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conformational flexibility and thermal vibration of the backbone are
also important, because the deamidation rate of asparagine is greatly
reduced when the residue is located in regions with ordered and rigid
secondary and tertiary structures due to steric hindrance of the side
chains of adjacent residues.

In this study, we characterized PTMs of the AAV8 vector capsid using
gel electrophoresis, mass spectrometry, and de novo structural
modeling. We extended this analysis to encompass representatives
from seven other clinically relevant AAV clades and found broad
agreement in the pattern and extent of capsid deamidation. We
explore the functional consequences of vector deamidation and
demonstrate strategies to mitigate its effects in order to improve
vector performance and consistency in manufacturing.

RESULTS
AAV8 Shows Substantial Charge Heterogeneity in Its Capsid

Proteins

To qualitatively assess the presence of PTMs on the AAV8 vector
capsid that affect vector performance, we analyzed AAV8 total capsid
protein purified by iodixanol gradient both by one-dimensional (1D)
and two-dimensional (2D) gel electrophoresis. In a 1D reducing
SDS gel, VP1, VP2, and VP3 resolved as single bands at the appro-
priate molecular weights (Figure 1B).27 When further evaluated by
2D gel electrophoresis, which separates proteins based on charge
(Figure 1C), each of the capsid proteins additionally resolved as a
series of distinct spots with different isoelectric points (pIs) ranging
from pH 6.3 to >7.0 depending on the VP isoform (Figure 1D).
Individual spots on each VP were separated by discrete intervals of
0.1 pI units as measured as migration relative to the carbonic
anhydrase isoform internal pI standards. The presence of these iso-
forms suggests that each VP has the potential to undergo multiple
charge-altering modifications.

Deamidation, in which a fraction of side-chain amide groups, typi-
cally asparagine, is converted to carboxylic acid (Figure 1A), is a
common source of charge heterogeneity in protein preparations. To
determine whether deamidation could be responsible for the distinct
population of VP charge isoforms, we mutated two AAV8 asparagine
residues individually to aspartate. These capsid mutations should
shift the charge by an amount equivalent to the complete deamidation
of a single additional asparagine residue. Using 2D gel analysis of
the mutants, we found that the major spots for VP1, VP2, and VP3
shifted one location more acidic (0.1 pH units) than the equivalent
spots in wild-type (WT) AAV8 (Figures 1E–1G). The magnitude of
this shift is equivalent to the spacing between the WT VP charge iso-
forms. Thus, the 2D gel patterning of AAV capsid proteins is consis-
tent with multi-site deamidation.

Spontaneous Deamidation Occurs on the AAV8 Vector Capsid

To identify modifications responsible for the discrete spotting pattern
for each capsid protein, we analyzed a panel of AAV8 vectors by mass
spectrometry. Coverage of the AAV8 capsid protein averaged >95%
of the total VP1 sequence (data not shown). We detected extensive
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deamidation of a subset of asparagine and glutamine residues by
mass spectroscopy, which showed an increase of �1 Da in the
observed mass of the individual peptides as compared with predicted
values based on the sequence encoded by the DNA; we observed
this pattern of deamidation in all preparations of AAV8 vectors
(Figures 2A–2D).

To evaluate the global heterogeneity of deamidation between
commonly used purification methods and to examine deamidation
in the VP1 and VP2 unique regions, we selected nine lots of AAV8
produced by triple transfection in 293 cells and purified them by either
cesium chloride gradient, iodixanol gradient, or affinity chromatog-
raphy. Vectors also varied with respect to promoters and transgene
cassettes. To determine whether the presence of the vector genome
had an impact on deamidation, we evaluated an AAV8 preparation
produced by triple transfection in 293 cells in the absence of cis plasmid
(producing empty capsids only) and purified by iodixanol gradient.

A wide range of deamidation events was present across asparagine and
glutamine residues of the AAV8 capsid, ranging from undetectable to
over 99% of individual amino acids being deamidated (Figure 2E). The
highest levels of deamidation (>75%) occurred at asparagine residues
where the N+1 residue was glycine (i.e., NG pairs; Table 1). We
detected lower levels of deamidation (i.e., up to 17%) at additional
asparagine residues where the N+1 was not glycine. The average dea-
midation for asparagines was largely consistent between preparations.
We also detected deamidation at glutamine residues but at a lower
frequency than at asparagines; the highest percent we observed was
<2% at Q467 (Figure 2E). This observation was inconsistent across
preparations (data not shown). We observed the greatest prepara-
tion-to-preparation differences at residue N499 (N+1 residue is
asparagine), with values ranging from <1% to over 50% deamidation.
Regardless, the variations we observed in deamidation between
preparations of vector did not appear to be related to purification
method, transgene identity, or the presence of vector genome, suggest-
ing that these factors do not impact deamidation rates.

Next, we ran a series of experiments to determine whether sample
handling contributed to the observed levels of deamidation in
AAV8. Extreme temperature (70�C for 7 days) or pH (pH 2 or 10
for 7 days) did not significantly induce additional deamidation in
the AAV8 capsid (Figures S1A and S1B) even though the
conditions were harsh enough to partially denature some of
the vector (Figure S1D). Given this resistance, we reasoned that the
observed deamidation was unlikely to occur only in the purification
phase, which was shorter and relatively mild in comparison. We
attempted to perform mass spectrometry analysis on unpurified vec-
tor to determine the extent of deamidation before and after purifica-
tion, but we were unsuccessful. Likewise, heavy water controls
indicate that processing specific to our mass spectrometry workflow
does not contribute to additional deamidation events28 (Figure S1C).

To validate our mass spectrometry workflow, we examined two
recombinant proteins that have been evaluated previously for



Figure 2. Analysis of Asparagine and Glutamine Deamidation in AAV8 Capsid Proteins

(A and B) Electrospray ionization (ESI) mass spectrometry and theoretical and observed masses of the 3+ peptide (93–103) containing Asn-94 (A) and Asp-94 (B) are shown.

(C and D) ESI mass spectrometry and theoretical and observed masses of the 3+ peptide (247–259) containing Asn-254 (C) and Asp-254 (D) are shown. The observed mass

shifts for Asn-94 and Asn-254 were 0.982 and 0.986 Da, respectively, versus a theoretical mass shift of 0.984 Da. (E) Percent deamidation at specific asparagine and

glutamine residues of interest are shown for AAV8 tryptic peptides purified by different methods. Bars indicating deamidation at asparagine residues with N+1 glycines are

crosshatched. Residues determined to be at least 2% deamidated in at least one prep analyzed were included. Data are represented as mean ± SD.
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deamidation; our findings (Figures S2A and S2B) agree with the pub-
lished results.29,30 Additionally, we engaged a secondary institution to
evaluate our raw data from AAV8. This independent analysis identi-
fied the same sites as deamidated, withminimal variation in the extent
of modification at each site attributable to software-to-software vari-
ations in peak detection and area calculation (Figure S3).
Structural Topology, Temperature Factor, and the Identity of the

N+1 Amino Acid Contribute to Deamidation Frequency

Because the structure of AAV8 has been solved and published
(PDB: 2QA0),31 we next examined the AAV8 capsid structure
for evidence of favorable conditions for non-enzymatic deamida-
tion and to correlate percent deamidation with established
Molecular Therapy Vol. 26 No 12 December 2018 2851
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Table 1. Characteristics of Deamidated Residues of Interest

N+1 Residue Structural Topology Structural Motif Average % Deamidation Temperature Factor (Å2)

N35 Q N/A N/A 1 N/A

N57 G N/A N/A 80 N/A

N94 H N/A N/A 7 N/A

N254* N surface exposed not assigned 9 35

N255* H surface exposed not assigned N/A 42

N263 G surface exposed HVR I 99 51

N305 N buried alpha helix 8 33

N385 G surface exposed HVR III 88 41

N410 N buried not assigned 3 33

N459 T surface exposed HVR IV 7 65

N499 N surface exposed HVR V 17 45

N514* G surface exposed HVR V 84 36

N517* S surface exposed HVR V 4 40

N540* G buried HVR VII 79 40

N630* F buried not assigned 1 32

N653 T surface exposed HI loop 1 35

Asterisks represent residues selected for further analysis. NA, not applicable.
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structural features.2 We focused on asparagine residues exclusively,
because the factors influencing asparagine deamidation are better
characterized in the literature and asparagine deamidation events
are far more common than glutamine deamidation events.16 We
also determined the temperature (or B) factor for each of these
residues from the AAV8 crystal structure; temperature factor is a
measure of the displacement of an atom from its mean position,
with higher values indicating a larger displacement, higher thermal
vibration, and therefore increased flexibility.32 The majority of
asparagines of interest were located in or near the surface-exposed
HVRs (Table 1), which are structurally favorable for deamidation
and provide a solvent-exposed environment.3 We found that resi-
dues located in these flexible loop regions were, on average, more
frequently deamidated than residues in less flexible regions such as
beta strands and alpha helices. For example, the NG residue at
position N263 is part of HVR I, has a high temperature factor,
and was >98% deamidated on average (Table 1). N514, which
was deamidated �85% of the time (Table 1), is also in an HVR
(HVR V) with an N+1 glycine; however, the local temperature fac-
tor is relatively low in comparison with that of N263 due to its
interaction with residues on other VP monomers at the 3-fold
axis. Less favorable +1 residues and lower temperature factors
correlated with lower deamidation, even for HVR residues. For
example, N517 was on average only 4% deamidated (Table 1);
this residue has an equivalent temperature factor to the highly dea-
midated N514, but its N+1 residue is a serine, decreasing the likeli-
hood of deamidation events due to steric hindrance. This demon-
strates that a number of factors cumulatively determine the
extent of deamidation at a given capsid position, although the
identity of the +1 residue is apparently the most influential factor.
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To test the role of the +1 residue in asparagine deamidation, we
generated mutant vectors in which we individually mutated AAV8
NG sites at the +1 position to either alanine or serine. Model peptide
studies indicate that NG peptides deamidate with a half-life as short as
1 day, whereas NA or NS peptides typically deamidate 25- or 16-fold
more slowly, respectively.25 Mass spectrometry analysis of the vector
mutants confirmed the central role of the +1 site in determining the
extent of vector deamidation. NG sites in this set (>80% deamidation
inWT) showed selective stabilization of the adjacent asparagine when
the +1 site was changed to alanine (<5% deamidation) or serine
(<14% deamidation) (Table 2).

Structural Modeling of AAV8 VP3 Confirms Deamidation Events

To provide direct evidence of deamidation in the context of an assem-
bled capsid, we evaluated the crystal structure of AAV8.31 The reso-
lution of the available crystal structure (i.e., 2.7 Å) of this serotype is
not high enough to identify the terminal atoms in the R groups and,
therefore, is insufficient to directly distinguish between asparagine,
aspartic, and isoaspartic acid residues. Other aspects of the structure
of the isomer of aspartic acid that forms under these conditions
provided us an opportunity to determine deamidation from the
2.7 Å structure. This analysis was based on two assumptions: (1)
the predominant product of spontaneous deamidation of an aspara-
gine is isoaspartic rather than aspartic acid, which is generated at a 3:1
ratio23; and (2) we can differentiate between an asparagine or aspartic
acid and an isoaspartic acid because the electron density map
(magenta grid) corresponding to the R group of isoaspartic acid is
shorter in length. This shorter R group is created when the beta car-
bon from the R group of isoaspartic acid is lost when it is incorporated
into the main chain of the AAV8 VP3 capsid protein backbone



Table 2. Extent of Deamidation (%) at Five AAV8 NG Sites in WT and Six +1 Site Mutants

Amino Acid Identity WT (Average) G58S G58A G264A G386S G386A G515A

N57 81.8 8.4 1.9 89.7 89.7 91.6 93.6

N263 99.3 98.2 98.9 4.8 100.0 94.5 97.2

N385 89.1 96.3 94.8 97.1 13.5 2.5 97.0

N514 85.2 100.0 98.0 98.8 100.0 100.0 2.2

N540 84.5 95.0 92.6 97.9 96.9 86.1 89.5
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following resolution of the succinimidyl intermediate during the dea-
midation reaction.

We first refined the AAV8 structure itself, generating an AAV8
capsid electron density that was not biased by the known AAV8
VP3 sequence. We then examined the refined AAV8 crystal struc-
ture for evidence of deamidation based on the presence of a
shorter R group associated with isoaspartic acid (Figures 3A–
3E). The electron density map confirmed a shorter R group for
the highly deamidated N+1 glycine residues at positions 263 (Fig-
ure 3C), 385 (data not shown), 514 (Figure 3D), and 540 (Fig-
ure 3E) when compared with the asparagine at position 410, which
had no deamidation detected by mass spectrometry (Figure 3B).
The deamidation indicated by the electron density map is there-
fore consistent with the data generated by mass spectrometry at
these sites with >75% deamidation. The resulting isoaspartic acid
models were comparable with isoaspartic acid residues observed
in the crystal structures of other known deamidated proteins, sup-
porting the validity of our analysis of AAV8.33–35 This structural
analysis serves as an independent confirmation of the deamidation
phenomena observed when analyzing the AAV8 capsid via mass
spectrometry.

Deamidation of the AAV Capsid Is Not Serotype Specific

We investigated serotypes beyond AAV8 for evidence of capsid
deamidation. We examined AAV9 vector preparations using 2D
gel electrophoresis (Figure S4A) and mass spectrometry (Fig-
ure S4B), including controls for potential vector-processing effects
(Figure S5). The pattern and extent of AAV9 deamidation were
similar to that of AAV8. All four AAV9 NG sites were >85% dea-
midated; 13 non-NG sites were deamidated to a lesser extent,
with a few sites showing high lot-to-lot variability in percent deami-
dation. Next, we applied our structural analysis workflow and refit
existing AAV9 crystallographic data (Figure S4C; Table S1). As
with AAV8, isoaspartic acid fit better into the electron density of
several NG sites in the AAV9 crystal structure. We extended our
2D gel analysis (data not shown) and mass spectrometry (summa-
rized in Table S2) to five additional evolutionarily diverse serotypes
(rh32.33, AAV7, AAV5, AAV4, AAV3B, and AAV1). All of the
capsids we examined contained a similar pattern and extent of dea-
midation, indicating that this modification is widespread in clini-
cally relevant AAV vectors and is determined by similar underlying
primary-sequence and structural factors.
Deamidation Events Can Affect Capsid Assembly and

Transduction Efficiency

One approach to testing the functional impact of deamidation is by
substituting asparagine with aspartate by genetic mutation.We gener-
ated an aspartate mutant vector encoding a luciferase reporter for
each deamidated AAV8 asparagine by small-scale triple transfection
of 293 cells, and titered the vectors by qPCR of DNase I-resistant
genome copies (GCs) (Figure 4A). The mutations rarely affected
capsid assembly relative to WT AAV8, and effects were limited to
mostly buried, non-NG sites with low overall deamidation in the
WT vector. Next, we assessed the mutant panel for in vitro transduc-
tion efficiency of human liver-derived Huh7 cells (Figure 4B). Several
mutants showed impaired transduction efficiency, with positions
N57, N94, N263, N305, Q467, N479, and N653 exhibiting >10-fold
transduction loss. We observed a similar number of sensitive sites
for AAV9 (Figure S6). Because typically only a fraction of residues
at a given position are deamidated endogenously, this approach has
the potential to overestimate functional loss for proteins such as
capsids where the functional unit is a homomeric assembly; endoge-
nous modification at one capsid site may be compensated for by a
neighboring subunit with an intact residue. Nonetheless, we reasoned
that this method could help prioritize deamidated residues for
future monitoring during manufacturing or mutational stabilization.
Functional data from populations of endogenously deamidating
vectors will be required to place this loss-of-function mutagenesis
data in the proper context.

Vector Activity Loss over Time Is Correlated with Progressive

Deamidation

Given the apparently short half-life of NG deamidation, we reasoned
that vector samples differing in age by as little as 1 day could show
distinct deamidation profiles, thus providing an opportunity to corre-
late endogenous deamidation to function. Our large-scale vector
preparation protocol calls for triple transfection of 293 cells followed
by 5 days of incubation for vector production and 1–2 days for vector
purification. To approximate this process, we prepared medium-scale
triple transfections (10 � 15-cm cell culture dishes each) of 293 cells
with WT AAV8. We collected vector (2 � 15-cm cell culture
dishes/day) at 1-day intervals for 5 days, preserving the time points
until the end of the fifth day by freezing vector at �80�C. Next, we
assessed crude vector titer as described above. As expected, the num-
ber of assembled, DNaseI-resistant GCs increased over time (Fig-
ure 5A). We then quickly processed crude vector for early (days 1
Molecular Therapy Vol. 26 No 12 December 2018 2853
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Figure 3. Structural Modeling of the AAV8 VP3

Monomer and Analysis of Deamidated Sites

(A) The AAV8 VP3 monomer (PDB: 3RA8) is shown in a coil

representation. The color of the ribbon indicates the relative

degree of flexibility (blue = most rigid/normal temperature

factor; red = most flexible/high temperature factor).

Spheres indicate residues of interest. Expanded diagrams

are ball-and-stick representations of residues of interest

and their surrounding residues to demonstrate local protein

structure (blue, nitrogen; red, oxygen). Underlined residues

are those in NG motifs. (B–E) Isoaspartic models of dea-

midated asparagines with N+1 glycines are shown. The

2FoFc electron density map (1 sigma level) generated from

refinement of the AAV8 crystal structure (PDB: 3RA8) with

(B) an asparagine model of N410 in comparison with

isoaspartic acid models of (C) N263, (D) N514, and (E)

N540. Electron density map is shown in the magenta

grid. All atoms are colored by atom type: carbon, purple

(B)/gree6n (C–E); nitrogen, blue; oxygen, pink. The beta

carbon is labeled as such. The arrows indicate electron

density corresponding to the R group of the residue of

interest.
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and 2) and late (day 5) time points by affinity purification and
measured in vitro transduction efficiency of huh7 cells. Relative trans-
duction efficiency of the vector dropped progressively over time (Fig-
ure 5B). In terms of transgene expression per GC added to target cells,
day 5 vector was only 40% as efficient as day 1 material. We observed
this activity drop for crude material as well, indicating a change in
molecular composition before purification (Figure S7). A similar
trend in activity loss occurred for AAV9 over 5 days, with approxi-
mately 40% reduction in vector potency (Figure S7).

Next, we measured deamidation of the time-course samples by mass
spectrometry. NG site deamidation progressed substantially over
every interval, with an average of 25% deamidation at day 1 and
>60% of sites converted by day 5 (Figure 5C). Non-NG site deamida-
2854 Molecular Therapy Vol. 26 No 12 December 2018
,

tion generally progressed over 5 days, although
at much lower levels and with less consistency
between days 2 and 5 (Figure 5D). The data
correlate endogenous vector deamidation to an
early time point decay in specific activity and
highlight a potential opportunity to capture
more active vector by shortening the production
cycle or finding capsid mutations that stabilize
asparagines.

We note that the material used for mass spec-
trometry analysis in Figure 2 was at least 7 days
post-transfection, due to an additional 2 days
for purification. The higher NG site deamidation
in these samples (>80%) indicates that deamida-
tion likely continues after the period of expres-
sion and during the recovery and purification
processes at approximately the same rates until NG sites are
completely deamidated or the vector sample is frozen. Thus
deamidation is largely determined by the age of the vector and is
not a process that is exclusive to or caused by the recovery and
purification process. The much lower deamidation values in the
day 1 compared with the day 5 material, which are both affinity
purified, underscore this point.

Stabilizing NG Asparagines Can Improve Vector Performance

Given the correlation between vector NG deamidation and transduc-
tion efficiency loss, we reasoned that stabilizing NG amides by +1 site
mutagenesis may improve vector function. We produced vector in
small scale for AAV8 NG site mutants in which we individually con-
verted each +1 residue to alanine or serine. Single +1 mutants were



Figure 4. In Vitro Analysis of the Impact of Genetic Deamidation on Vector

Performance

(A) Titers of WT AAV8 and genetic deamidation mutant vectors were produced

by small-scale triple transfection in 293 cells, as measured by qPCR. Titers are

reported relative to the WT AAV8 control. NG sites with high deamidation

(patterned bars), sites with low deamidation (white bars), and highly variable

sites (black bars) are presented with WT AAV8 and a negative control. (B) The

transduction efficiency of mutant AAV8 vectors producing firefly luciferase is

reported relative to the WT AAV8 control. Transduction efficiency was measured

in luminescence units generated per GC added to HUH7 cells and was deter-

mined by performing transductions with crude vector at multiple dilutions.

Transduction efficiency data were normalized to the WT reference. All data are

represented as mean ± SD.
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well tolerated in terms of vector assembly (Figure 6A) and transduc-
tion efficiency (Figure 6B). G386 substitutions, located near a previ-
ously defined “dead zone” on the capsid surface,36 were defective
for in vitro transduction. The loss of function in G386 mutants could
indicate a preference for a deamidated asparagine at N385. Alterna-
tively, the additional side-chain bulk at the +1 position may have a
negative impact on function that is independent of amide-group
stabilization. No single-site mutants significantly improved in vitro
transduction, in spite of dramatic stabilization of their neighboring
asparagines (Table 2). Because in vitro and in vivo transduction activ-
ities can be discordant, we tested a subset of the single-site +1mutants
for liver transduction in C57BL/6 mice. We performed intravenous
tail vein injection (n = 3–5) and examined luciferase expression by
imaging weekly for 2 weeks (Figure 6C). In vivo and in vitro transduc-
tion data were in agreement with each assay (i.e., within the error
range). G386 substitutions were defective for transduction,
whereas +1 site mutations at other positions were largely tolerated
and allowed liver transduction at levels equivalent to but not
exceeding WT AAV8.

Because stabilizing the amide at any one NG site may be necessary but
not sufficient for functional restoration, we next evaluated vector var-
iants with combinations of +1 site alanine substitutions. We recom-
bined all three AAV8 NG sites for which the +1 alanine was highly
functional (N263, N514, and N540). Some combinations, including
the triple-mutant G264A/G515A/G541A, were assembled poorly
and were dysfunctional for transduction. However, both pairwise
combinations involving N263 (G264A/G515A and G264A/G541A)
improved in vitro transduction efficiency (2.0- and 2.6-fold over
WT AAV8, respectively) with no loss of titer (Figure 6D). Because
these mutations introduce at least two changes (N-amide stabilization
and a +1 residue side-chain substitution) these data do not conclu-
sively link NG deamidation to functional loss. However, the data
are consistent with the model established in the time-course study
in which NG site deamidation can impact in vitro transduction
efficiency.

Functional Asparagine Substitutions Improve Lot-to-Lot

Reproducibility in Vector Manufacturing

Another potentially problematic aspect of the vector deamidation
profiles we report is the high lot-to-lot variability in deamidation at
some positions. For WT AAV8, this variability is most pronounced
for N459 (observed deamidation ranging from 0% to 31%) and
N499 (observed deamidation ranging from 0% to 53%). Variability
in PTMs is typically de facto avoided during biologics development,
either by avoiding clones altogether that exhibit this variability, care-
fully monitoring and controlling production strains and conditions,
or by protein engineering the affected candidate.

Because we were unable to determine the production or processing
factors contributing to N459 and N499 deamidation variability (Fig-
ure 2E), we sought functional amino acid substitutions at these
positions. We first evaluated small-scale vector preparations for con-
servative substitutions to glutamine at each position individually.
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Figure 5. Vector Activity Loss through Time Is Correlated to Progressive

Deamidation

(A) Vector production (DNase I-resistant GCs) for a time course of triple-transfected

HEK293 cells producing AAV8 vector packaging a luciferase reporter gene. GC

levels are normalized to the maximum observed value. (B) Purified time-course

vector was used to transduce Huh7 cells. Transduction efficiency (luminescence

units per GC added to target cells) was measured as in Figure 4 using multiple

dilutions of purified time-course vector samples. Error bars represent the SD of at

least 10 technical replicates for each sample time. Deamidation of AAV8NG sites (C)

and non-NG sites (D) for vector collected 1, 2, and 5 days post-transfection.

Molecular Therapy
Both N459Q and N499Q were assembled efficiently into vector and
were equivalent to the WT AAV8 reference for in vitro transduction
efficiency (Figure 7A). Next, we produced the mutants in large scale
and performed mass spectrometry. Consistent with our observations
2856 Molecular Therapy Vol. 26 No 12 December 2018
of extremely rare glutamine deamidation, we observed selective and
complete stabilization of the glutamine amides at positions 459 or
499 in these mutants (data not shown). We evaluated these mutant
lots in vivo as above for liver transduction after tail vein injection in
C57BL/6 mice (Figures 7B and 7C). The WT AAV8 vector lot used
as a control in this experiment was deamidated 16.8% at N499, but
was not deamidated at N459 (data not shown). Liver transduction
at day 14 for both mutants was equivalent to WT AAV8. These
data demonstrate the potential for a protein engineering approach
to address the molecular variability associated with deamidation in
manufactured AAV vectors.

DISCUSSION
AAV gene therapy vectors have undergone less of the molecular-
level scrutiny that typically accompanies the development and
manufacturing of recombinant protein therapeutics. For example,
monitoring and control of PTMs is an important aspect of mono-
clonal antibody development because of the impact that PTM
profiles, including deamidation,37 can have on activity in vivo. Ther-
apeutic antibody lots must conform to a reference lot in terms of
PTM distributions as determined by mass spectrometry and other
bioanalytical methods. AAV capsid PTMs have largely been unex-
plored; therefore, little is known about their potential to impact
function or about strategies to control PTM levels in manufactured
AAV therapies.

Here we investigated the PTM landscape of recombinant AAVs,
beginning in depth with AAV8. We found widespread asparagine
and occasional glutamine deamidation affecting 17 residues. Factors
controlling AAV8 deamidation, principally primary-sequence and
three-dimensional (3D) structural constraints, are likely conserved
across the entire AAV phylogeny, as all serotypes analyzed by us to
date exhibit a strikingly similar pattern of modification. Thus, deami-
dation is potentially a critical factor in the development of all future
AAV therapeutics.

With this discovery, we were motivated to explore the functional im-
pacts of AAV deamidation. The multimeric nature of AAV vector
capsids, the extent and number of modified capsid residues, and the
resulting mosaic diversity in vector particle compositions presented
unique challenges to this analysis. The experimental repertoire that
sufficiently parameterizes PTM impact in a simpler protein context
is not directly applicable to AAV capsid analysis. For example, it
would be impossible to purify or even enrich a preparation for a
particular deamidated vector species to test its function directly and
in isolation.

One approach that we tried to force an approximation of the modifi-
cation at a given site is genetic substitution to aspartate. Beyond the
previously noted differences between the distributions of position-
specific modification on capsid assemblies with endogenous (mosaic)
versus genetic (complete) deamidation, our results highlight addi-
tional considerations for interpreting this type of data. For example,
we observed >50-fold transduction loss for the N263Dmutant relative
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Figure 6. The Impact of Stabilizing Asparagines on

Vector Performance

(A) Titers of WT AAV8 and +1 position mutant vectors

were produced by small-scale triple transfection in 293

cells, asmeasured by qPCR. Titers are reported relative to

the WT AAV8 control. (B) The transduction efficiency of

mutant AAV8 vectors producing firefly luciferase is re-

ported relative to the WT AAV8 control. Transduction ef-

ficiency was measured as in Figure 4 using crude vector

material. (C) Luciferase expression on day 14 of the study

period in the liver region from C57BL/6 mice injected

intravenously with WT AAV8 or mutant vectors (n = 3–5)

was measured by luciferase imaging and reported in total

flux units. (D) The titers and transduction efficiency of

multi-site AAV8 mutant vectors producing firefly luciferase

are reported relative to the WT AAV8 control. All data are

represented as mean ± SD. A two-sample t test (*p <

0.005) was run to determine significance between WT

AAV8 and mutant transduction efficiency for G264A/

G515A and G264A/G541A.
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toWTAAV8 (Figure 4B). This was surprising given that the change in
aspartate content at this position upon genetic conversion would be
marginal; N263 is 99% deamidated in WT AAV8. One explanation
for this discrepancy is that genetically encoded aspartate and the prod-
uct of asparagine deamidation are molecularly distinct (L-aspartate
versus a presumed 3:1 mixture of L/D-isoaspartate: L/D-aspartate).
Thus, the genetic approximationmay be insufficient at somepositions.
Another residue, the highly conserved N57, was also not tolerant of
substitution to aspartate, although it was on average 80% and 97%dea-
midated in AAV8 and AAV9, respectively (Figures 4B and S6). Here,
the residual intact amides may buffer the activity of the WT prepara-
tions through mosaic effects. However, we also detected the potential
for cross-talk with other asparagines, confounding analysis of N57; the
neighboring N66 became significantly deamidated when the position
57 amide was preserved mutagenically (N57Q, G58A, and G58S for
AAV8; N57Q and G58A for AAV9; data not shown). Although this
was the only case of cross-talk that we detected from mass spectrom-
etry analysis of our mutants, it highlights another complication of in-
terpreting our loss-of-function mutagenic data.

Given these caveats, we evaluated the impact of deamidation through
time-course and gain-of-function mutagenesis experiments. Our data
Molecular
are consistent with a role for a subset of NG sites
in the functional loss associated with very early
time point deamidation. To our knowledge, this
phenomenon has not been previously reported.
Indeed, the experimental procedure we used to
identify this decay was informed by the novel
observation of very short half-life vector NG
deamidation; storing early samples for even a
single day in the refrigerator would likely
diminish their distinction from late time point
samples given the speed of spontaneous deami-
dation that we observed. Storage stability experiments comparing the
activity of vector preparations over days or weeks after processing are
routine in our lab and othermanufacturing groups, but these compar-
isons are almost always made with vector material that is at least
7 days old, when most or all of the activity decay (and NG site deami-
dation) is complete. The data highlight an opportunity for process in-
terventions or N-stabilizing mutagenic approaches to yield improved
capsids. From a broader perspective, it is of interest to consider the
role of a “deamidation clock” in the natural ecology of AAVs, where
this phenomenon would presumably provide an advantage to the
most recently translated virus particles from an infected cell for the
next round of infection.

We did not explore the mechanistic underpinnings of NG deamida-
tion-induced functional loss, although some prominent possibilities
exist. All of the NG motifs in AAV8 and AAV9 VP3 are located in
surface HVR loops. In AAV8, NG 514 and 540 are located near the
3-fold axis in an area known to play a significant role in transduction
due to interactions with cellular receptors. Although no AAV8 recep-
tor binding site has been fully interrogated, the LamR receptor
has been implicated in AAV8 transduction.38 These studies identify
amino acids (aa) 491–557 as important for these interactions.
Therapy Vol. 26 No 12 December 2018 2857
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Figure 7. Functional Asparagine Substitutions at Non-NG Sites with High Variability between Lots

(A) Titers of WT AAV8 and mutant vectors were produced by small-scale triple transfection in 293 cells, as measured by qPCR. Transduction efficiencies for crude vector

material were measured as described in Figure 4. Titers and transduction efficiencies were normalized to the value of the WT AAV8 control. (B) Representative luciferase

images at day 14 post-injection are shown for mice receiving WT AAV8.CB7.ffluc and N499Q capsid mutant vector. (C) Luciferase expression on day 14 of the study period

from C57BL/6 mice injected intravenously withWT AAV8 or mutant vectors (n = 3 or 4) was measured by luciferase imaging and reported in total flux units. WT control shared

with Figure 6C. All data are represented as mean + SD.
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The functional implications of deamidation at sites in this region
should be further evaluated.

In summary, we showed that AAV vector deamidation can impact
transduction efficiency, and demonstrated strategies to stabilize
amides and improve vector performance. A key future goal will be
to extend these findings to appropriate animal model systems and
consider the impact of deamidation and the performance of our
stabilized variants in more complex functional contexts. Deamidation
could influence tissue tropism and interactions of the capsid with the
immune system, which should be evaluated carefully. Because these
complex effects will likely be very difficult to determine conclusively
for every deamidated residue in the capsid, it may be prudent to target
the limited number of residues with high lot-to-lot variability in dea-
2858 Molecular Therapy Vol. 26 No 12 December 2018
midation for stabilization through mutagenesis, as we have demon-
strated successfully for the variable AAV8 asparagines 459 and 499.
Additionally, deamidation analysis of vector preparations using
our mass spectrometry workflow may prove beneficial in achieving
functional consistency in manufactured lots of AAV gene therapy
pharmaceuticals.

MATERIALS AND METHODS
1D and 2D Gel Electrophoresis

For 1D SDS-PAGE analysis, we first denatured AAV vectors at 80�C
for 20 min in the presence of lithium dodecyl sulfate and reducing
agent. Then we ran them on a 4%–12% Bis-Tris gel for 90 min at
200 V and stained with Coomassie blue. For the data in Figure 1,
Kendrick Laboratories (Madison, WI, USA) performed the 2D gel
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electrophoresis. For subsequent experiments, we performed 2D SDS-
PAGE in-house. For this, we combined 3e11 GCs of AAV vector with
500 U turbonuclease marker (Accelagen, San Diego, CA, USA) in
150 mL of PBS with 35 mM NaCl and 1 mM MgCl2, and incubated
at 37�C for 10 min. We next added 9 vol of absolute ethanol, vortexed
the samples, and incubated them at �80�C for at least 2 hr followed
by incubation on ice for 5 min and centrifugation at maximum speed
for 30 min at 15�C. We decanted the supernatant and air-dried the
pellet, which we then resuspended in resuspension buffer 1 (0.15%
SDS, 50 mM DTT, 10 mM Tris [pH 7.5], and 1 mL [pH 6–9] ampho-
lytes [Thermo Fisher] ZM0023, added day-of, in double distilled
water [ddH2O]) and incubated undisturbed at room temperature.
After 30 min, we flicked the sample tubes to mix them, added 1 mg
of chicken conalbumin marker (Sigma-Aldrich, St. Louis, MO,
USA), and incubated the samples at 37�C for 30 min, flicking to
mix at 15 min. Samples were then transferred to 50�C for
15–20 min, vortexed, incubated at 95�C for 2.5 min, and allowed
to cool before being centrifuged at maximum speed for 1 min and
briefly vortexed. We then mixed 10 mL of each sample with 140 mL
of resuspension buffer 2 (9.7 M urea, 2% (3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate) [CHAPS], 0.002% bromo-
phenol blue, and 0.05% ampholytes, described above, added day-of,
in ddH2O) and incubated at room temperature for 10 min. We
then applied the mixtures to pH 6–10 immobilized pH gradient
(IPG) strips (Thermo Fisher, Waltham, MA, USA) and ran them
on the ZOOM IPGRunner system according to the manufacturer’s
instructions. We used the following isoelectric focusing parameters:
100–1,000 V for 120 min, 1,000–2,000 V for 120 min, 2,000 V for
120 min, limits of 0.1 W and 0.05 mA per strip run. IPG strips
were then reduced and loaded in a single-well 4%–12% Bis-Tris gel
and run in 1D as described above. We determined the relative
migration of AAV VPs by comparison with internal control proteins
turbonuclease (27 kDa; Accelagen) and chicken egg white conalbu-
min (76 kDa, pI 6.0–6.6; Sigma-Aldrich).

Vector Production

The University of Pennsylvania Vector Core produced recombinant
AAV vectors for 1D and 2D gel electrophoresis and mass spectrom-
etry experiments, and purified them by cesium chloride or iodixanol
gradients as previously described.39,40 We produced the affinity-
purified vectors as follows: we grew HEK293 cells in ten 36-layer hy-
perstack vessels (Corning), co-transfected them with a mixture of
vector genome plasmid (pAAV-LSP-IVS2.hFIXco-WPRE-bGH),
trans plasmid containing AAV2 rep and AAV8 cap genes, and
adenovirus helper plasmid. We used PEIpro (PolyPlus) as the
transfection reagent. Five days post-transfection, the supernatant
was harvested, clarified through Sartoguard PES Midicap filters
(Sartorious Stedim), and treated with benzonase (Millipore), after
which we added salt to bring it to 0.6 M. The clarified bulk
harvest material was concentrated 10-fold by tangential flow filtra-
tion (TFF) and then diafiltered against 4 vol of affinity column
loading buffer. We captured vectors on a POROS CaptureSelect
(Thermo Fisher) affinity column and eluted the vector peak at low
pH directly into neutralization buffer. We diluted the neutralized
eluate into a high-pH binding buffer and loaded it onto an anion
exchange polishing column (Cimultus QA-8; Bia Separations),
where the preparation was enriched for genome-containing
(full) particles. The full vector particles were eluted with a shallow
salt elution gradient and neutralized immediately. Finally, we sub-
jected the vector to a second round of TFF for final concentration
and buffer exchange into formulation buffer (PBS + 0.001%
Pluronic F-68).

We produced mutant vectors for in vitro assays by small-scale triple
transfection of HEK293 cells in six-well plates. We mixed 5.6 mL of
a 1 mg/mL polyethylenimine solution in 90 mL of serum-free media
with plasmid DNA (0.091 mg of cis plasmid, 0.91 mg of trans plasmid,
1.82 mg of deltaF6 Ad-helper plasmid, in 90 mL of serum-free
media), incubated it at room temperature for 15 min, and added it
to cells in an additional 0.8 mL of fresh serum-free media. The
next day, we replaced 0.5 mL of the top media with full serummedia.
We harvested vector 3 days post-transfection by freezing and thaw-
ing three times followed by centrifugation to remove cell debris and
supernatant harvest. Cis plasmid contained a transgene cassette
encoding the firefly luciferase transgene under the control of the
chicken-beta actin (CB7) promoter with the Promega chimeric
intron and rabbit beta-globin (RBG) polyadenylation signal. Trans
plasmid encoded the WT AAV8 cap gene; to generate mutant
AAV8 cap variants, we used the QuikChange Lightning Mutagen-
esis kit (Agilent Technologies, Wilmington, DE, USA). Vector was
titered as previously described.

For time-course vector production experiments, we generated vec-
tor by medium-scale triple transfection of HEK293 cells in 15-cm
tissue culture dishes. Per plate, we mixed 36 mL of a 1 mg/mL poly-
ethylenimine solution in 2 mL of serum-free media with plasmid
DNA (0.6 mg of cis plasmid, 5.8 mg of trans plasmid, 11.6 mg of del-
taF6 Ad-helper plasmid), incubated it at room temperature for
15 min, and added it to cells at approximately 60% confluency on
plates refreshed with 14 mL of serum-free media. The following
day, we replaced 8 mL of the top media with fresh, full serummedia.
We harvested vector by collecting all top media, scraping cells from
the dish, and freezing it at �80�C. We recovered crude vector from
the mixture of supernatant and cells by applying three freeze/thaw
cycles and clarifying the lysate by centrifugation. We purified
and concentrated the vector for mass spectrometry analysis by
adding benzonase, 1 M Tris (pH 7.5), and 5 M NaCl to the clarified
lysate to final concentrations of 20 mM Tris and 360 mM NaCl.
We captured vectors on a 1 mL POROS CaptureSelect affinity
column and eluted the vector peak at low pH directly into neutral-
ization buffer. Fractions were analyzed by absorbance at 280 nm,
and the most concentrated fraction was subjected to mass spectrom-
etry analysis.

For in vivo experiments, we produced vectors as previously described
with a WT AAV8 capsid or with one of the deamidation mutants; the
transgene cassette included a CB7 promoter, promega intron, firefly
luciferase transgene, and RBG polyadenylation signal.
Molecular Therapy Vol. 26 No 12 December 2018 2859
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Mass Spectrometry Running, Digestion, and Analysis

Materials

We purchased ammonium bicarbonate, DTT, iodoacetamide (IAM),
and 18O-enriched water (97.1% purity) from Sigma (St. Louis, MO,
USA), and acetonitrile, formic acid, trifluoroacetic acid (TFA), 8 M
guanidine hydrochloride (GndHCl), and trypsin from Thermo
Fischer Scientific (Rockford, IL, USA).

Trypsin Digestion

We prepared stock solutions of 1 M DTT and 1.0 M IAM. Capsid
proteins were denatured and reduced at 90�C for 10 min in the
presence of 10 mM DTT and 2 M GndHCl. We allowed the sam-
ples to cool to room temperature and then alkylated them with
30 mM IAM at room temperature for 30 min in the dark. We
quenched the alkylation reaction with the addition of 1 mL of
DTT. We added 20 mM ammonium bicarbonate (pH 7.5–8) to
the denatured protein solution at a volume that diluted the final
GndHCl concentration to 200 mM. We added trypsin solution
for a 1:20 trypsin-to-protein ratio and incubated at 37�C over-
night. After digestion, we added TFA to a final concentration of
0.5% to quench the digestion reaction.

Liquid Chromatography Tandem-Mass Spectrometry

We performed online chromatography with an Acclaim PepMap
column (15 cm long, 300 mm inner diameter) and a Thermo
UltiMate 3000 RSLC system (Thermo Fisher Scientific) coupled to
a Q Exactive HF with a NanoFlex source (Thermo Fisher Scientific).
During online analysis, the column temperature was maintained at
a temperature of 35�C. We separated peptides with a gradient of
mobile phase A (MilliQ water with 0.1% formic acid) and mobile
phase B (acetonitrile with 0.1% formic acid). We ran the gradient
from 4% B to 6% B over 15 min, to 10% B for 25 min (40 min total),
and then to 30% B for 46 min (86 min total). We loaded the samples
directly to the column. The column size was 75 cm � 15 mm iden-
tifier (I.D.) and was packed with 2 mm of C18 media (Acclaim
PepMap). Due to the loading, lead-in, and washing steps, the total
time for each liquid chromatography tandem-mass spectrometry
run was about 2 hr.

We acquired mass spectrometry data using a data-dependent top-20
method on a Q Exactive HF mass spectrometer, dynamically
choosing the most abundant not-yet-sequenced precursor ions
from the survey scans (200–2,000 m/z). We performed sequencing
via higher-energy collisional dissociation fragmentation with a target
value of 1e5 ions determined with predictive automatic gain control;
we performed isolation of precursors with a window of 4 m/z. We
acquired survey scans at a resolution of 120,000 at 200 m/z. We set
the resolution for higher-energy collisional dissociation (HCD)
spectra to 30,000 at 200 m/z with a maximum ion injection time of
50 ms and a normalized collision energy of 30. We set the S-lens
radio frequency (RF) level to 50, which gave optimal transmission
of the m/z region occupied by the peptides from our digest. We
excluded precursor ions with single, unassigned, or six and higher
charge states from fragmentation selection.
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Data Processing

We used BioPharma Finder 1.0 software (Thermo Fischer Scientific)
to analyze all data acquired. For peptide mapping, we performed
searches using a single-entry protein Federal Acquisition Streamlin-
ing Act (FASTA) database with carbamidomethylation set as a fixed
modification, and oxidation, deamidation, and phosphorylation set as
variable modifications. We used a 10 ppm mass accuracy, a high
protease specificity, and a confidence level of 0.8 for tandem-mass
spectrometry spectra. Mass spectrometric identification of deami-
dated peptides is relatively straightforward; deamidation adds to the
mass of intact molecule +0.984 Da (the mass difference between
-OH and -NH2 groups). We determined the percent deamidation
of a particular peptide by dividing the mass area of the deamidated
peptide by the sum of the area of the deamidated and native
peptides. Considering the number of possible deamidation sites,
isobaric species that are deamidated at different sites may co-migrate
at a single peak. Consequently, fragment ions originating from pep-
tides with multiple potential deamidation sites can be used to locate
or differentiate multiple sites of deamidation. In these cases, the
relative intensities within the observed isotope patterns can be used
to specifically determine the relative abundance of the different
deamidated peptide isomers. This method assumes that the
fragmentation efficiency for all isomeric species is the same and
independent of the site of deamidation. This approach allows us to
define the specific sites involved in deamidation and the potential
combinations involved in deamidation.

Structural Analysis of the AAV Capsid

We obtained the AAV8 atomic coordinates, structural factors, and
associated capsid model from the RCSB PDB (PDB: 3RA8). We
performed structure refinement and generated an electron density
independent of the primary aa sequence of AAV8 VP3 for use in
3D structural analysis of the capsid. We performed this analysis in
order to observe the isoaspartic acid electron density in the AAV8
capsid that was not biased by the expected primary sequence of
AAV8 VP3. Using the resulting structure, we modeled the four
asparagines in the AAV8 VP3 primary sequence with N+1 glycines
as isoaspartic acids and then refined the AAV8 capsid structure
using Crystallography and NMR System software by strictly
imposing the icosahedral non-crystallographic matrices using the
standard refinement protocol.41 We obtained a structural model
of isoaspartic acid from the HIC-Up database, followed by gener-
ation of a molecular dictionary in PRODRG for structure refine-
ment.42 We then calculated the average electron density map of
the AAV8 capsid (also in Crystallography and NMR System)
and visualized it using Coot software, followed by minor adjust-
ments of the resulting model to fit the modeled isoaspartic acid
residues into the electron density map. We repeated this protocol
to additionally model N512 in the AAV9 VP3 primary sequence
with N+1 glycines (PDB: 3UX1). We generated all figures using
Coot, PyMol, and UCSF Chimera.43–45 We obtained a number
of structures of previously identified deamidated proteins (PDB:
1DY5, 4E7G, 1RTU, 1W9V, 4E7D, and 1C9D) for comparison
of their electron density map for deamidated isoaspartic acid
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residues with our modeled isoaspartic acid residues from AAV8
and AAV9.33–35

We determined temperature factors for deamidated residues by
averaging the temperature factors for each atom of each asparagine
residue reported in the AAV8 or AAV9 crystal structure atomic
coordinates (PDB: 3RA8, 3UX1).

Animal Studies

The Institutional Animal Care and Use Committee of the University
of Pennsylvania approved all animal procedures. To evaluate vector
performance, we injected 8-week-old male C57BL/6 mice intrave-
nously via tail vein injection with 3e10 GCs of WT AAV8 or capsid
mutant vector in a volume of 100 mL. All mice were sacrificed at
day 14. For in vivo evaluation of luciferase expression, mice
(�20 g) were anesthetized and injected intraperitoneally with
200 mL of 15 mg/mL luciferin substrate (Perkin Elmer, Waltham,
MA, USA). Mice were imaged 5 min after luciferin administration
and imaged via an IVIS Xenogen In Vivo Imaging System. We used
Living Image 3.0 software to quantify signal in the described regions
of interest. We took measurements at days 7 and 14.

Evaluation of Mutant Vector Titer and Transduction Efficiency

In Vitro

We determined vector titers by qPCR of the DNase I-resistant ge-
nomes. The qPCR primers anneal to the polyadenylation sequence
of the packaged transgene. For in vitro evaluation of vector transduc-
tion efficiency by luciferase expression, we seeded 0.9e5 Huh7
cells/well in a black-walled 96-well plate in complete DMEM (10%
fetal bovine serum, 1% penicillin and streptomycin). The next
day, we removed the media and replaced it with 50 mL of crude or
purified vector diluted in complete media. We tested four dilutions
in a 3-fold dilution series for each vector sample. After 48 hr, we
prepared luciferin (Promega, Madison, WI, USA) in complete media
at 0.3 mg/mL and added it to transduced cells in a volume of 50 mL.
Results were read on a Biotek Clarity luminometer. We found that
luciferase activity/GC added to target cells was constant over a wide
range of GCs, but could become saturated at high MOIs. Thus, we
inspected the dilution series data (luminescent units versus GCs)
for linearity, excluded the highest point if saturation was evident,
and calculated an average luciferase/GC for values in the linear range
of each assay for each variant. This yielded a transduction efficiency
value. The data were normalized to simplify comparison by setting
the WT control to a value of 1.
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