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Adeno-associated virus (AAV) has emerged as a leading plat-
form for gene therapy. With the skyrocketing rate of AAV
research and the prevalence of many new engineered capsids
being investigated in preclinical and clinical trials, capsid char-
acterization plays a vital role in serotype confirmation and
quality control. Further, peptide mapping the capsid proteins
might inevitably be a future requirement by regulatory
agencies since it is a critical step in good manufacturing prac-
tice (GMP) for biotherapeutic characterization. To overcome
many challenges that traditional methods like SDS-PAGE
and western blots carry, liquid chromatography and mass spec-
trometry (LC-MS) allows high resolution and sensitivity with
great accuracy in characterizing the AAV capsid proteins.
Our optimized LC-MS method provides quick sample prepara-
tion, a fast and high-throughput 4-min run, and high sensi-
tivity, which allows for very efficient characterization of wild-
type and engineered capsids. This study also reports the usage
of LC-MS/MS peptide mapping of AAV capsid proteins to
determine the most accessible lysine residues targeted by chem-
ical modifications. Our detailed protocols are anticipated to
promote the development and discovery of AAV variants
with high accuracy and efficiency.
Received 16 June 2022; accepted 21 September 2022;
https://doi.org/10.1016/j.omtm.2022.09.008.

Correspondence: Department of Pediatrics, Herman B Wells Center for Pediatric
Research, Indiana University School of Medicine, Indianapolis, IN 46202, USA.
E-mail: xiaow@iu.edu
INTRODUCTION
Since first discovered accidentally in the 1960s, adeno-associated vi-
rus (AAV) has emerged as a leading platform for the gene therapy
treatment of many monogenic diseases.1 Aside from the two AAV-
based treatments approved by the US FDA, there are currently
more than 150 clinical trials worldwide, highlighting the immense po-
tential of AAV vectors.2

Despite these successes, challenges such as high vector dose require-
ments, preexisting neutralizing antibodies against many AAV sero-
types, decisions concerning administration route (intravenous [i.v.]
infusion, intramuscular injection, aerosol dispersal), and broad bio-
distribution remain. Most of these problems are related to the capsids
of the AAV vectors, which has led to the development of hundreds of
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new AAV serotypes and engineered capsids with improved character-
istics.3–6 However, the need for understanding the precise chemistry of
each AAV capsid protein is unmet. Additionally, protein-based bio-
logic drug products (monoclonal antibodies, antibody-drug conjugates,
etc.) are often required to elucidate their primary amino acid sequences
by several regulatory agencies. Since January of 2020, the US FDA rec-
ommends that all human gene therapy products be well characterized
and evaluated to ensure critical quality attributes for potency,
identity, and purity.7 With the skyrocketing rate of AAV gene therapy
research and the prevalence of engineered capsid in preclinical and
clinical trials, peptide mapping the capsid proteins is a foreseeable
future requirement since it is a critical step for biotherapeutic charac-
terization. Traditional methods like SDS-PAGE and western blots
can only estimate capsid serotypes with moderate confidence and are
time consuming. To overcome these challenges, liquid chromatog-
raphy and mass spectrometry (LC-MS) allows high sensitivity with
great confidence in characterizing the AAV capsid proteins to the exact
masses. LC-MS has proven to be a powerful analytical technique by of-
fering a robust method to directly measure the protein molecular
weight of the AAV capsid, thus providing both specificity and sensi-
tivity for rapid confirmation of capsid serotypes. With our optimized
method, intact LC-MS of AAV capsid can be performed in as little
as 4 min, therefore allowing high-throughput sample screening of
wild-type and engineered AAV capsids (more than 100 runs per 8
h). Peptide mapping methods for different AAV capsids (including
chemically engineered capsids) were also optimized for high sequence
coverage and precise amino acid structure identification using MS/MS.

Our methods offer the following advantages: quick sample prepara-
tion, a fast and high-throughput 4-min LC-MS run (while other
studies required much longer runs ranging from 15 to 40 min8–10),
high sensitivity from a modest amount of vector titers to characterize
al Development Vol. 27 December 2022 ª 2022 The Author(s). 185
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2022.09.008
mailto:xiaow@iu.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2022.09.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Schematic diagrams of AAV capsid

characterization (for wild-type and engineered

capsids) workflow

Intact LC-MS analysis (A) and peptide mapping amino

acid sequence of VP proteins (B).

Table 1. Theoretical masses of AAV capsid proteins

AAV serotype

Theoretical masses of AAV capsid proteins (Da)

VP1 VP2 VP3

AAV2 81,856 66,488 59,974

AAV5x 80,306 65,253 59,433

AAV8 81,667 66,519 59,805

AAV9 81,291 66,210 59,733
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chemically modified capsids, and peptide mapping of engineered
AAV capsid proteins. Lys-targeted chemical modification of the
AAV capsids, for the first time, has been characterized and peptide
mapped in this study, therefore elucidating the most accessible lysine
(Lys) residues of the AAV tested. Our detailed protocols (Figure 1
shows the schematic diagrams of the method workflows) are antici-
pated to promote the development and discovery of AAV variants
with high efficiency and accuracy.

RESULTS
Intact AAV capsid characterization using LC-MS

The capsid of each AAV serotype consists of 3 VP proteins: VP1, VP2,
and VP3, which share an overlapping open reading frame. VP1 is the
largest, with an approximate size of �82 kDa, VP2 is around
�66 kDa, and VP3 is the smallest and most abundant, with a size
of �60 kDa. Table 1 shows the VPs’ exact theoretical masses of
different AAV serotypes: AAV2, AAV5x, AAV8, and AAV9. To
demonstrate the power of LC-MS analysis, a biological engineered
capsid—AAV5x—resulted from a single point mutagenesis of VP3
position #VP3-M277T methionine to threonine, plus several chemi-
cal-engineered capsids AAV5x-dansyl chloride (Dc) and AAV9-Dc
were included in this study. Dc is a small molecule with a functional
group of sulfonyl chloride, which is very reactive toward the amino
group of exposed Lys residues on the AAV capsid. One molecule of
Dc resulting from a covalent bond formation with an amino group
causes a 233.1 Da mass gain of that VP protein.

The exact masses of the VP3 proteins alone can distinguish
different AAV serotypes, which an SDS-PAGE cannot provide.
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For example, Figure 2 shows an SDS-PAGE
of multiple denatured AAV serotypes. The
three VP proteins of each serotype were clearly
separated in the gel, except for our AAV8,
which had an extra band of VP1.5 as previ-
ously documented.11 However, theoretical
masses are not reflected in SDS-PAGE results
as evidenced by the three AAV2 proteins
(possessing the greatest theoretical masses)
migrating further than the AAV5 and AAV8
VP proteins. The same principle applies for
AAV5x, as the smallest VP3, VP2, and VP1
should migrate the furthest among tested
AAVs, but this is not reflected in the predicted
mass using SDS-PAGE. Clearly, small molecu-
lar weight differences cannot be measured
reliably on SDS-PAGE. Western blot using
specific antibodies might be possible to
confirm each serotype; however, this is time consuming and
often not accurate due to the high homology between capsids.
Chemically engineered capsids (for example, AAV5x versus
AAV5x-Dc) can be even more challenging to separate and charac-
terize (especially with small molecule conjugations) using SDS-
PAGE or western blots.

Analytical LC-MS and LC coupled tandemMS (LC-MS/MS) provides
specificity, sensitivity, and speed in proteomics analysis and thus of-
fers an ideal tool to distinguish AAV serotypes and map engineered
capsid proteins. Here, AAV9 was used for intact LC-MS-related
method development. Since AAV vectors are comprised of 60 mono-
mers of VP proteins per capsid with VP1/2/3 in an approximately
1:1:10 stoichiometric ratio, the capsid should be denatured into indi-
vidual VP proteins before LC-MS injection to ensure proper protein
ionization (as demonstrated in Figure 1). A simple acidic condition
of 0.1% formic acid (or 0.1% TFA) was added to the AAV samples
10 min before LC injection. Optimized protocols are shown in
Tables 3 and 4.



Figure 2. SDS-PAGE of multiple AAV serotypes

M, marker. 7.5% polyacrylamide gel; �0.6E10 vg loaded.

Table 3. Mass spectrometry Agilent 6545 LC-QTOF parameters

Parameter Intact analysis Digested analysis

Source
Dual Agilent Jet
Stream ESI

Dual Agilent Jet
Stream ESI

Acquisition mode
positive, 3,200 m/z
mass range

positive, 3,200 m/z
mass range

Gas temperature, �C 325 290

Gas flow, L/min 10 13

Nebulizer, psig 20 35

Sheath gas
temperature, �C

400 275

Sheath gas flow, L/min 12 12

VCap, kV 4 4

Nozzle voltage, kV 2 kV 2

Fragmentor, V 220 V 175

Skimmer, V 45 V 65

Mass range 100–3,200 m/z
100–2,000 m/z (MS);
50–1,700 m/z (MS/MS)

Acquisition rate, spec/s 1.5 5/3 for MS/MSMS

Reference mass
121.0509 and
922.0098

922.0098

Mass tolerance, ppm 30 30

Isolation width – medium (�4 m/z)

Precursors/cycle – Top 10

Precursor threshold – 200 counts + 0.01%

Collision energy – 3.6*(m/z)/100–4.8

Sort precursors –
by abundance only;
+1, +2, +3, >+3

Isotope model – peptides

Purity –
100% stringency and
30% cutoff
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For fast and high-throughput purposes, as a highlight in this study, a
short column ZORBAX 300SB-C3 4.6 � 50 mm was used, as a single
VP protein mass can sufficiently confirm an AAV capsid serotype
variant (Table 1). The chromatographic profile of AAV9 is shown
in Figure 3; a fast run of LC-MS comes at the expense of coelution
of VP1-3 proteins at 2.8–3.0 min. The capsid proteins fully elute
at �3.0 min in each intact LC-MS run, indicating that each run can
end at 4 min and still provide a high-throughput value for multiple
batch screening and characterization of AAV serotypes. For the
VP1/2/3 separation method, Zhang et al.’s protocol9 is highly recom-
mended. Wild-type AAV9’s raw and deconvoluted mass spectra are
also shown in Figure 3 (left side). For comparison, chemically engi-
neered AAV9-Dc spectra are shown in Figure 3 (right side). The exact
masses of each VP protein were detected as shown by the deconvo-
luted mass spectra, with VP3 (59,734 Da) displaying the most intense
signal, reflecting its relative abundance compared with the other VP
proteins, VP2 (66,211 Da) and VP1 (81,292 Da). We calculated the
Table 2. Liquid chromatography parameters for intact and peptidemapping

analyses

Parameter Intact analysis Digested analysis

Column
Agilent ZORBAX
300SB-C3 4.6 �
50 mm, 3.5 mm

Agilent AdvanceBio
Peptide Map
2.1 � 150 mm, 2.7 mm

Mobile phase A water, 0.1% FA (formic acid) water, 0.1% FA

Mobile phase B acetonitrile, 0.1% FA acetonitrile, 0.1% FA

Flow rate 0.7 mL/min 0.4 mL/min

Injection volume 10 mL (�2E10 vg) 20 mL

Column
temperature

40�C 60�C

Gradient
0–0.2 min: 0%–20% B;
0.2–5 min: 20%–50% B;
5.1–6 min: 95%–95% B;

0–18 min: 5%–40% B;
18–28 min: 40%–90% B;
28–36 min: 90%–95% B;
36–40 min: 95% B

Post time 1 min 1 min
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stoichiometric ratio of these VP1/2/3 to be 7:9:100 (Figure 3). From
the AAV9-Dc deconvoluted mass spectrum, an additional mass
gain of 233.1 Da was found as the second most intense peak right
next to the VP3 peak. For better data interpretation, Figure 4 shows
a close-up look around VP3 peaks of AAV9 and AAV9-Dc.

Figure 4 clearly shows that one Dc molecule was chemically con-
jugated to the VP3 of AAV9 capsid with an exact mass gain of
233.1 Da. This result indicates that regardless of multiple Lys res-
idues (at least 8) predicted to be exposed on the serotype 9 capsid
by the structural biology model,12 only one Lys is the most acces-
sible for chemical conjugation of Dc. Unlike western blots, where
small-molecule chemical modifications can only be confirmed
indirectly through the attachment of a reporter or epitope tag to
the molecule being tested (as discussed in Lam et al.3), LC-MS
directly measured and confirmed the covalent chemical addition
in just a few minutes. The modification ratio is estimated to be
�45%–50%, as the original peak of the wild-type AAV9 VP3 has
similar abundance to the modified peak. This is most likely due
rapy: Methods & Clinical Development Vol. 27 December 2022 187
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Table 4. Mass accuracy of AAV capsid intact LC-MS

AAV serotype

AAV capsid proteins (Da)

VP1 VP2 VP3

Theoretical Observed Mass accuracy ppm Theoretical Observed Mass accuracy ppm Theoretical Observed Mass accuracy ppm

AAV2 81,856 81,855 12.22 66,488 66,490 30.08 59,974 59,975 16.67

AAV5x 80,306 80,309 37.36 65,253 65,255 30.65 59,433 59,434 16.83

AAV8 81,667 81,668 12.24 66,519 66,519 0.00 59,805 59,807 33.44

AAV9 81,291 81,292 12.30 66,210 66,211 15.10 59,733 59,734 16.74

Molecular Therapy: Methods & Clinical Development
to the sulfonyl chloride group of Dc molecules’ instability in
aqueous solution, since they hydrolyze quickly. Chemical modifi-
cation is a common tool in protein engineering, especially to tag
a protein with a dye marker or antibody. Many investigators
have documented their results using chemical-engineered AAV
capsids,3,13–16 and countless studies investigating biological-engi-
neered capsids have been performed (from directed evolution to
structural-guided screening), but none of these capsid proteins
were well characterized.17–19 Our method was shown to provide
an invaluable tool for quick and reliable AAV capsid characteriza-
tion with minimum of �2E10 vg per run.

Three additional AAV serotypes (AAV2, AAV5x, and AAV8) were
analyzed using the same optimized method for intact LC-MS. Their
deconvoluted mass spectra are shown in Figure 5. The focus of this
study was the development of a LC-MS method for rapid VP3 identi-
fication. Still, coeluted VP2 and VP1 were found to greatly match their
theoretical masses. These values were used to confirm the serotype of
the analyzed AAV samples with excellent mass accuracy for most de-
tected VP proteins, as shown in Table 2. Capsid AAV5x has one point
mutation that resulted in a Met to Thr mutation, which is 30 Da less
than the wild-type AAV5 VP3. The results here in Figure 5 confirm
that mutation and the masses of VP1/2/3, since they all share the over-
lapping sequence of VP3. Our study used several different purification
methods of AAV vectors including ultracentrifugation, affinity col-
umn, and ion exchange column (supplemental information).Although
different purification methods were applied, the results from LC-MS/
MS remained consistent. Using this technique, we have also tested
several hundred engineered AAV capsids, and this method has proven
to be productive and reproducible, as it allowed us to quickly screen for
newly engineered AAV capsids. Our optimized intact LC-MS method
can provide a robust, fast, and high-throughput workflow for both
wild-type and engineered AAV capsids.

Peptide mapping analysis of AAV capsids using LC-MS/MS

Several regulatory agencies often require primary amino acid se-
quences of protein-based biologic drug products (monoclonal anti-
bodies, antibody-drug conjugates, etc.). Because of the emergence
of recombinant AAVs (rAAVs) in gene therapy, AAV capsid charac-
terization might soon be a requirement in the near future. LC-MS/MS
is one of the most valuable and advanced tools in analytical chemistry
to elucidate confident and comprehensive peptide maps including
post-translational modifications.
188 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
For LC-MS/MS method development, trypsin and chymotrypsin
were used to digest AAV capsid proteins. Trypsin cleaves peptides
on the C terminus of Lys and Arg, while chymotrypsin cleaves at
the carboxyl side of aromatic amino acids Tyr, Phe, and Trp. Due
to limited Lys and Arg residues, trypsin gave lower sequence coverage
than chymotrypsin. Furthermore, with chemical modifications tar-
geting Lys, cleavage by trypsin might be affected, which is the most
likely reason chymotrypsin was superior in this case. Specifically, pep-
tide mapping analysis of AAV9 VP3 resulted in a sequence coverage
of 93% (trypsin) and 100% (chymotrypsin) as shown in Figure 6. Even
though VP2 and VP1 are lower in abundance compared with VP3
monomers, their sequence coverage was also found to be 94% for
VP2 and 93% for VP1 (Figures S1 and S2). An example of a peptide
fragment spectrum with annotated b and y ions is shown in Figure 7.
These m/z values of fragmented ions are unique fingerprint patterns
for accurate peptide characterization.

Since chymotrypsin provided higher sequence coverage of AAV9
capsid proteins compared with trypsin, it was used to map the engi-
neered capsid AAV9-Dc. As shown in Figure 8, the top panel shows
the total compound chromatogram (TCC), the middle panel is the
m/z of the ion amino acid position #308–333 detected, and the bottom
panel is the fragmented product ions of the parent ion shown in the
middle panel. As a result, the site-specific position of amino acid Lys
at VP3#326 was found to be conjugated with one Dc molecule, hence
the mass gain of 233.1 Da, while the corresponding wild-type
sequence did not show the mass gain (which are indicated in the mid-
dle and bottom panels of Figure 8). This position was confirmed to be
an exposed Lys on the intact capsid of AAV9 using the three-dimen-
sional (3D) structure (3ux1)12 from the Protein Data Bank.

Additionally, peptide mapping analyses were performed for AAV8,
AAV5x, and AAV5x-Dc to assess the method’s general applicability
across AAV serotypes. Our peptide mapping method yielded
sequence coverage from 92% (AAV5x VP3) to 100% (AAV8 VP3
and VP2) as shown in Figures S4 and S5. The most accessible amino
acid modified with one Dc molecule was found to be Lys VP3#259
from AAV5x-Dc peptide mapping (Figure S5). Minimal percentages
of post-translational modifications including phosphorylation, oxida-
tion, acetylation, and deamidation were detected (Table 5), show-
casing the power of the LC-MS/MS method for protein characteriza-
tion. LC-MS was shown to be a superior methodology compared with
gel-based assays in protein analyses of the AAV capsids, with great
ber 2022



Figure 3. Intact LC-MS of AAV9 (left) and AAV9-Dc (right)

ESI-TIC spectra show the LC profile of capsid proteins (top panel). m/z spectra of the most abundant peak (�2.9 min) show the raw MS spectra of the VP3 protein (middle

panel). Deconvoluted spectra show the VP3 protein exact mass (plus VP2 and VP1 also detected) and relative abundance percentage of each peak (bottom panel).

Chemically engineered capsid AAV9-Dc was characterized with the exact mass of one Dc molecule added to the VP3 protein (see Figure 4 for a zoomed-in spectrum).
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specificity and speed to ensure the quality and safety (contaminants in
each AAV batch will be detected in LC) of the final vector product.
Coupling MS/MS further provided an ideal tool to peptide map the
precise amino acid sequence of each capsid protein including chem-
ical conjugations, elucidating more insights about the chemistry of
the AAV capsid proteins.

DISCUSSION
rAAV vectors are a safe and effective gene therapy delivery tool capable
of treating a variety of diseases. A total of 17 differentAAV capsids have
been disclosed in clinical trials including wild-type and engineered cap-
sids, and hundreds of new and engineered capsids are being investi-
gated in preclinicals in search for the best vectors to benefit patients.20

Capsid development and engineering efforts aim to improve AAV vec-
tors to evade existing neutralizing antibodies (NAbs), enhance trans-
duction efficiency, and/or redirect tissue tropism. Despite having the
highest prevalence of NAbs (more than 70%),21 the preferred vector
is still AAV2 because it is the most characterized serotype. With
more and more novel capsids becoming prevalent in preclinical and
clinical trials, capsid characterization could be a tremendous benefit
to improve quality control of capsid confirmation and amino acid
sequence elucidation, as many of the AAV serotypes differ by a few
amino acids. To avoid batch-to-batch contamination and human er-
rors, it is also important to characterize every vector product in process
Molecular The
development as a good manufacturing practice. This requires sophisti-
cated methods that were very time consuming a decade ago. The avail-
ability and instrumentation of LC-MS allowed us to develop and opti-
mize a much faster and more reliable method for capsid protein
characterization and amore in-depth LC-MS/MSworkflow for peptide
mapping the capsid proteins (Figure 1).

Traditional methods like SDS-PAGE (Figure 2) cannot distinguish
AAV serotypes. Intact LC-MS (Figures 3, 4, and 5) with less than a
5-min run precisely confirmed the capsid serotype and chemical
modifications with high mass accuracy (Table 2). This is a faster
intact LC-MS protocol compared with previously published
studies. For example, the Zhang et al. study9 required at least
�10 min per run with a requirement of 1E11 vg, and Jin et al.8

required 30–50 min per run with the use of 1E12 vg. Here, only
2E10 vg was needed for a 4-min run, which enables a more sensi-
tive and higher-throughput outcome, as the number of engineered
capsids in an investigational study can range up to the hundreds.
Further, intact LC-MS determined the exact mass gain for capsid
chemical modification (Figures 3 and 4), providing more under-
standing of the AAV capsid chemistry. To analyze the amino
acid sequence in more details, peptide mapping using LC-MS/
MS for a longer run of 45 min successfully characterized the
VP proteins of AAV9 (Figures 6 and 7), AAV5x, and AAV8
rapy: Methods & Clinical Development Vol. 27 December 2022 189
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Figure 4. Comparison of LC-MS spectra of AAV9 and engineered-capsid AAV9-Dc

Deconvoluted mass spectra of capsid of AAV9 and capsid AAV9-Dc confirm the exact masses of serotype-9 VP proteins and the chemical-engineered capsid 9-Dcs, with

the mass gain of 233.2 Da per one Dc molecule conjugation.
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(Figures S4 and S5), with their sequence coverage ranging from
92% to 100%. The most accessible amino acid regarding the Dc-
molecule covalent modification was found to be Lys-VP3#326 of
AAV9 (Figure 8) and Lys VP3#259 (Figure S5) of AAV5x, high-
lighting the power and efficiency of LC-MS/MS. Additionally,
post-translational modifications (PTMs) were detected in AAV9
VP3; the most common PTMs are listed in Table 5, with the total
PTMs being less than 1%, as expected.

In summary, intact LC-MS characterization of AAV serotypes with
our optimized method was demonstrated to be successful and very
efficient. This method also shows significant improvements
compared with other studies: fast and high throughput (4–5 min
per run; more than 100 runs per 8 h), high mass accuracy,
improved sensitivity due to minimal AAV titer (�2E10 vg) and
sample preparation requirements (10 min), and consistent repro-
ducibility. Peptide mapping analysis of the AAV capsid proteins
(wild-type and engineered capsids) was shown to achieve high
sequence coverage and precise amino acid structure elucidation,
including the identification of covalent modifications. With the
rapid growth of novel AAV serotype discovery and development,
we envision that this LC-MS method will be of great assistance
190 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
to many laboratories that require fast and accurate confirmation
and characterization of AAV serotypes. Since the precise chemistry
of the AAV capsids is still less understood, our MS/MS method
described herein hopefully will contribute to accelerating the
development of this knowledge. Depending on the need of a
particular experiment, our protocols can be modified to accommo-
date specific analyses, as a mass spectrum contains myriad infor-
mation about capsid mass, stoichiometry, modifications, reactivity
to certain compounds, and more.

MATERIALS AND METHODS
Cell lines

The HEK293 cell line was purchased from ATCC for AAV vector
production. The cells were cultured in DMEM supplemented with
10% fetal bovine serum, 100 mg/mL penicillin, and 100 units/mL
streptomycin (Invitrogen) andmaintained in a humidified 37�C incu-
bator with 5% CO2.

AAV vector production

All rAAVs were produced by triple-plasmid transfection22 of HEK293
cells using three plasmids: pRep-Cap (pH22, pH25�, pH28, or pH29),
pVector (pdsAAV-CB-Gluc or pdsAAV-CB-EGFP), and pAd-Helper
ber 2022



Figure 5. Intact LC-MS deconvoluted mass spectra of AAV2, AAV5x, and AAV8

Being the most abundant protein, VP3 was detected as 100% relative abundant peak in all serotypes.

www.moleculartherapy.org
(PfD6). The capsid of each rAAV may be chosen among natural sero-
types (AAV2, AAV8, or AAV9) and may also be engineered by
nonnatural methods such as mutagenesis (such as AAV5x) and chem-
ical modification (AAV9-Dc and AAV5x-Dc). The three plasmids
were delivered at the molar ratio of 1:1:1 into HEK293 cells (seeded
in 2-L roller bottles) using PolyJet DNA In Vitro Transfection Reagent
(SignaGen Laboratories). All rAAV vectors were collected after
72–96 h of transfection and were purified by LC (AKTA system; see
supplemental information). The rAAV titers were determined by using
Molecular The
ddPCR/qPCR with primers/probes targeting the transgene or pro-
moter (see supplemental information for details).

SDS-PAGE

Mini-PROTEAN TGX stain-free precast gel (7.5%, a polyacrylamide
gel containing a proprietary tri-halo compound to make proteins
fluorescent directly in the gel, Bio-Rad, cat# 456-8026) was used.
A sample of 6 mL rAAV (�1E12 vg/mL) was added to 2 mL 4�
Laemmli sample buffer containing 10% b-mercaptoethanol and
rapy: Methods & Clinical Development Vol. 27 December 2022 191
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Figure 6. Screenshots of Agilent MassHunter

BioConfirm 8 shows peptide map and sequence

coverage of the AAV9 VP3 capsid protein

Top: trypsin digested; bottom: chymotrypsin digested.

This protein has a 93.26% coverage using trypsin, and

100.00% coverage using chymotrypsin, as highlighted in

green; the position of each amino acid of this protein is

highlighted in blue.
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was mixed well before being heated at 90�C for 5 min. The sample
was cooled to room temperature and loaded into the gel lanes,
together with a standard marker. Running buffer was 1� Tris/
Glycine/SDS (Bio-Rad, cat# 1610772). The assembly was set and
connected. Voltage was set to be constant, at 200 V. The gel was
set to electrophorese for 30 min.

Instrumentation

All protocols documented were optimized from testing different pa-
rameters such as AAV titers, sample incubation in different acidic
Figure 7. MS/MS spectrum of product ions of an AAV9 VP3 peptide sequence

192 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
conditions of formic acid (FA) and TFA, times of sample incubation,
varying the LC gradients for optimal elution of the AAV VP proteins
at the desired of �3 min, column temperature, sample injection vol-
ume, and different serotypes, with reproducibility and robustness.

Agilent 1290 Infinity II LC: auto-sampler with 20-mL loop for both
intact and digested analyses.

Agilent 6545 LC/QTOF: Dual-jet stream source. See Table 3 for LC
setting details, and Table 4 for MS setting details.
ber 2022



Figure 8. LC-MS/MS spectra of the digested capsid proteins of AAV9 (left) versus AAV9-Dc (right)

Peptide maps were elucidated with 100% VP3 sequence coverage for both serotypes. Top panel is total compound chromatogram (TCC); middle panel is them/z of the ion

amino acid position #308–333 detected; and bottom panel is the fragmented product ions of the one shown in the middle panel. The amino acid modified with one Dc

molecule was identified as Lys at VP3#326, and the peptide sequence containing this position is shown here for both AAV9 (wild type) and AAV9-Dc (one Dc-molecule

conjugation with the exact mass gain of 233.1 Da detected as shown in the middle and bottom panels of AAV9-Dc).
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Sample preparation

For intact LC-MS analyses

1 mL FA (10% FA) was added to 9 mL AAVs (�2E10 vg) and incu-
bated at room temperature for 10 min before injection.

For peptide mapping LC-MS/MS

1E11 vg of AAVs was denatured in 6 M urea and 1 mM DTT at
90�C for 20 min and alkylated with iodoacetamide (15 mM) for
30 min at room temperature in the dark. Reduced and alkylated
samples were cooled to room temperature and diluted with 3
equivalent volumes of buffer (50 mM Tris-HCl, 1 mM CaCl2
[pH 7.5]) to ensure the urea concentration down to %2 M. The
samples were then digested by 0.4 mg trypsin (Promega) or chymo-
Table 5. Most detected post-translational modifications (PTMs) in AAV9 VP3 (c

Sequence PTM

VLGSAHEGCLPPFPADVF 1*alkylation (iodoacetic acid) + 1*acetylation

VQNQGILPGMVW 1*deamidation + 1*acetylation

AHSQSLDRLMNPLIDQY 1*phosphorylation + 1*oxidation + 1*acetylation

RQQRVSTTVTQNNNSEF 1*deamidation + 1*acetylation

GQVATNHQSAQAQAQTGW 1*deamidation + 1*acetylation

AVNTEGVY 1*acetylation

Molecular The
trypsin (Thermo) overnight at 37�C. Digested samples were
cleaned up using peptide-cleanup C18 spin columns (Agilent,
cat# 5188-2750) right before LC-MS injection. A final 40-mL
elution from each C18 cleanup column (following the manufac-
ture’s protocol) in elution buffer (70% ACN, 0.1% TFA) was
collected and used directly for LC-MSMS analysis. The purpose
of this step is to remove interfering contaminants and increase
peptide concentration.

Data analyses

Agilent MassHunter BioConfirm B.08 software and Sequence Man-
ager software were used for data analyses. The method report is
attached as Data S1.
hymotrypsin digested)

Seq Mass diff (ppm) Hits (BioConfirm) Score (MFE) Vol %

6.29 9 100 0.35

8.36 18 100 0.1

1.31 47 100 0.05

6.78 77 100 0.02

4.72 30 100 0.01

0.47 2 97.1 0.01
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