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Accurate quantification and characterization of recombinant
adeno-associated virus (rAAV) capsid proteins are critical
for evaluating product quality and safety, ensuring batch con-
sistency, and informing process development of their manu-
facture. The capsid consists of three proteins derived from
the same gene, and while the mean capsid stoichiometry is
nominally 1:1:10 (VP1:VP2:VP3), capsids with different stoi-
chiometries exist. Recent studies show that variations in the
capsid stoichiometry can impact vector infectivity. Here, a
mass spectrometry (MS)-based method was developed to
quantify VP1, VP2, and VP3 in rAAV9 capsids and determine
stoichiometry. Additionally, the methodology delivers precise
measurement of total capsid content and provides a greater
depth of information than traditional ELISA capsid titer mea-
surements. The method could be further refined as a reference
method to standardize measurements and assign values to
reference materials. Host cell proteins consistent with other
findings reported in the literature were also identified and re-
ported. The consistent detection of these host cell proteins
across different studies highlights their potential relevance
to gene therapy products and the importance of their moni-
toring. Our report exhibits the utility of MS for precise
rAAYV characterization and presents the first approach to us-
ing MS for the standardized measurement of rAAV across
different drug products.

INTRODUCTION

Recombinant adeno-associated virus (rAAV) vectors are used exten-
sively in gene therapy, but their intricate composition makes charac-
terization challenging.”” AAVs are non-enveloped, icosahedral vi-
ruses that contain a single-stranded DNA genome enclosed within
a protein capsid. AAVs can demonstrate heterogeneity between
and within production batches when manufacturing rAAVs, such
as differences in capsid stoichiometry, post-translational modifica-
tions (PTMs), and the presence of host cell proteins (HCPs) that
remain after purification.”® The rAAV protein capsid consists of
three different proteins, and the accurate quantification of these

capsid proteins, VP1, VP2, and VP3, is critical for evaluating product
quality and safety as well as ensuring batch consistency. Therefore,
work toward the establishment of reference methods for the quanti-
fication of the VP1, VP2, and VP3 capsid proteins is an important
step required for standardized capsid characterization, improved
measurement consistency, and to ensure the safety of rAAV-based
gene therapies.* ©

It is generally considered that an individual rAAV capsid consists of
a collective 60 copies of the 3 viral proteins (VP1, VP2, VP3) in a
nominal ratio of approximately 1:1:10, regardless of the serotype.”*
However, recent studies revealed that this stoichiometry is not fixed
but rather depends on the relative expression levels of each VP pro-
tein.”'® Understanding capsid stoichiometry is crucial, as variations
in VP ratios can affect the infectivity of the viral vectors, potentially
resulting in less effective or even ineffective therapeutic batches.'' ™"

Traditionally, VP stoichiometry has been assessed using electropho-
resis techniques such as sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). While SDS-PAGE can provide esti-
mates of VP stoichiometry and serotype identity, it is limited by its
low resolution and lack of quantitative precision or accuracy.'*'
Methods such as capillary electrophoresis and liquid chromatog-
raphy (LC) coupled with UV or fluorescence detection are increas-
ingly used in the industry to enhance accuracy and precision.'®"”

Mass spectrometry (MS) is a well-established, highly accurate analyt-
ical technique for confirming protein sequence and is capable of
identifying and locating PTMs.'®** Additionally, the growing use
of MS-based methods for identifying HCPs in biopharmaceuticals
has deepened our understanding of manufacturing processes and es-
tablished workflows, offering the opportunity to apply MS for rAAV
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characterization as well.'>**"**> Moreover, MS is widely recognized
as a highly accurate and selective method for protein quantification.
Its precision and reliability have established it as one of the
primary tools for developing reference methods and materials for
biologics.

Here, we describe a tailored MS-based approach for accurate quan-
tification of rAAV serotype 9 (rAAV9) capsid proteins and for deter-
mining overall capsid stoichiometry. The method has the potential to
be developed further as a reference method to standardize measure-
ments from field methods and characterize reference materials. Data
were traceable to the International System of Units (SI) via amino
acid analysis of the peptides utilized as standards. As an essential
part of the development of the method, the amino acid sequence
of the rAAV9 and the presence of potential PTMs were
first confirmed by both intact mass analysis (LC-MS) and peptide
mapping (tandem mass spectrometry [LC-MS/MS]. Moreover, an
LC-MS/MS-based approach was also used to identify HCPs in an
rAAV8 sample.

Our findings reveal that the measured stoichiometry of the rAAV9
sample deviates from the widely assumed 1:1:10 ratio of VP1:VP2:
VP3. The MS methods described here provide a robust and detailed
framework for analyzing rAAV vectors, offering enhanced accuracy
and insight into their stoichiometry. These findings are particularly
significant, as variations in stoichiometry can directly impact the
infectivity of rAAV vectors, potentially compromising the efficacy
of the viral preparations.''™*?
iations is therefore important for ensuring the reliability and effec-
tiveness of rAAV-based therapies.

Identifying and controlling these var-

RESULTS

Measurement of the intact masses of the rAAV capsid proteins
with LC-MS for serotype identification

Initially, intact mass analysis of the rAAV VP proteins was under-
taken. The theoretical and observed masses by this analysis are re-
ported in Table S1, while the deconvoluted spectra and the detection
of the peaks corresponding to the capsid proteins of rAAV8 and
rAAV9 are shown in Figure 1. In the intact mass analysis of
rAAV9 samples, three masses were identified at 81,290 Da, 66,210
Da, and 59,730 Da. The 81,290-Da mass corresponds to the VP1 pro-
tein of rAAV9, encompassing amino acids 2-736, with an acetylated
N-terminal alanine and deletion of the initial methionine. The
66,210-Da mass corresponds to the VP2 protein, spanning residues
139-736, with the first threonine removed. Lastly, the 59,730-Da
mass is associated with the VP3 protein, covering amino acids
204-736, with acetylation of the N-terminal alanine and removal
of both the first threonine and methionine residues. These modifica-
tions were previously reported in the literature and confirmed by
peptide mapping in the next section.””*°

Similarly, in the intact mass analysis of rAAVS, three distinct masses
were observed at 81,670 Da, 66,520 Da, and 59,800 Da. The 81,670-
Da mass corresponds to the VP1 protein of rAAVS, covering the
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Figure 1. Mass spectrometry analysis and identification of the capsid
proteins VP1, VP2, and VP3 in rAAV8 and rAAV9 samples

The deconvoluted spectra, generated using UniDec, are presented in (A) for rAAV8
and (B) for rAAV9. The spectra show distinct peaks corresponding to the capsid
proteins VP1, VP2, and VP3. For rAAV8 (A), VP1 is represented by green circles,
VP2 by pink triangles, and VP3 by yellow inverted triangles. For rAAV9 (B), VP1 is
indicated by light blue circles, VP2 by orange triangles, and VP3 by gray inverted
triangles. The m/z values of the peaks are allocated to the respective capsid pro-
teins, with VP3 being the most abundant species in both rAAV8 and rAAV9 spectra.
The image was created with UniDec.

amino acid sequence from 2-738, with an acetylated N-terminal
alanine and the removal of the initial methionine. The 66,520-Da
mass aligns with the VP2 protein, spanning the sequence from amino
acids 139-738, with the first threonine removed. The 59,800-Da
mass corresponds to the VP3 protein, covering amino acids 205-
738, with acetylation of the N-terminal alanine and the removal of
both the first threonine and methionine residues.

2 Molecular Therapy: Methods & Clinical Development Vol. 33 September 2025
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MS peptide mapping and sequence coverage analysis of the
rAAV VP proteins

After intact analysis, peptide mapping and MS/MS analysis of the
rAAV VP proteins were conducted. In undertaking such analyses,
achieving high sequence coverage is crucial for confirming the
sequence of the VP protein and serotype and detecting the presence
of any mutations, truncations, and other sequence modifications. Di-
gestions with Glu-C and trypsin were conducted as separate experi-
ments on rAAV9 and rAAV8 samples, and the sequence coverage

was estimated based on peptides identified from both digests.””*

When considering the specific rAAV8 capsid proteins, sequence cov-
erages of 78.2%, 76.7%, and 81.9% were achieved for VP1 (Figure S1),
VP2 (Figure S2), and VP3 (Figure S3), respectively. For the rAAV9,
sequence coverages of 77.7%, 81.5%, and 88.6% were achieved for
VPI (Figure S4), VP2 (Figure S5), and VP3 (Figure 2), respectively.
The amino acid sequences of the VPs of rAAV8 and rAAV9 deter-
mined from these analyses corroborate the results from the intact
MS analysis, both revealing the deletion of the initial methionine
in VP1 and acetylation of the N-terminal alanine. Similarly, in
VP3, the first two residues were deleted, and the N-terminal alanine
was acetylated in agreement with others’ findings.*®

Detection of PTMs by MS analysis: Deamidation and oxidation
Next, the mapping of PTMs and their location in the VP proteins was
conducted. In particular, the mapping of deamidations and oxida-
tions in AAV capsid proteins as critical quality attributes is impor-
tant for assessing and ensuring protein stability, which directly im-
pacts vector performance and consistency during manufacturing.”
Furthermore, when selecting peptides for quantification purposes,
it is important to select peptides that are not prone to deamidation
and oxidation as these modifications alter the peptide mass, poten-
tially complicating quantification and reducing the utility of a pep-
tide as a standardized, quantitative marker. By avoiding peptides
prone to these modifications, a more accurate and reliable quantifi-
cation is ensured over the duration of the study.

A list of the deamidations detected in rAAV8 and rAAV9 is pre-
sented in Table 1. The corresponding b and y ion spectra for the
identification of deamidations in rAAV9 and rAAVS8 are shown in
Figures S6 and S7, respectively. The ability to detect a 1-Da mass dif-
ference, indicative of deamidation, is necessary for such studies, and
as such, the high-resolution capability of the Orbitrap MS was
considered ideal. Interestingly, the deamidations observed in the
rAAVS8 samples reported here at N57, N514, and N540 have previ-
ously been reported by Giles et al., suggesting that these residues
are inherently prone to deamidation, likely due to the accessibility,
specific amino acid sequence, and three-dimensional protein struc-
ture surrounding these three asparagine residues.”” When rAAV9
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capsid VPs were analyzed, deamidation was observed at N254,
N303 or N304, and N512. The N512 deamidation site in rAAV9
has also been reported previously.”" A comparison of the deamida-
tion sites between the rAAV8 and rAAV9 samples is reported in
Table 1. Importantly, no oxidations were detected in either of the
rAAVS8 or rAAV9 samples.

Identification of peptides from each capsid protein suitable for
determination of rAAV9 VP capsid stoichiometry

To quantify the VP1, VP2, and VP3 capsid proteins of rAAVY9, the
protein (UniProt: Q6JC40) were
UniProt. Peptides unique to each capsid protein were then selected
in silico using Skyline (University of Washington) and
PeptideCutter (ExPASy) (Swiss Institute of Bioinformatics) with
Glu-C as the specified endoproteinase.> In the workflow, Glu-C
was selected because it produces these unique peptides after digest-
ing the capsid proteins, whereas other proteases do not generate
unique peptides. These unique peptides act as signature peptides
for the quantification of the entire capsid protein since they are pre-
sent only in the capsid protein they derive from. Ideally, multiple
peptides would be used for the quantification of each capsid protein.
However, this is challenging for the rAAV capsid proteins as they
share a significant part of their sequence with one another
(Figure 3).** Peptides that are unique to VPI can be found in the
N-terminal region of VP1, while peptides unique to VP2 and VP3
are found at the N-terminal regions of VP2 and VP3, respectively.
For example, the VP3 unique N-terminal peptide only belongs to
VP3 as its generation by Glu-C is not possible from VP1 or VP2
due to the location of Glu-C cleavage sites, which would result in a
different peptide sequence (Figure 3).

sequences retrieved from

A peptide located at the C-terminal of the capsid proteins (present in
all three capsid proteins) was also selected to quantify the total capsid
content (Figure 3). This peptide is referred to as VPc. Among the
peptides of the capsid proteins of rAAV9 identified previously, the
unique peptides for VP1 (referred to as VP1u), VP3 (referred to as
VP3u), and the common capsid peptide (referred to as VPc) were
successfully detected and selected for the quantification method.
This nomenclature is used throughout the paper to clearly distin-
guish between protein-specific and shared peptides. The VPlu,
VP3u, and VPc endogenous peptides were identified based on their
b- and y-ion spectra (Figure S8) after LC-MS/MS analysis of the di-
gested rAAV9. However, the unique peptide for VP2 was not de-
tected. Various approaches were explored, including the use of
different columns, modifications to the chromatography conditions,
and use of different Glu-C digest conditions and alternative prote-
ases such as AspN and Arg-C instead of Glu-C, but none were suc-
cessful in identifying VP2u. Since VP2u was not identified during the
study, an alternative approach was developed to estimate the

Figure 2. Protein sequence coverage map of rAAV9 VP3 protein

Peptide map showing sequence coverage of VP3 (88.6%) after digestion with Glu-C and trypsin and subsequent MS/MS analysis. Peptides confirmed by MS/MS are
underlined, with peptides identified after trypsin digestion highlighted in green and those from Glu-C digestion in yellow. The image was created using the Peptide Stack

Visualization tool (Aarhus University Visualization Group).””
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Table 1. Deamidation sites detected in trypsin-generated peptides from the
capsid proteins of rAAV8 and rAAV9 samples

Serotype and deamidated sequences (trypsin digest) Amino acid position

rAAV8

YLGPFnGLDK N57
YHLnGR N514
FFPSnGILIFGK N540

rAAV9

TWALPTYNnHLYK N254
LINnNWGFRPK N303 or N304

VSTTVTQNNNSEFAWPGASSWALnGR N512

All deamidations observed in both rAAV8 and rAAV9 were partial, as the correspond-
ing non-deamidated peptides were also detected. An exception was observed at N57,
where the non-deamidated form was not detected. n corresponds to deamidated aspar-
agine (N) residue.

stoichiometry of the capsid proteins. By quantifying VPc, the total
capsid protein content was determined. The quantity of VP2 was
then estimated by subtracting the measured amounts of VP1u and
VP3u from the total VPc value. This method enabled the estimation
of the stoichiometry of VP1, VP2, and VP3 in the rAAV9 capsid.
These signature peptides were used for the measurement of the
rAAV9 stoichiometry.

In the quantification workflow, the rAAV9 capsid proteins were first
subjected to reduction, alkylation, and proteolytic digestion using
Glu-C to generate the unique peptides of interest: VP1u, VP3u, and
VPc. Quantification of these peptides was performed using stable
isotope dilution (SID). A known amount of isotopically labeled pep-
tide mix containing standards for VP1u, VP3u, and VPc was spiked
into the digested rAAV9 sample. Standard curves were prepared by
mixing varying concentrations of the corresponding synthesized nat-
ural peptides with a constant amount of the isotopically labeled pep-
tide mix (same as the amount spiked into the sample). The unknown
concentrations of the endogenous rAAV9 peptides were determined
by interpolating the measured peak area ratios of the quantifier tran-
sitions (endogenous peptides to their isotopically labeled counter-
parts) into the corresponding standard curve. Figure 4 illustrates the
different steps of the rAAV?9 capsid protein quantification workflow.

To ensure assay specificity, the selected peptide sequences were
screened against the human proteome using the NCBI Protein
BLAST tool to confirm that they do not match any potential
HCPs.>**° To further validate the specificity of the method, an
HEK293 cell lysate (Novus Biologicals, catalog no. NBP2-25048)
was digested with Glu-C. The digest was then analyzed using the
LC-MS/MS multiple reaction monitoring (MRM) method, which
monitors the transitions corresponding to the VP1lu, VP3u, and
VPc peptides. No corresponding signals above the background level
were detected, confirming that the assays are specific to the target
peptides (Figure S9).

To enhance the sensitivity and the signal-to-noise ratio of the quan-
tification method, the collision energy (CE) was individually opti-
mized for each peptide (Figure S10).”> Based on this analysis
(Figure S10), the CEs that yielded the highest intensity for each tran-
sition were selected. Furthermore, digestion efficiency and the
release of the VP1u, VP3u, and VPc signature peptides from the
capsid were verified by monitoring their release over time and con-
firming that peptide levels reached a plateau, suggesting complete re-
covery of each signature peptide from the digest (Figure S11).

Amino acid analysis and purity assessment of natural peptides
Amino acid analysis was initially undertaken to determine the exact
concentration of the synthesized natural peptides used for the gener-
ation of the standard curve (Figure $12).>”** The measured concen-
trations (mg/mL) of each peptide stock are shown in Table S2, while
the composition of controls, sample blends, calibration blends, and
blanks used in the analysis are shown in Table S3. Additionally,
the selected transitions for the MRM experiment for each amino
acid targeted in the analysis are shown in Table S4. The amount of
each amino acid released from the peptide of interest was determined
using Equation S1.

To ensure accurate quantification, it was also important to consider
the purity of the synthesized natural peptides, as peptide synthesis
can produce small fragments that could affect the analysis.”**> The
purity of each synthesized natural peptide (VP1u, VP3u, and VPc)
was assessed using intact MS with an Orbitrap Q-Exactive Plus in-
strument (Figure S13). It is important to note that the measured pu-
rity of the peptides, especially that of VP3u, was substantially
different from what was ordered (95% purity) (Table S5).

MS quantification of the VP1u, VP3u, and VPc peptides from
rAAV9 samples

For quantitative analysis, experiments were performed in triplicate,
with each experimental replicate involving independently generated
standard curves. The standard curves were plotted as the mean ratio
of peak areas of the quantifier transition (three injections per stan-
dard curve) of each synthesized natural peptide to the isotopically
labeled counterpart against the known concentration (nM) of the
synthesized natural peptide (Figure S14).

The mean quantities of VP1u, VP2, VP3u, and VPc across the three
experiments in the stock, along with their uncertainties, are reported
in Table 2. The measured values in the stock were VP1u at 69.7 (36.7)
nM, VP2 at 385.3 (12.8) nM, VP3u at 512.9 (117.9) nM, and VPc at
967.9 (135.7) nM. The mean stoichiometry of the rAAV9 sample
calculated from the three experiments was 1:5.5:7.3 (VP1:VP2:
VP3), which deviates from the widely assumed ratio of 1:1:10. The
inter-experimental variability (coefficient of variation [CV]) for
VP2 was calculated based on the inter-experimental standard devia-
tion (SD) and the mean concentration of VP2. The inter-experi-
mental SD for VP2 was calculated using the error propagation for-
mula and considering the covariance between peptides using
Equations S2 and S3, and it was only 3.3%. The combined variability
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VPc

Glu-C digest site for

A

generation of peptides of interest

I—s’:arting position of VP2 protein

starting position of VP1 protein I:tarting position of VP3 protein

Figure 3. Schematic representation of unique peptide generation through Glu-C digestion

The sequence of the rAAV9 capsid protein is shown with yellow arrows indicating the starting position of VP1, pink arrows marking the starting position of VP2, and green
arrows marking the starting position of VP3. Scissors denote Glu-C digestion sites, resulting in unique peptides for VP1u (yellow), VP2u (pink), and VP3u (green), as well as a
common peptide VPc (shown in blue). The VP3u peptide shown in green is unique to VP3. In VP1 or VP2, Glu-C digestion at the same region generates longer peptides that
include additional upstream amino acids (highlighted in gray), distinguishing them from the VP3-derived peptide. Created in BioRender (https://BioRender.com/uxi92qgn).

for VP1u, VP3u, and VPc was calculated by including the CV from
three primary sources: the amino acid analysis, the purity assessment
of each synthesized natural peptide, and the variability observed
across the three experiments using Equation S4. Among these, the
variability across the three experiments is by far the largest contrib-
utor (99.9% of total variability for VP1u, 99.5% of total variability for
VP3u, and 99.9% of total variability for VPc). VP3u and VPc demon-
strated good agreement between experiments, with a CV of 23.0%
and 14.0%, respectively. In contrast, VP1u exhibited higher vari-
ability, with a CV of 52.6%, as expected, given the lower quantity
in the sample. Interestingly, the capsid stoichiometry estimated using
the MS-based method was not consistent with that determined by
SDS-PAGE densitometry (1:0.7:3.4) (Figure S15), potentially due
to factors outlined in the discussion section.

The method was also used to measure the total capsid content of the
sample. The VPc peptide is present in all three rAAV9 capsid pro-
teins and reflects the total capsid concentration. Assuming there
are 60 copies of the VP proteins in a capsid, the MS-based concen-
tration of the rAAV9 sample was calculated as 9.71 x 10°

(1.36 x 10°) capsids/uL. Enzyme-linked immunosorbent assay
(ELISA)-based analysis of the rAAV9 sample gave a capsid concen-
tration of 1.6 x 10'° (1.04 x 10°) capsids/pL (Figure S16). This cor-
responds to a 39.3% (6.2) relative difference between the mean values
of ELISA and the MS-based approach described here.

Identification of host cell proteins in the rAAV8 samples by MS
analysis

The rAAVS8 and rAAV9 samples were analyzed for the presence of
HCPs (human proteins from HEK293 production cells). One hun-
dred HCPs were identified in the trypsin-digested rAAV8 sample
(Table S6), some of which have been previously reported by

39
others.”**’

These HCPs are involved primarily in DNA packaging, gene regula-
tion, chromatin structure, translation, signal recognition, RNA pro-
cessing, and protein folding. All identified proteins, the number of
unique peptides matched, —10logP scores, and coverage (%) are re-
ported in Table S6. Twenty-four of the HCPs identified in this study
have been previously reported in the literature (Table 3),
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Figure 4. Multi-step workflow for quantification of VP1u, VP3u, and VPc
rAAV9 particles are denatured and digested with Glu-C to generate peptides corresponding to VP1u, VP3u, and VPc. These peptides are mixed with isotopically labeled
standards for VP1u, VP3u, and VPc and analyzed using an MRM method. In Q1, precursor ions are selected based on their m/z; in Q2, the ions are fragmented; and in Q3,

(legend continued on next page)
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highlighting their frequent occurrence in rAAV preparations and
suggesting potential roles in rAAV biology or production processes.
For the rAAV9 sample, no HCPs were detected, likely due to a more
rigorous purification process. As shown in Figure S17, the chromato-
gram of the rAAV9 sample is much “cleaner” compared to that of the
rAAV8 sample, where multiple peaks are observed, corresponding to
the identified HCPs. Furthermore, the presence of multiple impu-
rities in the rAAVS8 preparation is demonstrated by SDS-PAGE
(Figure S18).

DISCUSSION

In this study, we present the development of an MS-based method for
the precise quantification of VP1, VP2, and VP3 proteins, as well as
the total protein quantity of rAAV9 and the measurement of the
capsid stoichiometry. Currently, there is no standardized reference
measurement method for quantifying rAAV capsid proteins. Howev-
er, by implementing MS-based approaches in accordance with Inter-
national Organization for Standardization 17511:2020 guidelines, we
have developed a method that ensures precision and higher-order
reference measurement for capsid protein quantification.” To sup-
port the accuracy of this method, well-defined rAAV standards suit-
able for absolute quantification are necessary.

In our approach, the quantities of capsid proteins are measured by
quantifying their signature peptides in SI units, which ensures trace-
ability and comparability across different laboratories. Furthermore,
by measuring the concentration of the synthesized natural peptides
through amino acid analysis, the method ensures traceability to
known standards. Moreover, the use of isotopically labeled peptides
enables precise quantification by accounting for variability in sample
preparation, differences in ionization efficiency, and differential re-
covery of the signature peptides during LC, thereby enhancing the
reproducibility and robustness of the method. Although the signa-
ture peptides VP1u, VP3u, and VPc may have different physico-
chemical properties, the use of isotopically labeled counterparts
introduced into the same matrix compensates for these differences.
Quantification is based on the peak area ratio between the endoge-
nous and labeled peptides, so any variation in LC recovery or ioniza-
tion efficiency affects both forms equally, ensuring that the ratio re-
mains consistent and reliable.

Active participation in inter-laboratory studies that compare values
assigned to viral vector reference materials, alongside adherence to
established written standards, is crucial for maintaining measure-
ment accuracy over time. Moreover, the experimental variability of
this method suggests that it is suitable for identifying differences in
VPI, VP2, and VP3 quantities and overall capsid content between
rAAV9 production batches, provided these differences are greater
than the variability between experiments. These findings underscore
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the need for method standardization to enable reliable comparative
analyses, particularly when detecting subtle variations between pro-
duction batches.

A limitation of the SID-MS method is that it quantifies each capsid
protein regardless of whether it is incorporated into an assembled
capsid or present as a free-floating protein. As a result, the measured
stoichiometry reflects the overall abundance of VP1, VP2, and VP3
in the preparation. However, since previous studies have shown
that capsid stoichiometry is directly influenced by the expression
levels of these proteins, it is reasonable to assume that the VPI:
VP2:VP3 ratio in the total protein pool closely reflects the ratio
observed in the assembled capsids.””'' Additionally, this method is
specific to rAAVY; the peptides used cannot be applied to quantify
other serotypes. rAAV9 was chosen due to its extensive use and
well-documented advantages, including broad tissue tropism, effi-
cient transduction of neuronal, non-neuronal, and astrocytic cells,
as well as its ability to cross the blood-brain barrier.*** Given these
advantages and its extensive application, rAAV9 was chosen as
the primary focus for developing a stoichiometry VP protein mea-
surement method, whereby such an approach could then be
extended to additional serotypes in the future. The VP1u peptide
is present in other serotypes such as AAV1, AAV2, AAV3, AAV6,
AAVS, and AAV10, providing a potential foundation for broader
application.

The results reveal a measured stoichiometry of 1:5.5:7.3 (VP1:VP2:
VP3). It is important to note that this method measures the average
stoichiometry of the production batch while acknowledging that in-
dividual capsids within the batch may exhibit heterogeneous stoichi-
ometries.'” The observed ratio of 1:5.5:7.3 deviates from the widely
assumed AAV capsid stoichiometry of 1:1:10, showing a substan-
tially higher proportion of VP2. The observed low VP1:VP2 ratio
(1:5.5:7.3) may have functional implications. Bosma et al. demon-
strated that a low VP1:VP2 ratio (<0.5) is associated with reduced
rAAV potency."' Moreover, similar deviations from the assumed
1:1:10 ratio have been reported by another study, which observed be-
tween 0 and 2 copies of VP1, 8-11 copies of VP2, and 48-51 copies of
VP3 in AAV1 capsids.” Additionally, although a study by Tiambeng
et al. reported VP1:VP2:VP3 ratios close to the expected 1:1:10 in
some AAV samples, it also found substantially lower levels of VP1
and VP2 in others, with ratios as low as 1:1:35 and 1:1:49.* In the
same study, rAAV8 particles produced using two different methods
showed capsid protein ratios of 4.9:11.6:43.5 (VP1:VP2:VP3) for
process A and 4.1:4.8:51.1 for process B. These findings highlight
the impact of production conditions, particularly on VP2 levels,
while VP1 and VP3 proportions remained relatively stable, illus-
trating that there is no standard capsid stoichiometry.*> Overall,
studies have suggested that the stoichiometry of the capsids directly

product ions are selected and then detected. The peak areas of the quantifier transitions for endogenous peptides and their isotopically labeled counterparts are
measured, and the ratios are calculated. A standard curve, prepared with the synthesized natural VP1u, VP3u, and VPc peptides of known concentrations mixed
with isotopically labeled standards, is used to determine the concentrations of endogenous VP1u, VP3u, and VPc in the rAAV9 sample. Created in BioRender (https://

BioRender.com/tenyadv).
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Table 2. Measured mean stoichiometry and concentrations of VP1u, VP3u,
and VPc peptides in rAAV9 stock

Mean VPI:

Sample VP2:VP3 ratio VPlu,nM VP2, nM VP3u, nM VPc, nM

rAAV9 15573 69.7 (36.7) 3853 (12.8) 512.9 (117.9) 967.9 (135.7)

Data are shown as mean (uncertainty), where uncertainty reflects the propagated vari-
ability from three experimental replicates, amino acid analysis and purity assessment of
each synthesized natural peptide. For VP2, uncertainty represents inter-experimental
variability, including covariance.

depends on the expression levels of each individual capsid protein,
which may differ based on the production method used.”'"*’
Therefore, the low VP1:VP2 ratio observed may be attributed to
high expression levels of VP2 in the host cells used for the production
of rAAV9.

The discrepancy in capsid stoichiometry measurements between the
MS-based method and SDS-PAGE may be attributed to limitations
of both approaches. SDS-PAGE is a semi-quantitative technique,
and a key limitation is that staining intensity does not necessarily
correlate directly with protein abundance. This is due to differences
in dye-binding efficiencies and variability in protein-stain interac-
16 Consequently, differential staining of VP1, VP2, and VP3
may contribute to the observed discrepancy. Moreover, silver stain-
ing has a limited linear dynamic range, which limits its accuracy in
determining capsid stoichiometry.*” Thus, silver staining intensity,
particularly when bands of very different intensity are present as in
the case of VP3 compared to VP1 and VP2, does not correlate well
with protein quantity across a large dynamic range.”” Additionally,
the MS-based method has limitations that may bias the measured ra-
tio. For example, VP2 is estimated indirectly by subtracting the
quantities of VP1u and VP3u from the total capsid content (VPc).
Therefore, since the method also quantifies free capsid proteins,
the presence of free VPc peptides in the sample could artificially
inflate the calculated VP2 levels and contribute to the discrepancy
observed between MS and SDS-PAGE.

tions.

In contrast, there was good agreement between our developed MS-
based approach for quantifying the total capsid concentration and
ELISA. The antibody used in the ELISA assay, ADKOY, specifically
binds to a conformational epitope on fully assembled rAAV9 cap-
sids.*®>*° This epitope includes the contact residues 456-459, 492,
494-498, 584, and 587-589. The binding of the antibody also oc-
cludes residues corresponding to the VPc peptide (701-708, 712),
indicating that the binding site of the antibody and the location of
the VPc peptide are in close proximity. The observed 39.3% relative
difference between the mean values of our MS-based approach and
ELISA can be attributed to the fundamental differences between
these two methods. Our MS-based method directly quantifies spe-
cific ions, providing precise measurements of the signature peptides
for each capsid protein. In contrast, ELISA relies on absorbance mea-
surements, which are susceptible to interference from substances
absorbing at the same wavelength or non-specific antibody binding.

Furthermore, while ELISA predominantly detects fully assembled
capsids via specific antibody interactions, the MS-based method
quantifies both fully assembled capsids, partially assembled capsids,
and any free proteins or peptides, including potential degradation
products in the sample. Based on this broader detection range, one
might expect the MS-based method to yield higher values than
ELISA. However, the observed difference can be attributed to several
factors. A key source of variability lies in the large dilution factor
(2 x 10%) applied to the rAAV9 sample for ELISA to fit within the
standard curve. The serial dilutions may introduce errors or reduce
precision due to pipetting errors and/or mixing variability.”””" These
differences underscore the importance of considering method-spe-
cific biases and assumptions when comparing results from ELISA
and MS-based quantification.

Interestingly, a VP3 variant initiating from a downstream start
codon has been reported in previous studies."**> However, this
variant was not detected in either the rAAV8 or rAAV9 samples in
this study. For rAAVY9, this is due to the absence of a suitable down-
stream start codon required for production of the variant. In
contrast, rAAV8 does contain a downstream start codon (M212)
that could potentially lead to the production of such variant. Howev-
er, we found no evidence for the presence of this variant in our
rAAV8 sample. This may be due to its low abundance in our sample,
possibly below the detection limit of our LC-MS method.> Specif-
ically, the number of copies of each capsid protein incorporated
into the rAAV particle correlates with their relative expression levels,
which can vary considerably depending on the production pro-
cess.' "> It is therefore plausible that in our production system,
the expression of the VP3 variant was lower than in previous studies,
and not detectable with the sensitivity of our current analytical
approach.

Finally, our study revealed deamidation sites in both rAAV8 and
rAAV9 vectors, which we suggest should be monitored closely to
evaluate their impact on vector stability and functionality. Our study
identified 100 distinct HCPs in rAAV8 samples, showing the
complexity of HCPs in rAAV production. Of these, 24 have been
previously reported in the literature, highlighting their relevance.
Their presence may be explained by various mechanisms, including
interactions with capsid proteins, encapsulation of HCPs within the
capsid, association with the packaged genome, or indirect binding
via other HCPs that interact directly with components of the
rAAV vector.*”>® Consistent detection of these HCPs across
different production batches and serotypes is crucial for understand-
ing their potential impact on gene therapy products, including their
influence on product stability, safety, immunogenicity, and thera-
peutic efficacy. Further analysis of rAAV HCPs will help optimize
processes to remove HCPs, especially those that may pose risks to
patients.

In summary, we have developed an MS-based method that enhances
the precision and accuracy of quantifying rAAV9 capsid proteins
and determining the capsid stoichiometry. This approach overcomes
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Table 3. Host cell proteins identified in this study that have also been reported in previous studies

Protein name UniProt accession no.

Coverage, % —10logP score Identified in the literature

408 ribosomal protein S3 P23396 77 162 Leibiger et al.*’
40S ribosomal protein S7 P62081 52 120.3 Leibiger et al.*’
40S Ribosomal protein S12 P25398 15 68.8 Leibiger et al.*’
40S Ribosomal protein S18 P62269 46 122.7 Leibiger et al.*’
408 ribosomal protein S20 P60866 47 110.1 Leibiger et al.*’
60S ribosomal protein L29 P47914 14 93.5 Rumachik et al.”
Serine/arginine-rich splicing factor 1 Q07955 49 149.5 Dong et al."!
Splicing factor proline- and glutamine-rich P23246 18 138.6 Leibiger et al."’
Heterogeneous nuclear ribonucleoprotein Al P09651 40 143 Leibiger et al.*’
Heterogeneous nuclear ribonucleoprotein A/B Q99729 24 131.9 Leibiger et al."’
Heterogeneous nuclear ribonucleoprotein U Q00839 20 146.2 Leibiger et al.*’
Histone H2B type F Q5QNW6 51 128.8 Leibiger et al."’
Histone H4 P62805 50 100.6 Leibiger et al."’
Nucleolin P19338 32 189.5 Leibiger et al.,’% Dong et al !
Heat shock cognate protein 71 kDa P11142 49 185 Rumachik et al.,*’; Leibiger et al."’
Heat shock protein 70 kDa 1A PODMV8 54 188.8 Rumachik et al.**
Heat shock protein 70 kDa 1B PODMV9 54 188.8 Leibiger et al.”’
Putative elongation factor 1-alpha-like 3 Q5VTEO 51 179.8 Rumachik et al.**
Elongation factor 1-alpha 1 P68104 51 179.8 Leibiger et al."’
Chromobox protein homolog 1 P83916 54 158 Leibiger et al."’
Chromobox protein homolog 3 Q13185 65 154.8 Leibiger et al."’
Polyadenylate-binding protein 1 P11940 19 146.6 Leibiger et al."’
Y-box-binding protein 1 P67809 48 161.5 Leibiger et al.*’
Ubiquitin 40S ribosomal protein S27a P62979 20 88.9 Leibiger et al.’

the limitations of traditional methods such as SDS-PAGE and
ELISA, providing a more detailed and reliable analysis of rAAV vec-
tors. Our method shows potential as a reference for quantifying VP1,
VP2, and VP3. It is capable of detecting changes in VP1, VP2, and
VP3 levels between production batches as long as these differences
surpass the variability observed between experiments. Future
research and inter-laboratory studies are essential to further validate
these findings, refine the methodology, and explore its application to
other AAV serotypes, ultimately advancing the field of gene therapy
and improving product quality and consistency.

MATERIALS AND METHODS

Model rAAV sample origin

An rAAV9 sample suitable for pre-clinical studies was commercially
produced and purchased from VectorBuilder by Professor Giovanna
Mallucci (Altos Labs, Cambridge Institute of Science) and was gener-
ously gifted to us for this study. rAAV8 was a generous gift from Pro-
fessor Paul Dalby (Department of Biochemical Engineering, Univer-
sity College London). The production and purification of the rAAVS
sample was carried out by Dr. Yiwen Li (Department of Biochemical
Engineering, University College London). The rAAV8 sample was
produced by transfecting HEK293T cells with pAAV2/8 (Addgene

plasmid 112864, which expresses the Rep and capsid proteins), the
PAAV-CAG-GFP (Addgene plasmid 37825, which carries the
EGFP genome), and the pAdDelta F6 (Addgene plasmid 112867,
which encodes for the helper virus proteins). The subsequent
rAAV8 particles were harvested from the cells and purified by affin-
ity chromatography using the commercial POROS GoPure AAVX
pre-packed column (0.5 x 5 cm, 1 mL) (Thermo Fisher Scientific,
catalog no. A36652). The rAAV8 particles were eluted in 100 mM
citric acid (pH 3) and neutralized in Tris buffer (pH 8) for a final
pH of 7.

LC-MS analysis of intact VPs

For analysis, 5 uL rAAV9 (0.5 pg) or 5 pL rAAVS8 (0.26 pg) was in-
jected into an Avantor ACE 3 C4-300 column (100 x 2.1 mm inner
diameter) (Avantor, catalog no. ACE-213-1002) maintained at 50°C.
The mobile phase consisted of 0.5% formic acid (Fisher Scientific,
catalog no. 10785711) in ultra-pure water with a resistance of 18.2
MQ - cm (Elga Purelab Ultra) (solvent A) and acetonitrile (Romil,
catalog no. H050) (solvent B). The flow rate was set at 0.25 mL/min,
with a curve setting of 5. The gradient started from 5% solvent B for
1 min, which was then increased in a linear gradient to 60% solvent B
at 61 min, 95% B at 62 min, and was maintained at 95% B up to
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70 min. Subsequently, at 71 min, the gradient was returned to 5% sol-
vent B, where it remained until the end of the analysis at 90 min.

LC-MS analysis was performed using a Vanquish UHPLC System
(Thermo Fisher Scientific) and the Q-Exactive Plus Orbitrap instru-
ment equipped with an HESI-II probe source (Thermo Fisher Scien-
tific) in positive electrospray ionization (ESI) mode. The settings
were as follows: a source temperature of 320°C, spray voltage of
3.5 kV, S-lens radiofrequency (RF) level of 100, sheath gas flow
rate of 25 a.u., and auxiliary gas flow rate of 5 a.u. The maximum in-
jection time was set to 200 ms, with an automatic gain control (AGC)
target value of 3e—6 and 1 microscan. Data were acquired in 70K res-
olution mode over a mass range of 300-4,000 m/z. Intact protein
mode was enabled for this experiment.

For the identification of VP1, VP2, VP3 in the rAAV8 sample,
the following UniDec (University of Oxford) settings were imple-
mented: m/z range: 290-4,040, charge range: 50-100, mass
range: 59,700-85,000 Da, sample mass: every 10 Da, peak detection
range: 500 Da, and peak detection threshold: 0.01. Similarly, for the
identification of VP1, VP2, and VP3 in the rAAV9 sample, the
following UniDec settings were implemented: m/z range: 290-
4,040, charge range: 30-85, mass range: 59,700-82,000 Da, sample
mass: every 10 Da, peak detection range: 1,600 Da, peak detection
threshold: 0.01.

Preparation and digestion of rAAV8 and rAAV9 samples

with Glu-C

A total of 5 pL rAAV9 or 5 pL rAAV8 was mixed with 5 pL of a so-
lution comprising 8 M guanidine hydrochloride (gHCI) and 80 mM
dithiothreitol (DTT) in 200 mM ammonium bicarbonate (AMBIC)
for denaturation of the capsid proteins.” This resulted in a final con-
centration of 4 M gHCl and 40 mM DTT. The sample was then heat-
ed at 80°C for 20 min in a thermoshaker (Microtherm, Camlab), with
shaking at 50 rpm. Following heat treatment, the sample was allowed
to cool to room temperature for 10 min. Subsequently, 5 pL 45 mM
iodoacetamide (IAA) was added, achieving a final TAA concentration
of 15 mM. To dilute the gHCI concentration to 0.15 M, 245 pL of
50 mM ammonium acetate was added, followed by 50 pL endopro-
teinase Glu-C (V8 Protease) (Merck, catalog no. 10791156001) solu-
tion from a 1-pg/pL stock of Glu-C. The enzymatic digestion was
then carried out at 37°C for 17 h. Post-digestion, the sample volume
was reduced to 65 pL using a vacuum centrifuge (Concentrator Plus,
Eppendorf) at the V-HV setting at 60°C.

Preparation and digestion of rAAV8 and rAAV9 samples with
trypsin

rAAV9 and rAAV8 samples were prepared and denatured following
the same procedure as described above. We added 5 pL 80 mM DTT
to quench the alkylation reaction, and the gHCI concentration was
diluted to 0.5 M by adding 60 pL 10 mM AMBIC. Finally, 10 pL
trypsin solution (from a 1-pg/pL stock of trypsin) (Promega, catalog
no. V5111) was added, and enzymatic digestion was carried out at
37°C for 17 h.

LC-MS/MS analysis for protein sequencing of VPs and HCP
identification

We injected 5 pL of the digested rAAV9 or rAAV8 sample into an
Avantor ACE 3 C18-300 (100 x 2.1 mm1.d.) column (Avantor, catalog
no. ACE-213-1002) maintained at 40°C. In this experiment, 0.1% for-
mic acid in water (solvent A) and 0.1% formic acid in acetonitrile (sol-
vent B) were used as mobile phases. A 20% acetonitrile solution was
used as the needle wash, while 70% acetonitrile in ultra-pure water
was used as the rear seal wash. The gradient used for analysis started
from 3% solvent B with a flow rate of 0.2 mL/min for the first 3 min.
After this, there was a linear increase to 45% solvent B at 41 min, fol-
lowed by an increase to 100% B at 44 min, which was then held until
48 min. Finally, there was a return to 3% solvent B using a linear
gradient at 52 min, which was then held to the end of the run at 65 min.

The LC-MS/MS analysis was conducted using the Vanquish UHPLC
System and the Q-Exactive Plus Orbitrap instrument with an HESI-
I probe source in positive ESI mode with the following settings: a
320°C source temperature, 2.5 kV spray voltage, 50 S-lens REF,
25 a. u. sheath gas flow rate, 10 a.u. auxiliary gas flow rate. For the
first step of the analysis (full MS), the following settings were applied:
100-ms maximum injection time and 3e—6 AGC target value. Data
were acquired in 70K resolution mode over a range of 200-1,800 m/z.
For the subsequent data-dependent MS/MS, the following settings
were applied: maximum injection time 50 ms AGC target le—5;
the top 5 ions were analyzed, while data were acquired at a resolution
of 17.5K and an isolation window of 1.5 m/z.

The data were analyzed with PEAKS version 7.5 (Bioinformatics So-
lutions) using the following settings: precursor mass: 20 ppm using
monoisotopic mass, fragment ion: 0.5 Da, maximum missed cleav-
ages per peptide: 1, maximum allowed variable PTM per peptide:
2; non-specific cleavages were not allowed.

For rAAVS8 and rAAV9 capsid protein peptide mapping, all peptides
were identified using the PEAKS version 7.5 software (Bioinformat-
ics Solutions) with a false discovery rate (FDR) set at 5% and de novo
average local confidence score >80%, and they were validated
through three independent in-solution digest experiments with
each enzyme (trypsin and Glu-C), followed by MS/MS analyses.
Sequence coverage of the rAAV9 and rAAV8 capsid proteins was
achieved using both trypsin and Glu-C enzymes for digestion.

For HCP peptide mapping, an FDR of 0.1% was applied for each pep-
tide, and each protein identification required at least one unique pep-
tide. Additionally, the —10logP score for each identified protein was set
to >40. HCP identifications were further validated through three inde-
pendent in-solution digestion experiments. The Human Proteome
Database was downloaded from UniProt (UniProt: UP000005640
AND reviewed:true, 20,420 entries, downloaded on January 12, 2023).

Preparation of standard curves and sample quantification
The three peptides (VP1lu, VP3u, and VPc; for sequences, see
Table S7) were obtained as isotopically labeled peptides (30 nmol
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each) and as natural peptides (synthesized) from Thermo Fisher Sci-
entific (ordered as 2 mg each, 95% purity). Initially, each labeled pep-
tide was dissolved in 2 mL 5% acetonitrile in water and subsequently
diluted gravimetrically in ultra-pure water. A master mix containing
the three isotopically labeled peptides (VP1u, VP3u, and VPc) was
then prepared gravimetrically at a nominal ratio of 1:10:11 (VPI:
VP3:VPc), corresponding to final concentrations of 5 nM for
VP1uy, 50 nM for VP3u, and 55 nM for VPc.

The synthesized natural peptide VP1u was dissolved in 2 mL 5%
acetonitrile and 0.1% formic acid in water. The synthesized natu-
ral peptide VP3u was dissolved in 2 mL 0.1% formic acid in water.
The synthesized natural peptide VPc was initially dissolved in 75%
DMSO and 0.1% formic acid in water. After the VPc peptide was
fully dissolved, it was serially diluted gravimetrically in ultra-pure
water to achieve a final DMSO concentration (at the highest
concentration level of the standard curve) of 0.0375% to ensure
that the presence of DMSO was sufficiently low that it would
not influence the accurate quantification of peptides by affecting
the tuning or chromatography. The VP1u and VP3u natural pep-
tide stocks were also diluted gravimetrically to reach the appro-
priate concentrations (nM) for the generation of the calibration
curve.

Separate calibration curves were prepared gravimetrically for each
signature peptide. Each point of the calibration curves for VP1u,
VP3u, and VPc consisted of a 1:1 (volume ratio) mixture of synthe-
sized natural peptide VP1 and a master mix comprising isotopically
labeled VP1u, VP3u, and VPc peptides. The concentration of the
isotopically labeled peptides remained constant across all points of
the calibration curves (5 nM for VPlu, 50 nM for VP3u, and
55 nM for VPc), while the concentration of each synthesized natural
VP peptide decreased. Dilutions for each standard curve point were
prepared gravimetrically. The resulting standard curves were gener-
ated by gravimetrically preparing 1:1 mixtures of specific concentra-
tions of the synthesized natural peptide with the isotopically labeled
peptide master mix, ensuring a gradually increasing ratio of peak
areas between each natural peptide and the isotopically labeled
counterpart.

Finally, the digested rAAV9 sample was also gravimetrically com-
bined with the isotopically labeled peptide master mix in a 1:1 vol-
ume ratio. Specifically, the Glu-C-digested rAAV9 sample was first
dried completely using the same vacuum centrifuge under the
same conditions. The dried sample was then resuspended in 50 pL
0.1% formic acid in water, and 50 pL master mix containing isotopi-
cally labeled peptides in 0.1% formic acid in water was added.

Gravimetric preparations

Each sample weighing was carried out using a Mettler Toledo XP205
analytical balance, which was calibrated daily using a certified weight
set (serial no. 27252). The set included a 0.1-g weight from Mettler
and 0.5-, 1-, 5-, 10-, 20-, 50-, 100-, and 200-g weights from
Troemner.
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Analysis of digested rAAV9 by triple quadrupole MS

Within each experiment, the standard curve was injected in tripli-
cate. Between each replicate, four blanks consisting of 0.1% formic
acid in ultra-pure water were injected. The sample was injected after
the blanks, followed by another set of four blanks. In total, nine sam-
ple injections were performed per experiment, and the mean peak
area ratio for each peptide was calculated across the nine injections.

In general, samples were analyzed using an ACQUITY UPLC
M-Class system (Waters Corporation) coupled to a Xevo TQ-XS tri-
ple quadrupole mass spectrometer with the MRM method analyzing
three transitions for each peptide—one quantifier (transition 1) and
two qualifiers (transitions 2 and 3) (Table $8).”>>°

Separation was performed on an ACQUITY UPLC HSS T3 C18 col-
umn (1.8 pm, 1.0 x 150 mm) (Waters Corporation, catalog no.
176001130). The column temperature was maintained at 40°C.
The mobile phase A consisted of ultra-pure water containing 0.1%
formic acid, while mobile phase B was acetonitrile with 0.1% formic
acid.

The LC method started with 2% acetonitrile for the first 2 min.
This was followed by a linear increase to 45% acetonitrile from 2
to 10 min, then a further increase to 80% from 10 to 12 min.
The elution was continued with 98% acetonitrile from 12 to
12.5 min, maintained at 98% until 13.5 min, returned to 2% aceto-
nitrile from 13.5 to 14 min, and then held at this level until 30 min.
Each step was programmed with a curve setting of 6. Needle wash
procedures included a weak wash with 5% acetonitrile in water, a
strong wash consisting of 50% water/25% acetonitrile/25% isopro-
panol (v/v), and seal washing with a 1:1 mixture of water and
acetonitrile for 5 min/sample. Sample injections were made using
a 10-pL M-Class PEEKsil needle equipped with a 20-puL sample
loop and a 100-pL sample syringe. A 5-pL volume of each sample
was injected for analysis.

Peptides were detected in positive ESI mode under the following
source conditions: source voltage of 3.0 kV, cone voltage of 35 V,
source temperature of 150°C, and desolvation temperature of
300°C. The gas flow rates were set at 600 L/h for desolvation, 150
L/h for the cone, and a nebulizer pressure of 7 bar. Argon was utilized
as the collision gas at a steady flow rate of 100 pL/min. For the data
acquisition method, the peak width was set to 20, and 12 points per
peak were required.

The peak areas of the quantifier transition for each peptide were
measured through peak integration using the TargetLynx Applica-
tion Manager within the MassLynx version 4.2 software (Waters
Corporation). Peaks were detected at the exact retention times cor-
responding to the elution of each peptide, with the isotopically
labeled standards serving as controls to confirm retention time align-
ment. Standard peak detection parameters were applied, including a
peak-to-peak noise amplitude of 10, a balance setting of 10, and a
splitting setting of 50.
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ELISA

ELISA for analysis of the capsid titer was performed on the
rAAV9 sample using the commercial AAV9 Titration ELISA kit
(PROGEN) following the manufacturer’s recommended protocols.
The rAAV9 sample was analyzed in triplicate.
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Peptide Release Monitoring

The completion of the digestion and release of the VP1u, VP3u, and VPc peptides from the capsid was
assessed. The digested rAAV9 sample was spiked with the isotopically labeled peptide master mix post-
digestion, as previously described. Aliquots were collected at 1, 3, 5, 7, and 23 h and analyzed using the
developed multiple reaction monitoring (MRM) method on the triple quadrupole mass spectrometer,
with three replicate injections per time point. For each time point, the ratio of the peak areas of the
endogenous peptides (VP1u, VP3u, and VPc) to their corresponding isotopically labeled standards was
calculated. The ratio of the peak areas to their isotopically labeled counterparts reaches a plateau after 3
hours of digestion for VP1u and VP3u and 1 hour for VPc, suggesting the completeness of the process

(Figure S11).

LC-MS Analysis for Purity Assessment of VP1u, VP3u, VPc Peptides

For purity analysis, 1 pug of each synthesized natural peptide (VP1u, VP3u, VPc) was injected into an Avantor
ACE 3 C18-300 (100 x 2.1 mm id) column (Avantor, Cat No. ACE-213-1002) maintained at 40 °C. In this
experiment, 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B) were
used as mobile phases. A 20% acetonitrile solution was used as the needle wash, while 70% acetonitrile
in ultra-pure water was used as the rear seal wash. The LC method used for analysis started from 3%
solvent B with a flow rate of 0.2 ml/min for the first 3 min. After this, there was a linear increase to 45%
solvent B at 41 min, followed by an increase to 100% B at 44 min, which was then held until 48 min. Finally,
there was a return to 3% solvent B using a linear gradient at 52 min, which was then held to the end of

the run at 65 min.

MS analysis was performed using a Q-Exactive Plus Orbitrap instrument equipped with a HESI-II probe
source (Thermo Fisher Scientific) in positive ESI mode. The settings were as follows: a source temperature

of 320 °C, spray voltage of 3.5 kV, S-lens RF level of 100, sheath gas flow rate of 25 a.u., and auxiliary gas



flow rate of 5 a.u. The maximum injection time was set to 100 ms, with an AGC target value of 3e6 and 1

microscan. Data were acquired in 70K resolution mode over a mass range of 200—-1,800 m/z.

Identification of the VP1u, VP3u, and VPc peptides in each chromatogram was carried out by searching for
their specific m/z ratios (646.29 for VP1u, 600.76 for VP3u, and 861.90 for VPc) using the Extracted lon
Chromatogram (XIC) function in Xcalibur™ software (Thermo Fisher Scientific). The purity percentages of
each synthesized natural peptide were then determined by manual peak integration using Freestyle™

software (Thermo Fisher Scientific) (Table S7).

The analysis revealed that the peptides were not 95% pure as ordered, as confirmed by manual peak
integration of the chromatograms shown in Figure S11 (Panels B, D, and F) using Freestyle software

(Thermo Fisher Scientific). The measured purities are detailed in Table S7.

Amino Acid Analysis

Amino acid analysis of the peptides VP1, VP3, and VPc was carried out based on a previously reported
approach 2. Sl-traceability was ensured by using certified reference materials of natural amino acids
obtained from the National Metrology Institute of Japan (NMIJ) (NMLJ; Tsukuba, Japan). This method
analyzes the volatile amino acids present in the peptide sequences (VP1u, VP3u, VPc), including glycine,
leucine, alanine, valine, proline, lysine, and isoleucine using amino acid-certified reference materials
(CRM). Arginine and phenylalanine, though volatile, were not included in the data analysis as they are
absent from these peptides. Glycine (CRM 6022-a, 99.9 (0.2) % purity), L-leucine (CRM 6012-a, 99.9 (0.2)
% purity), L-alanine (CRM 6011-a, 99.9 (0.2) % purity), L-valine (CRM 6015-a, 99.8 (0.2) % purity), L-lysine
monohydrochloride (CRM 6018-a, 99.8 (0.2) % purity), L-isoleucine (CRM 6012-a, 99.7 (0.2) % purity), L-
proline (CRM 6016-a, 99.9 (0.2) % purity). The labeled amino acids (Cambridge Isotopes Laboratory,

Andover, MA, USA) used were: L-glycine (**C,*°N, 98% purity), L-leucine (**C¢*°N, 98% purity), L-alanine



(13C3™®N, 98% purity), L-valine (33Cs®N, 98% purity), L-lysine/2HCI (33Ce, °N,, 98% purity), L-isoleucine (*3Cs,

98% purity), L-proline (33Cs>N, 98% purity).

Prior to preparing the blends for amino acid analysis, the VP1u synthesized natural peptide was diluted
1:20 in ultra-pure water, whereas VP3u and VPc were each diluted 1:10 in ultra-pure water. In summary,
three sample blends were gravimetrically prepared, each containing isotopically labeled amino acids along
with the target peptide (VP1, VP3, or VPc). Alongside, three calibration blends were made, combining
natural amino acids and labeled standards in equimolar amounts to the sample blends. Additional
preparations included reagent blanks, a natural amino acid standard solution without the labeled
counterpart, a labeled amino acid standard solution without the natural amino acids, and a recovery vial
(Table S5). The labeled and natural amino acid stocks were prepared in 0.1 M hydrochloric acid (diluted in

ultra-pure water from stock 6M) (Sigma-Aldrich, Cat No. 13-1686).

The samples were freeze-dried in a Genevac EZ-2 plus vacuum centrifuge (SP Scientific), followed by
microwave-assisted hydrolysis at 190 °C for 4 h in an Ethos EZ Microwave Digestion System (Analytix) with
6 M hydrochloric acid (Sigma-Aldrich, Cat No. 13-1686). Following hydrolysis, the samples were freeze-
dried, reconstituted in 80 pL of N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA) with 1%
tert-butyldimethylchlorosilane (TBDMSCI) (Sigma-Aldrich, Cat No. 375934) for derivatization, and
incubated at 85 °C for 90 min in a thermoshaker (Microtherm, Camlab) with shaking at 50 rpm. The
samples were then analyzed using gas chromatography-mass spectrometry (GC-MS) on an Agilent 7890B
gas chromatography system equipped with a Zebron ZB-5HT Inferno GC column (30 m x 0.25 mm i.d., 0.25
mm film thickness) and a Z-guard column (2 m, 0.53 mm i.d.) (Phenomenex, Cat No. 7HG-G015-02-GGA),
coupled to an Agilent GC-MS system (Agilent) equipped with a CTC Combi-PAL Autosampler system (CTC

Analytics AG). The sample blends were injected five times, bracketed by the calibration blends. A GC-



MS/MS method with multiple reaction monitoring (MRM) was used to analyze the amino acids in the

samples. The transitions monitored are shown in Table S6.

The analysis was conducted in a split mode of 1:5, with a split flow set to 12.2 mL/min and inlet
temperature maintained at 300 °C. A volume of 1 pL was injected for each sample. The temperature
program began with a hold at 130 °C for 2 minutes, followed by a ramp to 200 °C at 25 °C/min, then an

increase to 320 °C at 120 °C/min, where the temperature was held for 6 min.

Using the MRM method, the peak area ratio of each analyzed amino acid (either natural in the calibration
blend or endogenous in the sample blend) to its corresponding isotopically labeled counterpart was
measured across five injections. This ratio was calculated for each amino acid in all three sample blends
and calibration blends. Subsequently, the amount of each amino acid released from the peptide of interest
(W,) in each sample blend was determined using Equation S1. In this equation, W represents the
concentration of the pure reference material in the standard solution (ug/g). The terms my and my refer
to the masses (g) of the labeled standard and the sample that are combined to prepare the sample blend.
The terms m, and my. correspond to the masses (g) of the unlabeled and labeled reference standards,
respectively, used to prepare the calibration blend. Rs and Rgc represent the observed signal ratios
(average from 5 injections) between the unlabeled and labeled peptides in the sample and in the

calibration blend, respectively.

We=W, x = x Mz o Re (Equation S1)

my my: Rpc

To determine the nmol/g concentration of each amino acid, the calculated amount (W) was first divided
by the molecular weight of the corresponding amino acid and then multiplied by 1000 and divided by the
number of times that amino acid appears in the peptide of interest. To estimate the stock concentration

(nmol/g) of each peptide, the average value across the three sample blends and all relevant amino acid



measurements were calculated and multiplied by the corresponding dilution factor. The standard
deviation for each peptide was determined from all amino acid measurements across the three blends.
Finally, the resulting concentration was converted to mg/mL based on the molecular weight and
measured purity of each peptide. The combined standard deviation was calculated using the error
propagation formula, incorporating the standard deviations from both the amino acid analysis and the

peptide purity assessment.

The amino acid analysis results for all synthesized natural peptides were consistent, although slight
variations were observed for VP3u. These variations can be explained by the lower purity of VP3u, as
impurities may contain amino acids present in the peptide sequence, leading to inflated measurements.3

This highlights the importance of accounting for peptide purity in quantitative analyses.

Collision Energy Optimization

Choosing a collision energy (CE) that leads to high-intensity transitions is important for improving the
sensitivity of the method. The intensity of each transition peak for VP1u, VP3u, and VPc across 12 different
CEs was plotted. Based on this analysis (Figure $10), the CEs that yielded the highest intensity for each
transition were selected. For VP1u, a CE of 14 was optimal for all three transitions (intensity of 1.5 x 10°
for T1, 1.7 x 10° for T2, 8.4 x 10° for T3). For VP3u, CE 14 was used for T1 (5.1 x 10°), while CE 16 was
selected for T2 and T3 (4.7 x 10° for T2 and 3.6 x 10° for T3). For VPc, CE 30 was chosen for T1 (1.1 x 10°),

CE 32 for T2 (1.2 x 10°), and CE 28 for T3 (7.6 x 10°) (Table S2, Figure S10).

Equations for Calculation of Variability

The inter-experimental variability for VP2 was calculated using an error propagation formula that
considers the correlation between peptides within the capsid. The peptides show a strong linear
relationship, meaning that when the concentration of one peptide increases, the concentrations of VP3u

and VP1u also tend to increase. This correlation was taken into account to ensure an accurate estimation



of variability. Therefore, the sample covariances for the VP3u-VPc pair, VPc-VP1u pair, and VP1u-VP3u
pair were first calculated using the mean concentration values from each experiment. The sample
covariance was calculated in Microsoft Excel 365 using the COVARIANCE.S(arrayl, array2) function. For
each peptide pair, arrayl and array2 correspond to the mean values of the respective peptides across the
three experiments. The arrays were adjusted accordingly for each peptide pair being evaluated. In
general, the sample covariance between two variables, x and vy, is calculated using Equation S2. In this
equation, xi and yi refer to the measured values for each experiment for peptide 1 and peptide 2,
respectively. The terms x and y represent the mean values of the x and y datasets, and n is the number

of observations.

Cov(X,Y) = W (Equation S2)

The inter-experimental variability for VP1u, VP3u, and VPc was calculated as the standard deviation of the
mean values obtained across the three experiments. Therefore, the inter-experimental variability for VP2
was calculated using Equation S3, where o(ypy; represents the inter-experimental standard deviation of

each peptide, and Cov represents the sample covariance for each peptide pair.

Ofyp2} =

JOwpiuy + Ogvpau + Ogvpey — 2 X Cov(VP3u,VPc) — 2 x Cov(VP1u,VPc) + 2 x Cov (VP1u, VP3u)

(Equation S3)

The inter-experimental variability for VP2 was calculated by dividing the measured standard
deviation by the mean calculated concentration. The combined variability (combined CV) for the
measurement of VP1u, VP3u, and VPc was calculated by estimating the CVs associated with amino acid

analysis (CVaan) peptide purity assessment (CVyurity), and the variability observed across the three



experiments (CVexp), and then applying an error propagation formula to combine these sources of

variability (Equation S4).

CVeombined = JCVZAAA+ CV2purity + CVPexp  (Equation S4)

SDS-PAGE Analysis

A volume of 19.5 pL (total 1 pg) of rAAV8 sample was mixed with 7.5 pL of NUPAGE LDS Sample Buffer (4
x) (Thermo Fisher Scientific, Cat No. NPO007) and 3 puL of NuPAGE Reducing Agent (10 x) (Thermo Fisher
Scientific, NP0009), resulting in a final volume of 30 uL. The mixture was thoroughly pipetted to ensure
proper mixing, then incubated at 70 °C for 10 min in a Bio-Rad C1000 Touch thermal cycler, followed by an
additional incubation at 95 °C for 10 min to fully denature the capsids. NuPAGE 10% Bis-Tris, 1.0 mm mini
10-well precast gels (Thermo Fisher Scientific, Cat No. NP0301BOX) were used for the analysis. A total of
25 ul of the prepared rAAV8 sample was loaded into its respective well, and 5 uL of the PageRuler™ Plus
Prestained Protein Ladder (10—250 kDa) (Thermo Fisher Scientific, Cat No. 26619) was added to the first
well. Electrophoresis was performed at 180 V for 70 min. After electrophoresis, the gel was fixed by
shaking it for 10 minutes in a solution of 40 mL deionised water (Elga Purelab Ultra), 50 mL methanol
(Romil, Cat No. H411), and 10 mL acetic acid (Fisher Scientific, Cat No. 10041250). The fixing solution was
replaced with a staining solution prepared using the commercial Colloidal Blue Staining Kit (Thermo Fisher
Scientific, Cat No. LC6025). The staining solution was prepared by mixing 55 mL of deionised water, 20 mL
of methanol, and 20 mL of Stain A. The gel was shaken in the staining solution for 10 min at room
temperature, after which 5 mL of Stain B was added. The gel was incubated with gentle shaking in the
staining solution for 4 h. Finally, the staining solution was carefully poured off, and the gel was transferred
to a container with 200 mL of deionised water. The gel was gently shaken for 10 h to remove any excess

stain.



For SDS-PAGE analysis of the rAAV9 sample, 5.6 x 10 rAAV9 capsids were prepared in 20 pL of reducing
Laemmli sample buffer and boiled for 5 minutes. The entire sample was loaded onto a 4% stacking / 10%
resolving SDS-PAGE gel and electrophoresed alongside a molecular weight marker (Bio-Rad Precision Plus
Protein™ Dual Color Standard, Cat No. 1610374) at 4 A until the dye front reached the bottom of the gel.
Following electrophoresis, the gel was fixed overnight in 40% ethanol and 10% acetic acid, then silver
stained using the PlusOne™ Silver Staining Kit (GE Healthcare). Gels were scanned using an Azure 300
imaging system, and the relative band intensities of VP1, VP2, and VP3 were quantified using Imagel

software.

Table S1. Theoretical and measured masses (Da) of VP1, VP2, VP3 for rAAVS, rAAV9.

AAV Theoretical Mass Experimental Parts per million
Capsid Protein
Serotype (Da) Mass (Da) (ppm)

VP1 81,667 81,670 37

rAAV8 VP2 66,519 66,520 15
VP3 59,805 59,800 84
VP1 81,291 81,290 12

rAAV9 VP2 66,210 66,210 0
VP3 59,733 59,730 50




Table S2. Mean concentrations (mg/mL and total mg) of synthesized natural peptide stock solutions, as
determined by amino acid analysis and corrected for peptide purity. The values in parentheses represent

the combined SD, encompassing the measurements of amino acid analysis and purity assessment.

Natural Concentration of Peptide Total mg of Peptide
Peptide (mg/mL) in Stock in Stock
VP1u 1.124 (0.029) 2.25 (0.058)
VP3u 0.096 (0.002) 0.38 (0.008)
VPc 0.449 (0.003) 1.79 (0.012)

Table S3. Composition of controls, sample blends, calibration blends, and blanks used for amino acid

analysis.

Unlabeled Amino Peptide VP Labeled Amino
Component
Acids Hydrolysate Acids
Reagent Blank - - -
Unlabeled Amino
X - -
Acid Control
Labeled Amino
- - X
Acid Control
Calibration
X - X
Blends 1-3
Sample Blends 1 -
- X X
3
Sample Blank - X -




Table S4. MRM transitions used for each amino acid in the analyzed samples, listing the transitions for

both unlabeled and labeled amino acids.

Quantifier Transition (m/z) Quantifier Transition (m/z)
Amino Acid
Unlabeled MTBSTFA Derivative Labeled MTBSTFA Derivative

Alanine 260/232 264/235
Glycine 246/218 249/220
Valine 288/260 294/265
Leucine 302/274 308/279
Isoleucine 302/274 308/279
Proline 286/258 292/263
Lysine 431/300 439/307

Table S5. Purity assessment of VP1u, VP3u, and VPc peptides by LC-MS. The values in parentheses

represent the SD from three replicate injections.

Natural Peptide Mean Purity %
VP1u 79.7 (1.1) %
VP3u 22.1(0.5)%

VPc 86.9(0.1) %

Table S6. Full list of HCPs identified in the rAAV8 sample. The table can be found in the Supplemental

spreadsheet.
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Table S7. Sequences of the peptides (VP1u, VP3u, VPc), including the modified amino acids in the

synthesized isotopically labeled peptides. Ac. = acetylation.

Modified amino acid in
Peptide Endogenous Sequence Mass Shift (Da)
isotopically labeled peptide

VP1u (Ac.)AADGYLPDWLE Leucine (L) +7
VP3u (Ac.)ASGGGAPVADNNE Proline (P) +6
VPc IQYTSNYYKSNNVE Lysine (K) +8

Table S8. Selected transitions and corresponding optimal collision energies for the MRM experiment.

T1= quantifier transition, T2 and T3 are the qualifier transitions.

Peptide m/z T1m/z T2 m/z T3 m/z T1CE T2 CE T3 CE
VP1u 646.29 633.19 659.21 772.29 14 14 14
VP1lu Labeled | 652.81 633.20 672.25 785.32 14 14 14
VP3u 600.76 443.11 758.28 829.31 14 16 16
VP3u Labeled | 606.77 443.11 770.29 841.33 14 16 16
VPc 861.90 1016.45 1217.55 870.35 30 32 28
VPc Labeled 869.42 1024.47 | 1225.54 877.43 30 32 28

11



MAADGYLPDWLEDNLSEGIREWWALKPGAPKPKANQQOQKQDDGRGLVLPGYKYLGPF
1 L]

N

NGLDKGEPVNAADAARALEHDKAYDQQOLQAGDNPYLRYNHADAEFQERLQEDTSFGG
i

NLGRAVFOAKKRVLEPLGLVEEGAKTAPGKKRPVEPSPORSPDSSTGIGKKGQQPA
e e e e

RKRLNFGQTGDSESVPDPQPLGEPPAAPSGVGPNTMAAGGGAPMADNNEGADGVGS

SSGNWHCDSTWLGDRVITTSTRTWALPTYNNHLYKgISNGTSGGATNDNTYFGYST
>

PWGYFDFNRFHECHFSPRDWQRLINNNWGFRPKRLSFKLFNIQVKEVTQNEGTKTIA
< I pLONNWOFREPRRLOFRLENLIOVH -

NNLTSTIQVFTDSEYQLPYVLGSAHQGCLPPFPADVFMIPQYGYLTLNNGSQAVGR
o

SSFYCLEYFPSQMLRTGNNFQFTYTFEDVPFHSSYAHSQSLDRLMNPLIDQYLYYL
I T m— -
[

SRTOTTGGTANTQTLGFSQOGGPNTMAN AKNWLPGPCYRQQRVSTTTGgNNNSNFA
« >

WTAGTKYHLNGRNSLANPGIAMATHKDDEERFFPSNGILIFGKQNAARDNADYSDV
< I I -
[ 1 ]

MLTSEEEIKTTNPVATEEYGIVADNLOOQNTAPQIGCTVNSOQGALPGMVWONRDVYL
e e e

gGPIWAKIPHTDGNFHPSPLMGGFGLKHPPPgILIKNTPVPADPPTTFN%SKLNSF
« +

ITQYSTGOVSVEIEWELOKENSKRWNPEIQYTSNYYKSTSVDFAVNTEGVYSEPRP

ALQYSIGOVSVEIEWELOR e A et B
A —————————
] .

>

.

T
IGTRYLTRNL
]

.
.

Figure S1. Protein sequence coverage map of rAAV8 VP1 protein. The peptide map shows sequence
coverage of VP1 (78.2%) after digestion with Glu-C and trypsin and subsequent LC-MS/MS analysis.
Peptides confirmed by MS/MS are underlined, with peptides identified after trypsin digestion highlighted
in green and those from Glu-C highlighted in yellow. Image was created by the Peptide Stack Visualization
tool (Aarhus University Visualization Group).*
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Figure S2. Protein sequence coverage map of rAAV8 VP2 protein. The peptide map shows sequence
coverage of VP2 (76.7%) after digestion with Glu-C and trypsin and subsequent LC-MS/MS analysis.
Peptides confirmed by MS/MS are underlined, with peptides identified after trypsin digestion highlighted
in green and those from Glu-C highlighted in yellow. Image was created by the Peptide Stack Visualization
tool (Aarhus University Visualization Group).*
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Figure S3. Protein sequence coverage map of rAAV8 VP3 protein. The peptide map shows sequence
coverage of VP3 (81.9%) after digestion with Glu-C and trypsin and subsequent LC-MS/MS analysis.
Peptides confirmed by MS/MS are underlined, with peptides identified after trypsin digestion highlighted
in green and those from Glu-C highlighted in yellow. Image was created by the Peptide Stack Visualization
tool (Aarhus University Visualization Group).*
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Figure S4. Protein sequence coverage map of rAAV9 VP1 protein. The peptide map shows sequence
coverage of VP1 (77.7%) after digestion with Glu-C and trypsin and subsequent LC-MS/MS analysis.
Peptides confirmed by MS/MS are underlined, with peptides identified after trypsin digestion highlighted
in green and those from Glu-C highlighted in yellow. Image was created by the Peptide Stack Visualization
tool (Aarhus University Visualization Group).*
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Figure S5. Protein sequence coverage map of rAAV9 VP2 protein. The peptide map shows sequence
coverage of VP2 (81.5%) after digestion with Glu-C and trypsin and subsequent LC-MS/MS analysis.
Peptides confirmed by MS/MS are underlined, with peptides identified after trypsin digestion highlighted
in green and those from Glu-C highlighted in yellow. Image was created by the Peptide Stack Visualization
tool (Aarhus University Visualization Group).*
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Figure S6. Identification of deamidations in rAAV9 based on MS/MS spectra. (A-C) shows the b and y ions
generated from MS/MS fragmentation for identifying (A) the deamidation site at N254, (B) the
deamidation at N303 (or N304), (C) the deamidation at N512. Peaks corresponding to b ions are shown in
blue, and peaks corresponding to y ions are shown in red. The peptide sequence is displayed at the top of
the figure, with b ions indicated by lines extending to the left below the corresponding amino acid and y
ions indicated by lines extending to the right above the corresponding amino acid. The inserted tables
show measured m/z values of all identified b (blue) and y (red) ions. Images are output of PEAKS v7.5.
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Figure S7. Identification of deamidations in rAAV8 based on MS/MS spectra. (A-C) shows the b and y ions
generated from MS/MS fragmentation for identifying (A) the deamidation site at N57, (B) the deamidation
at N514, (C) the deamidation at N540. Peaks corresponding to b ions are shown in blue, and peaks
corresponding to y ions are shown in red. The peptide sequence is displayed at the top of the figure, with
b ions indicated by lines extending to the left below the corresponding amino acid and y ions indicated by
lines extending to the right above the corresponding amino acid. The inserted tables show measured m/z
values of all identified b (blue) and y (red) ions. Images are output of PEAKS v7.5.
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Figure S8. Identification of VP1u, VP3u, and VPc peptides based on their MS/MS spectra. (A-C) shows
the b and y ions generated from MS/MS fragmentation for identifying (A) VP1u. (B) VP3u, and (C) VPc.
Peaks corresponding to b ions are shown in blue, and peaks corresponding to y ions are shown in red. The
peptide sequence is displayed at the top of the figure, with b ions indicated by lines extending to the left
below the corresponding amino acid and y ions indicated by lines extending to the right above the
corresponding amino acid. The inserted tables show measured m/z values of all identified b (blue) and y
(red) ions. Images are output of PEAKS v7.5.
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Figure S9. MRM chromatogram of the transitions for signature peptides in a Glu-C digested HEK293 cell
lysate. Transitions for both endogenous and isotopically labeled VP1u, VP3u, and VPc peptides (18
transitions in total) were monitored. No specific signals corresponding to the target transitions were
detected. All monitored transitions remained within background levels, with a maximum signal intensity
of 1.28 x 103.
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Figure S10. Collision energy (CE) optimization for transitions of rAAV capsid peptides VP1u, VP3u, and
VPc. Panels (A), (B), and (C) correspond to the CE optimization plots for VP1u, VP3u, and VPc, respectively.
Each plot depicts the intensity trends of three transitions (T1, T2, T3) across 12 tested CEs. The yellow line
represents the optimization for T1, the green line for T2, and the blue line for T3. The optimal CE for each
transition, yielding the highest intensity, is indicated by the peak of the respective curve.
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Figure S11. Release of VP1u, VP3u, and VPc peptides from rAAV9 during Glu-C digestion over time. The
ratios of the peak areas of the quantifier transitions for each endogenous rAAV VP1u, VP3u, and VPc
peptide to a fixed amount of their corresponding isotopically labeled standards were measured at 0, 1, 3,
5, 7, and 23 h post-digestion. The yellow line corresponds to VP1u, the green line to VP3u, and the blue
line to VPc. Error bars indicate the SD of three replicate injections. For data points where error bars are
not visible, the SD was smaller than the size of the symbol.
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Figure $S12. Amino acid analysis of VP1u, VP3u, and VPc synthesized natural peptides with GC-MS/MS
MRM. (A) Amino acid analysis of VP1u, showing nmol/g concentrations of glycine (red), leucine (light blue),
alanine (purple), and proline (grey). (B) Amino acid analysis of VP3u showing nmol/g concentrations of
glycine (red), alanine (purple), valine (yellow), and proline (grey). (C) Amino acid analysis of VPc, showing
nmol/g concentrations of valine (yellow), lysine (orange), and isoleucine (dark blue). Error bars correspond
to SD measured across three replicate sample blends.

22



A

VP1u
1.5%x109
> 1%x10°
2
@
c
£
= 5x10%-
0 1 1 1
0 20 40 60
Time (min)
VP3u
8x108
2
2 4x108-
2
=
0 20 40 60
Time (min)
C VPc
2x109
2
IE 1x10°+
[
E
0 'Jmﬂ T 1
0 20 40 60
Time (min)

Figure S13. Intact LC-MS analysis of VP1u, VP3u, and VPc synthesized natural peptides. The highest-
intensity peak in each chromatogram corresponds to the synthesized natural peptide of interest. (A)
Chromatogram of VP1u natural peptide. (B) Chromatogram of VP3u natural peptide. (C) Chromatogram

of VPc natural peptide.
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VP1u Standard Curve
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Figure S14. Standard curves for quantification of VP1u, VP3u, and VPc peptides. Panels (A), (B), and (C)
display the standard curves for VP1u, VP3u, and VPc, respectively. The y-axis represents the ratio of peak
areas between the quantifier transitions of the synthesized natural and labeled peptides, while the x-axis
indicates the concentration of the synthesized natural peptide across the standard curve. Each plot
includes three standard curves corresponding to experimental replicates, with black, blue, and red lines
representing the first, second, and third experiments, respectively. All standard curves have R*>0.99. Error
bars indicate the SD of three replicate injections of the standard curve. For data points where error bars
are not visible, the SD was smaller than the size of the symbol.
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Figure S15. SDS-PAGE analysis of rAAV9 capsid proteins on a 10% polyacrylamide gel. The position of
each VP capsid protein (VP1, VP2, VP3) on the gel is indicated. Bands were visualised by silver staining and

subsequent densitometry analysis of the VP bands was undertaken using Imagel. Densitometry analysis
showed a ratio of VP1:VP2:VP3 staining intensity of 1:0.7:3.4.
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Figure S16. ELISA standard curve for rAAV9 quantification. Absorbance values (y-axis) were plotted
against known concentrations of rAAV9 capsids obtained from PROGEN (x-axis). All three technical
replicates for each level of the standard curve are plotted. Slope, y-intercept, and R?values are shown.

25



rAAV8 Chromatogram
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Figure S17. Chromatograms of rAAV8 and rAAV9 samples analyzed with LC-MS. (A) Chromatogram of
rAAV8. (B) Chromatogram of rAAV9. The red arrow indicates the retention time at which the capsid
proteins VP1, VP2, and VP3 of rAAV8 (A) and rAAV9 (B) were detected. The column flushing step begins

at 62 minutes with a transition to 95% solvent B, explaining the appearance of a peak at approximately
65 minutes in both samples.
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Figure S18. SDS-PAGE gel analysis of rAAV8 preparation. Bands are observed at molecular weights
corresponding to the expected sizes of rAAV8 capsid proteins VP1 (81,667 Da), VP2 (66,519 Da), and VP3
(59,805 Da) (as indicated on the figure). Additional bands are present, indicating protein impurities within
the sample.
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