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orthogonal intact MS, top-down MS/MS, and peptide mapping workflows
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This technical note describes a comprehensive characterization
of adeno associated virus [AAV] capsid proteins using
orthogonal technigues, intact MS, top-down MS/MS, and
peptide mapping workflows with improved MS sensitivity
(Figure 1). Intact MS and top-down MS/MS with electron
activated dissociation (EAD] confirmed the identities of 3 viral
proteins (VP1, VP2, and VP3] and N-terminal acetylation on VP1
and VP3. EAD-based peptide mapping enabled confident
sequence confirmation, accurate post-translation modification
(PTM] localization, and unambiguous isomer differentiation.
AAVs are widely used vectors for in vivo gene therapy because
of their high infectivity, non-pathogenicity to humans, low
immunogenicity, and long-term gene expression.*?
Comprehensive VP characterization is challenging due to
limited sample quantity of AAVs, sequence similarity of 3 VPs,
the presence of multiple PTMs, and difficulty in isomer
differentiation. In this work, high MS sensitivity offered by the
ZenoTOF 8600 system was leveraged to comprehensively
characterize VPs of AAV8 using intact MS and EAD-based top-
down and peptide mapping workflows (Figure 1).
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Key features of orthogonal LC-MS workflows for
VP characterization using the ZenoTOF 8600
system

High sensitivity: MS sensitivity offered by the ZenoTOF
8600 system leads to enhanced LC-MS analysis of AAVs
with low protein concentration and limited sample quantity

Rapid identification: Intact MS offers rapid and accurate
mass measurement of 3 VPs while top-down MS/MS
further confirms the state of N-terminal acetylation

Unique capabilities of EAD: EAD preserves lahile PTMs for
their accurate localization and generates diagnostic
fragments for unambiguous isomer differentiation

Streamlined data analysis: Biologics Explorer software
provides optimized workflows and powerful visualization
tools to improve user experience with data analysis
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Figure 1. Comprehensive characterization of AAV capsid proteins using enhanced LC-MS workflows with improved MS sensitivity. The ZenoTOF 8600 system
offers high MS sensitivity for enhanced intact MS, top-down MS/MS, and peptide mapping analyses of AAV capsid proteins [VP1-VP3] in low concentration. Intact,
top-down, and peptide mapping data are automatically processed using intuitive data analysis workflows within Biologics Explorer software, which also provides

excellent tools for data review and visualization.



Introduction

AAVs are the most popular vectors for in viva gene therapy.'?
The AAV capsid is assembled with VP1 (~81 kDa], VP2 [~65 kDa],
and VP3 [~60 kDa) in a ratio of 1:1:10. The VP1 contains the
entire sequence of VP2, which covers the full sequence of VP3.
Each VP can carry a variety of PTMs, such as acetylation,
phosphorylation, oxidation, and deamidation. These PTMs can
have a profound impact on the stability and function of the
AAVs.}S Hence, it is important to fully characterize the VPs to
ensure AAV product quality and safety. In this work, the high MS
sensitivity provided by the ZenoTOF 8600 system was leveraged
to fully characterize VP1-VP3.

Methods

Sample preparation: For intact mass analysis, AAV8 empty
capsids (Charles River Lahorataries; 5.1 x 10 VP/mL]) were
diluted to ~10 ng/uL in protein content. 2 pL (20 ng) and S pL
(50 ng] of this solution were injected for intact MS and top-
down MS/MS analyses, respectively. In peptide mapping
experiments, 300 uL of AAV8 sample were concentrated using
an Amicon Ultra Centrifugal Filter, 10 kDa MWCO (Millipore),
followed by denaturation using guanidine-hydrochloride,
reduction using dithiothreitol, and alkylation using
iodoacetamide. The reduced solution was processed with the
Amicon filter and diluted using the Tris-HCI buffer before the
trypsin/Lys-C (Promega) mix was added. The digestion sample
was incubated at 37°C overnight. 20 pL of the final sample
(~0.5 ug) was injected for peptide mapping analysis.

Chromatography: LC-MS separation was performed at a flow
rate of 0.25 mL/min using an ExionLC AD system (SCIEX]. Intact
VP1-VP3 were separated using an ACQUITY UPLC protein BEH
C4 column (2.1 mm x 50 mm, 1.7 um, 300 A, Waters) with an LC
gradient provided in Table 1. During peptide mapping analysis,
VP peptides were separated using a Phenomenex Biozen
Peptide XB-C18 column [150 x 2.1 mm, 1.7 um] with a 60-
minute gradient shown in the parentheses in Table 1. The
mohile phases A and B consisted of 0.1% formic acid [FA] in

water and 0.1% FA in acetonitrile, respectively.

Mass spectrometry: LC-MS data were acquired using the
ZenolOF 8600 system (SCIEX]. Top-down data of VP1-VP3 were
acquired using an EAD MRM"® method, while peptide mapping

was performed using a data dependent acquisition (DDA]
method with CID or EAD. Selected peptides were analyzed using
an MRM"R method with EAD. The key source and selected MS
settings for top-down and DDA methods are shown in Tahle 2.

Data analysis: The data were acquired using SCIEX OS software
(SCIEX] and interpreted using intuitive data analysis workflows
within Biologics Explorer software (SCIEX].

Table 1. LC gradients for the separation of intact VP1-VP3 and VP peptides
(in paratheses).

Time (Min] A (%] B (%]

Initial 75(98) 25 (2]
1(2) 75(98) 25(2)
21(62] 65 (60] 35 (40)
23 (65]) 10 (49) 90 (55)
26 (67] 10 (10] 90 (90]
26.1(71) 75(98) 25(2)
30 (75) 75(98) 25 (2]

Table 2: Source and MS parameters.

Parameter TOF MS D! PM
Waorkflow Intact proteins Peptides
Curtain gas 40 psi
CAD gas 7
lon source gas 1 40 psi
lon source gas 2 40 psi
Source temp 4oa0°Cc 400°C 300°C
Spray voltage 3,500V 3,500V 2,500V
Start mass [MS1) 500 Da 500 Da 380 Da
Stop mass [MS1] 3000Da 3,000Da 1800Da
QJet DP 4ov 4ov 20V
Accumulation time 0.25s 01s 01ls
Time bins to sum 80 80 8
Mass range (MS2] - 100-3000 Da
Q1 resolution - Low Unit
Accumulation time - 02s 01ls
Time bins to sum - 8 8
Zeno threshold - 100,000 cps
Electron beam current - 7,000 nA
EAD RF - 150 Da
Electron KE - leVv 7eV
Reaction time - 2ms 20 ms

TD: top-down MS/MS using EAD MRM"R; PM: peptide mapping using EAD.


https://www.phenomenex.com/part?partNo=00F-4774-AN&srsltid=AfmBOopdyRBQ7CCtTXm3U7gYfZc3rOcAfmxD5Rbj2FxM3_fT9Ve7bPC-
https://www.phenomenex.com/part?partNo=00F-4774-AN&srsltid=AfmBOopdyRBQ7CCtTXm3U7gYfZc3rOcAfmxD5Rbj2FxM3_fT9Ve7bPC-
https://sciex.com/products/mass-spectrometers/qtof-systems/8600-system?campaign=22632313373&content=756021515167&keyword=zenotof%208600%20system&device=c&matchtype=e&adgroupid=180475651157&adplacement=&utm_medium=cpc&utm_source=adwords&utm_term=R-S-U-global-us-adwords-account&gad_source=1&gad_campaignid=22632313373&gbraid=0AAAAADvoGEeW68macOcg_BzZ1buIPWdr-&gclid=CjwKCAjwyYPOBhBxEiwAgpT8P0lKF6nQt8dJovGeykjSL3HpQlKQUcUAGugYZqKUlMohNegZcKxSSxoC9poQAvD_BwE
https://sciex.com/products/software/biologics-explorer-software
https://sciex.com/products/software/biologics-explorer-software?campaign=22082152030&content=751322926307&keyword=biologics%20explorer&device=c&matchtype=e&adgroupid=179363379996&adplacement=&utm_medium=cpc&utm_source=adwords&utm_term=R-S-U-global-us-adwords-account&gad_source=1&gad_campaignid=22082152030&gbraid=0AAAAADvoGEeL85WIUcLAF7qQYsXA7-Cx3&gclid=EAIaIQobChMIrfPc_6q0lAMVIyCtBh3LUSEPEAAYASAAEgLe3_D_BwE

Intact mass analysis using an MRM"® method. EAD led to efficient fragmentation of
N- and C-terminal parts of the VP sequences. Figure 3 shows

Figure 2 shows the result from intact LC-MS analysis of empty the annotated EAD spectra in the low mass ranges and N-
AAV8 under the denaturing conditions. Intact VPs were terminal sequence coverages of VP1-VP3. The detection of b-
separated chromatographically in the order of VP1, VP2, and and c-series fragments provided direct evidence for the N-

VP3 (Figure 2A]. The ion map within Biologics Explorer software terminal acetylation on VP1 and VP3 and unmadified N-
offers an excellent visualization of 3 VPs across the RT and m/z terminus on VP2. The generation of C-terminal y and z

spaces (Figure 2B). Spectrum deconvolution showed that VP1 fragments (e.g. zs) with identical masses for 3 VPs confirmed
and VP3 are predominantly acetylated, while the dominant form  that these proteins share the same C-terminus. Taken together,
of VP2 is not madified [Figures 2C-2E]. A prominent top-down MS/MS with EAD can be a viable approach for rapid
phosphorylated species was detected for VP1 and VP2 but not sequence confirmation and characterization of VPs or proteins
VP3, indicating that the primary phosphorylation site(s] is in similar sizes.

within the sequence shared by VP1 and VP2 [residues 138 to
203 in VP1]. The precise sites of phosphorylation can be
determined from peptide mapping, as will be described in the Peptide mapping analysis

later section.
A. Sequence coverage

The ZenoTOF 8600 system offers highly sensitive DDA methods
with CID or EAD, delivering high sequence coverage and

The acetylation sites in VP1 and VP3 can be rapidly determined comprehensive characterization of VPs with minimal sample
using top-down MS/MS with EAD. In the top-down experiments,  consumption. Figure 4 shows high sequence coverage [>98%)]

Top-down MS/MS analysis
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Figure 2. Intact mass analysis of VP1-VP3 in AAV8. The total ion chromatography (TIC) showed a nearly baseline separation of 3 VPs (A), which can be nicely
visualized using the ion map within Biologics Explarer software (B). Spectrum deconvolution led to accurate mass measurement (<20 ppm] of intact VP1-VP3 (C-
E). In consistent with the previous study,® the deconvolution result showed that VP1 and VP3 are predominantly acetylated [C and EJ, while the dominant form of
VP2 is not modified (D). A singly phosphorylated (p) species was also detected for the acetylated VP1 (C) and unmodified VP2 (D).
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Figure 3. Top-down MS/MS of VP1-VP3 with EAD. Despite the large size of
VP1-VP3 (59-82 kDa), EAD provided effective fragmentation of the terminal
sequences of these proteins to confirm the N-terminal acetylation on VP1 [A)
and VP3 (C) and unmodified N-terminus of VP2. Selected regions of the EAD
spectra and sequence coverage maps are displayed to highlight the N-
terminal sequence coverage of VP1-VP3.

with EAD. Similar sequence coverage was obtained using the
DDA method with CID (data not shown]. While CID offers high

sensitivity and efficient fragmentation of singly charge species,

EAD provides henefits for fragmenting long peptides, localizing
labile PTMs, and differentiating amino acid isomers. The

ZenoTOF 8600 system allows flexibility in building DDA methods

with CID, EAD, or joint CID/EAD, offering an all-around platform
to achieve comprehensive protein characterization.
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Figure 4. Sequence coverage map of VP1 obtained using EAD DDA. A

nearly complete [>98%]) sequence coverage map was obtained for VP1,
the longest of 3 VPs, using DDA methods with EAD or CID (not shown).
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Figure 5. EAD spectra of N-terminal peptides of VP1 and VP3. EAD led to
extensive fragmentation of N-terminal peptides of VP1 [A) and VP3 (B),
confirming the N-terminal acetylation. In addition, a low-abundance N-
terminal peptide [~1.9%) without acetylation was confidently identified for
VP3 (C).



B. N-terminal sequence

Figure 5 shows the fragment-rich EAD spectra of N-terminal
peptides of VP1 and VP3. The detection of c-series fragments
confirmed the N-terminal acetylation on VP1 and VP3 (Figures
5A and 5B]. An unmodified N-terminal peptide with a relative
abundance of ~1.9% was also confidently identified for VP3
(Figure 5C).

C. Phosphorylation

The deconvolution results shown in Figure 2 indicate that the
primary phosphorylation sites are located between amino acid
residues 138 and 203, the sequence shared by VP1 and VP2. A
singly phosphorylated peptide VP1[142-161] within this
sequence region was identified using the DDA method with CID
or EAD. The extracted ion chromatogram (XIC] of this
phosphopeptide reveals the presence of 2 positional isomers
(Figure 6). The ZenoTOF 8600 system produced high-quality
EAD and CID data to localize the phosphate group to S148 or
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S152 on these 2 isomers (Figure 7). Compared to CID [Figures
7C and 7D]), EAD delivered richer fragments and more extensive
sequence fragmentation, increasing the confidence in peptide
identification and PTM localization [Figures 7A and 7B].
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Figure 6. XICs of the native and phosphorylated forms of peptide
VP1[142-161]. Two isomers of phosphorylated peptide VP1[142-162] (p-
5152 and p-S148] were detected in the XIC. CID and EAD were leveraged to
localize the phosphate group on this peptide (see Figure 7).
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Figure 7. Localization of phosphorylation. Two positional isomers of the phosphopeptide VP1[142-161] detected in the XIC [Figure 6] were differentiated using
EAD (A and B] or CID (C and D], leading to the localization of phosphorylation on the serine residue 152 (A and C) or 148 (B and D). Compared to CID (C and D], EAD
resulted in more extensive peptide backbone fragmentation while preserving the phosphate group, increasing the confidence in peptide identification and PTM

localization.



D. Amino acid isomers

One of the limitations with traditional collision-based MS/MS
approaches, such as CID, is their inahility to differentiate
isomeric peptides. EAD addresses this challenge with the ahility
to generate diagnostic fragments for unambiguous
differentiation of amino acid isomers, such as Leu vs Ile,® Asp
(D] vs isoAsp (isoD),>” and 3- vs 4-hydroxyproline®,

Figure 8 shows the differentiation of Leu vs lle using EAD. EAD
cleaves the side chain of Leu or Ile to generate diagnostic z - 43
fragment for Leu and z - 29 fragment for lle (Figure 8A]. Figure
8B shows the EAD spectrum of a VP peptide containing 1 lle
and 2 Leu residues. These 3 isomeric residues can be
differentiated based on the detection of the corresponding z -
43 aor z - 29 fragments [highlighted in baold in Figure 8].

Deamidation can impact the transduction efficiency of AAVs.?
Therefore, it is important to characterization AAV deamidation
to ensure product quality and safety. Detection and
differentiation of deamidation isomers (D/isoD] in VPs,
including those present at low abundance, were reported in the
previous technical note.’ Confident assignments of multiple
D/isoD isomers were demonstrated for 2 deamidated peptides,
including VP1[51-60] (YLGPFNGLDK] and VP1[246-258]
TWALPTYNNHLYK.> Here, the EAD results of 2 additional
challenging deamidated peptides were shown in Figures 9 and
10.

Figure 9 shows the characterization of 4 low-abundance
deamidated species for the peptide VP1[301-311]
(LINNNWGFRPK]. The Phenomenex Biozen Peptide XB-C18
column provided excellent separation of these deamidation

isomers. The identification and differentiation of these isomers
is highly challenging due to their low abundance (0.02-1.02%]
and the presence of 3 potential sites (Asn) of deamidation in
this peptide. Despite these challenges, EAD generated high-
quality spectra for confident identification and differentiation of
4 deamidation isomers [Figures 9B-9E). For the most abundant
isomer eluting at the earliest, the detection of c3 + 57 and z5 -57
fragments enabled the assignment of isoD for the deamidated
Asn304 [Figure 9B). By comparison, these 2 diagnostic
fragments were not present in the EAD spectrum of the D304
counterpart (Figure 9C). Similarly, EAD generated a signature z
- 57 fragment for the assignment of isoD303 and another
isoD304 eluting at the latest (Figures 7A, 7D, and 7E]. The

presence of 2 isoD304 can be attributed to racemization of the
naturally occurring L- to D-form, as described previously.’

The differentiation of N-terminal D/isoD isomers is achieved
through the detection of diagnostic neutral-loss fragments
from the charge reduced species, as reported in literature.® In
this work, two N-terminal deamidation isomers of the peptide
VP1[516-529] (NSLANPGIAMATHK] were detected and identified
using DDA with CID [not shown] or EAD (Figure 10]. While CID
does not produce diagnostic fragments for isomer
differentiation, EAD generated a signature -60 Da fragment for
D and a -74 Da fragment for isoD from the charge reduced
species [MH*] for confident differentiation of these 2
challenging isomers. It should be noted that the 2 N-terminal
isomers of VP1[516-529] were characterized in an MRMHR
experiment using EAD with electron KEs of 1-7 eV. The MRM'R
result showed that EAD with an electron KE of 1 eV delivered the
optimal signal of signature neutral-loss fragments for the
differentiation of N-terminal deamidation isomers.
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Figure 8. Differentiation of Leu vs lle. EAD generates diagnostic z - 43
(CsH7) and z - 29 (CzHs) fragments for Leu and lle, respectively [A). The
peptide VP1[312-323] shown here cantains 1 lle and 2 Leu residues, all of
which can be confirmed based on the detection of the corresponding
diagnostic z fragments (highlighted in bold blue or green in B).
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Figure 9. Differentiation of D vs isoD using EAD. Four deamidated isomers of the peptide VP1[301-311] (LINNNWGFRPK) were detected and separated

chromatographically in the XIC (A). The presence or absence of diagnostic ¢ + 57 and z - 57 fragments for isoD enabled confident peak assignment for each

deamidated isomer (B-E).
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Figure 10. Differentiation of N-terminal deamidation isomers using EAD [1 eV]. Two isomeric species were detected and identified for the N-terminal
deamidated peptide VP1[516-529] [NSLANPGIAMATHK] [A). The detection of signature neutral-loss peaks, -60 Da [C2H402) for D and -74 Da [C2H4NO2) for isaD
from the charge reduced species (MH"), enabled the differentiation of N-terminal D/isoD isomers (B-D].



Conclusions 2.

Comprehensive characterization of VPs in AAVs was achieved
using orthogonal techniques, including intact MS, top-down
MS/MS, and peptide mapping

High MS sensitivity offered by the ZenoTOF 8600 system
equipped with the Zeno CID or EAD enabled comprehensive
characterization of AAV capsid proteins in low concentration
and low guantity

Intact MS workflow provided accurate mass measurement of
VP1-VP3 with or without PTMs, while top-down MS/MS using
EAD offered rapid characterization of the N-terminal
sequences of these VPs to determine the state of N-terminal
acetylation

EAD-based peptide mapping workflow enabled a complete
characterization of VPs by providing high sequence coverage,
confident PTM identification and localization, and
unambiguous isomer differentiation

EAD produced diagnostic c/z fragments or neutral-loss
fragments from the charge reduced species for the
differentiation of isomeric Leu vs Ille or D vs isoD

Phenomenex Biozen Peptide XB-C18 column provided
excellent separation of deamidation isomers for clear
differentiation of these challenging species
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