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Adeno-associated viruses (AAVs) are non-enveloped ssDNA
icosahedral T = 1 viruses used as vectors for clinical gene deliv-
ery. Currently, there are over 200 AAV-related clinical trials
and six approved biologics on the market. As such new analyt-
ical methods are continually being developed to characterize
and monitor the quality and purity of manufactured AAV vec-
tors, these include ion-exchange chromatography and Direct
Mass Technology. However, these methods require homoge-
neous analytical standards with a high molecular weight
standard comparable to the mass of an AAV capsid. Described
here is the design, production, purification, characterization,
and the cryo-electron microscopy structure of an AAV1-VP3-
only capsid that fulfills this need as a calibrant to determine
capsid mass, charge, homogeneity, and transgene packaging
characteristics.
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INTRODUCTION
Recombinant adeno-associated viruses (rAAVs) are one of the most
utilized vectors for the development and clinical application of gene
delivery.1 To date, six AAV vector-mediated gene therapies have
gained approval as clinical biologics: Glybera, Luxturna, Zolgensma,
Roctavian, Upstaza, and Hemgenix, either by the European Medi-
cines Agency, the US Food and Drug Administration, or both.2–6

Furthermore, over 200 clinical trials are ongoing and others awaiting
approval for clinical use.7–9 The AAV vectors are composed of a
single-stranded DNA transgene expression cassette packaged into
the T = 1 icosahedral protein capsid.10 The capsids are �26 nm in
diameter and assembled from 60 viral proteins (VPs). The AAV ex-
presses three overlapping VPs, VP1 (�80 kDa), VP2 (�65 kDa),
and VP3 (�60 kDa), which are incorporated into the wild-type capsid
at an approximate population ratio of 1:1:10.11,12 The VPs share a
common C terminus but vary in the length of their N termini.
Compared with VP3, VP1 and VP2 are extended at their N termini
with a shared �65-amino-acid (aa) region and additional �137 aa
N-terminal to VP2 in the case of VP1.13 The N-terminal regions of
VP1 and VP2 contain conserved elements required for AAV infec-
tivity such as a phospholipase A2 (PLA2) domain, a calcium-binding
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domain, and nuclear localization signals, but they are not required for
the capsid assembly.14,15 Thus, capsids only composed of VP3 can be
expressed and assembled.16

For AAV, 13 human and primate serotypes and numerous isolates
have been described whose VP amino acid sequence identity varies
between �50% and 99%.17,18 The capsid structures of all the AAV
serotypes, as well as a select number of other natural isolates, and en-
gineered variants have been determined by either X-ray crystallog-
raphy and/or cryo-electron microscopy (cryo-EM).19,20 In all AAV
capsid structures determined, regardless of whether VP1 or VP2 are
incorporated, structural ordering has only been observed for the
VP3 region, with the exception of their N-terminal �15 amino acids.
The overall VP structure of the AAVs consists of a conserved b barrel
core and variable surface topology formed from loops connecting the
b strands.19 The AAV capsids are assembled via icosahedral 2-, 3-,
and 5-fold symmetry-related VP interactions and share similar mor-
phologies, despite significant amino acid and structural differences of
their surface loops.17

The AAV vectors are primarily produced in human embryonic kid-
ney cells or in Spodoptera frugiperda insect cells.21,22 Regardless of
which cell system is used for manufacture, heterogeneities affecting
the packaged genome and/or the capsid have been observed. A major
by-product of all vector productions is empty AAV capsids, lacking
the encapsidated vector genome.23 Furthermore, various species of
truncated genomes, variable ratios of incorporated VP1, VP2, and
VP3 into the capsids, and different post-translational modifications
(PTMs) have been described.11,12,24 Thus, several quality control
023
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biophysical-based assays have been developed to characterize AAV
vectors to ensure their purity before they are used in clinical trials,
including analytical ultracentrifugation (AUC),25,26 ion-exchange
chromatography,27 mass spectrometry (MS),28–35 mass photom-
etry,25,28,36,37 cryo-EM,20,23 and multi-angle light scattering (SEC-
MALS).38

Ion-exchange chromatography can be either anion or cation ex-
change chromatography (AEX and CEX). AEX is commonly used
for purification of AAV particles as the capsid typically has a negative
charge.39,40 Due to the presence of the negatively charged DNA inside
the capsid, genome-containing (full) AAV capsids have a slightly
lower isoelectric point (pI) than empty AAV capsids, enabling the
separation and quantification of empty and full AAV particles.41

Nonetheless, an AAV standard is required for chromatographic
method development to verify the sufficiency of column equilibration
as well as repeatability of retention time peak area.

In addition to AEX, native MS has become more common for the
assessment of biomolecules under properly folded states.42,43 Howev-
er, the heterogeneous nature of AAV capsids poses the challenge of
not being able to resolve the charge states of intact AAV particles
by utilizing conventional native MS. To overcome this bottleneck,
charge detection mass spectrometry (CDMS) has been developed
for directly measuring the charge state of molecules,44–50 proven to
be invaluable for charge state unresolvable biomolecules such as
AAV.28,32–35,51–54 Compared with other common techniques for
AAV characterization, CDMS is able to provide highly accurate and
comprehensive molecular weight (MW) profiles, empty/full ratios,
and charge state distributions in a single experiment within an
hour.32,33,54,55 Pierson et al. first reported AAV characterization using
an electrostatic ion trap with a cylindrical charge detection tube.32

Wörner et al. later demonstrated the capability of the Orbitrap
analyzer for deriving charge states of AAV particles from the signal
amplitude.52 In parallel, Kafader et al. developed selective temporal
overview of resonant ions (STORI) for charge state assignment of sin-
gle-ion measurement on the Orbitrap platform.56 It has been
commercialized under the brand name “Direct Mass Technology
mode” on a Q Exactive UHMR mass spectrometer. In order to assign
the charge states of unknown samples via the STORI approach, a
charge calibration curve established from known standards is
required for Direct Mass Technology mode.57 However, the prevalent
protein standards of high MW, such as beta-galactosidase and GroEL
from E.coli, are below 1 MDa and contain fewer than 100 charges.
Therefore, a homogeneous resolvable AAV standard with charge
states above 100 charges would be highly desirable for accurate charge
assignment and calibration of megadalton species.

To fulfill the unmet need of having a homogeneous AAV capsid as an
analytical standard, we developed an engineered adeno-associated vi-
rus serotype1 (AAV1) capsid variant containing only VP3 proteins.
The capsid of AAV1 was chosen due to its lower rate of PTMs
compared with other AAV serotypes.58 In this study, the AAV1-
VP3-only capsid is characterized by various biophysical methods to
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demonstrate its homogeneousness. Thus, the engineered AAV1
capsid is a promising candidate as an analytical benchmark standard
for the missing high-charge-state calibrant for Direct Mass Technol-
ogy mode. Additionally, it can be used in multiple analytical tech-
niques for system suitability tests in ion-exchange chromatography,
MS, cryo-EM, or SEC-MALS analysis.

RESULTS
Generation of the AAV1 VP3 calibrant

The AAV serotype 1 was chosen for the generation of a homoge-
neous capsid sample AAV with the start codons for VP1 and
VP2 removed (AAV1-VP3, Figure 1A). Following the purification
of the sample, a single protein band migrating at �60 kDa by
SDS-PAGE was observed, consistent with the size of AAV1 VP3.
Cryo-EM micrographs showed intact capsids of �260 Å in diam-
eter. The majority of AAV serotypes possess two potential ATG
start codons for the expression of VP3 except for AAV7 and
AAV9.30,59 In AAV1, the first start codon initiates translation
from methionine 203 (M203), resulting in VP3203-736, henceforth
referred to as VP3M. The second start codon initiates translation
from M211, resulting in an N-terminal truncated VP3 variant,
VP3211-736, henceforth referred to as VP3m (Figure 1A). The later
translation start leads to an eight amino acid (aa) shorter and
�0.7 kDa smaller protein, which is essentially impossible to differ-
entiate by standard SDS-PAGE. Thus, a second sample was gener-
ated, in which the second ATG start codon was mutated to GTG,
resulting in a methionine to valine amino acid substitution
(M211V) of VP3 (AAV1-M211V-VP3, Figure 1B) and a mass
change of �32 Da. This change does not affect the aap gene
situated in the alternative (+1) reading frame.16 Consequently,
this construct produced capsids comparable to the previous VP3-
only plasmid, similarly showing a single protein band migrating
at �60 kDa by SDS-PAGE and intact capsids by cryo-EM analysis.
To further ensure homogeneity of the standard, only empty capsids
were produced. The cryo-EM micrographs confirmed that
99.74% (n = 1,537) and 99.87% (n = 25,205) of the capsids for
the AAV1-VP3 and AAV1-M211V-VP3 samples were empty
capsids.

AAV1-VP3-only capsids are structurally identical to wtAAV1

Three-dimensional-image reconstruction of the empty AAV1-
M211V-VP3 capsids, utilizing a total of 25,172 individual particles,
resulted in a resolution of 2.27 Å, based on an FSC threshold of
0.143 (Table 1). The reconstructed capsid map displayed the
characteristic surface features of the AAVs such as channels at the
icosahedral 5-fold axes, three protrusions surrounding the 3-fold
axes, and depressions at the 2-fold axes (Figure 2A). A cross-sectional
view of the map showed the absence of electron density in the interior
of the capsid since the sample was composed of empty capsids exclu-
sively. The high resolution of the density map allowed the reliable
building of an atomic model starting at the residue alanine 218 to
the C-terminal leucine 736 with very well-ordered amino acid side
chain densities (Figure 2B). Superposition of the refined model to
the previously reported capsid structure of wild-type AAV1
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Figure 1. Expression of AAV1-VP3-only capsid

(A) Schematic depiction of the AAV1 capORF showing VP1,

VP2, and VP3. The start codons for VP1 and VP2 are

knocked out. Two possible start codons corresponding to

methionine 203 and 211 express VP3. These two forms are

labeled as VP3M (major) and VP3m (minor) and are not

distinguishable in a standard SDS-PAGE. Example cryo-

electron micrograph of AAV1-VP3-only capsids. The

percentage of empty capsids in the sample is given. Scale

bar: 50 nm. (B) Depiction as in (A) for AAV1-M211V-VP3-

only capsid.
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containing VP1, VP2, and VP3 (PDB: 3NG9), showed a Ca-RMSD of
0.25 Å with no significant structural differences with the VP3 topol-
ogy (Figure 2C). Thus, this structural characterization indicates that
the AAV1 VP3 calibrant is structurally identical to the wild-type
AAV1 capsid.

Strong anion exchange chromatography

For this study a prototype strong anion exchange (SAX) column was
used for the analysis of AAV particles. A SAX phase was chosen
because the functional quaternary amine AEX groups are always
cationic under all buffer conditions enabling adsorption and separa-
tion of AAV particles using both salt and pH gradients. In contrast,
weak anion exchange phases may be less suitable as their re-equilibra-
tion time can be extensive as the stationary phase may buffer the
mobile phase due to protonation or de-protonation of the 1�, 2�, or
3� amine groups near their pKa. The stationary phase of the SAX col-
umn is composed of 3-mm nonporous, monodisperse particles. This
particle size results in a bed with improved fluid mechanics for
reduced analyte peak dispersion to provide higher resolution relative
to polydisperse particles. A 2-mm-ID (internal diameter) column
format was chosen to maximize the signal intensity by using low
flow rates and to reduce the total amount of sample loading required
for detection. A short 50-mm column was chosen to minimize the
sample analysis time, which is made possible by the high-resolution
power of the 3 mm particles.

The fluorescence chromatograms of the AAV1-VP3 and AAV1-
M211V-VP3 samples showed that the capsids are eluted at a salt con-
centration of�230 mM tetramethylammonium chloride (23% MPB)
and at a pH of �5.0 (47% MPB) (Figures 3A and 3B). However,
compared with AAV1-M211V-VP3, the AAV1-VP3 sample showed
broader peaks in both the salt and pH gradient. Broad chromato-
graphic peaks are an indication of multiple species in the sample
and, thus, indicate a more heterogeneous sample. Comparatively,
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the analysis based onUV chromatograms showed
narrow bands in both salt and pH conditions and
the absorbance at 280 nm was greater than at
260 nm, indicating that the sample contains viral
protein and no nucleic acid (packaged genome)
(Figures 3C–3F).
RP-LC-MS analysis of dissociated capsid proteins

To further interrogate AAV1-VP3 and AAV1-M211V-VP3, the sam-
ples were characterized byMS. Both capsids were dissociated by acetic
acid to release the individual VPs. The mass spectra of the dissociated
VP3 proteins fromAAV1-VP3 and AAV1-M211V-VP3 are shown in
Figure 4A. Both constructs showed charge envelopes ranging from
m/z 900 to 2,200. In addition to themain envelope, someminor forms
were observed at the bottom of the spectra (Figure 4A). The deconvo-
lution results shown in Figure 4B exhibited that the most abundant
form of AAV1-VP3 was detected at 59,516.02 Da. This correlates
well with the theoretical MW of VP3M after methionine (M203)
removal and acetylation of A204 at the N termini. The minor form
at 58,887.336 Da corresponds to the sequence with the N-terminal
truncated VP3m form starting with an acetylated alanine (A212).
All the identified proteoforms corresponded to previously described
AAV1 VP3 proteins.60 The N-terminal methionine excision and
N-terminal acetylation (NTA) are two of the most common protein
post-translational modifications in eukaryotes.61,62 No additional
PTMs, such as ubiquitination, phosphorylation, SUMOylation or
glycosylation, were observed in this analysis as expected.58 The ratio
between the minor and major VP3 forms is approximately 1:13 (or
8% VP3M). The VP3m form is expressed when translation at the first
ATG start codon is not initiated and instead the second ATG is uti-
lized (Figure 1A). This second ATG is conserved in the majority of
AAV serotypes with the exception of AAV9.30,59 The reason for the
conservation is unclear as capsid production is unaffected if the first
start codon is mutated (data not shown), which resembles AAV7 that
only possesses the second start codon.63 For the AAV1-M211V-VP3
construct, the second ATG is mutated (Figure 1B). Consequently, the
N-terminal truncated form starting at A212 was not detected, con-
firming that the second ATG start codon contributed to the heteroge-
neity. The measured MW of AAV1-M211V-VP3 at 59,483.86 Da is
within 16 ppm mass accuracy compared with its theoretical MW
modified with NTA. Both AAV1-VP3 and AAV1-M211V-VP3



Table 1. Summary of cryo-EM data collection and refinement statistics

Cryo-EM data and refinement parameter AAV1-M211V-VP3 only

Total number of micrographs 4,418

Defocus range (mm) 0.49–1.70

Electron dose (e�/Å2) 59

Frames/micrograph 102

Pixel size (Å/pixel) 0.94

Capsids used for final map 25,172

Resolution of final map (Å) 2.27

PHENIX model refinement statistics

Residue range 218–736

Map CC 0.900

RMSD bonds (Å) 0.01

RMSD angles (�) 0.88

All-atom clash score 8.30

Ramachandran plot

Favored (%) 97.9

Allowed (%) 2.1

Outliers (%) 0

Rotamer outliers (%) 0

C-b deviations 0
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samples contained several other very minor N-terminal and C-termi-
nal fragments of VP3, due to protein backbone clipping starting at N
terminus of proline 210 (P210), 1:15 (�7%) relative to VP3M, or C
terminus of aspartate 556 (D556), 1:100 (�1%) relative to VP3M.
The cleavage after D556 is not observed in the cryo-EM map due
its low abundance. All sequence variants of AAV1-VP3 and AAV1-
M211V-VP3 were further confirmed by top-down analyses shown
in Figure S1 and/or by accurate mass measurements. Hence, MS re-
sults of dissociated VP3 proteins not only demonstrated that the
main species in AAV1-VP3 and AAV1-M211V-VP3 match up with
target MW, but they also corroborate the improvement in homogene-
ity resulting from the open reading frame (ORF) start modification.

Intact capsid analyses by ensemble native MS measurement

After determining the sample homogeneity integrity under denatured
condition, ensemble native MS was utilized to investigate the assem-
bly of intact virus particles. Native mass spectra of AAV1-WT,
AAV1-VP3, and AAV1-M211V-VP3 shown in Figure 5A display
charge envelopes above m/z 20,000. AAV1-WT is present at relatively
higher m/z and gives the broadest peak distribution compared
with AAV1-VP3 and AAV1-M211V-VP3. Furthermore, its charge
states are unresolvable by ensemble measurement due to sample
complexity. Consequently, the AAV1-WT spectrum is too heteroge-
neous, and any attempts of deconvolution yielded random unreliable
peaks ranging from 3 to 4 MDa. On the contrary, the charge states of
both AAV1-VP3 and AAV1-M211V-VP3 are resolvable with the
center charge state at 168+. Although both AAV1-VP3 and AAV1-
M211V-VP3 reveal a main charge envelope deconvoluted to be
Molecul
3.57 MDa as the most abundant component, there is at least a second
minor charge envelope existing at slightly higher m/z relative to the
main charge envelope. The relative abundance of the second envelope
in AAV1-M211V-VP3 (�15%) was significantly lower than the one
for AAV1-VP3 (�40%). The difference in relative abundance reflects
better uniformity of AAV1-M211V-VP3, which is also confirmed by
the deconvoluted MW profile (Figure 5B). More peaks were observed
in the deconvoluted spectrum of AAV1-VP3 compared with AAV1-
M211V-VP3 spectrum. Calculation of measured MW of dissociated
VP3 proteins from AAV1-VP3 (Figure 4B) containing forms starting
at A204, P210, or A212 gives intact particle MWs at 3.572MDa, 3.544
MDa, and 3.533 MDa, respectively. The most abundant peak from
nativeMS deconvoluted at 3.57MDa demonstrates the correct assem-
bly of 60 VP3 proteins starting at A204. The second and third abun-
dant peaks at 3.549 MDa and 3.534 MDa exhibit some heterogeneity
due to presence of truncated/clipped proteoforms. This indicates the
mixed assembly of VP3 proteins starting at A204, P210, and A212.
Some higher MW forms above 3.57 MDa are possibly due to nonco-
valently surface bound process-related impurities or remaining
solvent adducts. Compared with AAV1-VP3, the deconvoluted spec-
trum of AAV1-M211V-VP3 showed one dominant peak at 3.57
MDa. This is close to the calculated mass of AAV1-M211V-VP3 at
3.569 MDa, less than 0.05% from the theoretical value. Analyses of
both denatured VP3 proteins and native intact virus particles
confirmed that the mutation of the second ATG start codon enhanced
the sample homogeneity.

Single-ion measurement of intact capsid via Direct Mass

Technology mode

Due to its ultra-high MW and ultra-high charge states, as well as its
remarkable homogeneity, AAV1-M211V-VP3 is a promising candi-
date as a charge calibrant for Direct Mass Technology mode to fill
the need for a high-charge-state calibrant. To evaluate the samples,
the calibration coefficient profiles from AAV1-VP3, AAV1-
M211V-VP3, and AAV1-WT were compared (Figures 6A–6C). As
aforementioned, Kafader et al. developed STORI approach for
tracking individual ion signals in an Orbitrap mass analyzer.56,57

The charge state of a single ion and the slope of its STORI plot are
in a linear relationship with a slope K (charge = STORI slope/K).
This K is the calibration coefficient that has 10% variation across
different instruments. The calibration algorithm generates a set of
mass spectra from all single ions using a range of K values and their
corresponding m/z and charge states pairs. The algorithm calculates
the simplicity score, or self-dot product, for each constructed mass
spectrum. The optimal calibration coefficient is the K that generates
the simplest spectrum with the lowest simplicity score. This “seeking
simplest spectrum” approach necessitates homogeneity of the cali-
brant. While the AAV1-WT sample generated a noisy profile leading
to an ambiguous calibration coefficient (Figure 6C), the AAV1-
M211V-VP3 sample constructed a Gaussian curve yielding a calibra-
tion coefficient at 47,286 (Figure 6B). Although, the AAV1-VP3
sample also resulted in a similar calibration coefficient at 47,383, its
profile shape is not as symmetric as AAV1-M211V-VP3, indicating
more heterogeneity (Figure 6A). Thus, AAV1-M211V-VP3 is the
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 463
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Figure 2. Capsid structure of AAV1-M211V-VP3-only

capsid

(A) The capsid surface (left) and cross-sectional (right)

density map determined by cryo-EM reconstruction are

shown. The reconstructedmaps are radially colored (blue to

red) according to distance to the particle center, as indi-

cated by the scale bar. The icosahedral 2-, 3-, and 5-fold

axes are indicated. (B) Amino acid residues modeled for

the bD strand are shown inside their density maps (in

black). The amino acid residues are labeled and shown as

stick representation and colored according to atom type:

C = yellow, O = red, N = blue. (C) Superposition of AAV1-

VP1/2/3, PDB: 3NG9 (purple), and AAV1-M211V-VP3-

only (orange). The b barrel core motif (bB–bI), bA, and the

aA helix are indicated. The VRs (VR-I to VR-IX) and the N

and C termini are labeled, and the approximate

icosahedral 2-, 3-, and 5-fold axes are represented by an

oval, triangle, and pentagon, respectively.
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best calibrant candidate among these three AAV samples. Moreover,
AAV1-M211V-VP3 showed a clean individual ion spectrum that fol-
lows the principle of CDMS, charge state in proportion to signal in-
tensity (Figure 6D). Including the AAV1-M211V-VP3 sample along
other calibrants (Figures 6D–6H) showed individual ion spectra from
all calibrants covering a wide range of MW (29–3.57 MDa) and
charge states (9+ to 173+) and established a calibration curve that
provided a unique calibration coefficient, 47,052 in this case, for a
particular mass spectrometer (Figure 6I).

To validate the calibration curve by applying it for AAV1-M211V-
VP3 MW calculation, the measured MW of the sample expectedly
equaled the theoretical MW of 3.57 MDa (Figure 7A). Similarly, we
464 Molecular Therapy: Methods & Clinical Development Vol. 29 June 2023
obtained predicted MWs of empty AAV1-WT
capsids (Figure 7B) at 3.77 MDa and a commer-
cially available empty AAV8 sample at 3.73
MDa (Figures 7C, and S2) with small subpopula-
tion of heavier particles and on average broader
peaks probably due to post-translational process-
ing.58 Utilizing the calibration curve for the
Direct Mass Technology mode, the analysis of
another commercially available AAV8 sample
containing a CMV-GFP transgene cassette
showed a mixture of empty (0.8%), partial
(8.6%), and full capsids (73.1%), as well as capsids
with oversized genomes (17.4%) (Figure 7D). The
significant amount of capsids with oversized ge-
nomes is likely caused by the small size of the vec-
tor genome cassette of �2.55 kb allowing contin-
uous packaging of dimer replication forms. Mass
domain spectra showed theMWof empty capsids
at �3.70 MDa, and full capsids center around
�4.36–4.46 MDa, matching the expected
MW.28 In summary, AAV1-M211V-VP3 extends
the valid charge states range of a calibration curve
for Direct Mass Technology mode to over 170 charges. The
calibration curve has been successfully employed for measuring het-
erogeneous AAV samples to reveal MW profile and ratio of empty/
full capsids.

DISCUSSION
Current available protein standards for various applications usually
do not exceed 1 MDa. Thus, when samples such as AAV vectors,
with a mass of >3.5 MDa, are analyzed, they are usually well outside
the range of the standard series. Thus, we have developed an engi-
neered AAV1 capsid as an analytical standard. AAV1 was chosen
due to its lower rate of PTMs compared with other AAV serotypes,58

a beneficial characteristic for an analytical standard. To ensure the



Figure 3. Characterization of AAV1-VP3-only capsids

by strong anion exchange liquid chromatography

(A) Fluorescence chromatograms of intact AAV1-VP3 and

AAV1-M211V-VP3 using a salt gradient. (B) Fluorescence

trace of AAV1-VP3 and AAV1-M211V-VP3 samples from

a pH gradient. (C and D) UV chromatograms of intact

AAV1-VP3 (E and F) and AAV1-M211V-VP3 from salt and

pH gradient respectively. The peak width at half height is

given in each panel.
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highest possible uniformity, only empty capsids were produced, and
the second start codon for VP3 was eliminated (M211V). Despite
these changes, structural characterization via cryo-EM indicates
that the AAV1-VP3 sample is structurally identical to the wild-type
AAV1 capsid (Figure 2). This is not surprising as previous studies
have not shown any significant structural differences between empty
and full capsids.64,65 Furthermore, the “rod-like” density inside the
5-fold channel that was previously observed in empty and full AAV
capsids is also present in the AAV1-VP3 only cryo-EM map (data
not shown). In the absence of VP1, VP2, or a packaged genome,
this density can therefore only be attributed to the N terminus of
VP3. Previously, we suggested that due to the narrow diameter of
the channel, a stretch of amino acids with small side chains is likely
present,64–66 which is also the case for the AAV1 VP3 N terminus
(aa204 to 212: ASGGGAPVA).

The SAX chromatography showed that the AAV1-M211V-VP3 sam-
ple is predominantly empty, which confirmed the cryo-EM data with
>99% empty capsids. Furthermore, homogeneous overall charge for
the viral capsids at each pH was observed. These properties make
this sample an ideal standard to calibrate the SAX columns utilized
to determine the empty-to-full ratio of samples used for gene therapy
Molecular Therapy: Methods
applications.41 Additionally, the AAV1 VP3 stan-
dard has the potential as an excellent candidate
for both the column’s quality control and early-
stage method development purposes.

The homogeneity of the assembled capsids was
further demonstrated by MS, with AAV1-
M211V-VP3 outperforming AAV1-VP3. For
the AAV1-M211V-VP3 sample, ensemble native
MS detected less than 15% of minor species, and
its calibration coefficient for constructing charge
calibration curve is within 0.5% relative standard
deviation from other calibrants. The consistent
calibration coefficient observed for AAV1-
M211V-VP3 indicates that the Orbitrap mass
analyzer exhibits a linear response for single
ions, even at ultra-high charge states. AAV1-
M211V-VP3, as a high-charge-state calibrant, ex-
tends an accurate charge-based calibration curve
over 170 charges and therefore increases intrinsic
mass accuracy for species above 1 MDa. Without
having AAV1-M211V-VP3 as the high-end charge state calibrant, we
are relying on extrapolating the calibration curve established with
highest charge state �70, given by GroEL. The consequence of using
calibration extrapolation is that it may introduce errors and reduce
the accuracy of measurements. Accurate mass and particle ratios
measurement for AAV1 and AAV8 samples were achieved (Figure 7)
by incorporating AAV1-M211V-VP3 into the calibration. This dem-
onstrates that Direct Mass Technology mode is an excellent tool for
evaluating post-production composition of AAV as well as its DNA
packaging, similar to other CDMS approaches.28,33 Direct Mass Tech-
nologymode can resolve and accurately quantify the variable partially
filled particles, setting it apart from assays that usually only distin-
guish between empty or filled capsids (ion chromatography, dynamic
light scattering, etc.).

Therefore, AAV1-M211V-VP3 not only fulfills the need of having
high-charge-state calibrant for Direct Mass Technology mode/
CDMS, but it also can be used for system suitability tests in ion-ex-
change chromatography, MS, mass photometry, cryo-EM, or SEC-
MALS analyses. This AAV1-M211V-VP3-only capsid is a prom-
ising candidate as an analytical benchmark standard or calibrant
for multiple analytical techniques, including CDMS, which provides
& Clinical Development Vol. 29 June 2023 465
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Figure 4. Mass spectrometry analysis of AAV1 capsids under denaturing conditions

(A) RP-LC-MS and (B) deconvoluted spectra of AAV1-VP3 and AAV1-M211V-VP3. Each peak is labeled with the corresponding sequence variant. For example, aVP3-A204

indicates N termini starting at Ala204 with acetylation.
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a time-efficient, accurate, and comprehensive MW profile, empty/
full ratio, and charge state distribution in a single experiment and
will likely play a critical role in AAV characterization in the foresee-
able future .
MATERIALS AND METHODS
Cell culture

HEK293 cells were maintained adherent in Dulbecco’s Modified Ea-
gle Medium (Thermo Fisher, Waltham, MA), supplemented with
10% heat-inactivated fetal calf serum and 100 units of penicillin/ml
and 100 mg of streptomycin (Caisson Laboratories, Smithfield, UT)
at 37�C in 5% CO2.
Site-directed mutagenesis

The AAV1-VP3only plasmid, described previously,12 containing
AAV2 rep and AAV1 cap with a mutated VP1 and VP2 start codon
served as the template for site-directed mutagenesis PCR. For the
generation of the AAV1-VP3only M211V plasmid, PCR primers
were designed that contained the desired mutation, which was
flanked on both sides by 17 or 18 homologous nucleotides. Primers
were ordered from Sigma-Aldrich (Houston, TX) and used in PCR
amplification reactions using a C1000 Touch thermal cycler (Bio-
Rad, Hercules, CA) and Pfu Turbo DNA polymerase AD (Agilent,
Santa Clara, CA). PCR products were incubated at 37�C overnight
with DpnI restriction enzyme (NEB, Ipswich, MA) to degrade the
methylated template plasmid. The reactions were then transformed
into DH5a competent cells (NEB, Ipswich, MA), which were
cultured on LB-ampicillin selective media and further amplified to
isolate the plasmid. Clones were submitted for Sanger sequencing
(Genewiz-Azenta, South Plainfield, NJ) to verify the introduced
mutation.
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Recombinant AAV production and purification

AAV1 VP3-only capsids were produced by double transfection of
HEK293 cells, utilizing pHelper (Stratagene) and the AAV1-VP3-
only plasmid (or the M211V variant). In absence of the plasmid con-
taining an ITR-flanked genome, primarily empty capsids will be
generated. The transfected cells were harvested 72 h post transfection,
washed with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM
KCl, 100 mM Na2HPO4, 2 mM KH2PO4), and the cells pelleted and
resuspended in PBS with 1 mM MgCl2 and 2.5 mM KCl. The resus-
pended cells were subjected to three freeze-thaw cycles (�80�C–
37�C) and subsequently incubated with 125 units/mL benzonase
for 1 h at 37�C before centrifugation at 10,000� g for 15 min to pellet
the cell debris. The supernatants were purified by iodixanol gradient
ultracentrifugation as previously described.67 The 25% fraction of the
gradient was subsequently purified by AVB Sepharose affinity chro-
matography and concentrated as previously described.68 The sample
was analyzed by SDS-PAGE to confirm its purity and the concentra-
tion by comparing it to BSA standards. Utilizing the MW of the
capsid, the protein concentration was converted into capsids/ml.
The empty AAV8 and AAV8-CMP-GFP sample produced in insect
Sf9 cells were purchased from Virovek (Hayward, CA), Lot#19-
564E and Lot#20–457 (Figure S2).

Cryo-EM data collection

The purified AAV1-M211V-VP3-only capsids were loaded onto a
glow discharged holey carbon-coated grid (Protochips) and incubated
at 4�C at 95% humidity for 3.0 s within the Vitrobot Mark IV
(Thermo Fisher Scientific, Waltham, MA, USA). Following this,
excess sample was blotted by the machine and the grids vitrified by
plunging into liquid ethane. The vitrified grids were analyzed for their
ice thickness and sample distribution using a 200-kV FEI Tecnai G2
F20-TWIN transmission electron microscope (FEI, Hillsboro,
023



Figure 5. Native mass spectrometry analysis of AAV1 capsids

(A) Ensemble native MS spectra and (B) deconvoluted spectra of intact AAV1-VP3, AAV1-M211V-VP3, and AAV1-WT (containing VP1, VP2, and VP3) particles using 25K

@m/z 400 resolution (128 msec transient).
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Oregon, USA) at �20 e�/Å2. High-resolution data collections were
conducted at the Biological Science Imaging Resource at the Florida
State University. Data were collected on a Titan Krios electron micro-
scope operating at 300 kV and equipped with a DE-Apollo direct elec-
tron detector (Direct Electron, San Diego, CA, USA). A total of 102
movie frames were collected per micrograph at an electron dose of
�59 e�/Å2. The raw movie frames were aligned utilizing
MotionCor2 with dose weighting, to generate the motion-corrected
micrographs.69

3D image reconstruction

For the 3D image reconstruction of AAV1-VP3-only capsids, the mo-
tion-corrected micrographs were imported into the cisTEM software
package.70 Micrographs of poor quality were identified using the CTF
estimation subroutine and excluded for the reconstruction. Particles
were picked automatically and subjected to 2D classification. 2D clas-
ses containing clear viral capsid features were selected and used for
the generation of an ab initiomodel by 3D reconstruction. This ab in-
itiomodel was further refined using the default settings, and the final
density map was sharpened with a pre-cutoff B-factor value of�90 Å2

and post-cutoff B-factor value of 50 Å2. The resolution of the recon-
structed density map was estimated based on Fourier shell correlation
of 0.143.

Model building

The existing model of AAV1 capsid (PDB: 3NG9) was docked into
the EM density map by using the “fit in map” feature within UCSF
Molecul
Chimera.71 The fit of the 60 mer with respect to the EM density
map was then improved by adjusting the voxel size that maximizes
the correlation coefficient. The voxel size-adjusted EM density map
was then imported into Coot where manual model building and
real space refine tools were used to adjust the AAV1VP3model where
necessary.72 The 60 mer of the AAV1 VP3 model was automatically
refined using the real space refine subroutine in PHENIX, which
also provided the refinement statistics.73

Anion exchange chromatography

The AEX separation of AAV samples was performed using a ProPac
3R SAX 3 mm HPLC column (3-mm monodisperse particles,
2 mm � 50 mm) (Thermo Fisher Scientific, Sunnyvale, CA, USA)
on a Thermo Scientific Vanquish Flex UHPLC system (Thermo
Fisher Scientific, Germering, Germany) equipped with a Vanquish
quaternary pump, a Vanquish Variable Wavelength Detector, and a
Vanquish Fluorescence Detector (FLD).

For salt gradient method separations, mobile phase A (MPA) was
Milli-Q water, mobile phase B (MPB) contained 1 M tetramethylam-
monium chloride (MilliporeSigma, St. Louis, MO) in Milli-Q water,
and mobile phase C (MPC) contained 200 mM bis-tris propane
(MilliporeSigma, St. Louis, MO) in Milli-Q water. MPC was adjusted
to pH 9.5 using 5 M hydrochloric acid. The flow rate was 0.2 mL/min.
The gradient consisted of 15%–35% MPB from 0 to 10 min,
35%�90% MPB from 10 to 10.1 min, and 90% MPB until 12 min.
MPB was reduced to 15% from 12 to 12.1 min and then maintained
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 467
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Figure 6. Calibration for Direct Mass Technology mode analysis

Calibration coefficient profiles of (A) AAV1-VP3, (B) AAV1-M211V-VP3, and (C) AAV1-WT. (D–H) Individual ion spectra of calibrants for Direct Mass Technology mode and

(I) established linear calibration curve out of the five calibrants. The calibration coefficient is 47,052.
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at 10% until the end of the 19-min gradient. The gradient contained
10% MPC throughout the whole gradient. The column temperature
was set at 30�C. Prior to the experiment, the AAV1-VP3 capsids
(�0.5 mg/mL) were diluted 10 times with Milli-Q water. 2 mL of
the sample (100 ng or 1.5 x 1010 capsids) was injected for UV detec-
tion at 260 and 280 nm. For fluorescence detection, 0.1 mL (5 ng or 7.5
x 108 capsids) was injected with excitation and emission wavelengths
of 280 and 330 nm, respectively.

For pH gradient method separation, MPA contained 20 mM ammo-
nium bicarbonate and 15 mM ammonium hydroxide in Milli-Q
water, and MPB contained 30 mM acetic acid and 15 mM formic
acid in Milli-Q water. No pH adjustment was needed. The flow rate
was 0.2 mL/min. The gradient consisted of 40% MPB from 0 to
0.5 min, 40%�80% MPB from 0.5 to 15.5 min, 80%�100% MPB
from 15.5 to 15.6 min, and 100%MPB until 18min.MPBwas reduced
to 40% from 18 to 18.1 min and then maintained at 40% until the end
of the 30-min gradient. The column temperature was set at 30�C.
Similar as above, 2 mL of the sample (100 ng or 1.5 x 1010 capsids)
was injected for UV detection at 260 and 280 nm, and 0.1 mL (5 ng
or 7.5 x 108 capsids) of the sample was injected for fluorescence detec-
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tion with excitation and emission wavelengths of 280 and 330 nm,
respectively. The Thermo Scientific Chromeleon 7.2.10 Chromatog-
raphy Data System was used for instrument control and analysis of
the chromatographic data.

Mass spectrometry

MS analyses of the AAV1 VP3 samples (10 mg or 1.5 x 1012 capsids
per experiment) included dissociated VP3 proteins analysis by reverse
phase-liquid chromatography-mass spectrometry (RP-LC-MS),
intact capsid analyses by ensemble native MS measurement, and sin-
gle-ion measurement via Direct Mass Technology mode. To disso-
ciate VP3 proteins from AAV capsid, samples were buffer exchanged
and concentrated into 200 mM ammonium acetate using Amicon
Ultra-0.5 Centrifugal Filter (100 kDa molecular weight cutoff
[MWCO]). The collected sample was added with 10% acetic acid
and incubated at room temperature for 30 min.30 RP-LC-MS analyses
were performed on Thermo Scientific Vanquish Neo Ultra-High-
Performance Liquid Chromatography system coupled to Thermo Sci-
entific Q Exactive UHMR mass spectrometer. The separation was
performed on a Thermo Scientific EASY-Spray Accucore C4 column
(150 mm � 150 mm) at a flow rate of 0.8 mL/min with column
023



Figure 7. Utilization of Direct Mass Technology

Direct Mass Technology mode analysis of (A) AAV1-M211V-VP3, (B) AAV1-WT (containing VP1, VP2, and VP3), and (C) empty and (D) full AAV8 capsids.
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temperature at 60�C. The proteins were eluted using a linear gradient
from 20% to 80% B (0.1% formic acid in acetonitrile) over 15 min.
The source parameters for Q Exactive UHMR were as follows: source
voltage 2.3 kV; capillary temperature 320�C; S-lens RF level: 100%,
trapping gas pressure readout at�2 x 10�11 mbar. Data were acquired
under intact protein mode with 5 mscan at 12.5K @m/z 400 resolu-
tion. Top-down analyses were performed using all ion fragmentation
by setting collision energy at 20 eV and using 5 mscan at 100K @m/z
400 resolution.

Ensemble native MS measurement and Direct Mass Technology
mode analyses were performed on Thermo Scientific Q Exactive
UHMR. Prior to native and Direct Mass Technology mode MS anal-
ysis, samples were buffer exchanged into 200 mM ammonium acetate
using Amicon Ultra-0.5 Centrifugal Filter (100 kDa MWCO,
10,000 � g for 5 min, 4�C) and repeated six times. The sample was
loaded into Au/Pd-coated borosilicate emitters (Thermo Scientific,
ES388) for nano-ESI. For instrument parameters, ion transfer target
m/z and detector optimization were set to “high m/z.” In-source trap-
ping was set at �50 V, and extended trapping voltage was set from
0 to 100 eV. Trapping gas pressure readout was in the range of
3 � 10�10 to 6 � 10�10 mbar. Data were acquired at 6–25K @m/z
400 resolution settings with transient averaging enabled. For Direct
Mass Technology mode acquisitions, most of the tuning parameters
were kept as for ensemble native MS. However, sample dilution,
reduction of trapping gas pressure, and injection time were optimized
for achieving single-ion scan. Exemplary readout of trapping gas pres-
sure is 2 � 10�10 mbar for AAV. The Direct Mass Technology data-
Molecul
sets were acquired using 50–100K@m/z 400 resolution for 15–60min.
The RP-LC-MS and ensemble native MS data were processed by
Thermo Scientific BioPharma Finder 5.0 software. Data acquired by
Direct Mass Technology mode were processed by STORIBoard soft-
ware (Proteinaceous, Chicago IL).
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