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Studies of recombinant adeno-associated virus (rAAV) re-
vealed the mixture of full particles with different densities in
rAAV. There are no conclusive results because of the lack of
quantitative stoichiometric viral proteins, encapsidated DNA,
and particle level analyses. We report the first comprehensive
characterization of low- and high-density rAAV serotype 2 par-
ticles. Capillary gel electrophoresis showed high-density parti-
cles possessing a designed DNA encapsidated in the capsid
composed of (VP1 + VP2)/VP3 = 0.27, whereas low-density
particles have the same DNA but with a different capsid
composition of (VP1 + VP2)/VP3 = 0.31, supported by sedi-
mentation velocity-analytical ultracentrifugation and charge
detection-mass spectrometry. In vitro analysis demonstrated
that the low-density particles had 8.9% higher transduction ef-
ficacy than that of the particles before fractionation. Further,
based on our recent findings of VP3 clip, we created rAAV2
single amino acid variants of the transcription start methionine
of VP3 (M203V) and VP3 clip (M211V). The rAAV2-M203V
variant had homogeneous particles with higher (VP1+VP2)/
VP3 values (0.35) and demonstrated 24.7% higher transduction
efficacy compared with the wild type. This study successfully
provided highly functional rAAV by the extensive fractionation
from the mixture of rAAV2 full particles or by the single amino
acid replacement.

INTRODUCTION
Recombinant adeno-associated virus (rAAV) vectors have been used
for in vivo gene therapy. Several therapeutic products based on rAAV
have already been approved for use in human gene therapy.1–5 Ad-
eno-associated virus (AAV) capsid consists of three viral proteins
(VPs), namely, VP1, VP2, and VP3, which assemble to form the
T = 1 icosahedral capsid composed of 60 VPs. VP1, VP2, and VP3
are present in the AAV capsid at the average molar ratio of
1:1:10,6,7 as determined through gel densitometry. Meanwhile, we
have also recently reported the existence of VP3 clip in some sero-
types of rAAV, which is eight amino acid residues shorter than
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VP3.8,9 The icosahedral capsid is assembled by the VP3 common re-
gion, whereas the N-terminal extensions of VP1 and VP2 play crucial
roles in endosomal trafficking10,11 and escape,12,13 nuclear localiza-
tion, and genome release. Therefore, AAV particles with high VP1
and VP2 stoichiometry are required to develop AAVs that can
be safely used in gene therapy because high doses of low-potency
AAVs can cause adverse immune reactions, making their application
in gene therapy problematic.

The VP subunits of the AAV capsid are randomly incorporated, and
mass spectrometry and mass spectral simulation have suggested that
they exhibit particle heterogeneity.14,15 Cesium chloride (CsCl)
isopycnic density centrifugation could be used for the fractionation
of heterogeneous particles. Wang et al. reported that rAAV8 prepara-
tions showed low-density and high-density full particles in CsCl
isopycnic centrifugation.16 The two types of particles contained
similar packaged DNA, but the high-density particles had a higher
DNA:protein ratio than the low-density particles. In addition, the
high-density particles have been found to exhibit lower VP1 and
VP2 ratio than the low-density particles through gel densitometry.
Previous studies have reported the existence of low- and high-density
particles that represent heterosis of AAVs in the CsCl isopycnic
gradient, by focusing not only on capsid protein7,16,17 but also on
DNA length as the cause of heterosis.18,19 On the other hand, in the
wild-type (WT) AAVs, contradictory findings have been reported,
i.e., that both types of particles were reported to have the same
DNA:protein ratio and density in sucrose metrizamide gradients.19

As described earlier, the VP ratio affects transduction efficacy.12,20–24

Therefore, accurate quantification and control of the stoichiometry
of VPs is becoming increasingly important. Moreover, in the
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Figure 1. Illustration of two-cycle CsCl isopycnic density gradient

ultracentrifugation

High- and low-density rAAV2 particles were separated by performing two cycles of

CsCl isopycnic gradient ultracentrifugation after affinity chromatography purifica-

tion. Purified rAAV2-CMV-EGFP vectors were developed using a suspended

HEK293T production system. Two full particle bands were observed, denoted as F1

and F2 (left). In both fractions, considerable mixing of the two types of particles was

observed after the first cycle; thus, a second cycle of CsCl ultracentrifugation (right)

was conducted for F1 and F2, where the two sets of particles with different densities

were observed in both fractions, leading to further fractionation into F1.1, F1.2, F2.1,

and F2.2. In another preparation, the F1 and F2 sample fractionated in a mixture

denoted as “Bulk”.
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manufacturing of rAAV, the focus is currently on the scaling up pro-
duction.25–27 In the future, it will be necessary to resolve heterogene-
ity, which receives little attention from a manufacturing perspective.

Here, we comprehensively characterized low- and high-density parti-
cles that were fractionated using a high-resolution fractionation
method. Particle heterogeneity given by particles of two different den-
sities could be the packaged DNA or the VP ratio or post-translational
modifications of VPs. Recently, highly sensitive and quantitative pro-
tein and DNA analysis methods based on capillary gel electrophoresis
(CGE) have been developed. Moreover, we reported a quantitative
evaluation method for VP stoichiometry using CGE and liquid chro-
matography-mass spectrometry (LC-MS).9 This method allows accu-
rate and reliable estimation of the stoichiometry of VPs in rAAV par-
ticles. We have used this quantitationmethod to evaluate the fractions
of high- and low-density particles during rAAV2 production. Typi-
cally, one cycle of CsCl isopycnic ultracentrifugation is used for the
fractionation; however, the two types of particles remain mixed
together even after the fractionation because of the marginal differ-
ence in their density. We thus utilized two-cycle purification through
ultracentrifugation with separation conditions optimized according
to CsCl density gradient simulation. Using this approach, compre-
hensive assessments of the physicochemical properties and in vitro
potency of the rAAV particles in the well-separated fractions at the
particle level were possible.

Meanwhile, we successfully obtained rAAV variants with increased
VP1 and VP2 stoichiometry compared with that ofWT rAAV by pro-
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ducing amino acid substitutions at positions M203 and M211, the
translation initiation sites of VP3 and VP3 clip, which were previously
considered to be associated with a lack of particle formation. Further-
more, the distribution of rAAV particles became highly homoge-
neous. In this study, we successfully obtained functional rAAV parti-
cles with high potency and less protein heterogeneity through two
cycles of CsCl ultracentrifugation or amino acid substitution. Based
on these findings, this study proposes a potentially novel approach
to capsid-based rAAV development.

RESULTS
Comprehensive physicochemical characterization of high- and

low-density particles

During rAAV production, it would be expected that both low- and
high-density full particles would be observed.16 Figure 1 illustrates
two bands for both particles in CsCl ultracentrifugation, forming
two fractions due to the piston fractionator with an online monitoring
apparatus, denoted as F1 and F2. In both fractions, significant mixing
of the two types of particles was observed; thus, a second cycle of CsCl
ultracentrifugation was conducted for F1 and F2, where two sets of
particles with different densities were found in both fractions, leading
to further fractionation into F1.1, F1.2, F2.1, and F2.2. Based on the
results of SDS-PAGE and absorbance measurements, which showed
an absence of protein and DNA (data not shown), we concluded
that the white layer was precipitated CsCl. The purified low- and
high-density full particles were subjected to comprehensive charac-
terization. CsCl density gradient-analytical ultracentrifugation
(CsCl-DG-AUC) analysis showed that the two full particles had esti-
mated buoyant densities of 1.352 g/cm3 for F1.1 and 1.361 g/cm3 for
F2.2, with Ab260/280 ratios of 1.277 for F1.1 and 1.280 for F2.2.
After the second fractionation, F1.1 still contained a small fraction
of high-density full particles; however, low-density full particles could
not be detected in F2.2 through CsCl-DG-AUC (Figure 2A). CGE was
then performed to analyze the packaged DNA and VP components of
F1.1 and F2.2. CGE enables greater separation and sensitivity than
those by conventional SDS-PAGE and agarose gel electropho-
resis.28,29 CGE for single-stranded DNA (ssDNA) showed that the
length of the contained transgene DNA was the same between
the high- and low-density particles, indicating no contribution of
the packaged DNA genome to the difference in density between these
particles (Figure 2B). Electropherograms from CGE for VP proteins
with detection at 214 nm and normalized intensity with respect to
the VP3 peak are shown in Figures 2C and 2D. All the structural
capsid proteins were present in both F1.1 and F2.2 particles. In addi-
tion to VP1, VP2, and VP3 peaks, we also detected VP3 clip generated
by ribosomal leaky scanning of the first initiation codon of VP3. The
analysis suggested that the F1.1 capsids contained a higher ratio of
VP1 and VP2 to VP3 than that of the F2.2 capsids. The VP stoichiom-
etry for these particles was determined by calculating the peak area,
using the molar absorption coefficient at 214 nm estimated from
the amino acid sequence of each VP protein9,30 (Figures 2C and
2D). The ratio of VP1:VP2:VP3:VP3clip was 1.0:1.3:6.9:0.4 for FP1.1
and 1.0:1.4:8.6:0.4 for FP2.2, respectively (Figure 2E), which corre-
spond to (VP1 + VP2)/VP3total of 0.32 for FP1.1 and 0.25 for
er 2023



Figure 2. Comprehensive physicochemical

characterization of high- and low-density particles

(A) CsCl density-gradient-analytical ultracentrifugation

(CsCl-DG-AUC) profile of Bulk, F1.1 and F2.2 fractions. (B)

Capillary gel electrophoresis (CGE) electropherograms of

encapsidated DNA in F1.1 and F2.2 particles. (C) CGE

electropherogram of F1.1 and F2.2 particles for capsid

viral protein (VP) components. (D) Magnified image of

electropherogram shown in (C). (E) VP stoichiometry of

Bulk, F1.1, and F2.2 fractions. To determine the VP

molar stoichiometry, areas of the CGE peaks detected at

214 nm were divided by the molar extinction efficient of

VPs at 214 nm, reflecting the UV absorbance of peptide

bonds and amino acids under denatured conditions.
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FP2.2, where VP3total is the sum of VP3 and VP3 clip. There was clear
difference in VP stoichiometry between the two full particles, which
was highly likely to generate the different buoyant densities for the
two full particles.

F1.1 particles have higher mass than that of F2.2 particles

As F2.2 particles contained low VP1 and VP2 stoichiometry, it is
reasonable to suspect that the molecular weight of the high-density
particles could differ from that of the low-density particles. Therefore,
band sedimentation-analytical ultracentrifugation (BS-AUC) and
charge detection-mass spectrometry (CDMS) measurements were
conducted for the particles in F1.1 and F2.2. BS-AUC enables evalu-
ation of the size distribution in solution with only 1/25 of the sample
volume compared with that required for sedimentation velocity-
analytical ultracentrifugation.31 The sedimentation profile showed
that F1.1 and F2.2 included no empty particles, and the sedimentation
coefficients of F1.1 and F2.2 particles were 99.5 S and 97.2 S, respec-
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tively (Figure 3A). According to Equations S1
and S2, the increase in the sedimentation coeffi-
cient of these F1.1 particles indicates that the
average molecular weight of the F1.1 particles
was increased compared with that of the F2.2
particles. Additionally, CDMS measurements
revealed the single mass of F1.1 and F2.2 parti-
cles as 4.70 MDa and 4.58 MDa, respectively
(Figure 3B). Considering the possible influence
of counterions, salt adducts and trapped solvent
as suggested by Jarrold32 and that CGE provided
average VP stoichiometry, a reasonably good
correspondence was found between experi-
mental and theoretical values calculated by con-
verting the VP ratio from CGE to 60-mer and
multiplying by the mass of each VP (Table S1).
A low charge population was also presented in
charge versus mass scatterplot of CDMS (Fig-
ure 3B). According to the CDMS study, the ejec-
tion of encapsidated DNA from AAV will result
in the higher charged state while compact, near
spherical geometries of AAV will lead to the
lower charged state.33 The relative comparison of the molecular
mass obtained from both BS-AUC and CDMS showed higher value
in F1.1 than F2.2. Because the DNA content was the same, the in-
crease in mass could be attributed to the higher VP1 and VP2 ratios
in the 60-mers. This in turn supported the assertion that the VP1 and
VP2 stoichiometry in the F1.1 particles is higher than that in the F2.2
particles.

In vitro transduction efficacy of F1.1 and F2.2

We hypothesized that the virus could require fewer particles for infec-
tivity if the stoichiometry is biased toward VP1, which is directly
related to the presence of the phospholipase A2 (PLA2) domain on
the VP1 unique (VP1u) sequence.11,23 Furthermore, the VP1/VP2
common region has a nuclear localization sequences (NLSs).10 There-
fore, these N-terminal extensions of VP1 and VP2 play crucial roles in
endosomal trafficking and escape, nuclear localization, and genomic
release, and the total amount of VP1 and VP2 significantly affects
linical Development Vol. 31 December 2023 3
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Figure 3. Particle mass analysis of F1.1 and F2.2

particles

(A) Sedimentation profiles of F1.1 and F2.2. (B) CDMS

mass histogram (right) and charge versusmass scatterplot

(left) for F1.1 and F2.2 particles.
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transduction efficiency. The biological activity was evaluated using
the expression level of a transgene, GFP, encoded in the rAAV2
genome. The proportion of GFP-positive viable cells was evaluated
by flow cytometry at five different multiplicity of infection (MOI)
levels. The infectivity of F1.1 was up to 8.9% (MOI 5 � 102) higher
and F2.2 up to 17.8% (MOI 1 � 103) lower compared to Bulk
(Figures 4A and 4B). These results confirmed that VP1 and VP2 stoi-
chiometry plays a crucial role in infectivity in vitro, consistent with
previous studies of Bosma et al., who reported an interplay between
VP1 and VP2 stoichiometry and infectivity in vitro.24

Change in the translation initiation site of VP3 and VP3 clip alters

the stoichiometry of VP1:VP2:VP3total

rAAV variants by site-directed mutagenesis at the translation initia-
tion sites of VP3 and VP3 clip were created to determine whether
these rAAV variants could alter the level of VP3 incorporation into
particles. This was based on the report by Bosma et al. that showed
that the level of VP3 incorporation affects the incorporation of VP1
and VP2.24 However, mutations at the translation initiation site of
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VP3 and VP3 clip, located at positions M203
and M211, have been reported to prevent parti-
cle recovery during production, suggesting that
these residues play a crucial role in the assembly
and/or stability of the particles of rAAV2.34 We
then focused on AAV7 and AAV9, which have
highly homologous N-terminal sequences of
VP3 among the serotypes and conserved se-
quences, other than ATG at the start codon (Fig-
ure 5A). Through serotype sequence alignment,
we noticed that, in AAV7, positionM203 is CTG
(valine), whereas in AAV9, position M211 is
CTG (valine). We thus created constructs with
CTG substitution at the ATG translation start
site for each (rAAV2-M203V and rAAV2-
M211V). Interestingly, these rAAV variants ex-
hibited productivity comparable to that of WT
rAAV2 (Figure 5B), and they showed less varia-
tion in productivity across several batches (data
not shown). Meanwhile, DNA packaging ratio of
rAAV variants were no significant difference
compared with that of WT (Figure S1).

CGE and LC-MS were performed to evaluate
the VP components of both rAAV2-M203V
and rAAV2-M211V. rAAV2-M203V particles
significantly incorporated VP3 clip, whereas
rAAV2-M211V particles incorporated full-
length VP3 besides VP1 and VP2 (Figure 5C). The deconvoluted
mass from LC-MS analysis that provided the mass of each VP in these
rAAV variants corresponded to the theoretical values by <25 ppm
(Figures 5D and S2; Table S2). VP stoichiometries of rAAV2-
M203V and rAAV2-M211V were calculated from the molar absorp-
tion coefficient at 214 nm of each denatured VP and the peak area of
CGE (Figure 5E). VP1 and VP2 stoichiometry was indicating a pre-
dominant trend in rAAV2-M203V and rAAV2-M211V such that
(VP1 + VP2)/VP3total = 0.35 and 0.32, respectively (Figure S3).

The denaturation temperatures (Tm) of these rAAV variants were as-
sessed by differential scanning fluorimetry (DSF) to be 67.1�C forWT
rAAV2, 68.2�C for rAAV2-M203V, and 67.7�C for rAAV2-M211V,
indicating that these mutations had negligible impact on the confor-
mational stability of the particles (Figure 5F). rAAV2-M203V and
rAAV2-M211V showed 21.9% (MOI 5 � 102) to 24.7% (MOI
1 � 102) and 8.2% (MOI 2.5 � 103) to 11.9% (MOI 1 � 103) higher
in vitro transduction effects on HeLaRC32 cells compared with WT
rAAV, respectively (Figure 6). These results were consistent with



Figure 4. In vitro transduction efficacy of F1.1 and

F2.2 particles in HelaRC32 cells

GFP reporter gene assay results are presented as the

mean from triplicate wells in one representative experi-

ment out of two independent runs. Error bars represent ±

SD of the three independent wells. (A) GFP-positive viable

cells were measured using a fluor cytometer at five MOI

points (MOI 1 � 102, 2.5 � 103, 1 � 103, 2.5 � 103, and

5� 103). (B) In vitro transduction efficacy of selected MOIs

(1� 102 and 5 � 102).
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high VP1 and VP2 stoichiometry showing high transduction effi-
ciency and replicated with different genes of interest (Figure S4).

rAAV2-M203V and rAAV2-M211V possess relatively

homogeneous capsid stoichiometry

We noticed that the particle heterogeneity of these rAAV variants was
altered during rAAV purification. CsCl-DG-AUC was performed to
measure the particle density distribution for each variant in a bulk
state. As a result, the distribution of the particles into two different
densities in WT rAAV converged to a single density in rAAV2 vari-
ants (Figures 7A and S5). The estimated densities from CsCl-DG-
AUC of both rAAV2-M203V and rAAV2-M211V were 1.359 g/cm3.

The theoretical molecular weights of rAAV2-WT, -M203V, and
-M211V calculated using the VP stoichiometry derived from CGE
were 4.54, 4.56, and 4.57 MDa, respectively. Particle measurements
with CDMS for the bulk samples of rAAV2-WT, -M203V, and
-M211V gave molecular weights of 4.75, 4.73, and 4.71 MDa, respec-
tively (Figure 7B), and these values were in close agreement with the
theoretical values. Notably, compared with bulk WT rAAV2, the
convergence of molecular mass to homogeneity was confirmed for
the two rAAV2 variants by the full width at half maximum
(FWHM) values of mass histogram. The FWHM values for
rAAV2-WT, -M203V, and -M211V were 0.18 MDa, 0.13 MDa, and
0.16 MDa, with the rAAV variant having smaller values than
WT. The sharpness of the peak in CDMS mass histogram was in
the following order: rAAV2-WT> -M211V > -M203V. These results
revealed that the two rAAV2 variants have reduced particle
heterogeneity.

Total VP1 and VP2 stoichiometry affects in vitro transduction

efficacy

Based on GFP reporter gene expression results, we normalized the
gene transduction efficiencies of F1.1, F2.2, rAAV2-M203V, and
rAAV2-M211V using the efficiency of gene transduction of bulk
rAAV-WT as measured by flow cytometry. Further, the correlation
among the relative VP1 stoichiometry (VP1/[VP2 + VP3total]), VP2
stoichiometry (VP2/[VP1 + VP3total]), VP1 and VP2 stoichiometry
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([VP1 + VP2]/VP3total) and the normalized
transduction efficiency based on the VP stoichi-
ometry calculated from the area ratio of the CGE
and the molar absorption coefficient was de-
picted (Figure 8). The results showed that there was no good correla-
tion between “VP1 only” and “VP2 only,” indicating good correlation
between the VP1 and VP2 stoichiometry and relative transduction ef-
ficiency. This was consistent with previous reports that showed the
correlation based on the quantitation by gel densitometry, while our
current study revealed a clearer numerical relationship about the cor-
relation. This is directly related to the presence of a phospholipase A2
domain on the VP1u sequence and nuclear transfer signals on the VP1
and VP2 sequences. Naturally, compared with those of F1.1, rAAV2-
M203V, and -M211V, the significantly lower transduction efficacy at
MOI 1 � 103 of F2.2, which contains only high-density rAAV parti-
cles, could be explained by the lower VP1 and VP2 stoichiometry.

DISCUSSION
In this study, we demonstrated the two different distributions of the
density of full particles observed in rAAV in the CsCl density gradient
originated from the heterogeneity of VP subunits and not from the
size difference of the viral genome. The (VP1 + VP2)/VP3total values
were 0.31 for F1.1 and 0.27 for F2.2, corresponding to an increase of
1.8% and a decrease of 2.8% compared with Bulk ([VP1 + VP2]/
VP3total value, 0.28), respectively. These quantitative relationships
could be clarified by the accurate CGEmethod that we recently devel-
oped by combining CGE and mass spectrometry.9 The BS-AUC and
CDMS results supported the higher VP1 + VP2 number in F1.1 than
that in Bulk and F2.2. The estimation of the VP1, VP2, and VP3 com-
binations in 60-mer based on particle mass determined by CDMS
suggested that VP1 and VP2 stoichiometry was obviously higher
for the F1.1 particles than for the F2.2 particles (Figure S6). Corre-
spondingly, F1.1 particles purified through two cycles of CsCl ultra-
centrifugation showed high transduction efficacy in vitro, as evi-
denced by the flow cytometry analysis of GFP reporter gene
expression in HeLaRC32 cells and transduction efficiency that
showed higher transgene expression for F1.1 than Bulk (up to
8.9%). However, considering the reason for the different densities
of AAV in CsCl isopycnic density gradient centrifugation was unclear
from the contradictory reports published to date, no definitive con-
clusions about the relationship between AAV density and potency
could be drawn.7,16–19,35 As described above, an accurate and reliable
linical Development Vol. 31 December 2023 5
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Figure 5. Characterization of rAAV2-M203V and

-M211V

(A) Amino sequence alignment of the VP3 N-terminal re-

gion of AAV1-11 and the number of matches with the

AAV2 sequence. AAV7 and AAV9 had a the highly

conserved sequence with AAV2 for the VP3 N-terminal

region. (B) Productivity comparison between rAAV2 wild-

type (WT) and rAAV2 variants at 24, 48, and 72 h post-

transfection. Productivity assay results are presented as

the means of three independent production batches. Error

bars represent ± SD of titer in three independent pro-

duction batches. (C) CGE electropherograms of rAAV2-

WT and rAAV2 variants. (D) Deconvoluted mass values of

rAAV2-WT and rAAV2 variants for VP3 and VP3 clip. (E) VP

stoichiometry of rAAV2-WT and rAAV2 variants. To

determine the VP molar stoichiometry, areas of the CGE

peaks detected at 214 nm were divided by the molar

extinction efficient of VPs at 214 nm, reflecting the UV

absorbance of peptide bonds and amino acids under

denatured conditions. (F) Thermal unfolding plot of rAAV2-

WT and rAAV2 variants.
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method for quantifying the VP stoichiometry was recently developed.
For example, SDS-PAGE with a dye staining approach provides less
accurate quantitation results because of the dependence of the band
intensity on the amino acid composition. In the development of
rAAV vector, the VP stoichiometry has been recognized as a critical
quality attribute and quality control as a specification for rAAV prod-
ucts as a biopharmaceutical. Meanwhile, how VP ratio of rAAV pro-
duced by HEK cells has an impact on the transduction efficacy was
unknown so far.

Low- and high-density particles have also been previously observed in
WT AAVs (AAV1,17 AAV3,7 AAV4,18 and avian AAV36) produced
6 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
using adenoviruses as helpers and other parvovi-
ruses (H-1 parvovirus37 and mouse minute virus
[MVM]38) preparations. High-density particles
of WT AAV2 were reported to have a higher
DNA:protein ratio than low-density particles.7

However, other studies reported that both types
of particles have the same DNA:protein ratio
and sedimentation velocity.19 Furthermore, the
ratio of infectious units to physical particles
has been reported to be 16- to 300-fold higher
for low-density particles of AAV2 than that for
high-density particles.19 Conversely, no signifi-
cant difference was observed in the infectivity
between low-density and high-density particles
of AAV4, MVM, and H1 parvovirus,18,37,38

although some studies attributed that the differ-
ence in density originated from the difference in
the DNA contents of such particles. Meanwhile,
the rAAV study concluded that the difference
in density originated from the difference in the
VP ratio of such particles. This discrepancy
regarding the properties of high- and low-density particles of AAV
could be attributed to differences in sample preparation method, as
some studies used single CsCl ultracentrifugation for fractionation.
Especially in the case of the same encapsidated DNA, and density dif-
ference derived from VP stoichiometry, as in this case, a single CsCl
ultracentrifugation is insufficient to separate the two types of particles
into fully distinct fractions, since the difference in estimated density
between the two types of particles is marginal (�0.009 g/cm3).
In fact, F1.1, which was prepared by CsCl isopycnic gradient centri-
fugation after affinity chromatography purification, still possessed
residual high-density particles. In this study, we applied second
CsCl isopycnic gradient centrifugation to acquire F2.2, in which



Figure 6. In vitro transduction efficacy of rAAV2-

M203V and -M211V in HelaRC32 cells

GFP reporter gene assay results are presented as the

mean from triplicate wells in one representative experi-

ment out of two independent runs. Error bars represent ±

SD of the three independent wells. (A) GFP-positive viable

cells were measured using a fluor cytometer at five MOI

points (MOI 1 � 102, 5 � 103, 1 � 103, 2.5 � 103, and

5� 103). (B) In vitro transduction efficacy of selected MOIs

(1 � 102 and 5 � 102).
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low-density rAAV is no longer involved in the preparation. Thus,
highly purified rAAV particles with high potency were thus acquired,
indicating that the repetition of CsCl density gradient centrifugation
or its effective optimization is necessary for the preparation of AAV
with higher potency from a heterogeneous AAV full-particle sample
that is in fact a mixture of AAV full particles with different VP
stoichiometries.

Amino acid replacement at both the VP3 and VP3 clip transcription
start sites in rAAV2 resulted in homogeneous rAAV capsids with
high VP1 and VP2 stoichiometry. Leucine (rAAV2-M203L and
rAAV2-M211L)34 and alanine (rAAV2-M211A) substitutions did
not confirm particle formation, even though some serotypes were
conserved at residues 203 and 211, although the N-terminal of VP3
homology was less (Figures 5A and S7). Homogeneous particle for-
mation was seen with valine substitution, suggesting that a very so-
phisticated balance of 60-mer AAV capsid particles is being formed.
The stoichiometry of VP1 + VP2 was higher for rAAV2-M203V,
rAAV2-M211V, andWT rAAV in the bulk state, in descending order.
The changes in stoichiometry of rAAV2-M203V and rAAV2-M211V
are probably related to the translation process itself. Bosma et al. re-
ported that different contexts of VP1 translation initiation sites alter
the amount of VP3 incorporated by altering the level of VP1 transla-
tion.24 In such cases, a decrease in VP1 expression could result in less
VP1 and VP2 incorporation and more VP3 incorporation. Mean-
while, in this study, we introduced an amino acid replacement at
the start site of VP3; the decrease in VP3 translation that resulted
from this could have led to the increased VP1 and VP2 incorporation
for rAAV2-M203V, and similarly the lack of VP3 clip translation vol-
ume could have resulted in the slight increase in VP1 and VP2 incor-
poration for AAV2-M211V, based on the observation of the VP1 and
VP2 stoichiometry being higher in rAAV2-M203V, rAAV2-M211V,
and rAAV2-WT, in that order.

The observation of VP3 in rAAV2-M203V could be explained by the
recognition of the CTG sequence by the ribosome at the original VP3
translation start position as a non-canonical start codon (Figures 3C
and 3D). Once the ribosome binds to anmRNA, it moves forward un-
Molecular Therapy: Methods & C
til it finds the translation initiation site (ATG in
the case of the canonical site) in the appropriate
context and initiates protein synthesis. When
weak initiation sites (e.g., ACG and CTG) are
surrounded by a favorable nucleotide context, they can initiate pro-
tein synthesis in a non-canonical manner. This mechanism, called
leaky ribosome scanning, has recently attracted substantial attention
in the engineering of protein expression.39,40 In fact, a study on nucle-
osomes confirmed that CTG is a non-canonical translation start site
in approximately 7.5% of all translation start sites in HEK293T cells,41

which were used for the production of rAAV in this study. As dis-
cussed in the previous study,8,9 Kozak sequences regulate the expres-
sion levels of VP3 and VP3 clip. If there are two possible initiation
codons to be translated, the initiation codon that has A at the �3 po-
sition besides G at the +4 position (A in the initiation codon AUG is
counted as +1) is preferentially used for expression.42–44 In the case of
VP3 of some AAV serotypes, the first ATG at M203 has A at the �3
position and G at the +4 position (strong Kozak sequence), whereas
the second ATG at M211 has C at �3 and G at +4 (weak Kozak
sequence). Therefore, the population of VP3 is much larger than
that of VP3 clip. In summary, this study showed experimentally
that a portion of the ribosomal subunit reaches the VP3 second start
codon at M211 after missing the VP2 non-canonical start codon and
the VP3 start codon, resulting in VP3 clip expression, while the strong
Kozak sequence at M203 results in significant VP3 translation in the
WT. VP3 clip was shown experimentally to be significantly translated
in theWT. The ATG to CTGmutation at position 203 could cause the
low translation of VP3 of WT rAAV starting from M203 because of
the lower frequency of the ribosome being trapped by the strong Ko-
zak sequence, resulting in the translation at a non-canonical transla-
tion initiation codon. This was indicated by the deletion of the valine
residue at position 203 and the acetylation of the alanine residue at the
N terminus (see Table S1). On the other hand, the change from ATG
to CTG at position 211 resulted in a weak initiation codon and a weak
Kozak sequence that did not translate the VP3 clip, which was gener-
ated through the mechanism mediated by the non-canonical initia-
tion codon, resulting in rAAV2-M211V for the three VPs.

The use of flow cytometry to evaluate the in vitro transduction efficacy
showed that rAAV2-M203V and rAAV2-M211V could transduce
genes into HeLa cells with higher efficiency (up to 24.7% and 21.9%,
respectively) than the bulk WT rAAV2. Considering the clear
linical Development Vol. 31 December 2023 7
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Figure 7. Particle homogeneity of rAAV2-M203V and -M211V

(A) CsCl-DG-AUC profile of rAAV2-WT, -M203V, and -M211V for bulk state. (B) CDMS mass histogram (right) and charge versus mass scatterplot (left) of rAAV2-WT,

-M203V, and -M211V for bulk state.
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relationship between the transduction efficiency and the VP1 and VP2
stoichiometry seen in F1.1 and F2.2, this result is attributed to the
increased VP1 and VP2 stoichiometry in the homogeneous particles
of these rAAV variants. In a previous report, mutations at the M203
and M211 positions were shown to affect particle stability and assem-
bly.34 In this study, we examined the thermostability of the particles
that corresponds to the structural stabilityof the capsid.The results indi-
cated no significant difference in denaturation temperatures in DSF be-
tween WT rAAV2 and these rAAV2 variants. The fact that the Tm
values were similar to that of WT rAAV suggests the increase in VP1
and VP2 stoichiometry, rather than the impact on the capsid structural
stability, is solely responsible for the increased transduction efficacy.

Wörner et al. proposed a VP stoichiometry model based on native
mass spectrometry data and parallel spectral simulations, which pre-
dicted that the compositional stoichiometry of VP subunits of AAV
capsids is broadly distributed.15 Our CsCl isopycnic gradient ultra-
centrifugation succeeded in the fractionation of particles with
different VP stoichiometries that constitute the WT bulk. CsCl-
DG-AUC analysis also showed that the difference in the theoretical
vbar in water between F1.1 and F2.2 based onVP stoichiometry deter-
mined by CGE with the same encapsidated ssDNA was 0.0003 cm3/g
(F1.1: 0.6839 cm3/g and F2.2: 0.6837 cm3/g), while the difference in
vbar in CsCl isopycnic point in the experiment was 0.0049 cm3/g
(F1.1: 0.7396 cm3/g and F2.2: 0.7347 cm3/g). This suggests that the
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difference in vbar due to differences in VP stoichiometry was signif-
icantly enhanced in the CsCl condition. However, particle stoichiom-
etry distributions of rAAV2-M203V and rAAV2-M211V converged
to homogeneity in the CsCl DG-AUC. Consistent with this,
rAAV2-M203V and rAAV2-M211V showed only one band during
purification using CsCl density gradient ultracentrifugation (DG-
UC). The CDMS results also indicated particle VP homogeneity of
the variants, mass histograms of rAAV2-M203V and rAAV2-
M211V exhibited FWHM of 0.13 MDa and 0.16 MDa, respectively,
indicating a narrower mass distribution than that of rAAV2-WT
(0.18 MDa) (Figure 7B). Recently, it has been shown that VP ratios
depend on the production system, with VP1 expression generally be-
ing lower in baculovirus production systems.45,46 The VP1 and VP2
ratio has also been found to be higher in rAAV produced byHEK pro-
duction systems than in that produced in baculovirus production sys-
tems.15 It would be reasonable to infer that the distribution of VP stoi-
chiometry in rAAV particles was affected by the levels of VP3 and
VP3 clip translation, although all rAAV2 was produced in
HEK293T cells. The exact mechanism of AAV particle assembly
and the reduced particle heterogeneity remains unresolved.

In this study, the VP stoichiometry was well associated with in vitro
transduction efficiency, as confirmed by the quantitative analysis of
VP stoichiometry regarding the VP1 and VP2 stoichiometry and
the transduction efficiency analysis. Two regions in VP1, one of which
er 2023



Figure 8. Correlation between VP stoichiometry and transduction efficacy

(A–C) Plot of VP molar stoichiometry and transduction efficiency of Bulk, F1.1, F2.2, rAAV2-M203V, and -M211V. Relative potencies indicate GFP-positive viable cell counts

at MOI 1� 102, all normalized to the bulk state WT value of 1. Error bars represent ± SD for three independent wells in the GFP reporter gene assay. (A) Correlation between

VP1 stoichiometry and relative potency. (B) Correlation between VP2 stoichiometry and relative potency. (C) Correlation between the total stoichiometry of VP1 and VP2 and

relative potency.
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is also present in VP2, are postulated to be responsible for the trans-
duction efficiency of AAV. The N-terminal region of VP1, normally
embedded in the capsid and exposed during intracellular transport of
the vector, plays an important role in the translocation of vector to the
nucleus.10,13,20,22,23 Phospholipase domains in this region specifically
hydrolyze the 2-acyl ester (sn-2) bonds of phospholipids that form the
lipid bilayer of the endosome, resulting in endosomal escape of AAV.
The high level of VP1 incorporation into the capsid is expected to
improve the efficiency of AAV-based DNA transport into the cell nu-
cleus. Here, when we looked only at the stoichiometry of VP1, this did
not explain the in vitro transduction efficacy. Therefore, we also
considered the contribution of NLS, another functional region of
VP1 that is also present in VP2. Upon applying this approach, we
found a complete correlation between the total sum of VP1 and
VP2 and the transduction efficacy. Thus, VP1 and VP2 stoichiometry
is important for rAAV to achieve high transduction efficiency.

In this study, the AAV particles, originally known to be heteroge-
neous, differed in VP stoichiometry, and two cycles of ultracentrifu-
gation enabled their fractionation into rAAV particles with high VP1
and VP2 stoichiometry and high potency. The important roles played
by the total increase in VP1 and VP2 is associated with both possess-
ing an NLS, which is responsible for the transportation of rAAV and a
PLA2 domain, responsible for endosomal escape. This study showed
the successful creation of variants with a high VP1 and VP2 stoichi-
ometry and with particle homogeneity. These variants with high VP1
and VP2 stoichiometry are better suited to the more scalable LC-
based purification. This is currently a focus of development for
achieving large-scale production. In recent years, while capsid engi-
neering for well-directed tropism has been conducted, manufactur-
ability is critical. Therefore, variants with high potency and high
manufacturability, such as those presented in this study, will become
more important from a manufacturing perspective in the future.

MATERIALS AND METHODS
Cell culture

Suspended HEK293T cells were used for AAV vector production. In
addition, HeLaRC32 Cells were used for in vitro characterization. Sus-
Molecular T
pended HEK293T cells were maintained with BalanCD HEK293
(FUJIFILM Irvine Scientific, Inc., Santa Ana, CA) with 1% peni-
cillin-streptomycin. HeLaRC32 cells were maintained in DMEM
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine
serum (FBS, Hyclone [GE Healthcare Life Sciences], Madison, WI)
and 1% penicillin-streptomycin (Gibco [Thermo Fisher Scientific],
Grand Island, NY). Cells were grown as adherent cultures in 5%
CO2 at 37�C.

Construction of variant plasmid

The translational start of the VP3 and VP3 clip was modified through
site-directed mutagenesis. For each variant plasmid, two complemen-
tary PCR primers, containing a missense mutation in the individual
capsid protein in the start codons were used to introduce changes
in the cap open reading frame. These plasmids were screened for re-
striction sites inserted by silent mutations, and the mutations were
confirmed through DNA sequencing.

rAAV preparation

All rAAV vectors were generated using the triple plasmid, co-trans-
fection. Briefly, pAAV-Rep&Cap (serotype 2), pAd helper, and
transgene (CMV-EGFP) plasmids (Vector Builder, Vector ID:
VB010000-9394npt) were co-transfected into suspended HEK293T
cells cultured in a bioreactor at a ratio of 1:1:1. Vectors from the
transfected cells and the medium were harvested 72 h post-transfec-
tion and purified through affinity chromatography using AAVx col-
umns (Thermo Fisher Scientific, Waltham, MA). Bulk rAAV sam-
ples were purified using affinity chromatographic purification
followed by a single CsCl ultracentrifugation to separate full and
empty particles. The rAAV samples purified through affinity chro-
matography (>2 mL) were transferred to 13.2 mL ultra-clear ultra-
centrifuge tubes containing 2.5 M CsCl/PBS with 0.001 w/v% polox-
amer-188 solution, bringing the final volume to 12 mL. The tubes
were centrifuged at 34,000 rpm in an Optima XE-90 (Beckman
Coulter, Inc., Brea, CA) using a Beckman SW41Ti rotor at 20�C
for 72 h. The virus band was collected with an online monitoring
apparatus and dialyzed in Slide-A-Lyzer 10K (Thermo Fisher
Scientific).
herapy: Methods & Clinical Development Vol. 31 December 2023 9
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Two-cycle CsCl DG-UC purification

We conducted two-cycle CsCl DG-UC to separate and fractionate
high- and low-density full particles. The purified rAAV samples
(>2 mL) were transferred to 13.2-mL ultra-clear ultracentrifuge tubes
containing 2.5MCsCl/PBS with 0.001 w/v% poloxamer-188 solution,
bringing the final volume to 12 mL. The tubes were then centrifuged
at 34,000 rpm in an Optima XE-90 (Beckman Coulter) using a Beck-
man SW41Ti rotor at 20�C for 72 h. The virus band containing the
enriched complete particles was extracted and mixed with 2.5 M
CsCl/PBS with 0.001 w/v% poloxamer-188 solution and subjected
to another round of ultracentrifugation at 24,000 rpm for 72 h. The
virus band was collected with an online monitoring apparatus and
dialyzed in Slide-A-Lyzer 10K (Thermo Fisher Scientific).

CGE for ssDNA

We treated 10 mL AAV solution (1.0 � 1012 viral genome) with
DNAase and ProteaseK to extract the ssDNA from the capsid using
the following protocol. To prepare the rAAV sample, 20 mL of
nuclease-free water, 3 mL of 10� DNase buffer, 1.5 mL of Benzonase,
and 5.5 mL of 1� PBS with 0.001% P-188 were mixed to obtain a final
volume of 30 mL. Then, the sample was incubated at 37�C for 30 min.
Thereafter, 30 mL of DNase-treated AAVs were transferred to a new
tube, to which 10 mL of 500 mM EDTA, 55 mL of 1� PBS with 0.001%
P-188, and 5 mL of Proteinase K (20 mg/mL) were added to obtain a
final volume of 100 mL. Next, the mixture was incubated at 55�C for
60 min, after which the mixture was heated at 95�C for 20 min,
followed by centrifugation to collect the lysate. Then, the ssDNA
was purified according to the protocol mentioned in the QIAquick
PCR Purification Kit (QIAGEN, Hilden, Germany) and used as the
final collected sample. CGE was measured using a PA800Plus system
(Sciex, Framingham, MA). The prepared samples were injected via
electrokinetic injection. Detection was performed using a 488-nm
laser excitation fluorescence with an emission filter of 520 nm.

CGE for VP components

AAV samples for CGE measurement were prepared mostly in accor-
dance with a previously reported procedure.29 AAV solutions with a
volume of 10 mL (5.0 � 1010 viral genomes) were denatured and
buffer-exchanged following the protocol and the final collected sam-
ple was diluted with 50 mL of deionized water for injection. CGEmea-
surement was performed using a PA800Plus system (Sciex). Prepared
samples were injected with water plug sample stacking. Detection was
performed at 214 nm using a photo diode array detector.

CDMS analysis with intact capsid

Prior to analysis by CDMS, 25 mL of each sample was directly buffer-
exchanged into 200 mM aqueous ammonium acetate (Invitrogen,
AM9070G) with 0.01% pluronic F-68 (ThermoFisher Scientific,
24040032) using Micro Bio-Spin P-6 gel columns (Bio-Rad, 7326221).

Mass analysis was performed using a prototype Charge Detection-
Mass Spectrometer with an electrostatic linear ion trap that is based
on the system built by Megadalton Solutions, which has been
described previously.47–50 Ions were generated by positive mode
10 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
nanoelectrospray ionization using a TriVersa NanoMate (Advion,
Ithaca, NY), equipped with a 5-mm ID nozzle and standard A chip.
The mass range of CDMS system was calibrated using L-glutamate
dehydrogenase (GDH) from bovine liver (Sigma-Aldrich, G7882).
To generate this calibration, the m/z peaks in the GDH spectra
were plotted against the theoretical m/z values of GDH to give a
correction factor that was used to accurately determine the mass
and charge from the CDMS system. The NanoMate aspirated 5 mL
(5.0 � 1012 vg/mL) of each sample to be infused into CDMS system
with 1.75 kV applied to the nozzle. The spectra were collected
until approximately 3,000 ions were captured within the mass
range of 3–5 MDa, with a total acquisition time of approximately
10–12 min. Signal processing and data visualization were performed
using prototype software developed in-house.
LC-MS with intact VPs

rAAV samples were denatured with 10% acetic acid (FUJIFILM
Wako Chemicals, Hyogo, Japan) and incubated at room temperature
for 15 min. For the on-column denaturation experiment, AAV orig-
inal solutions were directly used without acetic acid treatment. AAV
samples were injected to Nexra HPLC (Shimadzu, Kyoto, Japan)
coupled with a maXis II ETD ESI-QTOFmass spectrometer (Bruker).
The separation was performed on an ACQUITY BEH C4 column
(300 Å, 1.7 mm, 2.1 mm � 150 mm; Waters, Milford, MA) at a
flow rate of 0.2 mL/min and temperature of 80�C. Mobile phases A
and B were 0.1% difluoroacetic acid (Waters) in MS-grade water
(Kanto Kagaku Co., Ltd., Tokyo, Japan) and in acetonitrile (Thermo
Fisher Scientific), respectively. The pH values of solution A and a
mixture of 95% solution A and 5% solution B were measured as
1.93 and 1.90, respectively. Intact VPs were eluted from a 32% B to
36% B gradient in 15 min. UV adsorption at 280 nm and intrinsic
fluorescence of aromatic amino acids with the excitation wavelength
set at 280 nm and the emission wavelength set at 350 nm were used
for detection of the LC chromatogram. Deconvolution analysis was
performed in the mass range of 40,000–90,000 Da to determine the
mass values of VP components in the eluted peaks. Visualization
and processing of mass spectra were performed using Bruker Com-
pass Data Analysis software ver. 5.1 (Bruker) and the maximum en-
tropy was used for deconvolution.
CsCl-DG-AUC

Samples were dissolved in a CsCl solution of the set prepared concen-
tration in PBS with 0.001 w/v% poloxamer-188 as the solvent. Each
rAAV stock was diluted to a final absorbance at a 1-cm path length
of approximately 0.1 at 230 nm. A total of 390 mL of the sample
was loaded into the sample sector equipped with sapphire windows
and a 12-mm double-sector charcoal-filled epon centerpiece (Beck-
man Coulter, USA). Further, 400 mL of a corresponding CsCl solvent
was loaded into each reference sector.

Data were collected at 20�C using Optima AUC (Beckman Coulter) at
42,000 rpm with a UV-Visible absorption detection system every
hour for up to 72 h with a radial increment of 10 mm.
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Determination of Tm

Structural stabilities of rAAV capsid were assessed by DSF using Un-
cle (Unchained Labs, Pleasanton, CA). Nine microliters of the rAAV2
samples were added to special measurement wells called Uni. Intrinsic
fluorescence of aromatic amino acids (mainly from Trp51) excited by
a 266-nm laser was measured as the temperature was increased at a
rate of 1 �C/min. A redshift, involving the wavelength shifting to a
greater value because of an environmental change of Trp residues
from hydrophobic surroundings to hydrophilic ones during protein
denaturation, was detected by plotting temperature on the y axis
and barycentric mean (BCM) of the fluorescence from 300 to
430 nm on the x axis. The point at which the integral value of
BCM peaked was defined as Tm.

BS-AUC

BS-AUC experiments and analysis were performed in accordance
with our previously reported method.31 Briefly, AAV stocks were
diluted to a final absorbance at a 1-cm path length of 0.25 at
260 nm. Then, 15 mL of the AAV vector solution and solvent
were loaded into a sample or reference reservoir well with a
12-mm band-forming centerpiece (Spin Analytical, Berwick, ME)
equipped with sapphire windows. A volume of 240 mL or 250 mL
of PBS/D2O with 0.001% w/v poloxamer-188 was loaded into the
sample or reference sector, respectively. Data were collected at
20�C using the Optima AUC (Beckman Coulter) at 20,000 rpm
with a UV detection system. Data were collected immediately with
a radial increment of 10 mm. The BS-AUC sedimentation data
were analyzed using the analytical zone centrifugation c(s) model
of the program SEDFIT (version 16.2b), where the lamella width,
frictional ratio, meniscus, time-invariant noise, and radial-invariant
noise were fitted using a regularization level of 0.68. The s-value
range of 0–175 S was evaluated with a resolution of 350, and the
buffer density and viscosity of PBS/H2

18O were calculated using
the program SEDNTERP. The figures of the c(s) distribution were
generated using the program GUSSI (version 1.3.2). The s-value
was described as sw (s-value as an apparent value under the exper-
imental conditions).

In vitro transduction efficacy assay

HeLaRC32 expressing the Rep and Cap genes for rAAV replication.
After culture, HeLaRC cells were seeded in 24-well culture plates
(Corning Inc., NY) at 5 � 104 cells/well. The next day, cells were
observed using a microscope to check that they were uniformly
attached to the surface in all plates. Cells were infected with the
AAV vectors at MOI 1 � 102, 2.5 � 103, 1 � 103, 2.5 � 103, and
5 � 103 in triplicate. The amounts of rAAV solutions were deter-
mined according to the calculated cell counts in three randomly
selected wells. After 5 h, complete medium (DMEM, 10% FBS, 1%
P/S) was added for further culture. At 72 h post-infection, cells
were washed with DPBS (Wako, Osaka, Japan) and detached using
TrypLE Select Enzyme (1X), with no phenol red (Thermo Fisher Sci-
entific). Trypsin digestion was terminated by adding complete me-
dium. Analysis of GFP expression was performed in a CytoFlex II
Flow Cytometer (Beckman Coulter) using a fluorescein isothiocya-
Molecular Th
nate (excitation: 498 nm, emission: 522 nm) channel with a threshold
of 10,000 being used to identify GFP-positive cells.

Real-time qPCR

rAAV vectors were quantified by qPCR in QuantStudio 3 Real-Time
PCR System (Thermo Fisher Scientific) using AAVpro Titration Kit
(for Real-Time PCR) Ver. 2 (Takara, Tokyo, Japan). Almost all steps
were processed according to the manual. Briefly, DNase I treatment
was performed to digest DNA outside the capsid, following heat inac-
tivation of enzyme and capsid denaturation. The extracted viral
genome was diluted andmixed with solution containing TBGreen in-
tercalating dye. A dilution series of the positive control (2 � 107 to
2 � 102 copies/mL) was measured to generate a standard curve.
Twominutes of initial denaturation at 95�Cwas followed by 35 cycles
of denaturation at 95�C for 5 s and annealing at 60�C for 30 s, with
final melting curve analysis. Viral titers were calculated in technical
duplicates as genomic particles per milliliter.

Productivity assay

WT rAAV and rAAV variants were produced in 20-mL flasks (Corn-
ing, Corning, NY, USA) using suspended HEK293T cells (three flasks
per rAAV type). The cells were subjected to triple transfection accord-
ing to established protocols. Then, the cells were allowed to grow for
24, 48, and 72 h in an incubator. At each time point, the cells were
collected through centrifugation and the cell pellet was resuspended
in AAV-MAX lysis buffer to obtain a lysate containing rAAV parti-
cles. Real-time qPCR was used to quantify the rAAV titer in each
lysate. Finally, the productivity of WT and rAAV variants was
compared based on their respective titers.

Image processing of graphical abstract figure

The rAAV2 structure, PDB ID: 1LP3 (60-mer), was used as template.
The visualization of X-ray crystallography maps and image making
was performed using 3D Protein Imaging.52
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Molecular weight (Mw) estimation 
The theoretical Mw values of AAV2-Empty were determined from the amino acid 
composition of capsid protein determined by CGE measurement using SEDNTERP. 
Furthermore, the theoretical Mw values of ssDNA were calculated from the DNA 
compositions. 
In BS-AUC experiment, the Mw values of AAV2-Empty and AAV2-Full were calculated 
using the Svedberg equation: 

!
"
= #(%&'()*+)

-.
     (Equation S1) 

where s is the sedimentation coefficient, D is the diffusion coefficient, M is the 
Mw,	𝑣𝑏𝑎𝑟	is the particle partial-specific volume,	𝜌	is the solvent density, R is the gas 
constant, and T is the absolute temperature. 
 
Partial specific volume (𝒗𝒃𝒂𝒓) calculation 
The 𝑣𝑏𝑎𝑟 values of AAV-Empty were calculated from the amino acid composition of 
capsid protein determined by CGE measurement. 

The 𝑣𝑏𝑎𝑟 values of F1.1 and F2.2 in water can be theoretically calculated using the 
following equation: 

𝑣𝑏𝑎𝑟//0&12 =
'()*!!"#$%&'(×#4!!"#$%&'(5'()*))*+!×#4))*+!

#4!!"#$%&'(5#4))*+!
     (Equation S2) 

where 𝑣𝑏𝑎𝑟//0&1%.%	8*	19.9, 𝑣𝑏𝑎𝑟//0&:;<=>, and 𝑣𝑏𝑎𝑟!!"?/ are the partial-specific 
volume of AAV-F1.1 or F2.2, AAV-Empty, and ssDNA, respectively. 0.52 cm3 g−1 was 
used as 𝑣𝑏𝑎𝑟!!"?/ based on the previous study.5 𝑀𝑤//0&1%.%	8*	19.9, 𝑀𝑤//0&:;<=>, and 
𝑀𝑤!!"?/ are the Mw of AAV-FP1.1 or AAV-FP2.2, AAV-EP, and ssDNA, respectively. 
, using partial specific volumes of 0.6840 cm3/g and 0.6837 cm3/g (Equation S2), 
respectively, and a frictional ratio (f/f0) of 1.46 for both particles. 
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Figure S1. DNA packaging ratio of rAAV-WT, -M203V and -M211V evaluated by 
mass photometry (MP). 
DNA packaging ratio before centrifugal purification were measured by MP. MP 
experiments were conducted using the TwoMP instrument (Refeyn, Oxford, UK). 

A) One of the representative mass distributions of rAAV-WT, -M203V and -M211V. 
Show Gaussian fitting for empty particle in green for full particle in blue. 

B) DNA packaging ratio of rAAV-WT, -M203V and -M211V.  

WT

M211V

M203V

A

B



 3 

 
 
Figure S2. Deconvoluted mass values of WT, M203V, and M211V for VP1 and VP2 
by liquid chromatography-mass spectrometry (LC-MS). 
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Figure S3. Variability of VP stoichiometry of rAAV2-WT, -M203V, -M211V. 
A) Variability of VP stoichiometry for rAAV2-WT, -M203V, -M211V in the three 

different batches. 
B) Means and standard deviations in the three different batches. 
  

A

B
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Figure S4. Characterization of rAAV2-WT, -M203V and -M211V on differential 
transgene. 
rAAV2-M203V and -M211V with the transgene changed to CMV-zsGreen1 were 
prepared and evaluated VP stoichiometry and In vitro transduction efficacy. 
A) VP stoichiometry of WT, M203V and M211V. 
B) GFP positive viable cells were measured by fluor cytometer at five points of MOI 

(MOI 1x102, 5x102, 10x102, 25x102 and 50x102).  
C) In vitro transduction efficacy of selected MOI 10x102 and 25x102. 
  

Supplemental figure 2

A B C
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Figure S5. CsCl-density gradient analytical ultracentrifugation (CsCl-DG-AUC) 
profile of rAAV2-M203V and -M211V on differential transgene. 
A-B were CsCl-DG-AUC profile of rAAV2 variants packaged zsGreen1 gene 
downstream of cytomegalovirus promoter (CMV-zsGreen1), and the single distribution 
was observed in both variants. 
A) CsCl-DG-AUC profile of rAAV2-CMV-zsGreen1-M203V. 
B) CsCl-DG-AUC profile of rAAV2-CMV-zsGreen1-M211V. 
  

Supplemental figure 3
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Figure S6. Estimation of VP combination in 60-mer based on particle mass by CD-
MS. 
Heat maps of VP matrix-mass value were created to assess the correspondence of VP1 
and VP2 stoichiometry between theoretical mass values and measured mass values for 
particles from CD-MS analysis.  Calculated mass value based on CGE experiments 
were also indicated. 
The theoretical mass values of the corresponding VP combination were indicated in 
each cell, and the color chart indicates the difference from the CD-MS mass value. The 
mass values of all VP combinations were calculated as a 60-mer and all components 
except VP1 and VP2 were calculated as VP3. Yellow squares indicate mass value using 
VP1 and VP2 stoichiometry obtained from CGE measurement. 
A) Heat map of mass difference between CD-MS mass value and each VP combination 

for F1.1 particles. 
B) Heat map of mass difference between CD-MS mass value and each VP combination 

for F2.2 particles. 
  

A B
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Figure S7. Particle assembly assessment. 
To evaluate rAAV particle formation, cell lysates at 72 hours post-transfection were 
assayed by qPCR. Cell lysates transfected with plasmids except for the pHelper plasmid 
were used as negative controls, considering the possibility of insufficient digestion with 
Benzonase prior to qPCR measurement. Particle formation was considered to have failed 
in cases of titers comparable to those of the negative control. 
  

Supplemental figure 4
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Table S1. Comparison of theoretical and measured molecular mass. 
 

 

*Total VP number was assumed to be 60 in a single AAV particle. 
*Molecular weights used for the calculation of theoretical mass value from amino acid sequence: VP1: 81855.24, VP2: 66488.20, VP3: 
59974.02, VP3clip: 59301.27 for wild-type, VP1: 81823.1875, VP2: 66456.14, VP3: 59974.02, VP3clip: 59301.27 for rAAV2-M203V, 
VP1: 81823.1875, VP2: 66456.14, VP3: 59941.96 for rAAV2-M211V and the calculation of theoretical mass value from nucleic acid 
sequence: ITR-CMV-EGFP-ITR (2,521 bp): 777502.35. 
  

Theoritical mass  from CGE result*
(MDa)

Molecular mass from CDMS
(MDa)

Molecular weight from BS-AUC
(MDa)

AAV 1.0 : 1.0 : 10.0 :- 4.54 - -
F1.1 1.0 : 1.3 : 6.9 : 0.4 4.56 4.70 5.24
F2.2 1.0 : 1.4 : 8.6 : 0.4 4.53 4.58 5.11

rAAV2-WT 1.0 : 1.3 : 10.9 : 0.4 4.54 4.75 -
rAAV2-M203V 1.0 : 1.8 : 0.5 : 7.5 4.56 4.73 -
rAAV2-M211V 1.0 : 1.9 :  9.1 :  0 4.57 4.71 -

VP ratio from CGE
(VP1:VP2:VP3:VP3clip)
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Table S2. Estimated amino acid sequence and mass accuracy by LC-MS measurements. 
 

 
 

Mass accuracy (ppm)Theoretical mass (Da)Observed mass (Da)Estimated amino acid sequence

0.9581855.2481855.32VP1 (A2(Ac)-L735)

AAV2-WT
5.7666488.2066487.82VP2 (A139-L735)

14.7359974.0259973.14VP3 (A204(Ac)-L735)

24.9559301.2759299.79VP3 clip (A212(Ac)-L735)

2.3581823.1981823.38VP1-M202V (A2(Ac)-M203V-L735)

AAV2-M203V
13.7066456.1466455.23VP2-M65V (A139-M203V-L735)

20.0759974.0259972.82VP3 (A204(Ac)-L735)

17.7059301.2759300.22VP3 clip (A212(Ac)-L735)

13.3581823.1981824.28VP1-M210V (A2(Ac)-M211V-L735)

AAV2-M211V
0.6166456.1466456.10VP2-M73V (A139-M211V-L735)

4.0859941.9659941.72VP3-M8V (A204(Ac)-M211V-L735)

--NDVP3 clip (A212(Ac)-L735)
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