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a b s t r a c t

Mass spectrometry (MS) has been utilized to address the need for a rapid and reliable assay to confirm the
capsid serotype identity of recombinant AAV gene transfer vectors. The differences in the primary amino
acid sequence of AAV serotypes generate a unique set of fragments with different masses upon proteolytic
digestion, and by comparing the fragment masses against common and custom databases, reliable capsid
serotype identification is achieved. Highly homologous serotypes, such as AAV1, AAV2, and AAV8, can
be distinguished from each other, as well as from less homologous serotypes such as AAV4, and AAV5.
Furthermore, analysis of the MS data for wild-type AAV4 compared to an AAV4 capsid with a single amino
acid mutation demonstrates the sensitivity of the method and validates the relevance of the method in the
context of retinal gene transfer. With an expanding repertoire of AAV serotypes, physicochemical methods
Capsid

Retina
Serotype identity
M

for capsid analysis, such as MS, are highly desirable and do not require product-specific analytical reagents
such as monoclonal antibodies. A MS-based capsid identity test is suitable for cGMP lot release testing of
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. Introduction

AAV is a small, single-stranded DNA virus that has a non-
nveloped capsid composed of 60 subunits with T = 1 icosahedral
ymmetry. The viral genome consists of two open reading frames,
ep and cap, that are flanked by inverted terminal repeats (ITRs).
he rep gene encodes proteins required for viral genome replication
nd packaging, while the cap gene encodes the structural proteins,
P1, VP2 and VP3, which differ in their N-terminal region and are
resent in the mature virion at a ratio of 1:1:10. The minimal viral
equences required in cis for viral DNA replication and packaging
re the ITRs (McLaughlin et al., 1988; Xiao et al., 1997). To produce
ecombinant AAV (rAAV) vectors, the rep and cap genes are sup-

lied in trans, and the therapeutic transgene expression cassette
anked by the ITRs is packaged into AAV capsids (Hermonat and
uzyczka, 1984). As a result, the ITRs are the only viral sequences

xpected in AAV vector virions.
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There are twelve known serotypes of AAV (Schmidt et al., 2008),
each with unique properties. Fig. 1 shows a phylogenetic tree of
AAV1 through AAV12, with the recently isolated AAV12 shown
closely related to AAV11 and AAV4. AAV2 was the first serotype to
be used for gene transfer applications and has been utilized in the
majority of AAV clinical trials to date. With the recent discovery of
over 100 new AAV sequences (Chen et al., 2005; Gao et al., 2002,
2004; Mori et al., 2004; Rutledge et al., 1998; Schmidt et al., 2006),
there is the potential for an expanding number of AAV serotypes
that could be developed into gene transfer vectors in the future.
AAV serotypes differ in tissue tropism, transduction efficiency, and
antigenic reactivity. Studies have shown that neutralizing antibod-
ies are generated against the AAV capsid which hinders subsequent
re-administration (Hernandez et al., 1999; Moskalenko et al., 2000;
Peden et al., 2004; Petry et al., 2008; Vandenberghe et al., 2006;
Zaiss and Muruve, 2008). Pseudotyped rAAV vectors using differ-
ent capsid serotypes are desirable for repeat administration as
well as for patients that have preexisting circulating antibodies to

AAV2. The rAAV vectors utilized to date in clinical trials have been
well tolerated and have an excellent safety profile. Currently, AAV1,
AAV2, AAV5, and AAV6 vectors are in clinical trials approved by
the US Food and Drug Administration (Mueller and Flotte, 2008)
for a variety of indications. Most recently, results from clinical tri-
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pAAV was cloned by inserting a ClaI linker, and digesting with
ig. 1. Phylogenetic tree of AAV serotypes 1–12, depicting the evolutionary relation-
hip among the serotypes.

ls of the inherited blindness Leber Congenital Amaurosis (LCA)
hat utilize rAAV2-RPE65 vectors have been reported (Bainbridge
t al., 2008; Cideciyan et al., 2008; Maguire et al., 2008; Hauswirth
t al., 2008). rAAV serotype 4 vectors have also been shown to
e efficient for retinal gene transfer and treating animal models
f LCA (Le Meur et al., 2007), and are being developed for the
linic.

Currently, for rAAV vectors used in clinical trials, the vector
enome is sequenced as an identity test needed for cGMP prod-
ct release prior to patient administration; however, the number
f existing methods is limited for confirming the capsid serotype
f the rAAV vector lot that was manufactured. With the potential
or vectors of several serotypes being utilized, reliable methods
o verify the AAV capsid serotype identity are needed, and cur-
ent methods may be inadequate. For example, a PCR-based assay
sing unique primers to the cap gene of different serotypes has
een developed to distinguish the serotype of wild-type (wt) AAV2,
AV3B and AAV6 (Mitchell et al., 2006); however, for rAAV vectors

he rep and cap genes have been removed and replaced with a ther-
peutic gene, thus this assay cannot be utilized. Grimm et al. (1999,
003) developed a capture ELISA for AAV2 and AAV3 using the
onoclonal antibody A20 and recently, new monoclonal antibodies

mAbs) were generated for serotypes 1/6, 4, and 5 (Kuck et al., 2007).
hese antibodies were shown to recognize a capsid-specific confor-
ational epitope and do not cross react with the limited number

f other serotypes tested; however, with an increasing number of
AV serotypes being developed for clinical application, antibodies

hat do not cross react may be difficult to obtain. Furthermore, spe-
ific capsid antibodies are not available for many serotypes, and
tilizing mAbs is probably insufficient for verifying the identity of
enetically modified AAV capsids or engineered capsids that are an
nsemble of multiple serotypes (Muzyczka and Warrington, 2005).
reviously, a method that relies on the proteolysis of intact AAV cap-
ids for determining capsid serotype identity was described (Van
liet et al., 2006). Since the current trend is toward customized AAV
ectors, methods that rely on the inherent capsid composition are
eeded for analysis.

In the product manufacturing setting, the United States Phar-
acopeia and European Pharmacopeia include Mass Spectrometry

MS) techniques for the identification and quantitation of com-
ounds and impurities, including biotechnology derived products
European Pharmacopeia, 2002; United States Pharmacopeia,
007). These product testing methods are utilized to determine

f the product specifications are met prior to administration to
umans. In the research setting, the application of MS has been
hown to provide useful, robust, and rapid proteomics approaches
o identify viral proteins produced during the course of infection for

arek’s Disease Virus (MDV) (Liu et al., 2006). Advances in MS tech-
iques have allowed detection of viruses that are human pathogens

Colquhoun et al., 2006) and have also been used to identify the viral
roteins associated with a variety of viruses (Renesto et al., 2006;
esch et al., 2007; Kattenhorn et al., 2004; Swatkoski et al., 2007;
aaty et al., 2006). It was also demonstrated that MS could be used
al Methods 159 (2009) 167–177

to monitor hepatitis C virus (HCV) genotype 1a, which exists as a
heterogeneous population of quasispecies in patients (Yea et al.,
2007). Furthermore, MS has been used to investigate dynamic cap-
sid structural transitions that occur for viruses in solution, such as
Cowpea chlorotic mottle virus (Speir et al., 2006). For AAV2, high
resolution MS has been utilized to characterize capsid protein gly-
cosylation (Murray et al., 2006); however, MS has not previously
been utilized to determine the capsid serotype of rAAV gene transfer
vectors.

In this work, we describe a method for AAV capsid serotype iden-
tity testing that addresses the need for a rapid and reliable assay
for product lot release. We show that MS of individual AAV cap-
sid proteins is a viable method for reliable serotype identification
when fragment masses are compared against common and custom
sequence databases. Utilizing these methods, highly homologous
serotypes can be distinguished from each other, as well as from
less homologous serotypes. Furthermore, MS is able to distinguish
between the wtAAV4 capsid and an AAV4 capsid with a single
point mutation even though the in vivo retinal transduction effi-
ciencies showed little difference. MS will be useful for evaluating
customized clinical gene therapy vectors with capsids that have
been intentionally modified for purposes of tissue-specific tar-
geting and higher transduction efficiencies. With the expanding
number of AAV serotypes, physicochemical methods such as MS
that do not rely on the availability of product-specific reagents such
as mAbs are highly desirable as rAAV vector product release tests
in the cGLP or cGMP setting.

2. Materials and methods

2.1. AAV1, 2, 5, 8 vectors

rAAV2-GFP vector virions were produced by transient trans-
fection of HEK293 cells. Cells were harvested and lysed by 3
freeze/thaw cycles, cell debris was removed by centrifugation
(3000 × g for 10 min), and deoxycholate (DOC) was added to the
supernatant to a final concentration of 0.5%. Lysates were incu-
bated for 30 min at 37 ◦C with 50 U/ml of Benzonase, and purified
on sequential cesium chloride (CsCl) density gradients. Cesium frac-
tions were dialyzed and heparin chromatography was performed as
a concentration step (Zolotukhin et al., 2002). rAAV1-GFP, rAAV5-
GFP and rAAV8-GFP vector virions were purified by freeze/thaw
and CsCl gradients followed by Q-sepharose chromatography. Viri-
ons were dialyzed into 50 mM Tris–Cl pH 8 containing 100 mM
NaCl using a 10,000 MWCO membrane (Pierce), aliquotted, and
stored frozen at −20 ◦C or −80 ◦C. Infectivity of the AAV vectors was
assayed on C12 cells in the presence of adenovirus as previously
described (Clark et al., 1996).

2.2. AAV4 production

The wild-type AAV4: (pAAV4-2 for rep4 cap4 and a part
of the ITR) was provided by Jay Chiorini (Chiorini et al.,
1997). The mutant AAV4 helper called pDP4r was provided
by J.A. Kleinschmidt (Grimm et al., 2003). The amino acid
mutation at position 544 (E instead of K) was identified
by sequencing the cap gene (Genome-express, France), using
the sequencing primer 1: 5′accgaggtgactcacgagt 3′, primer
2: 5′tcgagcacgacaaggccta3′, primer 3: 5′gactggcagcgactcatcaa3′,
primer 4: 5′acgagacgcacagcactct3′. pDP4r was restored to the wild-
type sequence using the following strategy: the cap gene from
4-2
FseI and ClaI to isolate the wild-type cap gene. This fragment was
used to replace the mutant cap gene sequence in pDP4r removed by
FseI/ClaI digestion. The restored wild-type plasmid is called pDG4
and encodes K in position 544.
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To produce rAAV4 particles, HEK293 cells were transfected
ith the helper plasmid pXX6 from Jude Samulski (Xiao et al.,

998), pAAV4-2, and the vector plasmid pAAV2-GFP. The AAV4-GFP
articles were purified on 2 CsCl gradients and dialyzed in 1X dPBS.
or in vivo studies, the mutant AAV4-GFP vector was produced
y transient transfection of HEK293 cells (12.5 �g of pAAV2-GFP
nd 25 �g of pDP4r per 150 mm plate) using Calcium phosphate.
ells were harvested 60 h post transfection. rAAV particles were
xtracted in TNE buffer (20 mM Tris/100 mM NaCl/1 mM EDTA, pH
.0) by 3 freeze/thaw cycles and lysed with DOC/Benzonase/MgCl2,
urified on two CsCl gradients and dialyzed into 50 mM Tris–HCl,
H 8.0, containing 100 mM NaCl as described in Van Vliet, 2006.
he restored wild-type AAV4-GFP vector was produced by tran-
ient transfection of HEK293 cells with pDG4. Cells were extracted
y 3 freeze/thaw cycles, purified on 2 CsCl gradients and dialyzed
nto 1X dPBS. For infectious titering, AAV4-GFP preparations were
itered on COS cells, and rAAV4 vector genome titers were deter-

ined by dot–blot to be ∼4 × 1011 vector genomes/ml (vg/ml). The
atio of vector genomes/transducing units is similar (∼3 × 103) for
he AAV4-GFP vectors produced by either pDP4r or pDG4 helper
lasmids.

.3. Subretinal injections

Subretinal injections were performed in rats as described
Duisit et al., 2002). Briefly, Wistar rats were anesthetized with
n intramuscular injection of 50 mg/kg Ketamine and 6 mg/kg
ylazine. Subretinal injections were via a transscleral tran-
choroidal approach: the sclera and the choroid were punctured, a
3-gauge needle was then inserted in a tangential direction under
n operating microscope and the vector was delivered into the sub-
etinal space. Rats were cared for in accordance with the ARVO
tatement for the use of animals in ophthalmic and vision research.

.4. In vivo GFP fluorescence imaging, retinal flat mount, and
issue sections

The sclera/choroid/RPE and neuroretinal flat mount was per-
ormed as previously described (Duisit et al., 2002). Briefly,
PE-choroid-sclera and neuroretinal flat mount of the enucleated
yes were fixed with 4% paraformaldehyde for 40 min at room tem-
erature. After washing in PBS, the eyes were cut through the pars
lana, and the anterior segment and the lens were removed. The
ye cup was cut peripherally in four sections under an operating
icroscope and flattened. The neuroretina was detached from the

PE-choroid-sclera with forceps, both cell layers were mounted on
glass slide and were examined by fluorescence microscopy.

.5. Protein analyses

.5.1. SDS-PAGE
Samples were boiled for 3 min, centrifuged briefly and loaded

n a 10% polyacrylamide gel (Bio-Rad, Hercules, CA). SDS-PAGE was
erformed at 125 V for 90 min (Laemmli, 1970). A 1% stock solution
f Coomassie blue R-250 was prepared in dH2O. Gels were stained
n a solution consisting of 12.5% Stain stock, 10% acetic acid and 50%

ethanol for 1 h. Gels were destained in solution consisting of 10%
cetic acid and 50% methanol overnight. AAV bands were cut from
he gel and gel slices were stored in destain until the samples were
repared for mass spectrometry.
.5.2. In-gel digestion
To prepare samples for mass spectrometry, gel slices were

ashed to remove SDS. Gel slices were washed with 50% ace-
onitrile (ACN) in dH2O and vortexed 2 times for 15 min each.
al Methods 159 (2009) 167–177 169

Wash solution was removed and discarded. Gel slices were cov-
ered with neat acetonitrile until the gel was dehydrated. The liquid
was removed after 5–10 min. The gel was rehydrated in 50 mM
ammonium bicarbonate (ABC), pH 8.4 to cover the gel for 5 min
(20–50 �l). An equal volume of acetonitrile was added to give a
1:1 ratio of acetonitrile to ABC and vortexed for 15 min. Wash solu-
tion was removed and the gel was dried down in a speedvac for
10–15 min. Next, reduction and alkylation of protein in the gel
was performed. The gel piece was rehydrated in 100 �l of 45 mM
Dithiothreitol (DTT) at 55 ◦C for 30 min. The gel was submerged
in the reducing buffer. The buffer was discarded after incubation.
Tubes were chilled to room temperature. The liquid was removed
and replaced quickly with 100 �l of freshly made 100 mM iodoac-
etamide, and incubated in the dark for 30 min at room temperature.
The buffer was removed. The gel was washed 3 times with 100 �l
50% ACN/50 mM ABC with agitation for 15 min each. Gel pieces were
dried in a speedvac until they were completely dry, 10–15 min.
Next, the proteins were digested with trypsin. Trypsin (Promega,
Madison, WI) was prepared at a concentration of 12.5 ng/�l recon-
stituted in 50 mM ABC, pH 8.4, with 5 mM CaCl2. Enzyme and buffer
were kept cold in an ice bucket and the ratio of enzyme to protein
was approximately 1:20. The dried gel piece was chilled on ice, and
the gel pieces were covered with ice cold trypsin digestion buffer.
Tubes were incubated overnight at 37 ◦C in a water bath. The reac-
tion was stopped by addition of 5.0% glacial acetic acid to a final
concentration of 0.5% acetic acid, and the supernatant was pipetted
into a clean tube. Samples for digestion with chymotrypsin (Roche,
Nutley, NJ) were prepared in the same fashion. Chymotrypsin was
reconstituted in 1 mM HCl and the ratio of enzyme to protein was
approximately 1:20.

2.5.3. Mass spectrometry
Capillary rpHPLC separation of protein digests was performed

on a 15 cm × 75 �m i.d. PepMap C18 column (LC Packings, San
Francisco, CA) in combination with an Ultimate Capillary HPLC Sys-
tem (LC Packings, San Francisco, CA) operated at a flow rate of
200 nl/min. Inline mass spectrometric analysis of the column eluate
was accomplished by a hybrid quadrupole time-of-flight instru-
ment (QSTAR XL, Applied Biosystems, Foster City, CA) equipped
with a nanoelectrospray source.

Fragment ion data generated by Information Dependent Acqui-
sition (IDA) via the QSTAR were searched against the NCBI nr
sequence database using the Mascot Version 2.2.0 (Matrix Science,
London, UK) database search engine. Probability-based MOWSE
scores above the default significant value were considered for
protein identification in addition to validation by manual interpre-
tation of the tandem MS data.

2.5.4. Databases
Tandem mass spectra were extracted, charge state deconvo-

luted and deisotoped by Analyst version 1.1. All MS/MS samples
were analyzed using Mascot (Matrix Science, London, UK; version
2.2.0) and X!Tandem (www.thegpm.org; version 2006.04.01.2).
X!Tandem was set up to search a subset of the NCBI nr 20061201
database also assuming trypsin. Mascot was set up to search the
NCBI nr 20070202 database (selected for viruses, unknown version,
375,509 entries) assuming the digestion enzyme trypsin. Mascot
and X!Tandem were searched with a fragment ion mass tolerance of
0.30 Da and a parent ion tolerance of 0.30 Da. Iodoacetamide deriva-
tive of cysteine was specified in Mascot and X!Tandem as a fixed
modification. S-carbamoylmethylcysteine cyclization of the N-

terminus, deamidation of asparagine and glutamine and oxidation
of methionine were specified in Mascot and X!Tandem as vari-
able modifications. For samples digested with chymotrypsin, the
protease chymotrypsin was selected and the database search was
performed in the same fashion as the samples digested with trypsin.
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customized AAV database was built and consists of the amino acid
equences of VP1, VP2 and VP3 for the known AAV serotypes, AAV1
o AAV12. The customized database also includes the sequences
or AAV4 K544E VP1, VP2 and VP3. Mascot was set to search
he customized database, as described for the NCBI nr database.
he database searches were repeated for all samples against the
equences in the customized database (see Supplemental Data).

.5.5. Criteria for protein identification
Scaffold (version Scaffold-01 07 00, Proteome Software Inc.,

ortland, OR) was used to validate MS/MS-based peptide and pro-
ein identifications. Peptide identifications were accepted if they
ould be established at greater than 90.0% probability as specified
y the Peptide Prophet algorithm (Keller et al., 2002). Protein iden-
ifications were accepted if they could be established at greater than
5.0% probability and contained at least 1 identified peptide. Pro-
ein probabilities were assigned by the Protein Prophet algorithm
Nesvizhskii et al., 2003). Proteins that contained similar peptides
nd could not be differentiated based on MS/MS analysis alone were
rouped to satisfy the principles of parsimony.

. Results

A growing repertoire of AAV capsids is being evaluated in ani-
als to determine empirically the tissue tropism of the different

erotypes (reviewed by Van Vliet et al., 2008) that may be applicable
or a given therapeutic indication, and desired target tissue and cell
ype. The degree of homology between the known AAV serotypes,
AV1 through AAV12 is provided in Table 1. To distinguish the var-

ous AAV capsids, a MS assay for AAV serotype identification was
esigned to incorporate speed and simplicity, and methods that
ave been accepted by the regulatory community (e.g. included in
he pharmacopeia). The individual AAV viral proteins (VP1, 87 kDa;
P2, 72 kDa; and VP3, 62 kDa) are separated by SDS-PAGE, gels are
tained, and MS is performed. The SDS-PAGE gel functions as a
eparation step for the three overlapping AAV capsid proteins that
omprise the virion as well as impurities that may be present in
he sample; therefore, samples of varying levels of purity can be
nalyzed. Following SDS-PAGE and staining, the individual AAV cap-
id bands are excised from the gel, digested with trypsin and the
ragments are subjected to LC/MS/MS. Mass spectrometry data is
nalyzed using the software Mascot and X!Tandem. Mascot was set
o search the NCBI database limited to viral proteins. The proteomics
oftware Scaffold is used to confirm MS/MS data based peptide and
rotein identifications.
.1. Analysis of known samples

Initially, the MS method was evaluated using VP1, VP2, and VP3
f three known AAV serotypes, AAV1, AAV2 and AAV5. Coomassie

able 1
AV serotype amino acid identity for AAV serotypes 1–12.

AAV1 AAV2 AAV3 AAV4 AAV5 AAV6

AV1 100% 83% 87% 64% 58% 99%
AV2 83% 100% 87% 61% 58% 84%
AV3 87% 87% 100% 63% 59% 87%
AV4 64% 61% 63% 100% 54% 64%
AV5 58% 58% 59% 54% 100% 58%
AV6 99% 84% 87% 64% 58% 100%
AV7 85% 83% 84% 65% 59% 85%
AV8 84% 83% 86% 64% 58% 84%
AV9 82% 82% 84% 64% 57% 82%
AV10 85% 84% 86% 65% 58% 85%
AV11 68% 64% 65% 82% 55% 68%
AV12 63% 62% 62% 79% 54% 62%

ccession numbers for proteins used in the alignment are: AAV1 VP1 NP 049542, AAV2 V
AV6 VP1 AAB95450, AAV7 VP1 YP 077178, AAV8 VP1 YP 077180, AAV9 VP1 AAS99264, A
al Methods 159 (2009) 167–177

stained viral protein bands were excised from the SDS-PAGE gel,
trypsinized, and LC/MS/MS was performed. Peptide identifications
were accepted if they could be established at greater than 90.0%
probability as assigned by the Protein Prophet algorithm. AAV VP
protein identifications were accepted if they could be established
at greater than 95.0% probability and contained at least one iden-
tified peptide as assigned by the Protein Prophet algorithm. The
results of LC/MS/MS were interpreted using the software Scaffold
(Proteome Software Inc., Portland, OR) as shown in Fig. 2. The
number of unique trypsin fragments is shown and the color of
the box represents the probability. For example, Sample #1, which
is AAV1 VP2, shows three fragments with identity to the capsid
protein of AAV1 with over 95% probability. For Sample #6, which
is AAV5 VP1, there are six fragments that match the capsid of
AAV5. Although there are four fragments that suggest Sample #6
could be AAV2, based on a larger number of fragments matching
AAV5, this sample was identified correctly as AAV5. Additionally,
for Sample #7, AAV5 VP2, one of the fragments was identified as
Rep40 protein [AAV2] using the Scaffold program that referenced
the NCBI database. Upon closer inspection, the sequence of this
peptide is present in all four of the Rep proteins (Rep78, Rep68,
Rep52 and Rep40), thus this protein most likely represents Rep78,
which is similar in size to AAV2 VP2 at 72 kDa and has been shown
to be associated with the virion (Prasad and Trempe, 1995).

3.2. Analysis of unknown samples

Following validation of the identity of three known AAV
serotypes, the assay was repeated as a blinded test to determine the
reliability of MS for capsid serotype identification of unknown sam-
ples. rAAV samples were separated on SDS-PAGE gels and stained
with Coomassie blue. After excising the bands from the gel, samples
were assigned an alphabetic code and submitted for MS analy-
sis without disclosing the identity of the samples. Because there
is considerable overlap of the AAV viral proteins VP1, VP2, and
VP3, and since VP3 is present in the largest amount in intact
capsids, more VP3 protein is available and was used initially for
the blinded study. Additionally, the N-terminus of VP3 of differ-
ent serotypes was predicted to provide a unique fragment after
trypsinization because of a greater degree of sequence hetero-
geneity. Mass spectrometry data was analyzed using Mascot and
X!Tandem. Mascot was again set to search the NCBI database lim-
ited to viral proteins. Peptide identifications were accepted if they
could be established at greater than 95.0% probability as speci-
fied by the Peptide Prophet algorithm using Scaffold software. AAV

VP protein identifications were accepted if they could be estab-
lished at greater than 99.0% probability and contained at least
two identified peptides as assigned by the Protein Prophet algo-
rithm. These software conditions are more stringent than those
used for the known samples analyzed above and were increased to

AAV7 AAV8 AAV9 AAV10 AAV11 AAV12

85% 84% 82% 85% 68% 63%
83% 83% 82% 84% 64% 62%
84% 86% 84% 86% 65% 62%
65% 64% 64% 65% 82% 79%
59% 58% 57% 58% 55% 54%
85% 84% 82% 85% 68% 62%

100% 88% 82% 88% 68% 63%
88% 100% 85% 93% 67% 63%
82% 85% 100% 86% 65% 62%
88% 93% 86% 100% 68% 63%
68% 67% 65% 68% 100% 85%
63% 63% 62% 63% 85% 100%

P1 AAC03780, AAV3 VP1 NP 043941, AAV4 VP1 NP 044927, AAV5 VP1 YP 068409,
AV10 AAT46337, AAV11 AAT46339, and AAV12 VP1 ABI16639.
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Fig. 2. Mass spectrometry analysis of seven known samples of viral proteins from AAV serotypes 1, 2, and 5. Mass spectrometry data analyzed using the software program
Scaffold shows the samples that were evaluated in columns on the top right, labeled Sample #1 through Sample #7. Proteins that were identified as a result of the database
s y inf
s lyzed
p tein d

p
s

s
s
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s
s
t
s
t
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e
s
e
(

earch, with their corresponding accession numbers, molecular mass, and taxonom
oftware Scaffold (Proteome Software Inc., Portland, OR). Scaffold results were ana
eptide probability. The database search was limited to the complete NCBI viral pro

rovide better confidence in assigning serotypes to the unknown
amples.

Fig. 3A shows the Scaffold data analysis for seventeen unknown
amples from AAV serotypes 1, 2, 4, 5 and 8 consisting of 15 VP3
amples and 2 VP2 samples (QQ, RR). Mass spectrometry data ana-
yzed using the software program Scaffold enabled unambiguous
erotype identification for 13/17 samples (76%) and the correct
erotype assignment was made for 17/17 samples (100%) based on
he serotype with the largest number of unique fragments. Fig. 3B
hows MS analysis of twenty-four unknown samples of viral pro-
eins, 12 VP1 samples and 12 VP2 samples, from AAV serotypes
, 2, 4, 5, and 8. Table 2 lists the alphabetic codes assigned to

ach serotype sample prior to preparation and MS analysis. Mass
pectrometry data analyzed using the software program Scaffold
nabled unambiguous serotype identification for 21/24 samples
87.5%), and of the three other samples, no data was obtained for

Table 2
Alphabetic codes for blinded AAV serotype samples for MS analysis shown in Fig. 3.

AAV1 VP1-A AAV1 VP1-P
AAV1 VP2-AA AAV1 VP2-PP
AAV1 VP3-AAA AAV1 VP3-PPP

AAV4 K544E VP1-L AAV4 K544E VP1-M
AAV4 K544E VP2-LL AAV4 K544E VP2-MM
AAV4 K544E VP3-LLL AAV4 K544E VP3-MMM

AAV5 (pure) VP1-G AAV5 (pure) VP1-Z
AAV5 (pure) VP2-GG AAV5 (pure) VP2-ZZ
AAV5 (pure) VP3-GGG AAV5 (pure) VP3-ZZZ

AAV8 VP1-B AAV8 VP1-S
AAV8 VP2-BB AAV8 VP2-SS
AAV 8 VP2 small-1/2BB AAV8VP2 small-1/2SS
AAV8 VP3-BBB AAV8 VP3-SSS
ormation are shown in rows 1 through 11. Data analysis was performed using the
using 95% minimum protein probability, 1 peptide minimum, and 90% minimum

atabase for protein identification.

two samples (SS, B), and one sample was ambiguous due to the
same number of unique peptides matched to 3 different serotypes
(Sample C). For each AAV serotype sample, separation by SDS-PAGE
provides three samples for MS, namely VP1, VP2, and VP3. In this
assay, VP3 alone is sufficient for AAV capsid serotype identification;
however, analysis of VP1, VP2, and VP3 builds redundancy in the
data set and additional confidence in the serotype assignment. Ade-
novirus DNA Binding Protein (DBP, 59 kDa) was identified in several
VP3 samples (Fig. 3A) and originates from the helper plasmid used
in the production of the rAAV vector stocks.

For protein identification by MS, the amino acid sequence of the
protein tested must be present in the target database. The NCBI pro-

tein database (http://www.ncbi.nlm.nih.gov/sites/entrez) contains
the capsid amino acid sequences of the known AAV serotypes. It
also contains sequences from the Protein Data Bank (PDB) for AAV
serotypes for which the X-ray crystal structures have been solved.

AAV2 VP1-H
AAV2 VP2-HH
AAV2 VP3-HHH

AAV4 wt VP1-E AAV4 wt VP1-K
AAV4 wt VP2-EE AAV4 wt VP2-KK
AAV4 wt VP3-EEE AAV4 wt VP3-KKK

AAV5 (impure) VP1-Q AAV5 (impure) VP1-R
AAV5 (impure) VP2-QQ AAV5 (impure) VP2-RR
AAV5 (impure) VP3-QQQ AAV5 (impure) VP3-RRR

AAV8 VP1-C AAV8 VP1-X
AAV8 VP2-CC AAV8 VP2-XX
AAV8 VP3-CCC AAV8 VP3-XXX
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Fig. 3. (A) Mass spectrometry analysis of seventeen unknown samples of viral proteins from AAV serotypes 1, 2, 4, 5, and 8. The unknown samples are listed across the top of
the table. The column on the left hand side are the identified proteins, the NCBI accession number, and the protein molecular mass. The numbers in the figure represent the
number of unique trypsin fragments, and the color of the box represents the probability. Numbers in green boxes indicate the number of unique fragments with a probability
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f over 95% upon which the AAV serotype identification was based. (B) Mass spectr
erotypes 1, 2, 4, 5, and 8. Results were collected using 99% protein, a 2 peptide min
re the result of the NCBI database search. The unknown samples are listed as their

he PDB sequences are VP3, less approximately 12 N-terminal
mino acids which were not resolved in the crystal structures. For
ost of the AAV serotypes, a search of the NCBI database of viral

roteins most often matched the capsid protein VP1 because this
equence is usually the only sequence in the database, and is anno-
ated to indicate the amino acids where the overlapping sequences
f VP2 and VP3 begin. The exception is AAV2, where all three viral
roteins have their own accession numbers, as well as the PDB
equence 1lp3. Therefore, out of necessity for MS analysis, a cus-
om database was generated that includes separate files for VP1,
P2 and VP3 for the known serotypes (see Supplemental Data).

.3. Analysis of an AAV4 capsid containing a mutation

AAV4 is being developed as a vector to treat Leber Congenital
maurosis in humans (Le Meur et al., 2007). In anticipation of clin-

cal trials, rAAV4-GFP vectors were produced using pDP4r, a helper
lasmid harboring the AAV4 rep ORF and the AAV4 cap ORF (Grimm

t al., 2003) to test the performance of the pDP4r helper plasmid.
AAV4-GFP preparations were evaluated in vivo in rats following
ubretinal injection. In advance of E. coli master cell banking for clin-
cal manufacture, the cap and rep ORFs of pDP4r were sequenced
nd a mutation in the cap ORF was identified (K544E). The muta-
y analysis of twenty-four unknown samples of viral proteins VP1 or VP2 from AAV
, 95% peptide probability. The viral proteins, accession numbers, and protein mass

betic code, and the values in the table are the number of unique trypsin fragments.

tion was repaired and new preparations of rAAV-GFP were made
using the repaired pDP4r, renamed pDG4. The mutant and repaired
vector preparations performed indistinguishably in vivo following
subretinal injection in rats, as similar transduction patterns and
efficiencies were observed with RPE cells being strongly transduced
(Fig. 4). A different preparation of a rAAV4 vector was also produced
for MS using the helper plasmid pAAV4-2 that harbors the wtAAV4
capsid. MS was evaluated to determine if the method could dis-
tinguish the wtAAV4 capsid from the AAV4 capsid with the K544E
amino acid mutation.

Generally for MS, the raw data is utilized to search a database
to match theoretical proteolytic fragments that are based on the
protease used, a protein’s primary amino acid sequence, and the
expected masses. If an amino acid change has occurred or there
has been a post-translational modification, the proteolytic frag-
ment will have a different mass than expected and will not match
to the fragments in the database for the region harboring the muta-
tion/modification. As a result, there will be a lack of fragment

coverage in this region. Thus, if a proteolytic site is mutated, the
resulting fragment mass will differ dramatically from the wild-type
fragment, and if an amino acid mutation takes place between prote-
olytic sites, then the resulting fragment will have a different mass
than the wild-type fragment. MS was performed on wtAAV4 and
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ig. 4. Fluorescent imaging of the sclera/choroid/RPE flat mounts showing expres
estored AAV4 (B) vectors.

AV4 K544E capsid samples as described for capsid serotype iden-
ification. The samples were digested with trypsin, which cleaves
t basic amino acid residues; therefore, as a result of the change
rom a basic to an acidic amino acid, it was predicted that the
AV4 K544E capsid would not be digested by trypsin at position
44 and the fragment generated would be larger. However, in the
atabase search, the theoretical larger fragment is absent; there-
ore, the result obtained is a lack of coverage in this region. Coverage
r the number of amino acids detected after MS analysis is rarely
00%, so the lack of coverage by itself is not sufficient to assume that
mutation has occurred. However, coverage was obtained result-

ng from trypsin cleavage at amino acid K544 for the wtAAV4 capsid
reference standard”, and for all of the AAV4 K544E capsid mutant
P protein samples, there was a lack of coverage in this region. This

ndicates that the corresponding fragment ionizes and is detectable
or wtAAV4 when present, and the lack of coverage in this region
or all samples of the AAV4 K544E mutant is strongly suggestive of
mutation in the capsid’s primary amino acid sequence.

To further verify that an amino acid change occurred, wtAAV4
nd the AAV4 K544E capsid mutant proteins were separated by
DS-PAGE, stained with Coomassie blue and digested with chy-
otrypsin, which cleaves peptide bonds at the carboxyl side of

yr, Trp, Phe, Leu, and Met amino acids. Fig. 5 shows the MS cov-

rage for wtAAV4 compared with the AAV4 K544E capsid mutant
fter chymotrypsin digestion. Sequences highlighted in yellow
epresent peptides identified by MS. Green boxes indicate post-
ranslational modifications identified during the MS data analysis:
xidized methionine, M (+16), and asparagine deamidation, N (+1).

ig. 5. Mass spectrometry analysis of wtAAV4 and AAV4 K544E capsids. (A) Mass spectr
overage of the AAV4 K544E mutant digested with chymotrypsin. When comparing the
ack of coverage for the AAV4 K544E capsid mutant. These regions are shown in black box
+16), and asparagine deamidation, N (+1).
f GFP within the RPE following transduction with AAV4 K544E (A) and wild-type

The results shown are a compilation of two samples of VP3 for
wtAAV4, and six samples of the AAV4 K544E capsid mutant con-
sisting of two samples each of VP1, VP2 and VP3. Black boxes
indicate two peptides identified in wtAAV4 that are not present
in the AAV4 K544E mutant when digested with chymotrypsin.
The two potential regions for mutations in the AAV4 capsid
using chymotrypsin include the fragment 252KRLGESLQSNTY263

(VP1 numbering) and the fragment 541AGPKQNGNTATVPGTL556

(VP1 numbering). Mass spectrometry for the AAV4 K544E mutant
treated with trypsin, sample MMM, had coverage for peptide
240TWVLPTYNNHLYK252, no coverage for Arg253, and coverage for
peptide 254LGESLQSNTYNGFSTPWGYFDFNR277. This excludes the
peptide 252–263 from the potential mutation sites, leaving the site
from 541 to 556 as the region with the mutation. Fig. 6 shows the
MS data for wtAAV4 and the AAV4 K544E mutant. As stated above,
the custom database includes the amino acid sequences of VP1, VP2
and VP3 for the known AAV serotypes, and the mutant AAV4 capsid
analyzed in this study (see Supplemental Data). In Fig. 6, of the 8
AAV4 samples analyzed, two proteins were identified: AAV4 VP1
as found in the NCBI database (gi9629643), and AAV4 VP3 which
is identified by the unique accession number 43444344 assigned
in the custom database for AAV4 VP3. The additional sequence files
that were built into the custom database for VP sequences not found

in the NCBI database were assigned unique accession numbers, in
this case gi43444344.

A single sample digested with one protease (trypsin) was insuf-
ficient for identifying the region with the mutation in the AAV4
K544E capsid. A second set of samples digested with chymotrypsin

ometry coverage of wt AAV4 digested with chymotrypsin. (B) Mass spectrometry
two sequences, there are two regions that show coverage for wt AAV4, but have a
es. Green boxes indicate post-translational modifications: oxidized methionine, M
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Fig. 6. Mass spectrometry data for wt AAV4 and AAV4 K544E digested with chymotrypsin. Mass spectrometry of 2 samples of wild-type VP3 and 6 individual samples of
A motry
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AV4 K544E mutant (2 samples each of VP1, VP2 and VP3) were digested with chy
nd of these 8 AAV4 samples, two proteins were identified: AAV4 VP1 as found in th
umber 43444344 assigned in the custom database for AAV4 VP3.
lso was insufficient to identify the region of the AAV4 capsid with
he mutation; however, both data sets taken together and com-
ared with wtAAV4 was sufficient for determining the region of
he AAV4 capsid harboring the mutation. Thus, this assay provides
he ability to distinguish between a wild-type capsid and a cap-

ig. 7. Two AAV4 pentamers with two additional monomers (gold and dark pink)
dded for viewing of the 3-fold mounds. The two trimers in this image are dark pink,
ink, white; gold, lime green, purple. Numbers indicate the 2-fold, 3-fold and 5-fold
xis of symmetry, respectively. The location of the K544E mutation is shown as blue
pheres.
psin. These were screened against the custom database (see Supplemental Data),
I database (gi9629643), and AAV4 VP3, which is identified by the unique accession

sid that harbors a single amino acid mutation. The region of the
AAV4 K544E capsid mutation is shown in Fig. 7. The location of this
mutation on the AAV capsid is a surface-associated residue that is
not involved in subunit interactions that might affect capsid assem-
bly or packaging, and given the similar performance in vivo in the
retina, does not affect transduction (uptake, intracellular transport,
and uncoating, Fig. 4). Therefore, there was no indication to suggest
either during production, virus titering, or in vivo performance that
this capsid harbored a mutation. Amino acid 544, based on the cap-
sid alignment of serotypes 1 through 12, is not conserved among
AAV serotypes. From the location of the mutation on the capsid sur-
face, and the amino acid variability in this region among serotypes,
as well as a glutamic acid at this position for AAV1, AAV3, and AAV6,
it would be predicted that the change from K → E at amino acid 544
in AAV4 would be well tolerated, as was confirmed in vivo.

4. Discussion

rAAV gene transfer vectors derived from different AAV capsid
serotypes are being evaluated in animals and humans (reviewed
by Van Vliet et al., 2008). Except for the ITRs, rAAV vectors lack
viral DNA sequences, thus there are few methods available that can
be utilized for capsid serotype identification even though identity
confirmation is critical for cGMP product lot release and clinical
use. Prior to manufacturing, helper plasmids used in the manufac-
ture of rAAV vectors are sequenced to ensure that the proper capsid
serotype is produced, however since the cap gene is absent from
the rAAV vector product, nucleic acid-based analyses (sequenc-
ing or PCR) cannot be used for capsid identity confirmation or
to ensure that mutation has not occurred during rAAV manufac-
turing. The capsid proteins of different AAV serotypes separated
by one-dimensional SDS-PAGE have slightly different mobilities
and provide some limited information about the AAV serotype
(Zolotukhin et al., 2002; Grimm et al., 2003), but to obtain informa-
tion about the capsid serotype a comparison of several AAV samples
need to be run in parallel with reference standards for comparison.
Another approach is to use proteases and position-specific mAbs for
peptide mapping and differentiation of the AAV serotypes (Van Vliet

et al., 2006). An ideal assay for AAV serotype identification allows
for a single sample to be identified on the basis of the inherent char-
acteristics of the sample and without the need for product-specific
reagents such as mAbs. Other desirable features of the assay include
speed and simplicity, and methods that have been accepted by the
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egulatory community (e.g. included in the pharmacopeia). Based
n these features, a MS method has been developed for determining
AV serotype identity.

Given the peptide coverage that was obtained, the MS analysis
as capable of unambiguous serotype identification of different

apsid serotypes (correct serotype assignment was made for 17
f 17 samples, Fig. 3A). In Fig. 3B, 21 of 24 samples (greater than
7%) were correctly identified; and of the three other samples, no
ata was obtained for two samples, and one sample was ambigu-
us due to the same number of unique peptides matched to 3
ifferent serotypes. Furthermore, a wild-type capsid could be dis-
inguished from a capsid that has a single amino acid mutation
Figs. 5 and 6) even though the in vivo performance of the two
AAV4 vectors was indistinguishable following subretinal injection
n rats. The identification of Rep78 in Fig. 2 and Ad DBP in Fig. 3A
emonstrates that in addition to identifying the serotype of the AAV
apsid, impurities can be identified that are similar in size to the
AV viral proteins, which would not otherwise be distinguishable
hen assessing purity by one-dimensional SDS-PAGE. The samples
sed for these studies were of varying purity, as determined by
DS-PAGE (data not shown), to evaluate if the identity of the capsid
erotype could be determined in the background of impurities, as
s the case during in-process purification steps conducted prior to
btaining purified vector stocks. For mass spectrometry, a lightly
tained blue band on a Coomassie stained gel is a sufficient amount
f material; however, more material provides better coverage. Gen-
rally, 130 fmol (8 ng of a 62 kDa protein) represents the lower limit
f detection by Coomassie staining. Since the lower limit required to
ssign an identity by MS on the QSTAR XL is 1–10 fmol of each pep-
ide, and most of the AAV capsid samples were in the 0.5–5 �g range
8–81 pmol), an impurity of approximately 0.5% can be detected,
nd contamination by a different vector or a production mix-up
hould be detectable.

The next generation AAV vectors are being engineered with
variety of modifications of the capsid to attain specific tissue

ropism, immune evasion, and better transduction. Site-directed
utagenesis studies have been performed to evaluate the func-

ional significance of specific amino acids in various regions of the
AV capsid (Wu et al., 2000). These studies have provided the basis

or an understanding of amino acids that are important for capsid
ssembly, viral entry into the host cell and infectivity, as well as
he identification of regions of the AAV capsid that are amenable
o modification. Structural studies of AAV capsids by X-ray crystal-
ography and cryo-electron microscopy also provide for the rational
esign of modified AAV vectors (DiMattia et al., 2005; Govindasamy
t al., 2006; Kronenberg et al., 2001; Nam et al., 2007; Padron et
l., 2005; Walters et al., 2004; Xie et al., 2002, 2003). For AAV2,
ite-directed mutagenesis studies have identified the amino acid
esidues involved in heparin binding. Two of these, R585 and R588
re located in a surface loop at the 3-fold axis of symmetry (Kern
t al., 2003; Opie et al., 2003). Alterations in this surface loop by
nsertion of an RGD integrin binding motif is able to ablate hep-
rin binding and increase transduction of human lymphoblastic
nd chronic myelogenous leukemia cell lines, ovarian carcinoma
ells in culture, and in an in vivo xenograft tumor model (Shi et al.,
006). Recently, insertion of atherosclerotic plaque targeting pep-
ides into the AAV2 capsid at amino acid 587 re-targeted the vector
White et al., 2008). In addition to insertions into the AAV capsid
or targeting purposes, studies of the functional domains on the
AV capsid by DNA shuffling and domain swapping also provide a
etter understanding of elements that are required in the AAV cap-

id for high level transduction in certain tissues, and elucidate the
echanism behind differences in serotype transduction efficiency

DiPrimio et al., 2008; Grimm et al., 2008; Shen et al., 2007). Sin-
le amino acid mutations are sufficient to influence titer, heparin
inding, and tissue tropism in different AAV serotypes (Wu et al.,
al Methods 159 (2009) 167–177 175

2006). Mutation of specific amino acids on the AAV2 capsid sur-
face, such as surface exposed tyrosines, has been shown to provide
for high-efficiency transduction at lower doses of vector as a result
of allowing the vectors to evade phosphorylation and ubiquitina-
tion, thus preventing proteosome-mediated degradation (Zhong
et al., 2008). A directed evolution approach for high throughput
selection of customized rAAV vectors with enhanced properties
has been shown to generate vectors with altered affinities for hep-
arin or the ability to evade neutralizing antibodies (Maheshri et al.,
2006).

A customized AAV capsid database was assembled to support
the MS analysis of samples evaluated in the present study. This
database is more limited than the complete NCBI viral database,
and as a result reduces the time required for protein identifica-
tion. Additionally, future customized databases can include AAV
capsid sequences that have been intentionally modified for vari-
ous purposes, such as site specific targeting, increased transduction
efficiency, or avoidance of an immune response upon subsequent
re-administration. Since the next generation of rAAV vectors will
likely consist of customized AAV capsids, a database of intention-
ally modified AAV vectors will allow the verification of AAV vectors
with engineered modifications. For the capsid database, a computer
file for each customized vector needs to be generated; however,
since each modified helper plasmid construct (rep and cap expres-
sion) utilized in the cGMP manufacture of a customized AAV vector
would have already been sequenced prior to manufacturing, the
engineered capsid sequence can easily be derived from the helper
plasmid sequence and added to the customized capsid database for
MS analysis of the vector product.

New methods to verify the serotype of the AAV capsid incor-
porated into rAAV vector products will be valuable to ensure
the safety of patients participating in gene transfer clinical tri-
als. Using this assay, the serotype of rAAV samples with unknown
identity can be determined using the current NCBI databases or
customized databases that include VP1, VP2 and VP3 for the known
AAV serotypes. Current methods using either ELISA or proteolytic
fragmentation have their limitations for distinguishing between
different serotype vectors, and between mutant and wtAAV cap-
sids. MS is capable of AAV capsid identification and verification of
capsid mutations because the method relies on the presence of spe-
cific proteolytic sites and the specific masses of the fragments that
are generated. The use of MS for the identification and quantita-
tion of components of the AAV capsid may be sufficient to meet
compendial or other pharmaceutical requirements for product lot
release when these products are evaluated in the clinic and even-
tually licensed.
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