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Abstract

Adeno-associated virus-2 (AAV-2) has long been recognized as a potential vector for human gene therapy. Although much progress has
been made in the molecular virology of AAV-2, structural studies of AAV-2 have been hampered by the low efficiency of virus production in
culture, the low purity of preparations, and the low solubility of pure virus particles in solution. Methods of larger scale AAV-2 production
have been developed through adaptation to suspension culture and re-optimization of the times of infection and transfection with respect to
particle production. The methods allow the purification of 10 mg (~10'S particles) of AAV-2 per preparation at ~99% purity as judged by
SDS-PAGE. This was sufficient for the screening of conditions for the formation of diffraction-grade crystals, ultimately leading to an atomic

structure for AAV-2.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Gene therapy: Vector

1. Introduction

Adeno-associated virus-2 (AAV-2) was identified more
than a decade ago as a potential vector for human gene ther-
apy. Because of its great promise it has been the subject of
intense scientific scrutiny. Much of the basic molecular bi-
ology of the virus is now well known, including the roles of

Abbreviations: AAV-2, adeno-associated virus 2; CAPS, ‘K«.ydohcxylu
mino-propanesulfonic acid; DMEM, Dulbecco’s modified Eagle's
HEPES, N(2-hydroxyl)pi N'-(2-eth Ifonic acid); HMG buffer,
HEPES/Mg++/glycerol bulTer JMEM, Joklik minimum essential medium;
LDS-PAGE, lithium dudccyl sulfate polyacrylamide gel electrophoresis;
MES, 2(N-morpholi Ifonic acid; PEG, polyethylene glycol; PEG
MME, PEG hylether; rAAV-2, bi adeno-associated virus
2; TBS, Tris-buffered saline; VP1 (or 2 or 3), viral protein 1 (or 2 or 3); w,
wild type
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the protein products of the two genes, rep associated with
genome replication (Batchu and Hermonat, 1995; Chiorini et
al., 1996; Davis et al., 2000; Hermonat et al., 1998; Im and
Muzyczka, 1990; Li et al,, 1997) and cap that encodes the
capsid structural proteins (Vincent et al., 1997; Weger et al.,
1997), in the replication and integration of the virus (Young
et al., 2000). Human adeno-associated viruses belong to the
Dependovirus genus of the parvoviruses, and are satellite
viruses requiring helper functions to be provided in trans by
a “helper” virus, most commonly adenovirus (Carter, 1990).
The receptors on the cell surface used by AAV-2 to gain entry
have been identified (Mizukami et al., 1996; Qiu et al., 2000;
Summerford and Samulski, 1998) as have several antigenic
epitopes on the virus coat surface (Moskalenko and Chen;
Wobus et al., 2000; Wu et al., 2000). The attachment of sin-
gle AAV-2 particles, entry into, and subsequent movements
within a human cell have been mapped by single-molecule
fluorescence microscopy (Seisenberger et al., 2001), and the
location of site-specific integration into the human genome
has been identified (Kogure et al., 2001; Linden et al., 1996).
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Building from this knowledge, many recombinant AAV con-
structs (rAAV) have been developed in which AAV's genes
have been replaced by potentially therapeutic genes (Bueler,
1999; Hermonat et al., 1997), mostly using serotype 2.

Our recent report of the structure of AAV-2 at atomic res-
olution (Xie et al., 2002) provided a further basis for rational
modification of rAAV-2 in vector development (Rabinowitz
and Samulski, 2002). There is strong interest in developing
AAV-2 capsids with altered antigenicity to facilitate repeated
gene therapy treatments of individuals that are seropositive
through prior natural or therapeutic exposure. There isalso in-
terest in retargeting rA AV to different tissues through ablation
of normal receptor interactions, and insertion of new ligand-
binding motifs (Girod et al., 2002; Grifman et al., 2001; Ried
et al.. 2002: Wendtrer et al.. 2002). The structure of AAV-2
has allowed prior genetic and mutagenic studies of receptor-
binding and antigenicity (Girod et al.. 1999; Moskalenko and
Chen. 2000: Summerford and Samulski, 1998; Wobus et al.,
2000: Wu et al.. 2000) to be integrated into a coherent pic-
wure, and now allows modifications to be designed rationally.
Progress towards the atomic structure of AAV-2 by several
groups was, for a long time, limited by the availability of
large quantities of pure virus which was also notoriously in-
soluble at high concentration in the buffers usually used for
crystallization. Here are reported the methods used to over-
come these limits in the recent structural work. They will
be useful in structural characterization of modified capsids
dunng iterative re-engineering, and to prepare virus for other
biophysical characterizations.

About 10 mg of 99% pure wild-type AAV-2 can be pro-
duced using extensions, reported here, of the classic methods
of Winocour et al. (1992). Itis a two-step process in which the
first viral propagation in HeLa cells is initiated by both trans-
fection with an AAV-2 infectious plasmid clone (Laughlin
et al., 1983) and co-infection with helper adenovirus. The
crude lysate from this first step, is then used to inoculate a
secondary infection. Infectivity and normal replication had
previously been the prime considerations in development of
these methods, but in this work, it was particle production that
was maximized. Ten to 20-fold improvements in efficiency
were attained through adaptation of the cell culture to roller
bottles or suspension. Conditions were also established that
permitted the concentration of virus to >16 mg/ml at neutral
pH, a prerequisite for the screening for crystallization condi-
tions which ultimately led to the atomic structure.

Qur work has focused on wild-type AAV-2 (WtAAV-2), not
any of the rAAV constructs being developed for gene therapy.
The capsid-host interactions of receptor attachment and an-
tibody recognition that were of interest are the same in wild-
type-like and current rAAV constructs. Wild-type structure
was more tractable, because of the greater difficulties of pro-
ducing rAAVs in large quantity (Potter et al., 2002; Urabe et
al., 2002). Additional challenges in rAAV production include
provision of the functions of genes replaced in the construct,
minimizing wild-type reversion, and the restriction to clin-
ically compatible purification methods in separating rAAV

from potentially pathogenic helper virus. These challenges
are being met with a vanety of approaches including addi-
tional plasmids or modified cell lines providing the helper or
missing AAV functions (for example: Bueler, 1999: Cao et
al., 2000; Clark <t al., 1995; Drittanti et al., 2000; Grimm ¢
al, 1998; Grimm and Kleinschmidt, 1999; Inoue and
Russell, 1998; Matsushitaetal., 1998; Ogasawaraetal., 1999;
Urabe et al., 2000). The current work with wt-AAV will ben-
efit tAAV production in two ways. Firstly, it provides the
quantities of virus needed to test a variety of large-scale pu-
nfication methods, the best of which can then be applied to
more precious rAAV preparations (Potter et al., 2002; Urabe
et al., 2002). Secondly, this work will benefit attempts to re-
engincer rAAV for re-targeting to different cell types or to
evade immune neutralization (Bartlett et al., 1999; Buning et
al,, 2003; Girod et al., 1999; Huttner et al., 2003: Ried et al.,
2002). The required characterization of site~directed mutants
has sometimes been stymied by the difficulties of producing
rAAV mutants in sufficient quantity (Huttner et al., 2003), a
challenge that can be circumvented in many cases by mutat-
ing first the wild-type and taking advantage of the methods
developed here.

2. Materials and metheds
2.1. Plasmid and virus stocks

The plasmid pAV2 (Laughlin et al,, 1983) was obtained
from the laboratory of Ken Berns. It contains the complete
sequence of AAV2 cloned into the plasmid pBR322. Before
use in transtection, pAV2 was lincarized by digestion with
Bgl 1l. Adenovirus 2 was a gift from Erik Falck-Pedersen,
Weill Medical College, Cornell University.

2.2, Cells

HeLa cells were obtained from the American type culture
collection and were grown in Dulbecco’s modified Eagles's
medium (DMEM, Jokoby and Pastan, 1979) (Sigma) with
5% fetal calf serum (Summit Labs) and 3% newborn calf
serum (Sigma) or 10% cosmic calf serum (HyClone). Mono-
layer cultures were grown on flasks and roller bottles (Com-
ing). Roller bottles were initiated at 0.5 rpm and maintained
at 0.75 rpm. Suspension cultures were grown in Joklik min-
imum essential medium (JMEM, Sigma, Cat #M0518) with
10% cosmic calf serun in Cytostir spinner flasks (Kontes) at
35-65 rpm. Cultures were incubated at 37 °C with a 5% CO2
environment.

2.3, Production of the primary AAV/adenovirus viral
stock

Approximately 3.6 x 10% cells growing in six 223cn”

p o Sy '

flasks were transfected with 10pg of linearized pAV=:
Briefly, medium was removed from the cultures and reserved.
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Cultures were rinsed twice with TBS + Ca/Mg (1.5mM
CaCly, 0.8 mM MgSO4). DNA (10 p.g) was added to 30 mls
of freshly prepared transfection buffer (480 pg/ml DEAE-
dextran in TBS + Ca/Mg). 5ml of this transfection mixture
was added to each flask which was then incubated under CO,
for 1-2 h. Then the transfection mixture was removed and the
reserved medium was restored. Four hours later, medium was
replaced with DMEM/2% newborn calf serum and ~6.3 x
103 pfu of adenovirus 2 stock was added to each T225 flask,
containing 1.0-1.5 x 108 cells at ~80% confluence. Cells
and culture medium were harvested after 48 h, and subjected
to three cycles of freeze/thawing.

2.4. Secondary infection for AAV production

Six roller bottles at 80-90% confluence (~1 x 108 cells
each; 6 x 108 total) or 1-2 1 of suspension culture at 0.6 x 10°
cells/ml (6-12 x 10® total) were infected with the primary
culture, containing AAV-2 and Ad-2. Medium was reduced
t0 0.1 volume and 1 ml of primary innoculum was added per
108 cells. Cultures were incubated for 1-2 h without stirring
(suspension cultures) or at slow rotation (0.25 rpm for roller
bottles). The medium was replaced (now with 2% serum) and
incubation at 37 °C, 5% CO, was continued for 4060 h, until
monitoring for cytopathic effect showed <40% viability.

2.5. Harvest and purification of virus

At ~40%, the entire culture (cells, debris and medium)
was centrifuged in batches at 113,000g in a SW28 rotor
(Beckman Inc.) at 25,000 rpm for 180 min or a KA40.100
rotor (Composite Inc.) at 39,000 rpm (197,000 g) for 80 min.
Pelleted virus and cell debris were resuspended in 10ml
buffer TD (140mM NaCl, 5mM KCl, 0.7mM K;HPOq4,
25 mM Tris-HCI, pH 7.4) per 3 x 108 cells and lysed with the
addition of trypsin (0.0125% final concentration) and sodium
deoxycholate (0.5% final concentration) for 30 min at 37 °C,
then homogenized with 20 strokes in a Dounce homoge-
nizer. Cesium chloride was added to the lysate to a final con-
centration of 3.3 M (refractive index of 1.372) and samples
were centrifuged at 38,000 rpm in a SW55 rotor (Beckman;
175,000 g), 20 °C, for 20-24 h or a Beckman 70.1Ti rotor at
51,000 rpm (239,000 g), 20 °C, for 1316 h. The visible AAV
band (Fig. 1) was collected from the middle of the tube and it
was verified that the refractive index was 1.372, expected for
the cesium chloride concentration corresponding to AAV’s
density. AAV bands from multiple tubes were pooled and the
cesium gradient ultracentrifugation was repeated two more
times.

2.6. Quantization of AAV yield

An aliquot from the bands recovered from the third gradi-
ent was diluted 100-fold and optical density was determined
at 260 and 280nm. A calculated extinction coefficient for
empty capsids was based on the proportion of tryptophan

Gradient 1 Gradient 3
L D
lipid 2
< pellicle
cell
debris
- Ad-2
AAV-2 =—p
4 nucleic
e acids

Fig. 1. Cesium gradient ultracentrifugal purification of AAV-2. After three
gradients, the bands for adenovirus-2 (Ad-2) and cellular debris have dis-
appeared. The band of adeno-associated virus-2 (AAV-2) gets stronger with
pooling of the fractions from multiple tubes into a single tube for the next
gradient.

and tyrosine residues in VP3, and a capsid mass that ac-
counted for the 7.5% content of capsid protein variants VP1
and VP2. The calculated extinction coefficient for full parti-
cles used a double-stranded DNA extinction coefficient to ac-
count for the hypochromism of bases likely be predominantly
stacked (Chapman and Rossmann, 1995; Freifelder, 1982).
The estimated values (g289 = 4.54, £260 = 7.03 ml/(cm mg))
were not fully consistent with the empirically-determined
OD250/OD5¢ ratio of 0.72 (de la Maza and Carter, 1980)
that is often used to assess purity. The calculated estimates
are only as good as the underlying assumptions above, and
were reconciled with the empirical OD ratio, by adjusting
£260, the estimate most dependent on the state of the DNA.
Thus, for UV measurements of concentration, extinction co-
efficients of £280 = 4.54 and &3¢9 = 6.35 ml/(cm mg) gave
consistent results for pure virus. Both extinction coefficients
are larger than had been used previously, giving lower es-
timated concentrations of AAV. However, they are similar
to the values of 3.72 and 6.61 measured recently for dena-
tured virus (Sommer et al., 2003) and are therefore consistent
with other assay methods such as ELISA and Q-PCR. The
OD>g0/OD2¢0 ratio was used to distinguish full from empty
particles, and to monitor purity. Wavelength scans were used
to monitor for Rayleigh scattering.

2.7. LDS-PAGE

Samples were denatured by heating to 70° in 2% Nu-
Page LDS (Invitrogen) for 10 min. Denaturing acrylamide
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gels (4-12% NuPage Bis-Tris gradient) were loaded with
1 to 3 wg AAV per lane or overloaded with 10 g to detect
non-capsid or contaminant proteins. Gels were stained with
Coomassie blue R-250 or G-250 (Sigma, EZ Blue) or silver
nitrate.

2.8. Negative stain electron microscopy

A small quantity of AAV (10l at ~0.05mg/ml) was
loaded onto a carbon-coated 600 mesh copper hexagonal
thin-line grid. One minute later, excess solution was wicked
from the other side of the grid with filter paper. The sam-
ple was prepared by adding 10wl of 2% uranyl acetate,
with excess wicked away, as before, after 1 min. Samples
were air-dried for 2-3h, examined and photographed on a
JEOL 1200EX transmission electron microscope operated at
100KV.

2.9. Concentration and desalting of AAV for
crystallization

Attempts were made to transfer AAV from the third Cs-
gradient to various buffers, none of which was entirely satis-
factory until we discovered that glycerol was a co-solvent that
maintained solubility (see Section 3). In the final protocol,
AAV-2 was dialyzed against HMG buffer (100 mM Hepes,
50mM MgCly, 25% glycerol and 0.03% sodium azide, pH
7.3) using a custom-built 50 .l microdialysis cell. Virus could
be concentrated to approximately 16.0 mg/ml during this ex-
change. Once in HMG buffer, virus could also be concen-
trated in centrifugal Amico/Centricon-30 concentrator to ap-
proximately 9 mg/ml. Aggregates were removed by centrifu-
gation at 16,000 g for 10 min. Concentration was determined
spectrophotometrically (see above) from a 2 ul aliquot im-
mediately before crystallization.

2.10. Microbatch crystallization

Initial screens were by the microbatch method under min-
eral oil (Sigma) (Chayen et al., 1992), using a 96-well plate
format. AAV-2 stocks were prepared in either 100 mM acetate
buffer (pH 4.5) or 100 mM HEPES (pH 7.4) with 20-50 mM
Mg*, and with or without 5% glycerol co-solvent. Aliquots
of AAV-2 were mixed under the oil with concentrated PEG
solutions (usually PEG 6000) and buffer to yield 2 ul drops
containing 1.5-6.1 mg/ml AAV-2 and 1.5-4.6% PEG.

2.11. Hanging drop batch crystallization

The hanging-drop format (Hampel et al., 1968) was used
for ready visualization, but, in contrast to the more usual va-
por diffusion method, drop and reservoir were set up in vapor
pressure equilibrium, so that there would be no change in drop
concentration with time. As with the microbatch method, re-
sults are obtained within a few days, so it is suitable for rapid
(crude) screening. Over 700 set-ups tested different combi-

nations of AAV-2 concentration (1.5-6.0 mg/ml) and crystal-
lizing agent (1-5% PEG 6000) (mixed drop concentrations).
Trials were all performed in 100 mM HEPES (pH 7.3) with
50mM Mg** and with or without 25% glycerol. The re-
sults were compiled into pseudo phase diagram (Fig. 2) to
better define what started as a narrow window of productive
conditions. Determination of a real phase diagram (Ducruix
and Giegé, 1999; Ducruix and Ries-Krautt, 1990) requires a
large number of existing crystals to determine conditions for
growth and dissolution. This can be done in retrospect, but not
during a search for conditions that produce the first crystals.
Here, an approximate pseudo phase diagram was obtained
by segregating the conditions in which solutions repeatedly
crystallized, precipitated or nearly always remained soluble.
The approximate phase boundaries that emerged were used
to narrow the range of conditions to be tested for the optimal
growth of large single crystals below.

2.12. Vapor diffusion crystallization

Optimization and preparation of diffraction grade crys-
tals was by hanging-drop vapor diffusion (Hampel et al.,
1968). The concentration of AAV-2 and crystallizing agent
slowly increase as the drop equilibrates by vapor diffusion
with a reservoir containing dehydrating agent. One hopes
to pass through conditions under which (only) a few nu-
clei will form and then to higher concentrations needed
for growth. The application here was complicated a lit-
tle, because of co-crystallization with a solubilization/cryo-
protection agent (glycerol) that, like PEG, is also a dehy-
drating agent. AAV-2 at ~8.5 mg/ml was prepared in HMG
buffer (pH 7.3). Reservoir solutions contained 4-6% PEG
and 25% glycerol in HMG buffer. Drops contained 26 pl of
AAV solution mixed with an equal volume of a third solution
that was identical to the reservoir except without glycerol.
Thus, starting concentrations were AAV at ~4.25 mg/ml and
PEG 6000 at 2-3%. Equilibration with the reservoir, yielded
final concentrations approaching ~8.5mg/ml virus and
4-6% PEG.

Vapor diffusion was also used to explore the effects of 12
common additives (McPherson, 1990), representing ions of
various charges, detergents, co-solvents and mild chaotropic
agents. It was also used to test for improved crystals at differ-
ent temperatures and pH and with different polyethylene gly-
col crystallizing agents: PEG 400 (10-50%), 1000 (5-20%)
S000MME (1-10%) and 12,000 (1-3%). Together with the
batch-mode screens, over 800 combinations of conditions
were tested with details to be given in the results.

3. Results
3.1. Virus yields

Equivalent yields (overall and per cell) were obtaincd with
three types of culture for the secondary infection: mor olayef
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Fig. 2. Pseudo phase diagram for AAV-2 (A) in the presence of 25% glycerol co-solvent, and (B) without glycerol. This analysis differentiates the virus and
dehydration agent most likely to lead to crystallization. Most of the data points (black symbols in A, all data points in B) were obtained by the
batch method in which the concentrations of virus and PEG do not change with time. Some data points, especially at high virus concentration, were obtained
with the hanging drop vapor diffusion method in which the concentrations equilibrate with time (grey data points). The values plotted were estimated for the
time at which crystals or precipitate first appeared based on d vapor diffusion rates. Mi were made through refractive index according to the
protocol of Luft and Titta (1996), using 25% glycerol solutions. Circles indicate soluble virus, crosses indicate precipitates, squares indicate needle, plate or
poly-crystals, and di ds indicate th I single crystals. The pseudo phase boundaries are with the und g that poorly
effects, such as the presence of heterologous crystallization nuclei, affect the outcome of individual crystallization attempts, rendering lhe data inherently noisy.
For clarity, only a ! of the many yielding soluble or precipitated virus are shown. Comparison of panels A and B shows that
the effects of the glycerol are to improve the solubility and to widen the metastable/nucleation zones. The difficulty without glycerol was in finding conditions
where crystals could be obtained without precipitation.

culture using 30 100mm plates, monolayer culture us-
ing three 850 cm? roller bottles or 500 ml suspension cul-
ture. Suspension culture was the least labor-intensive and
amenable to scale-up resulting in yields of ~10mg (1.1 x
10'5 particles) of purified virus from 3dm® cultures. Al-
though the yields were high, there was significant variabil-
ity, with preparations averaging 3 £ 2 x 10'* particles/dm®
suspension culture (or ~4 x 105 particles purified from
each cell).

3.2. Purity of preparations

Electron microscopy showed that, in contrast to the prod-
uct of a single cesium gradient, sample from the third gradient
was free of contaminating adenovirus particles (Fig. 3). Pu-
rity of virus preparations was also assessed by determining
whether the OD,g0/OD5¢ ratio was consistent with the value
of 0.72 measured for pure AAV (de laMaza and Carter, 1980),
and their expected DNA/protein ratio. Following the second
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Fig. 3. Progressive purification of AAV-2 on repeated cesium gradient ultracentrifugation. Both panels are negatively stained electron micrographs pho‘lo‘graphed
at 100kV with a magnification of 80,000. Panel A shows partial purification following two gradients. Most of the particles are full () (DNA-containing), but
there are contaminating empty (e) particles with characteristic staining of the interior, and broken (b) particles. Panel B shows a homogenous preparation of

full particles following a third gradient.

cesium gradient the OD ratio was typically 0.70. Following
the third ultra-centrifugation, the ratio was usually 0.72 +
0.005, indicating little by way of contaminating protein or
nucleic acid.

Purity was also assessed through SDS-PAGE. Neither sil-
ver nor Coomassie G-250 staining revealed any contaminants
in lanes loaded with 1-3 pg. As staining could detect as lit-
tle as 50 ng, this demonstrated that no contaminant exceeded
5% of the AAV. A more sensitive quantitative assay was de-
veloped using serially overloaded lanes (1-10 ug) and the
known ratios of VP1, 2 and 3 (1:1:8) (Johnson, 1984; Rose
et al., 1971) as internal standards. The integrated density of
a weak band in a heavily overloaded lane could be compared
to a similarly dense band of a major capsid protein in a lane
with less sample loaded. Overloaded lanes with denatured
virus showed additional bands at 116, 42, 28 and 15kDa at
densities corresponding to 1-3 copies per capsid. Wistuba et
al. (1995) had seen similarly size proteins in sucrose-gradient
purified full and empty capsids, except that the smallest had
apparent molecular weight of 10 kDa. Western analysis with
the A69 monoclonal antibody had demonstrated that all were
capsid protein derivatives. Western analysis of our samples
(not shown) using the B1 monoclonal antibody (Wistuba et
al., 1995) similarly demonstrated that these bands were all
capsid protein derivatives, and that our 15kDa band likely
corresponded to the 10kDa band of Wistuba et al. (1995).
Comparison of SDS gel lanes loaded with denatured or na-
tive AAV-2 revealed that the additional bands occur only in
denatured samples (Fig. 4), implying that the proteins are in-
ternal or firmly bound to the exterior of the capsid. The size
of the smallest fragment corresponds approximately to the
VP1 unique region, but this is likely coincidence. Wistuba et
al. (1995) noted that their low molecular mass fragment in-
creased with time post infection, as the proportion of VP3 also
increased, but the implication of antibody cross-reactivity
is that they share an epitope, and could not be the mutu-
ally exclusive VP3 and VPI-unique regions. Thus, the exact
nature of the weak bands remains uncertain, but they are
likely capsid protein degradatory products that remain se-
questered with the viral assembly. The faintest band of the
capsid-sequestered proteins corresponded to about 1.3% of
the total protein. Proteins would be detectable at ~1/10th of

this level, indicating that no single non-viral protein contam-
inant exceeds 0.1%, and that the sample is likely >99% pure.

3.3. Avoiding aggregation

At the low concentrations usually used for virological
studies, AAV is soluble in physiological-like buffers. Even
at 1/10th-mg/ml concentrations, it was long recognized that
molar salt concentrations were needed to maintain solubility.

Lane: 1 2 3 4 5
denatured non-denatured denatured

loug  10ug 10ng  lug - 2ug

- -

6
MW markers

97.4 kDa

—VP1
66.3 kDa
VP2

5 55.4 kDa
+~VP3

36.5 kDa
131.0kDa

| 21.5kDe
% 14.4kDa

Fig.4. LDS 4-12% acrylamide Bis—Tris gel electrophoresis of’ purified AAV.
AAV was overloaded, at 10 pg per lane, in the first three lanes to detect
minor contaminants. Lanes 4 and 5 are loaded at land 2 pg, n:specu'vel_y-
All samples except those of lanes 2 and 3 were heated (10 min, 70°C) 1"
denaturing buffer (2% LDS) prior to loading. The samples in lane 2 and
3 were loaded in non-denaturing and denaturing buffers respectively: but
neither was heated.
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High concentrations of AAV-2 in the ~3.3M CsCl from
ultracentrifugal purification remained mostly in solution at
4°C, although there was some precipitation and adhesion to
glass- and plastic-ware with time, even after siliconization.
Bufferexchange intoeven 0.25 M NaCl resulted in significant
loss. Lower salt buffers supporting AAV-2 concentrations of
10 mg/ml would be needed to survey possible crystallization
conditions.

A large number of modifications to the buffer were tested
for solubility, measuring AAV-2 recovery through OD,g, and
monitoring for aggregates through the impact of Rayleigh
scattering on a wavelength scan of optical density. Small
samples at ~0.1 mg/ml AAV were used for preliminary char-
acterization. A neutral detergent (B-octyl glucopyronoside)
at sub-micellar concentrations (0.01-0.5%) led to a modest
reduction in aggregation (up to 15%) that could be further
improved by lowering the pH. Various buffers were tested
at 25mM in combination with 0.5% detergent: CAPS (pH
10.0), HEPES (pH 7.5), MES (pH 5.7) and acetate (pH 4.5).
There was a monotonic improvement in solubility with low-
ering of pH, with AAV-2 appearing fully soluble at pH 4.5,
but not 5.7. Several polyvalent ions were tested: a divalent
cation (Mg**, 20mM) improved the solubility of samples
between pH 4.5 and 7.5, whereas a trivalent anion (citrate)
did not. With Mg*+ and detergent at pH 4.5, 1-2 mg/ml was
attainable at low ionic strength, enabling the start of crys-
tallization trials. Higher virus concentrations would facili-
tate crystallization, so further tests of buffers continued with
two co-solvents: isopropanol at 5 or 10% did not improve
solubility, but 5% glycerol (25% later) greatly increased the
solubility to ~17 mg/ml, even at pH 7.5. Excepting the glyc-
erol, these were near-physiological conditions and became
the main focus of crystallization attempts.

Although conditions were now available for maintaining
solubility, concentrating the virus to high mg/ml levels ef-
ficiently still remained a challenge. Only about 20% was
recovered from centrifugal concentration with an Amicon
microconcentrator-100 at pH 7.5 with 5% glycerol or at pH
4.5 without glycerol. Treatment with 1% SDS showed that
most of the AAV-2 had adhered to the membrane, and there
was also unacceptable aggregation in the retentate. Some con-
centration was possible by dialysis against 5-20% solutions
of PEG 12-20,000, but losses due to membrane adhesion
were still high (~30%). The method that became our standard
was found serendipitously. Higher concentrations of glyc-
erol (25%) were being tested for co-crystallization with a
cryo-protectant for subsequent freezing of crystals (Rodgers,
1994). Exchange of buffer using a microdialysis cell and a
membrane with a 12-14 kDa molecular mass cutoff also re-
sulted in increased concentration without aggregation. AAV
concentration was routinely increased from ~4 to ~9 mg/ml,
occasionally to 16 mg/ml, by, presumably a non-equilibrium
transient process. (This corresponds to concentrations of 4.4
to 18 x 10' particles/ml.) Higher concentrations of glyc-
erol (25%) were later found to support the recovery of PEG-
precipitated AAV-2 at up to 3.5 mg/ml, and to reduce greatly

the losses during centrifugal concentration, but these find-
ings came after the bulk of samples for structural work had
already been prepared.

High glycerol co-solvent concentrations were key to at-
taining high concentrations of AAV at low ionic strength.
Glycerol does not appear to affect the structure greatly. Neg-
atively stained electron micrographs at 0 and 80% glycerol
appear identical. Later, isomorphous crystals would be ob-
tained with or without the glycerol co-solvent.

The first crystals were obtained by the microbatch method
(Chayen et al., 1992). Microcrystals were obtained in about
5 days with AAV-2 at 1.5-2.0mg/ml with 2.5-3.0% PEG
6000 as crystallizing agent. Drops could be buffered at either
pH 4.5 or pH 7.4, with 20-50 mM Mg?* and with or without
5% glycerol co-solvent. Morphologies were plate or diamond
shaped, independent of the pH. Subsequent vapor diffusion
experiments explored common additives (McPherson, 1990)
- salts, detergents, co-solvents, etc., and also different types
of PEG. The only change leading to improvement of crystals
was the addition of 25% glycerol.

To better define the narrow windows of PEG and virus
concentrations conducive to crystallization, a pseudo-phase
diagram was constructed from the results of ~700 batch-
mode hanging-drop attempts. The concentrations in mixed
drops were varied from 1.5 to 6 mg/ml in AAV-2 and 1-6%
in PEG 6000. Most trials remained clear. Those where pre-
cipitate or crystalline material were often observed fell into
regions similar to the precipitation and nucleation zones re-
spectively of a theoretical phase diagram (Ducruix and Giegé,
1999; Ducruix and Ries-Krautt, 1990), which provided the
basis for estimating approximate phase boundaries. Without
glycerol, the metastable and nucleation zones were narrow.
With glycerol, these regions were wider, making it easier to
find conditions for nucleation and slow growth without pre-
cipitation (Fig. 2).

Fig. 5. Typical crystals of AAV-2. The largest usually seen have dimensions
of ~0.3mm.
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Larger, diffraction-grade crystals were grown by the stan-
dard hanging-drop vapor diffusion method (McPherson,
1998) for which the drop was set up at half the concentration
of dehydration agent as the reservoir. After mixing the AAV-2
stock (in HMG buffer) with dehydration agent in equal 2—6 p.l
volumes, the drops started at ~4.25 mg/ml AAV-2, 100 mM
HEPES pH 7.3, 50 mM MgCl,, 12.5% glycerol and 2.5-3.0%
PEG 6000. It was equilibrated against an excess volume of
5-6% PEG in HMG buffer (i.e. 25% glycerol). Thus, vapor
diffusion was driven by a two-fold difference in both PEG
and glycerol concentrations, so that at equilibrium the virus
concentration would approach ~8.5 mg/ml. Typically crys-
tals grew to about 0.3mm x 0.3mm x 0.3mm in a week
(Fig. 5).

4. Discussion
4.1. Scalability of virus production

The prior methods were small-scale, using thirty 100 mm
tissue culture plates for the secondary infection. Although
the methods worked well, 10-fold + scale-up needed for
crystallization trials was impractical as it has also proved
for rAAV large-scale production (Urabe et al., 2002). Three
roller bottles provided the same attachment surface as 30
dishes, supporting an equal number of cells and yield-
ing the same amounts of virus. Two-fold scalability was
achieved by doubling the number of roller bottles, and
greater scaling could likely have been achieved if the
method had not been set aside due to the time needed to
establish the monolayer cultures which was several days
longer.

The 3 x 108 cells, of 30 dishes or three roller bottles,
could be grown in a single 500 ml suspension culture with
considerably less labor. Virus yields from suspension culture,
per cell, equaled or exceeded monolayer culture. Yield could
be two-fold scaled by doubling the cell density at infection,
and further scaled by increasing the culture volumes from 0.5
to 3dm>. About 10 mg of virus could be produced from 31
cultures. No differences in crystallization were seen as the
scale of production was increased.

4.2. Sample purity

Sample purity is usually of prime importance in protein
crystallization (McPherson, 1998). Crystallization would re-
quire homogeneity of the protein capsid, whereas integrity
of infectious DNA had been the prime concern in the earlier
development of these methods (Winocour et al., 1992). In
macromolecular purification, one usually seeks separations
based on different properties, so it seemed likely that purity
might be improved by substituting other methods for the sec-
ond or third cesium gradient ultracentrifugation. Following
methods developed for bacteriophage purification (Walin et
al., 1994), preliminary DEAE anion exchange chromatog-
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raphy using a MemSep® cartridge (Amicon Inc.) achieved
some separation, but with an unacceptably low 34% recov-
ery. At the high concentrations needed for structural stud-
ies, the low ionic strength running buffers needed for ion
exchange chromatography result in aggregation and adhe-
sion to the apparatus. The same challenge would be faced
with concentrate samples when applying the heparin affin-
ity and ion exchange chromatographies developed more re-
cently for rAAV (Anderson et al., 2000; Auricchio et al.,
2001; Clark et al., 1999; Kaludov et al., 2002; O’Riordan et
al., 2000; Summerford and Samulski, 1999; Tamayose et al.,
1996; Zolotukhin et al., 1999). Our efforts with chromatog-
raphy preceded our discovery of glycerol as a co-solvent,
and it is possible that now conditions could be found where
one of the chromatographies could be used with concentrate
samples.

Having obtained crystals from cesium-gradient purified
AAV-2, there was less motivation to explore these emerg-
ing chromatographic methods. In fact, SDS-PAGE indicated
purity likely >99%, better than anticipated. It is likely that
the high purity resulted from the large scale of our prepara-
tions, allowing us to see clearly the bands following ultracen-
trifugation, and to be highly selective in retaining the central
fraction, discarding any tails.

4.3. The multiple effects of glycerol

With the well-known limited solubility of AAV-2, glyc-
erol was key to obtaining concentrated solutions of AAV at
low ionic strength that would be suitable for crystallization.
By crystallizing in high glycerol, data collection at cryo-
temperatures was facilitated. At 4 °C, crystals survived only
~1min in a synchrotron X-ray beam, so hundreds of crystals
would have been required for a complete diffraction data set.
At 100K cryo-protected crystals lasted up to 3 h, so that al-
though data were collected from a few dozen crystals, only
the best two were ultimately required. Cryo-protection is re-
quired to avoid ice crystallizing within and disrupting protein
crystals, and is normally accomplished by soaking pre-grown
crystals in a series of PEG, glycerol or sugar solutions chosen
to avoid disordering the crystal lattice (Rodgers, 1994). Find-
ing suitable conditions has proved more challenging for virus
crystals than protein crystals for which cryo-methods are now
used almost exclusively. By finding conditions in which AAV-
2 could be crystallized in the presence of a cryo-protectant,
this challenge was avoided. Glycerol had three effects upon
crystallization. It increased the solubility of AAV-2, it broad-
ened the nucleation zone, making it easier to obtain condi-
tions in which just a few nuclei would grow into large crystals,
and it also changed the rate of equilibration. Hanging drops of
20 pl 12.5% glycerol equilibrated by vapor diffusion with a
25% glycerol reservoir in 11 days (as measured by refractive
index), compared to 2 months for a drop of 3% PEG 6000
(alone) equilibrated against 6% PEG 6000. With the increased
rate of equilibration, a colligative property, it was possible to
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nearly double the virus concentration during the time-span of
crystallization, driving larger crystal growth. Identical elec-
tron micrographs and crystal lattices indicate that glycerol
does not have a large impact upon capsid protein confor-
mation.

4.4. Form of the virus crystallized

The AAV capsid is comprised of proteins VP1, VP2
and VP3 in the ratio 1:1:8-10 (Johnson, 1984; Rose et al.,
1971). These proteins share a common 533 residues carboxy-
terminus, differing in N-terminal extensions of 65 for VP2
and another 137 for VP1, due to differential mRNA splic-
ing. The VP1 N-terminal extension encodes for nuclear lo-
calization, phospholipase A activity and is essential for full
infectivity, but not capsid formation (Girod et al., 2002;
Hermonat et al., 1984; Hoque et al., 1999; Wu et al., 2000).
As in prior parvovirus structures (Agbandje et al., 1993;
Agbandje-McKenna et al.,, 1998; Simpson et al., 1998;
Simpson et al., 2002; Tsao et al., 1991), the AAV-2 struc-
ture revealed only the core subunit structure common to all
of the capsid proteins (Xie et al., 2002). This raised the pos-
sibility (for all the parvovirus structures) that what had been
selected in crystal growth were particles lacking VP1 and/or
VP2, present naturally in a heterogenous population, or pro-
duced by artifactual proteolysis during the long time-scales
of virus production and crystallization. Here, for AAV-2 it
was demonstrated that the protein composition of crystalline
virus was indistinguishable from freshly purified AAV-2, and
contained the expected proportions of capsid proteins. Firstly,
through measurement of OD,gg on dissolved crystals, it was
demonstrated that >99% of AAV-2 in a hanging-drop had
been sequestered into crystals, and that the virus crystal-
lized was not a minor fraction. Then SDS-PAGE analysis
of washed crystals, dissolved under denaturing conditions,
was used to demonstrate that the composition was as ex-
pected (Fig. 4). Thus, the crystals contained the VP1 and
VP2-unique regions. They are not visualized in the crystal-
lographic electron density maps which are averaged 60-fold
according to the icosahedral symmetry. Thus, VP1 and VP2
must be present at ~10% occupancies (mole fractions) that
are below detectable levels, or are spatially disordered. Anti-
genicity, tryptic susceptibility and electron microscopy of
several parvoviruses has not yet resulted in a uniform and
consistent view of the location of VP1 for all parvoviruses,
and it may sometimes be external to the capsid, sometimes in-
ternal, perhaps depending on species and whether the particle
is empty or contains DNA (Cotmore et al., 1999; Kajigaya
et al., 1991; Kronenberg et al., 2001; Rimmelzwaan et al.,
1990). In all known parvoviral structures, the first residue vi-
sualized crystallographically is near the five-fold axis on the
inner capsid surface. In the mammalian, but not insect par-
voviruses, there is diffuse density extending from this point
through a pore on the five-fold axes to the outside, suggesting
that a fraction of the unseen VP1 and/or VP2 N-termini might
be external (Simpson et al., 1998; Xie et al., 2002; Xie and

Chapman, 1996). The proportions of VP1, 2 and 3 mean that
no more than about 6 of the 12 five-fold pores can be occupied
by VPI, and no more than about 6 by VP2. There is noth-
ing to suggest that the distribution of occupied pores would
be anything but random. VP1, but perhaps not VP2, would
add significant bulk to the exterior, likely affecting crystal
packing contacts. It is difficult to imagine how a heteroge-
nous distribution of VP1 extensions over the capsid surface
could be consistent with an exactly periodic crystalline lat-
tice. This makes a circumstantial case that the N-terminus of
VP1 is mostly internal in AAV-2. Although the demonstration
of crystal composition has been only for AAV-2, it becomes
more plausible that the other parvoviral crystals retain a full
complement of capsid proteins. It is extremely difficult to
envision that all of the different crystal packings would tol-
erate the heterogeneity of randomly placed VP1 domains to
the capsid surface. VP2 has a small extension to the common
VP3 core, and it is less likely to affect crystallization, no
matter its location. Perhaps the differing evidence regarding
internal or external location of VP1 will only be reconcilable
with a dynamic equilibrium (Cotmore et al., 1999) in solu-
tion, although the crystal structures offer no hints on how the
pore could be opened to allow passage of a ~200 residue
polypeptide.

4.5. Implications for gene therapy

Through optimization of the propagation, it has been pos-
sible to produce efficiently larger quantities of AAV-2 than
has previously been possible for either wild-type or recombi-
nant rAAV. The methods of purification used here would not
be suitable for clinical-grade preparations due to the poten-
tial toxicity of cesium chloride. However, the ready avail-
ability of large quantities of wild-type AAV-2 will allow
the potential of alternative large scale purification methods
to be explored without the limitation of the currently low
yields of rAAV production methods. The work also demon-
strates the potential benefits of glycerol or other co-solvents
in manipulating concentrate solutions of AAV. Finally, the
large-scale preparation methods and crystallization were re-
quired for the atomic structure determination of AAV-2 (Xie
et al., 2002) that is now facilitating the development of mod-
ified rAAV vectors with altered cellular targeting and anti-
genicity (Huttner et al., 2003; Rabinowitz and Samulski,
2002).
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