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Abstract: [Objective] To establish a receptor-binding capture method for recombinant adeno-associated virus
(rAAV) purification. [Methods] We expressed polycystic kidney disease (PKD) domains 1 and 2 of AAV receptor
in E. coli as an elastin-like polypeptide (ELP) fusion protein. We purified the fusion protein by inverse transition
cycling (ITC). We generated two versions of rAAV-GFP and incubated them with ELP-PKD protein. We recovered
the protein-bound rAAV-GFP by ITC and extracted the viral DNA for PCR analysis. We optimized the conditions
for rAAV-GFP purification and identified the purified rAAV by electron microscopy and Western blotting.
[Results] ELP-PKD fusion protein was correctly expressed as a soluble protein which was purified to more than
90% purity. We demonstrated the specific affinity of ELP-PKD fusion protein for rAAV-GFP binding. We purified
rAAV-GFP with 58% recovery from insect cells or 56% recovery from AAV-293 cells. After elution, we obtained
final rAAV-GFP recovery rates of 46% and 44% from the two cell types, respectively. We demonstrated that the
purified rAAV-GFP had the typical morphology and structural proteins of AAV. [Conclusion] We established
ELP-PKD-binding capture method for quick purification of rAAV from different cell types.
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purification

Recombinant adeno-associated viruses (rAAVs) the scale production and downstream processing’..
have broad applications in gene therapy, vaccine The traditional method for rAAV purification is
development and biomedical research!' 2. However,  cesium chloride gradient centrifugation. Although
the application of rAAV technology is hindered by both yield and purity are generally high, this
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technique has the drawbacks of limited cell lysate
loading capacity and prolonged exposure to
chloride™.

alternative gradient medium for rAAV purification

harmful cesium Iodixanol is an

with the advantage of low toxicity!”. However,
iodixanol gradient centrifugation has the same
drawback of limited cell lysate loading capacity as
cesium chloride gradient centrifugation.
Ion-exchange and affinity chromatography have
been developed for scale rAAV purification with
enhanced  yield and  purity!®.  However,
chromatographic techniques can not separate the
vector-related impurities from fully functional
vector particles”®!. Therefore, there is the necessity
to develop cost-effective methods for scale
purification of rAAV vectors.

Receptor-binding

capture and magnetic

sequestration has been developed to concentrate

noroviruses from large volume samples'’ .
Although this technique is simple and highly
sensitive, it is not suitable for virus purification at
Elastin-like (ELPs) are

synthetic polymers of pentapeptide repeats (e.g.,

scales. polypeptides
Val-Pro-Gly-Xaa-Gly), where Xaa can be any
amino acid except proline. ELPs have an unequal
property, reversible phase transition, allowing the
insoluble

aggregates at specific transition temperatures!®.

change from soluble monomers to
Therefore, ELP fusion proteins can be purified
simply by inverse transition cycling (ITC) with
broad applications such as recombinant protein

purification,  drug vaccine

11-12

delivery  and
development!'' "2, More recently, a simple method
for quick purification of adenoviruses has been

developed by combining the receptor-binding

capture with ELP-mediated precipitation!'?’,

AAV receptor (AAVR) or KIAAO0319L is a
type-I Ig-like
polycystic kidney disease (PKD) domains'*.
Although AAVR is an N-linked glycoprotein, the
glycosylation is not a strict requirement for AAV

binding. AAV2 or AAVS interacts predominantly

membrane protein  with five
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with the PKD2 or PKD1 domain of AAVR. Other
AAV serotypes require a combination of PKD1 and
PKD2 domains for optimal binding!"!. In this study,
a novel receptor-binding capture method was
established for quick purification of rAAV from
different cell types.

1 Materials and methods

1.1 Bacterial strains, cell lines and vectors

E.  coli DHS5a and BL21(DE3)
(Stratagene, USA) were used as the host strains for

strains

gene cloning or recombinant protein expression.
E. coli strain HH10Bac (Invitrogen, USA) was used
for Bacmid preparation in insect cells. Sf9 insect
cells (Invitrogen, USA) were cultured in serum-free
SF-900 II medium (Gibco, USA) at 27 °C and
agitated at 110 r/min. Human kidney AAV-293
cells (ATCC, USA) were cultured in Dulbecco’s
modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Baculovirus
and pFastBac™ Dual
(Invitrogen, USA) were used for generation of

vectors pFastBac™ 1

recombinant baculoviruses in insect cells. AAV
pAAV-RC, pAAV-CMV and pHelper
(Stratagene, USA) were used for generation of

vectors

rAAV in mammalian cells.

1.2 Construction of prokaryotic expression
vector

ELP fusion expression vector pEI/GFP was
kindly provided by Professor Wood at Princeton
University, USA. The modified vector pET-ELP
was constructed as previously described!'®. Briefly,
the coding sequence for ELP was excised from
pEI/GFP vector with Nde I and Sac I digestion, and
cloned into pET-30a (+) vector (Invitrogen, USA)
after digestion with the same restriction enzymes.
The coding sequences for PKDI and PKD2
domains of AAVR (GenBank accession:
NM _024874) were adapted to E. coli codon usage
using JAVA Codon Adaption Tool"”. The
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synthetic sequence was cloned into pET-ELP
vector with Hind 11l and Xho 1 digestion. The
recombinant vector pELP-PKD was identified by
restriction digestion and sequence analysis.

1.3 ELP-PKD fusion protein expression

The pELP-PKD vector was transformed into
BL21(DE3) E. coli. After growing for 5 h at 37 °C
in 2x YT medium (10 g yeast extract, 16 g tryptone,
5 g NaCl/L) containing 50 pg/mL kanamycin, the
expression of ELP-PKD fusion protein was induced
for 18 h at 20 °C with 0.2 mmol/L IPTG (Isopropyl
B-D-thiogalactoside). After centrifugation for 10 min
at 500 g, cells were washed and disrupted in PBS
(pH 7.2) by sonication treatment. Following
centrifugation for 20 min at 12000xg at 4 °C, the cell
lysate was used for ELP-PKD protein purification.

1.4 ELP-PKD fusion protein purification

ELP-PKD fusion protein was purified by ITC
as previously described"®!. Briefly, the centrifuged
cell lysate was mixed with an equal volume of
6 mol/L NaCl and incubated for 10 min at different
temperatures. After centrifugation for 5 min at
room temperature, the protein pellet was dissolved
in cold PBS, centrifuged for 10 min at 4 °C, and
analyzed by 12% SDS-PAGE for protein purity.
Then, the cell lysate was incubated for 10 min with
different concentrations of NaCl at the determined
temperature, and centrifuged for 5 min at room
temperature. The protein pellet was dissolved in
cold PBS and analyzed as described. Finally,
200 mL of the cell lysate was incubated for 10 min
at the determined temperature with the determined
concentration of NaCl. After centrifugation for
5 min at room temperature, the protein pellet was
washed, dissolved in cold PBS and centrifuged for
10 min at 12000xg before SDS-PAGE analysis.

1.5 Generation of rAAV-GFP in Sf9 insect cells

Recombinant baculovirus (rBac) rBac-RC and
rBac-GFP were prepared as previously described!'”!.
Briefly, the rep and cap genes of AAV2 were

codon-optimized for optimal expression in insect

cells. The synthetic genes were cloned into
pFasBact™ Dual vector with Bgl 11 and Xba I or
Sma 1 and Sph 1 digestion. The recombinant vector
was called pBac-RC. The inverse terminal repeats
(ITRs) of AAV2 were excised from pAAV-CMV
vector and cloned into pFastBac™ 1 vector with
BamH 1 and Hind 111 digestion. The resultant vector
was called pBac-ITR. Green fluorescent protein
(GFP) gene was amplified from pEGFP-N1 vector
(Clontech, USA) wusing the sense primer
(5'-ATCTCGAGATGGTGAGCAAGGGCGAG-3")
and the antisense primer (5-CGAAGCTTTTACT
TGTACAGCTCGTCC-3"). The PCR product was
cloned into pBac-ITR vector with EcoR 1 and
BamH 1 digestion. The recombinant vector was
called pBac-GFP. Both pBac-RC and pBac-GFP
vectors were transformed individually into
HH10Bac E. coli and the purified recombinant
bacmids were transfected individually into Sf9
3000

transfecting agent (Invitrogen, USA) by following

insect cells wusing Lipofectamine™
the manufacturer’s instruction. The rBac-RC and
rBac-GFP were harvested at 72 h post transfection.
Sf9 cells were co-infected with rBac-RC and
rBac-GFP (MOI of 1). The resultant rAAV-GFP
was harvested at 72 h post infection (hpi), titrated
on AAV-293 cells and expressed as fluorescence

formation units (FFU)/mL as previously described®”.
1.6 Generation of AAV-GFP in AAV-293 cells

GFP gene was amplified from pEGFP-N1
vector using the sense primer (5'-GCCACCATGGT
GAGAGAGAG-3') and the antisense primer (5'-TC
ACTACTTATACAGCTCGTCCA-3'). The PCR
product was cloned into pAAV-CMV vector with
EcoR 1 and BamH 1 digestion. The recombinant
pAAV-GFP vector, together with commercially
available pAAV-RC and pHelper vectors, was
AAV-293
Lipofectamine™ 3000 transfecting agent as described.
The resultant rAAV-GFP was harvested 72 h post
transfection and titrated on AAV-293 cells as
described.

transfected into cells using

http://journals.im.ac.cn/actamicrocn
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1.7 Virus binding assay

The insect cell-derived rAAV-GFP (10" FFU/mL)
was mixed with an equal volume (100 pL) of
ELP-PKD fusion protein or ELP control protein
(200 pg/mL). After incubation for 60 min at 4 °C,
200 pL of 4 mol/L NaCl was added and incubated
for 10 min at 26 °C. After centrifugation for 5 min
at 12000xg at room temperature, the protein-bound
rAAV-GFP was washed three times with 2 mol/L
NaCl and suspended in 100 pL of PBS. The viral
DNA was extracted using Viral DNA Extraction
Kit (OMEGA, China). PCR (50 uL) was performed
using GFP-specific primer pair as described.

1.8 rAAV-GFP purification

Firstly, ELP-PKD fusion protein was diluted to
50, 100, 150, 200, 250 pg/mL with PBS (pH 7) and
mixed with an equal volume (100 pL) of the
After
incubation for 60 min at 4 °C, the protein-bound
rAAV-GFP was collected by ITC and titrated on
AAV-293 cells as described. Secondly, ELP-PKD
protein was diluted to the determined concentration
with PBS (pH 7) and incubated with the insect cell
lysate for 5, 15, 3, 45 or 60 min at 4 °C before
rAAV-GFP recovery and titration. Thirdly,
ELP-PKD protein was diluted to the determined
concentration with PBS (pH 7) and incubated with

vector-transfected insect cell lysate.

the insect cell lysate for the determined time at 4,
20, 25, 30 or 37 °C before rAAV-GFP recovery and
titration. Fourthly, ELP-PKD protein was diluted to
the determined concentration with PBS (pH 4, 5, 6,
7 and 8) and incubated with the insect cell lysate
for the
temperature before rAAV-GFP recovery and titration.
Finally, rAAV-GFP was purified from 20 mL of the
vector-transfected insect or AAV-293 cell lysate

determined time at the determined

under the optimized conditions.
1.9 AAV-GFP elution

Firstly, ELP-PKD-bound rAAV-GFP was
eluted from ELP-PKD protein for 30 min at 4 °C
with PBS of pH 3, 4, 5, 8, 9 and 10. After immediate

actamicro@im.ac.cn

neutralization to pH 7, ELP-PKD protein was
removed by ITC and the recovered rAAV-GFP was
titrated on AAV-293 cells as described. Secondly,
the protein-bound rAAV-GFP was eluted for 5, 15,
30, 45 or 60 min at the determined pH at 4 °C
before rAAV-GFP recovery and titration. Thirdly,
the protein-bound rAAV-GFP was eluted for the
determined time at the determined pH at 4, 20, 25,
30 or 37 °C before rAAV-GFP recovery and
titration. Finally, rAAV-GFP was eluted from
ELP-PKD protein under the optimized conditions.

1.10 AAV-GFP characterization

To analyze the morphology of rAAV-GFP, the
purified virus was absorbed onto copper grids
(400-mesh) for 2.5 min at room temperature,
stained with 3% phosphotungstic acid for 2.5 min,
and observed wunder transmission electron
microscope (Philips, Tecnai 12, Germany) at an
acceleration voltage of 75 kV. To analyze the
infectivity of rAAV-GFP, PK-15 cells were
infected with the purified rAAV-GFP (MOI=1) and
observed for GFP-positive cells under fluorescent
microscope 48 h post transduction. To analyze the
structural proteins of rAAV-GFP, the purified virus
was separated by 12% SDS-PAGE and transferred
onto nitrocellulose membrane. After blocking for
1 h at 37 °C with 5% defatted milk powder in PBS,
Western blotting was performed using mouse
anti-AAV Cap serum (1:2000) as the first antibody
and Dylight™ 800-labeled goat anti-mouse IgG
(1:10000; KPL, USA) as the second antibody. The
hybridization signal was scanned on Odyssey Infrared

Imaging System (LI-COR, USA) at 800 nm.

2 Results

2.1 ELP-PKD protein expression

The recombinant vector pELP-PKD (Figure 1-A)
was transformed into BL21(DE3) E. coli for
ELP-PKD fusion protein expression. For ITC to be
useful, a large enough fraction of ELP-PKD fusion
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protein must be expressed as a soluble protein.
Therefore, the expression of ELP-PKD fusion protein
was slowly induced at 20 °C with 0.2 mmol/L IPTG.
SDS-PAGE analysis showed that, compared to the
non-induced cell control, an expected 67-kDa extra
protein was present in the cell extract of
pELP-PKD recombinant E. coli, more than 90% of
which was present in the soluble fraction of
centrifuged cell extract (Figure 1-B).

2.2  ELP-PKD protein purification

To optimize the ITC conditions for ELP-PKD
protein purification, the bacterial extract was
incubated first at different temperatures in 3 mol/L
NaCl then at the
temperature in different concentrations of NaCl
solution. SDS-PAGE analysis showed that the
optimal ITC conditions for ELP-PKD protein
purification was incubation for 10 min at 26 °C in
2 mol/L NaCl solution. After once cycle of ITC,
ELP-PKD fusion protein was purified to 92%
purity (Figure 1-C), which reacted positively with

solution, and determined

the mAb specific for His-tag at its C-terminus
(Figure 1-D).
2.3 Binding of ELP-PKD protein to rAAV-GFP

The rAAV-GFP was incubated with ELP-PKD
protein or ELP control protein and then precipitated
by one cycle of ITC. The protein-bound rAAV-GFP
was collected for DNA extraction and PCR analysis
using GFP-specific primers. An expected 720-bp
product was amplified from ELP-PKD-incubated
rAAV-GFP, but not from the
protein-incubated rAAV-GFP (Figure 2).

2.4 Purification of rAAV-GFP

To optimize the conditions for rAAV-GFP
purification, rBac-infected insect cell extract was

control

incubated for different times at different
temperatures at different pH values with different
concentrations of ELP-PKD protein. The

protein-bound rAAV-GFP was precipitated by one
cycle of ITC. Virus titration showed that the
binding of ELP-PKD protein to rAAV-GFP was protein

(A)
pELP-PKD ELP

H PKDI H PKD2 (—

(B) ©
kDa rM_
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SDS-PGE analysis of ELP-PKD fusion protein expression and purification. A: The schematic

structure of pELP-PKD vector. The PKD1 and PKD2 gene segments of AAVR were fused in frame with ELP
coding sequence and the expression of ELP-PKD fusion gene is under the control of T7 promoter (Pr7). B:
SDS-PAGE analysis of ELP-PKD fusion protein expression. The un-induced cell extract (1), IPTG-induced cell
extract (2), supernatant (3) and pellet (4) of centrifuged cell extract are shown. C: SDS-PAGE analysis of purified
ELP-PKD fusion protein. D: Western blotting of ELP-PKD fusion protein.
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Figure 2. The viral DNA was extracted from rAAV-
GFP (1), ELP-PKD-bound rAAV-GFP (2) or ELP control
protein-incubated rAAV-GFP (3), and amplified by PCR
using gfp-specific primers with negative control (4).

concentration-, pH-, temperature- and time-dependent
(Figure 3). Finally, rAAV-GFP was purified from
20 mL of cell extracts under the optimized
conditions (pH 7.0/4 °C/15 min/100 pg of ELP-PKD
protein/mL) with 58% recovery from insect cells or
56% recovery from AAV-293 cells.

The rAAV was incubated with ELP-PKD
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Figure 3.

fusion protein or ELP control protein and the
protein-bound rAAV was precipitated by ITC. The
viral DNA was extracted from TrAAV (1),
ELP-PKD-bound rAAV (2) or ELP-bound rAAV (3)
and detected by PCR using gfp-specific primers
with PBS as the negative control (4).

2.5 Elution of rAAV-GFP

To optimize the conditions for rAAV-GFP
elution, ELP-PKD protein-bound rAAV-GFP was
incubated for different times at different
temperatures at different pH values, and the eluted
rAAV-GFP was recovered after an additional round
of ITC. Virus titration showed that elution of
rAAV-GFP was pH-, temperature-dependent and
slightly time-dependent (Figure 4).
rAAV-GFP was eluted under the optimized
conditions (pH 3/25 °C/30 min) with final recovery
of 47% from insect cells or 44% from AAV-293
cells.

Finally,

i /\\
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30+
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Optimization of the conditions for rAAV-GFP purification by ELP-PKD-binding capture. The rAAV

was incubated with different concentrations ELP-PKD protein (A) for different times (B) at different
temperatures (C) and at different pH 7 values (D). The protein-bound rAAV was precipitated by ITC and titrated

directly on AAV-293 cells.
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Figure 4. Optimization of the conditions for
rAAV-GFP elution. The protein-bound rAAV was
eluted at different pH values (A) for different times (B)
at different temperatures (C). ELP-PKD protein was

removed by ITC and the recovered rAAV-GFP was
titrated on AAV-293 cells.

2.6 rAAV-GFP characterization

Electron microscopy showed that the purified
rAAV-GFP had the typical AAV morphology with
a diameter of about 22 nm (Figure 5-A). Cell
infection assay showed that the purified rAAV-GFP

was highly infectious for AAV-293 cells (Figure 5-B).

Western blotting analysis showed that rAAV-GFP
before and after purification was recognized by
anti-AAYV antibody (Figure 5-C).

3 Discussion

The current methods for rAAV purification are
time-consuming, expensive and/or scale-limited.
Although AAVR is a 150-kDa glycoprotein, the
glycosylation is not strictly required for AAV
binding or functional transduction''”. PKD
domains of AAVR with different affinities for AAV
binding have been expressed in E. coli as maltose or
glutathione S-transferase (GST) fusion proteins and
purified by affinity chromatography!'*"*. This
warranted us to develop a novel method for rAAV
purification by combining PKD-binding capture
with ELP-mediated precipitation. To this end, both
PKD1 and PKD2 domains of AAVR were
expressed as an ELP fusion protein and purified
simply by ITC. Under the optimized conditions, a
sufficient amount of ELP-PKD fusion protein was
expressed as a soluble protein and purified to high
purity (>90%) after one cycle of ITC. Although the
ELP used in this study is a 55-kDa large protein,
the ELP-PKD fusion protein remained the specific
affinity for rAAV binding, confirming that ELPs do
not interfere with recombinant protein folding™'.

The optimization experiments showed that the
binding of ELP-PKD protein to rAAV-GFP was pH-,
temperature-, time- and
Under the
conditions, the rAAV was efficiently captured from

protein
concentration-dependent. optimized
the vector-transfected insect cell extract after one
cycle of ITC. The purification process could be
accomplished within 30 min, confirming the
simplicity and speediness of ELP-PKD-binding
capture for rAAV purification.

Although the of ELP-
PKD-binding capture for rAAV purification is
similar to that of ELP-CAR-binding capture for rAd
purification!”!] the two purification methods have

main principle

the following differences. Although the recovery of
ELP-PKD-bound rAAV-GFP was lower than that of
ELP-CAR-bound rAd-GFP, the final recovery of
rAAV-GFP was higher than that of rAd-GFP after

http://journals.im.ac.cn/actamicrocn
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Figure 5. Identification of rAAV-GFP purified with ELP-PKD-binding capture. A: Electron microscopy of virus

particles; B: Western blotting of viral structural proteins; C: Fluorescent analysis of virus infectivity in AAV-293

cells.

elution. This indicates that elution of rAAV from
ELP-PKD protein was more easier than rAd from
ELP-CAR protein, which could be explained by

different binding affinities of the two virus

3] In addition, the cell transduction
efficiency of ELP-CAR-bound rAd-GFP is
significantly lower than that of eluted rAd-GFP. In
contrast, the cell transduction efficiency of
ELP-PKD-bound rAAV-GFP was similar to or even
higher than the eluted rAAV-GFP, which could be

explained by the finding that ELPs can enhance

receptors

AAV-mediated gene delivery into mammalian
cells™. These data suggest that ELP-PKD-bound
rAAV can be used directly for gene therapy and
vaccine development.

AAVs can be

Recombinant prepared in

actamicro@im.ac.cn

mammalian and insect cells with significant
difference in yield. To evaluate the feasibility of
ELP-PKD-binding capture for rAAV purification
from different cell types, two versions of
rAAV-GFP were generated in insect and AAV-293
cells. After ELP-PKD-binding capture, the recovery
rate (58%) of ELP-PKD-bound rAAV-GFP from
insect cells was similar to that (56%) from
AAV-293 cells. After elution, the final recovery
rates of TAAV-GFP from the two cell types were
also similar (47% vs. 44%). Such rAAV recovery
rates were comparable to that with iodixanol
gradient centrifugation™ or with the combination of
affinity and ion exchange chromatography'**’.

In conclusion, the PKD1 and PKD2 domains

of AAVR were expressed as an ELP fusion protein
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and purified to high purity simply by ITC. The
ELP-PKD-binding capture method developed is
feasible for quick purification of rAAVs from

different cell types.
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RiBRAE U EBIREKIF R ZRE SRR A

A, xwel!, Fom!, ARE', kax !, ZnA', dire "
BN VLA TSR R R T L, TR B 225000
PVLHACHORE UL F R VL3528 B PR R DR TS0, JI0R 6 225300

WE: [ B0y ] @ A TERARPIE QAL Z IR G . [ 1] % AAV 2R 285
s (PKD)ZS #3811 2 52880 (1 Z IK(ELP)AE AL RMFF I b il TRl & 2R3, R AAHZEIEARATC)ZE
fk ELP-PKD @521 5 430 FHER AT AAV-293 4iifidifil % rAAV-GFP, Y ELP-PKD @& &AL T A
PEET ITC, ITIEE A YIRBUR# DNA HEf7 PCR Kaill; ZEfifb45F FAIF ELP-PKD & 454 it
rAAV-GFP, FIFIHLF WBEES . fosse i NN AL e il 1T rAAV %5 . [ 458 ] ELP-PKD Ry
MR IERS . Al PERIR, ITC gifbry B M 2B KT 90%; ELP-PKD 4 [11REHF 7455 rAAV-GFP, %5
S HA pH. MR RN, 2RSS S AT AE 1 h NSERL, PRI 4EfL rAAV-GFP (1 [5]
W53 58%F1 56%; rAAV-GFP Uil EAT pH FNRLEEAKHEIE , YEll rtAAV-GFP [ RIS S 510 46%
1 44%; 4fifk rAAV-GFP HA AAV (IARDE S FZE & M. [ 4518 ] 857/ ELP-PKD 255 life vl

T AR IR rAAV (PR 4lifk .
KRR MRECREESZIR, ELP @GRk, 2RSS G, E4l AAV 4ifk
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