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All currently identified primary receptors of adeno-associated virus (AAV) are glycans. Depending on the AAV serotype, these
carbohydrates range from heparan sulfate proteoglycans (HSPG), through glycans with terminal �2-3 or �2-6 sialic acids, to
terminal galactose moieties. Receptor identification has largely relied on binding to natural compounds, defined glycan-present-
ing cell lines, or enzyme-mediated glycan modifications. Here, we describe a comparative binding analysis of highly purified,
fluorescent-dye-labeled AAV vectors of various serotypes on arrays displaying over 600 different glycans and on a specialized
array with natural and synthetic heparins. Few glycans bind AAV specifically in a serotype-dependent manner. Differential gly-
can binding was detected for the described sialic acid-binding AAV serotypes 1, 6, 5, and 4. The natural heparin binding sero-
types AAV2, -3, -6, and -13 displayed differential binding to selected synthetic heparins. AAV7, -8, -rh.10, and -12 did not bind to
any of the glycans present on the arrays. For discrimination of AAV serotypes 1 to 6 and 13, minimal binding moieties are identi-
fied. This is the first study to differentiate the natural mixed heparin binding AAV serotypes 2, 3, 6, and 13 by differential bind-
ing to specific synthetic heparins. Also, sialic acid binding AAVs display differential glycan binding specificities. The findings are
relevant for further dissection of AAV host cell interaction. Moreover, the definition of single AAV-discriminating glycan bind-
ers opens the possibility for glycan microarray-based discrimination of AAV serotypes in gene therapy.

Adeno-associated viruses (AAVs) represent a family of helper-
dependent parvoviruses composed of single-stranded DNA

genomes packaged into icosahedral capsids. AAV capsids directly
interact with specific host cell receptors. Various AAV serotypes of
human and primate origin (AAV1 to AAV13) that differ in the
structures of their capsids and display variable cell or tissue tro-
pism have been defined (1). AAV-derived vectors are increasingly
used in gene therapy. The differential tropism of various AAV
serotypes is ideal for directing the vector to a certain cell type or
tissue for gene therapy.

For many AAV serotypes, it has been shown that binding to cell
surface glycans is required for infection (2–7). Cell surface glycans
are commonly attached to proteins (glycoproteins and proteogly-
cans) or lipids (sphingolipids) of the cell membrane. These carbo-
hydrates are structurally the most complex building blocks of life.
The diversity of mammalian glycan biopolymers is achieved by
alternate sequences of 10 different building blocks of monosac-
charides, variable glycosidic linkages, and branching and modifi-
cations of saccharides. In addition, attachment to different pro-
teins is achieved via asparagine (N-linked glycans) or serine or
threonine (O-linked glycans) residues or via lipids (8). Virtually
all membrane proteins are glycosylated, but their glycosylation
patterns differ in different tissues (9). The biological roles of gly-
cans are diverse and not yet fully understood. They have been
associated with a variety of cellular processes, including protein
folding (10) and signal transduction (11). In addition, surface-
exposed glycans are recognized by various virus families that ex-
ploit them as host cell receptors (12).

The first identified receptor for AAV was heparin sulfate pro-
teoglycan (HSPG), described as a primary receptor for prototype
AAV2. Competition experiments with soluble heparin and pre-
treatment of cells with heparinase helped to identify its cell recep-
tor (2). HSPG and the closely related heparin represent mixtures
of naturally occurring, polydisperse linear polysaccharides that

are composed of alternate units of glucosamine (GlcN) and uronic
acid, either a glucuronic acid (GlcA) or an iduronic acid (IdoA).
The alternate units are joined by 1 to 4 glycosidic linkages and can
be variably modified by sulfates or acetyl groups. Heparin displays
a higher degree of sulfation than HSPGs. Heparins are stored in
vesicles of mast cells and are released upon stimulation. In con-
trast, HSPGs are ubiquitously found on cell surfaces, covalently
linked to proteoglycan core proteins (13).

HSPG was subsequently confirmed as the primary receptor for
AAV3 and AAV13 (3, 7). Furthermore, AAV6 was shown to bind
to heparin in vitro. However, in contrast to the results with AAV2,
AAV3, or AAV13, AAV6 infection in vivo was resistant to inhibi-
tion by soluble HSPG (14). Other AAV serotypes are heparin in-
sensitive (15). Instead, cell pretreatment with neuraminidases re-
vealed that sialic acids were required for infection with AAV
serotype 1, 4, 5, or 6 (4, 5, 16). Sialic acids represent N- or O-sub-
stituted derivatives of neuraminic acid, a 9-carbon monosaccha-
ride. The most common sialic acid, N-acetyl-neuraminic acid
(Neu5Ac), is typically found at terminating branches of N-gly-
cans, O-glycans, or glycosphingolipids (17). AAV4 was reported
to require O-linked �2-3 sialic acids for infection, whereas AAV1,
AAV5, and AAV6 bound to N-linked �2-3 or �2-6 sialic acids (4,
5, 18).

In the present study, we set out to directly compare the glycan
binding specificities of AAV serotypes 1 to 8, 10, 12, and 13 using
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highly purified fluorescently labeled AAV vectors. Their binding
profiles on arrays of synthetic glycans and heparins identified AAV
serotype-specific capsid-carbohydrate interactions, allowing AAV
capsid differentiation by glycan/heparin binding patterns.

MATERIALS AND METHODS
Cloning and mutagenesis. For the introduction of mutations into the
capsid genes of AAV2 and AAV3, the respective cap genes were subcloned
from pDG or pDP3rs (19) into pBluescript II SK(�). The capsid gene of
AAV13 was mutated directly in the pAAV-13-cap plasmid. Using the
QuikChange site-directed mutagenesis protocol, the double-exchange
mutation R585A/R588A was introduced into the cap gene of AAV2, the
point mutation R594A into the cap gene of AAV3, and the point mutation
K528E into the cap gene of AAV13. The DNA sequence-verified cap genes
were cloned back into pDG or pDP3rs, respectively.

Cell culture. HEK 293- or HeLa-derived C12 cells were cultivated as
adherent monolayers at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco) supplemented with 2.5 g/liter glucose, 100
�g/ml streptomycin, 100 U/ml penicillin (PAA), and 10% (vol/vol) fetal
calf serum (FCS) (Gibco). Sf9 cell lines for recombinant AAV (rAAV)
production expressing Rep and Cap of various serotypes were described
previously (20). Sf9 cells were maintained in suspension culture under
constant agitation with serum-free Spodopan medium (Pan-Biotech)
supplemented with 200 �g/ml streptomycin, 200 U/ml penicillin, and 250
ng/ml amphotericin B (Invitrogen) at 27°C.

rAAV production in 293 cells. HEK 293 cells were seeded at 25 to 33%
confluence. The cells were transfected 24 h later with plasmids for AAV
rep, cap, and adenovirus type 5 (Ad5) helper genes and an additional
plasmid for the rAAV cassette expressing green fluorescent protein (GFP)
under the control of the cytomegalovirus (CMV) promoter (pTR-UF5)
using the calcium phosphate cotransfection method as described previ-
ously (21). rAAV1, rAAV2, and rAAV3 subtype vectors and mutants de-
rived from them were produced by the two-plasmid transfection method
(19) using pDP1, pDG, pDG-R585A-R588A, pDP3, or pDP3-R594A as a
helper plasmid. Generation of rAAV13 or the mutant derived from it
required triple-plasmid transfections of pTR-UF5, pDGdeltaVP, and
pAAV13-cap or pAAV13-cap-K528E, respectively. For the production
of rAAV12 vectors, transfection of four plasmids, pTR-UF5, pAAV12-
Rep, pAAV12-Cap, and pHelper, was required (15). After 12 h, the culture
medium was replaced by medium with 2% FCS. Cells and medium were
harvested 72 h after transfection and lysed by three freeze-thaw cycles. The
crude lysates were treated with 250 U benzonase (Merck) per ml of lysate
at 37°C for 1 h to degrade input and unpackaged AAV DNA before cen-
trifugation at 8,000 � g for 30 min to pellet cell debris.

rAAV production in Sf9 cells. Sf9 cell-derived AAV rep-cap-express-
ing cell lines (20, 22) were continuously held in suspension culture within
the logarithmic growth phase prior to infection with the recombinant
baculovirus Bac-rAAV-GFP (multiplicity of infection [MOI] � 5). The
infected cells were incubated for 72 h at 27°C under constant agitation.
The cells were pelleted at 2,000 � g for 5 min. The cell pellets were resus-
pended in lysis buffer containing 10 mM Tris-HCl (pH 8.5), 150 mM
NaCl, 1 mM MgCl2, and 1% (vol/vol) Triton X-100. Crude lysates from
1-liter cell suspensions were treated with 3,000 U of benzonase (Merck) at
37°C for 1 h to degrade unpackaged AAV DNA and centrifuged at 8,000 �
g for 30 min.

rAAV purification. rAAV vectors were further purified from the ben-
zonase-treated, cleared freeze-thaw supernatants by one-step AVB Sep-
harose affinity chromatography using 1-ml prepacked HiTrap columns
on an ÄKTA purifier (GE Healthcare) as follows. Freeze-thaw superna-
tants were diluted 1:1 in 1� phosphate-buffered saline (PBS) supple-
mented with 1 mM MgCl2 and 2.5 mM KCl (PBS-MK) prior to loading on
the column. The loading rate of the sample was set to 0.5 ml/min. Washing
of the column was performed with 20 ml of 1� PBS-MK at a flow rate of
1 ml/min. AAV vectors were eluted with 0.1 M sodium acetate, 0.5 M
NaCl, pH 2.5, at a flow rate of 1 ml per min and neutralized immediately

with 1/10 volume of 1 M Tris-HCl, pH 10. The peak fractions of purified
rAAV preparations were dialyzed against 1� PBS-MK using Slide-A-
Lyzer dialysis cassettes (molecular weight cutoff [MWCO], 10,000;
Thermo Scientific).

Quantification of rAAV vector preparations. Highly purified rAAV
vector preparations or rAAV-containing freeze-thaw supernatants were
digested with proteinase K (Roth, Germany) to release the vector genomes
from the capsids. Aliquots of the vector preparation were incubated in
buffer containing 25 mM Tris-HCl (pH 8.5), 10 mM EDTA (pH 8.0), 1%
(wt/vol) N-lauroyl sarcosinate, 40 �g proteinase K, and 1 �g pBluescript
carrier plasmid for 2 h at 56°C. DNA was purified by extraction with
phenol-chloroform-isoamyl alcohol (25:24:1) and precipitated with eth-
anol. The DNAs were analyzed by quantitative Light-Cycler PCR with a
Fast Start DNA Master SYBR green kit (Roche) with dilutions depending
on the subtype. Primers specific for the bovine growth hormone-derived
poly(A) site of the vector backbone were used (forward primer, 5=-CTAG
AGCTCGCTGATCAGCC-3=, and reverse primer, 5=-TGTCTTCCCAAT
CCTCCCCC-3=).

Fluorescence labeling of rAAV vectors. Highly purified rAAV vectors
with a titer of at least 1 � 1013 genomic particles per ml were fluorescently
labeled using the DyLight488 Labeling Kit (Pierce) following the manu-
facturer’s protocol. Labeled rAAV vector preparations were dialyzed twice
against 1� PBS-MK using Slide-A-Lyzer dialysis cassettes (MWCO,
10,000; Thermo Scientific) to remove unbound dye from the vector prep-
aration. To verify a successful labeling reaction, 10-�l aliquots of the vec-
tor preparations were lysed in 2� SDS protein sample buffer for 5 min at
95°C and analyzed on SDS-polyacrylamide gels. The DyLight-labeled
AAV capsid bands could be visualized under UV light (data not shown).

Glycan array screening. Fluorophore-labeled rAAV vectors were sent
to the Consortium for Functional Glycomics (CFG) for glycan binding
analysis on microarrays. The procedure is described in detail on the CFG
webpage (http://www.functionalglycomics.org). In brief, up to 611 (ver-
sion 5.0) or 610 (version 5.1) different glycan structures are printed on
microscope glass slides, each available in replicates of six. PBS-MK was
used as a binding and wash buffer during this assay. Dried slides are
analyzed at the fluorophore-emitting wavelength in a PerkinElmer
ScanArray scanner. The spots on the slide are aligned with the help of a grid
and biotin control spots using Imagene software. Once aligned, the amount of
fluorophore binding to each spot is quantified. The data sets were analyzed by
averaging the six replicates after elimination of the two spots with the highest
and lowest intensity, respectively. Full data sets are available at the website of
the CFG (http://www.functionalglycomics.org/), and the addresses of indi-
vidual AAV screens are provided in Table 1.

Heparin array screening. Fluorophore-labeled rAAV vectors were
analyzed for binding to chemically defined heparins on a glycan array.
N-Hydroxysuccinimide (NHS)-activated CodeLink slides (SurModics,
Inc., Eden Prairie, MN, USA) containing synthetic heparan sulfate (HS)/
heparin oligosaccharides and 5-kDa natural heparin were prepared as
described previously (23, 24). Briefly, heparin oligosaccharides bearing an
aminopentyl linker at the reducing end were procured through a modular
chemical synthesis approach. The oligosaccharides were immobilized on
NHS-activated slides via their terminal amine groups using a piezoelectric
spotting device (S3; Scienion, Berlin, Germany). Heparin oligosaccha-
rides were spotted at concentrations of 1, 0.25, 0.063, and 0.016 mM
dissolved in 50 mM phosphate buffer, pH 8.5 (10 spots for each concen-
tration). The microarray slides were incubated in a humid chamber for 24
h to complete the reaction; quenched with 50 mM aminoethanol solution,
pH 9, for 1 h at 50°C; washed three times with deionized water; and stored
desiccated until use. For binding analyses, the slides were blocked at room
temperature for 1 h with 1% (wt/vol) bovine serum albumin (BSA) in
PBS-MK, washed three times with PBS-MK, and dried by centrifugation
(5 min; 300 � g). The slides were incubated at 4°C overnight with purified
and fluorescence-labeled rAAV vectors at a concentration of 100 �g/ml in
PBS-MK with 0.01% (vol/vol) Tween 20 in a humid chamber. Then, the
slides were washed three times with PBS-MK containing 0.1% (vol/vol)
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Tween 20, rinsed once with water, and dried by centrifugation. The slides
were scanned with a GenePix 4300A microarray scanner (Molecular De-
vices). Fluorescence was excited at 488 nm, and fluorescence intensities
were determined with GenePix Pro 7 software (Molecular Devices). The
photomultiplier tube (PMT) voltage was adjusted so that scans were free
of saturation signals. The mean fluorescence intensity (MFI) values were
exported to Microsoft Excel for further analysis.

Heparin competition assay. HeLa C12 cells were seeded in 24-well
plates at 50% confluence and infected 24 h later with adenovirus type 2 for
1 h (MOI � 10). AAV-GFP vectors were incubated with serial dilutions of
heparins in a total volume of 50 �l of DMEM at 37°C for 1 h. After
aspiration of the adenovirus-containing cell medium, the rAAV vector-
heparin mixture was added to the cells and incubated for 1 hour with
occasional tilting. To remove nontransduced AAV vectors, the cells were
washed twice with PBS. The cells were cultivated for 40 h in medium with
2% FCS, and the proportion of GFP-positive cells was determined by
fluorescence-activated cell sorter (FACS) analysis (FACSCalibur; Becton
Dickinson) according to the manufacturer’s protocol. For each sample,
100,000 cells were counted. Cells that exceeded the cutoff of 40 in the
FL1-H channel were regarded as GFP positive.

RESULTS
Generation of fluorescently labeled vectors of various AAV se-
rotypes. For the analysis of AAV capsid-glycan interactions, AAV
vectors of serotypes 1 to 8, rh.10, 12, and 13 were produced either
in Sf9 cells or in 293 cells. Virus binding to glycan microarrays is
typically detected by specific antibodies visualized by fluoro-
phore-labeled secondary antibodies. Direct fluorophore labeling
of AAV capsids was expected to yield less nonspecific background
signals. The required high AAV titers and extensive virus purifi-
cation were achieved by AVB-Sepharose affinity chromatography,
as described in Materials and Methods. Concentrated AAV prep-
arations exhibiting 1 � 1013 genomic particles (gp) per ml were
analyzed by electron microscopy (EM) analysis and on silver gels

to confirm AAV purity (data not shown). Unfortunately, AAV9
and AAV11 were refractory to sufficient purification. Therefore,
these serotypes were omitted from the analysis. The AAVs were
labeled with the fluorescent dye DyLight488, which is conjugated
to surface-exposed lysines on the capsids. Their numbers vary
among different serotypes. AAV2 capsids expose significantly
fewer lysines than capsids from other AAV subtypes. This led to
variable labeling efficiencies of individual AAV serotypes. The
number of dye molecules per capsid was calculated to range from
approximately 10 in the case of AAV2 to up to 30 for other AAV
serotypes. Only a small fraction of surface-exposed lysines are
tagged; many more unmodified lysines are available for receptor
attachment. Side-by-side transduction analysis of labeled and un-
labeled AAV vectors showed comparable transduction efficiencies
(data not shown).

CFG glycan array screening of various AAV serotypes. The
panel of fluorescently labeled AAV vectors was analyzed for bind-
ing to the glycan array offered by the CFG. The array is composed
of 610 (v5.1) or 611 (v5.0) different natural or synthetic glycan
structures, each in replicates of six. The original data sets, includ-
ing full statistical analysis of all glycan screens, are available online
(Table 1) (www.functionalglycomics.org/). Conclusive data for
the interaction of AAV capsids with specific glycans on the array
were observed for AAV1, AAV4, AAV5, and AAV6 (Fig. 1A).

The capsids of the two closely related AAV serotypes 1 and 6
exhibited binding to the same predominant glycan (number 237)
shown in Fig. 1A and B. This glycan displays a terminal �2-3-
linked sialic acid (Neu5Ac), which has been described as a recep-
tor for either serotype (5). Our data show that the �2-3-linked
sialic acid is not sufficient for AAV1 or -6 binding (Fig. 1B). Of
over 70 alternative glycans with terminal �2-3 sialic acids present
on the array, only glycan 237 showed significant AAV1/6 binding.
The combination of a linked N-acetylgalactosamine and an addi-
tional �1-4-linked N-acetylglucosamine appears to be required.
Minor changes of the glycan structure, as displayed in Fig. 1B, led
to a reduction in binding efficiency in the range of 1 to 8% of that
observed for glycan 237. On the AAV6 screen, glycan 237 was the
only glycan binding reproducibly (1,153 � 40 relative fluores-
cence units [RFU]). AAV6 showed multiple additional binding
signals in the range of 40% of that of glycan 237 (Fig. 1A). They
were disregarded, either because of large standard deviations or
because of binding to a single monosaccharide (mannose). The
relevance of mono- or disaccharide binding is unclear, since CFG
binding data have previously shown nonreproducible results with
alternative AAV serotypes.

AAV5 has been reported to require either terminal �2-3 or
�2-6 sialic acids (4). Here, we show specific binding to glycan 46
and 230, both of which display terminal �2-3 sialic acids (Fig. 1A).
AAV5 did not bind to any of over 70 alternative glycans with
terminal �2-3 sialic acids or to any of 52 alternative glycans with
terminal �2-6 sialic acids. In addition, a terminal �2-3 sialic acid
was obviously not sufficient for binding. Linkage to a sulfated
galactose in the second position was required, and the galactose
moiety could not be replaced by acetylglucosamine (Fig. 1C). Fu-
cosylation of the N-acetylglucosamine in the third position was
not required but moderately improved AAV5 binding. Further-
more, certain biantennary glycans, with 483 as a prototype,
showed interaction with AAV5, though with reduced binding ef-
ficiencies (Fig. 2B). Although not sulfated at the galactose in the
second position, these glycans confirmed the requirement for ter-

TABLE 1 Web addresses of full data sets of primary AAV screens in the
CFG database

AAV
serotypea Web address

AAV1 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_5777

AAV2 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_5347

AAV2* www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_4405

AAV3 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_5349

AAV4 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_4406

AAV5 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_5780

AAV6 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_4407

AAV7 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_5350

AAV8 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_5779

AAVrh.10 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_5351

AAV12 www.functionalglycomics.org/glycomics/HServlet?operation
�view&psId�primscreen_5778

a Glycan array binding of fluorophore-labeled AAV serotypes 1 to 12 was detected
directly. Unlabeled AAV2* was detected by MAb A20.

AAV-Glycan/Heparin Binding Patterns
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FIG 1 CFG glycan array screening of AAV serotypes 1 to 6. (A) Binding efficiencies of fluorescently labeled AAV1 to -6 vectors on CFG glycan arrays displaying
611 different glycan structures, each in replicates of six. Glycans with significantly higher binding efficiencies are highlighted with the corresponding CFG
number. Due to different versions of the CFG glycan screen, the glycan numbers of the AAV6 screen glycan were adapted to the numbering of the newer version
(5.1) to facilitate direct comparison to the AAV1 binding profile. Note that the binding signals for glycans 81, 265, and 518 were removed from the AAV2 and -3
screens based on a statement of the CFG that these glycans repeatedly produced nonspecific signals in unrelated glycan arrays performed with the same array
batch. (B to D) Glycans that were identified in panel A to interact with the capsids of a particular serotype (42). Shown is a comparison of AAV serotype-
dependent binding to families of closely related glycan structures present on the CFG array. Relative binding efficiencies are represented as percentages of that of
the most efficiently binding glycan for the depicted AAV serotype. Error bars represent standard deviations.
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minal �2-3 sialic acids. It appears that glycans with terminal �2-3
sialic acids are bound, but only when attached to the mannose
�1-3 arm of the biantennary glycan (Fig. 2B). However, an even
more complex glycan structure (e.g., glycan 462 of the CFG array)
(Fig. 2A) possessed an identical arm with the terminal �2-3 sialic
acid but was not bound by AAV5. In summary, the minimal gly-
can binding structure for AAV5 appears to be composed of a ter-
minal �2-3 sialic acid linked to sulfated galactose, followed by a
�1-4-linked N-acetylglucosamine.

The glycan array for AAV4 displays the highest and most spe-
cific glycan binding pattern of all AAVs analyzed. The predomi-
nant binders, glycans 348 and 351, share a backbone of six sugar
molecules extended by a terminal �2-6 sialic acid in the case of
glycan 348 (Fig. 1A and D). Since the AAV4 binding efficiencies

differ only marginally, the presence of the terminal sialic acid ap-
pears not to be required. On the other hand, the �1-6 linkage
between two internal mannose moieties appears to be essential.
Identical glycans with an �1-3 linkage between the two mannose
moieties lose AAV4 binding. Two �1-6-linked mannoses alone,
however, were not sufficient to bind AAV4. Branched glycan 463
displaying a binding efficiency about one-third that of glycan 348
carries terminal �2-3 sialic acids. Their replacement by �2-6 sialic
acids leads to a dramatic drop in AAV4 binding, even below back-
ground levels (Fig. 2A). In view of the very clear AAV4 binding
profile, it is not obvious how the findings can be reconciled with
O-linked terminal �2-3 sialic acid being described as a primary
receptor for AAV4 (4).

Screening the CFG glycan array using fluorescently labeled
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AAV vectors of serotypes 2 and 3 (Fig. 1A), 7, 8, rh.10, or 12 (Fig.
3) did not lead to any significant interaction with a specific glycan.
In the case of AAV2, a second screen was performed with unla-
beled virus, which was detected by AAV2 capsid-specific mono-
clonal antibody (MAb) A20 (25). As mentioned above, this pro-
cedure markedly increased the background. Nevertheless, the
negative results with the directly labeled viral particles were con-
firmed (Table 1). The lack of specific glycan interaction of the
heparin binders AAV2 and AAV3 was expected, since heparins
were not present on the CFG array.

Heparin array screening of various AAV serotypes. AAV
binding to defined heparin variants was analyzed on a specialized
microarray with 13 synthetic single heparins and mixed natural
low-molecular-weight heparin (26). All previous AAV heparin
binding studies had relied on natural heparins as competitors.
Natural heparins represent a mixture of heterogeneous biomol-

ecules. Therefore, the exact composition and structure is unpre-
dictable and varies from batch to batch. Single synthetic heparins
offer the opportunity to differentiate the heparin binding speci-
ficities of different AAV serotypes, which has not been possible so
far. The panel of fluorophore-labeled AAV preparations showed
strong and specific heparin binding signals, but only in the cases of
AAV2 and AAV3 (Fig. 4). The 2-fold-higher overall binding effi-
ciency of AAV3 compared to AAV2 likely reflects the higher fluo-
rophore-labeling efficiency. AAV6 and AAV13, which had been
reported to require HSPG for infection (7), showed weaker bind-
ing. No binding to any of the heparins was detected for the other
AAV serotypes (Fig. 4A and 5). These findings reflect previous
observations that the majority of AAV serotypes were unable to
bind to natural heparin.

AAV2 efficiently bound to natural heparin 14 and two syn-
thetic heparins, 1 and 7. These oligosaccharides have similar se-
quences but differ in length (Fig. 4B). Binding to these com-
pounds is even more efficient than binding to mixed natural
heparin. The same heparins are bound by AAV3, but in addition,
AAV3 binds to heparin 5 (Fig. 4). Heparin 5 is a hexasaccharide
that, in contrast to 1 and 7, is not 6-O-sulfated on glucosamine.
The data suggest that AAV2 binds to heparins containing gluco-
samines that are both N- and 6-O-sulfated (Fig. 4B). Obviously,
6-O-sulfation of heparin is not necessary for AAV3 binding. In-
stead, heparins with N-sulfated glucosamines alternating with
2-O-sulfated iduronic acids are bound (Fig. 4B).

AAV6 is a special case, since it binds efficiently to �2-3-linked
sialic acid containing glycan 237, as shown above. AAV6 was
shown previously to weakly bind to natural heparin in vivo (14).
On the heparin array, AAV6 did not bind to natural heparin 14 but
showed weak binding signals to heparins 3 and 8 (Fig. 4A). The
two heparins are related, as they are sulfated only on glucosamine
but not on iduronic acid, and differ in chain length (Fig. 4B). More
highly sulfated heparins, as well as singly sulfated heparins (num-
ber 6; 2-O-sulfation on iduronic acid), were not bound by AAV6.

AAV13, also called VR-942 (7), bound best to natural heparin
14 (Fig. 4A). The array contained heparins only up to a maximum
concentration of 0.25 mM, whereas arrays with heparins up to 1
mM had been used for all other AAV serotypes. Comparing the
binding intensities of all AAVs at 0.25 mM heparin showed that
the efficiency of AAV13 binding to natural heparin 14 is in the
range of that seen for AAV2 and AAV3 (data not shown). In ad-
dition, AAV13 showed enhanced binding to heparin 2. Heparin 2
is a hexasaccharide composed of acetylated, 6-O-sulfated gluco-
samines and 2-O-sulfated iduronic acids.

Binding efficiencies to variant heparins by wild-type or mu-
tant capsids of AAV2 or AAV3. To validate that the AAV2 or -3
capsid structures defined as binding sites for natural heparin also
mediate binding to synthetic heparin variants, AAV2 (R585A/
R588A) and AAV3 (R594A) capsid mutants that had been shown
previously to be deficient for binding to natural heparin were gen-
erated (27, 28). As anticipated, fluorophore-labeled AAV2 or
AAV3 capsid mutants were unable to bind to any of the specific
heparins (Fig. 6A). Surprisingly, the AAV3 interaction with low-
molecular-weight heparin 14 was not impaired. The interaction of
AAV capsids and heparin was analyzed at increasing heparin con-
centrations, leading to saturation curves typical for receptor-li-
gand interactions (Fig. 6B). The apparently lower saturation levels
of AAV2 and AAV3 binding to natural heparin 14 further empha-
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size the high-affinity binding of AAV2 and AAV3 to the synthetic
heparins 1 and 7.

In vivo inhibition of AAV infection by natural and synthetic
heparins. To allow competition with heparin-like cell surface re-
ceptors on the target cell line, AAV infection neutralization assays
were performed in the presence of soluble heparin. Increasing
concentrations of heparin were preincubated with AAV before
infection of C12 cells, as outlined in Materials and Methods. Hep-
arin-dependent inhibition of AAV infection can be monitored by
the expression of GFP as a transgene. The percentage of GFP-
positive cells was determined by FACS analysis and served as a
readout for AAV infection efficiency (Fig. 7A). The infection effi-
ciency of wild-type AAV in the absence of heparin was arbitrarily
set to 1.0. Infection by AAV2 and AAV13 was inhibited by more
than 99% in the presence of increasing concentrations of heparin
(Fig. 7B and C). The infectivity of the AAV2 and -13 heparin
binding mutants was severely reduced and was unresponsive to
increasing heparin concentrations (Fig. 7A, B, and C). AAV3 in-
fection could not be fully blocked by heparin; approximately 20 to
30% of the initial infectivity remained at the highest heparin con-
centration of 1 mg/ml (P 	 0.001) (Fig. 7D). The AAV3 heparin
binding mutant was unresponsive to increasing heparin concen-

trations. Compared to wild-type (wt) AAV3, the mutant’s infec-
tivity was reduced to 50% in the absence of soluble heparin (Fig.
7D). The only partial neutralization of AAV3 by heparin may be
taken as an indication of an alternative AAV3 entry mechanism,
presumably by coreceptors, as described previously (29–31). As
expected, AAV serotypes 1, 6, and rh.10 were resistant to increas-
ing concentrations of natural heparin (Fig. 7E), as anticipated
from the lack of binding to natural heparin on the array (Fig. 4A).

The synthetic heparins were available only in limiting amounts,
allowing competition assays up to a maximum concentration of 100
�g/ml. At this concentration, AAV2 had shown a clear inhibition by
natural low-molecular-weight heparin 14 (Fig. 7B), and this subtype
was therefore chosen to test neutralization by synthetic heparin 7, as
described above. The results showed that synthetic heparin 7, in con-
trast to heparin 14, did not neutralize AAV infection (Fig. 8A). Since
heparin 7 binding to AAV2 capsids on the array was more efficient
than binding to natural heparin, we wondered whether components
absent in synthetic heparin were needed for neutralization of AAV
infection. To test this hypothesis, samples of natural heparin at con-
centrations of 1 �g/ml or 10 �g/ml were spiked with 10 �g/ml syn-
thetic heparin 7 each during preincubation with AAV2 prior to infec-
tion. As shown in Fig. 8B, the addition of heparin 7 was unable to
significantly enhance AAV neutralization by natural heparin. Hepa-
rin 7 is a rather short oligosaccharide. Although in vitro binding of
pure heparin 7 to AAV2 is very efficient (Fig. 4B), a longer chain
length may be required in vivo for AAV neutralization.

AAV7

AAV12

AAV8

AAVrh.10

0

R
FU

heparin compound number

1x104

2x104

3x104

2 4 6 8 10 12 14

4x104

heparin compound number
2 4 6 8 10 12 140

R
FU

1x104

2x104

3x104

4x104

0

R
FU

1x104

2x104

3x104

4x104

heparin compound number
2 4 6 8 10 12 14

heparin compound number
2 4 6 8 10 12 14

0

R
FU

1x104

2x104

3x104

4x104

FIG 5 Heparin array screens of AAV7, -8, -rh.10, and -12. Shown are binding
efficiencies of fluorescently labeled AAV7, -8, -rh.10, and -12 vectors on hep-
arin arrays displaying 13 different synthetic heparin structures and low-mo-
lecular-weight natural heparin 14, each in replicates of 10. The error bars
represent standard deviations.

AAV2
R585A/R588A

AAV3
R594A

Hep #1 Hep #7 Hep #14

A

B

0

0.25

0.50

0.75

1.00

A
AV

2 
bo

un
d 

to
 h

ep
ar

in
 

heparin concentration [mM]
0 0.2 0.4 0.6 0.8 1.0

Hep #5

0

0.25

0.50

0.75

1.00

A
AV

2 
bo

un
d 

to
 h

ep
ar

in
 

0
heparin concentration [mM]

0.2 0.4 0.6 0.8 1.0

AAV2 wt AAV3 wt

Hep #2 natural
heparin(      )

AAV2 wt

0

R
FU

1x104

2x104

3x104

4x104

heparin compound number
2 4 6 8 10 12 14

0

R
FU

1x104

2x104

3x104

4x104

heparin compound number
2 4 6 8 10 12 14

0

R
FU

1x104

2x104

3x104

4x104

heparin compound number
2 4 6 8 10 12 14

0

R
FU

1x104

2x104

3x104

4x104

heparin compound number
2 4 6 8 10 12 14

AAV3 wt

FIG 6 Specificities of AAV2 and -3 capsid binding to heparins. (A) Binding
efficiencies of fluorescently labeled AAV2(R585A/R588A) and AAV3(R594A)
vectors on heparin arrays displaying 13 different single synthetic heparin struc-
tures and low-molecular-weight natural heparin 14, each in replicates of 10.
(B) Concentration-dependent binding of wild-type AAV2 and AAV3 to se-
lected heparins. Heparins on arrays were present at increasing concentrations,
16 �M, 64 �M, 250 �M, and 1 mM, each in replicates of 10. The error bars
represent standard deviations.

Mietzsch et al.

2998 jvi.asm.org Journal of Virology

http://jvi.asm.org


DISCUSSION

Various AAV serotypes differ in the structure of the exposed cap-
sid surfaces (1) that represent the determinants for glycan binding
and cell and tissue tropism (32). The primary receptors of eight
AAV serotypes have been identified so far (2–7), and they can be
assigned to three groups preferentially binding to (i) HSPG
(AAV2, AAV3, AAV6, and AAV13), (ii) sialic acid (AAV1, AAV4,
AAV5, and AAV6), and (iii) terminal galactose (AAV9). This is the
first report to differentiate the HSPG-binding serotypes AAV2,
AAV3, AAV6, and AAV13 by their affinities to specific synthetic
heparin oligosaccharides. In addition, we further specify the exact
nature of glycans bound by sialic acid binding AAVs. Thus, min-
imal structural glycan requirements could be defined for AAV1,
AAV2, AAV3, AAV4, AAV5, AAV6, and AAV13, as summarized
in Fig. 9.

Glycan receptor specificities of AAV1 and AAV6. AAV1 and
AAV6 capsids differ by only 6 amino acids. Therefore, it is not
surprising that the most prominent glycan recognized is the same.
The minimal best binding structure, glycan 237, is composed of a
terminal �2-3 sialic acid linked to N-acetylgalactosamine, fol-

lowed by a �1-4-linked N-acetylglucosamine (Fig. 9). Binding to
this glycan has been shown previously for AAV1 empty capsids
using an earlier version of the CFG glycan array (5). This previous
AAV1 screen was detected by antibodies, indicating that the fluo-
rescent tag did not affect glycan binding specificity. Variants either
displaying terminal �2-6 sialic acid or lacking a terminal sialic acid
do not bind to either AAV1 or AAV6. Although we cannot exclude
the possibility that particular glycans are missing on the array, we
did not find evidence for �2-6 sialic acid-containing glycans as the
AAV1/6 receptor. In addition, the minimal glycan structure we
propose is more complex than previously postulated. Replace-
ment of the middle N-acetylgalactosamine by galactose abolishes
AAV binding (Fig. 1B). Although N-acetylglucosamine appears to
be necessary (Fig. 1B), it cannot be determined whether alternative
saccharides in this position would also allow binding to AAV1 or
AAV6. The required glycan variants are not available on the array.
Only AAV6 showed additional, weak interactions to specific heparin
compounds, which were low sulfated, with a single N-sulfation (Fig.
4B). Natural heparins display a higher degree of sulfation (2.3 to 2.8
sulfates/disaccharide) than HSPG (0.6 to 1.5 sulfates/disaccharide)
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(13). This difference may explain why competition experiments us-
ing natural heparin and AAV6 were not successful in our study (Fig.
7E), as well as in a previous report (14).

Glycan receptor specificity of AAV5. The current notion is
that AAV5 capsids bind to both N-linked �2-3 and �2-6 sialic
acids (4). Here, we confirm that AAV5 capsids recognize glycans
with terminal �2-3 sialic acids, but only when they are linked to a
sulfated galactose (Fig. 1C and 9). Although the structure is very
similar to the one identified for AAV1 and AAV6, no cross-bind-
ing was detected. Multiple additional screens with AAV5 empty
capsids deposited in the CFG database detected either by capsid-
attached fluorophores or by AAV5 antibodies (ADK5) confirm
the described binding pattern. All identified branched glycans
share the common structure of N-glycans (33, 34). AAV5 did not
bind to any of the available glycans that exclusively carry �2-6
sialic acid linkages. The lack of evidence for �2-6 sialic acid bind-
ing is difficult to reconcile with the description of the AAV5 re-
ceptor that has been identified by the use of �2-6-specific siali-
dases and glycan-expressing cell lines (4).

Glycan receptor specificity of AAV4. The highest binding ef-
ficiency of AAV4, more than 100-fold above background, was ob-
served for two linear glycans that share two internal mannose
moieties linked by an �1-6 glycosidic bond. Variations of this
connectivity were not tolerated (Fig. 1D). The two �1-6-linked
mannose moieties alone, however, were not sufficient for AAV4
binding. Only a few more extended variations of the identified

linear glycans are present on the CFG array, so the minimal bind-
ing structure could not be narrowed down any further. Therefore,
glycan 351, which contains two mannose moieties but is devoid of
sialic acids, emerged as the minimal best binder for AAV4 (Fig. 9).
This finding is surprising in view of the O-linked terminal �2-3
sialic acids described previously as an AAV4 receptor (4). Al-
though AAV4 binds to certain branched glycans displaying termi-
nal �2-3 sialic acids, they more closely resemble N-glycans, rather
than O-glycans. Recently, critical amino acids on the outer surface
of the AAV4 capsid were characterized (35). Replacement of pos-
itively charged lysines by negatively charged glutamic acids dra-
matically reduced the in vivo AAV4 transduction efficiency of the
heart and lung, but not of the liver (35). Sialic acids are negatively
charged due to a carboxyl group that can interact with positively
charged lysines, but not with negatively charged amino acids.
Transductions with the described AAV4 mutants resulted in effi-
ciencies comparable to those of AAV4 wild-type vectors after siali-
dase treatment of the target cells. This may be taken as evidence
that the mutated amino acids are involved in sialic acid binding.
Since infection of the liver remained largely unaffected, even in the
presence of sialidases (35), an additional sialic acid-independent
and as yet unidentified cell receptor appears to exist. The identi-
fied glycan 348-glycan 351 pair represents a good candidate for an
alternative AAV4 cell receptor.

Glycan receptor specificities of AAV2, AAV3, and AAV13.
AAV2 and AAV3 have long been known to bind to HSPG, which
serves as a primary host cell receptor. HSPGs are ubiquitous on
mammalian cell membranes. However, there is considerable
structural heterogeneity in terms of chain length, modifications,
extent of sulfation, and epimerization within the heparan sulfate
molecule (36). This is the first report to demonstrate binding of
particular AAVs to chemically distinct synthetic heparins. The
heparin binding array shows that both AAV2 and AAV3 bind to
6-O- and N-sulfated heparan sulfate, whereas AAV3 also binds to
2-O- and N-sulfated heparan sulfate. AAV13, although closely
related to AAV3 (93% identity of the capsids) (7), differs in hep-
arin binding properties. It binds to acetylated 6-O- and 2-O-sul-
fated heparins (Fig. 9). The variations in heparin binding specific-
ities appear to reflect reported structural variations of AAV
capsids and the relative positions of amino acids found to be crit-
ical for heparin binding (7, 37). A recent publication using chem-
ically modified natural heparin further supports the notion that
AAV2 binds to 6-O- and N-sulfated HSPGs (38), and the loss of
function of the well-studied AAV2 heparin binding site mutant
(R585A/R588A) shows that HSPG binding is critical for cell entry
(28). In contrast to the situation with AAV2, transduction with
AAV3 was only partially inhibited by soluble heparins. In addi-
tion, the heparin binding-deficient AAV3 capsid mutant R594 had
retained some infectivity in the presence of heparin (Fig. 7D).
Additional AAV3 capsid-exposed amino acids may mediate bind-
ing to alternative glycan variants present in mixed natural heparin
14, but not on the CFG glycan array or on the specialized heparin
array.

The only synthetic glycan available in sufficient quantities for
in vivo competition assays was synthetic heparin 7. Although syn-
thetic heparin 7 was bound by AAV2 more efficiently than natural
heparin 14, in vivo competition assays were unsuccessful. Heparin
7 is a tetrasaccharide of 1.3 kDa that is considerably shorter than
natural low-molecular-mass heparin, with a mean mass of 5 kDa,
translating into a 14-mer glycosaminoglycan. Previously pub-
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lished competition assays with short, size-fractionated heparins
have shown only marginal inhibitory effects on AAV2 infection
efficiencies (29). This is in line with the recent claim that a chain
length of at least 13 would be needed to make full contact with the
positively charged amino acids at the 3-fold symmetry axis on the
capsid surface of AAV2 (38). The lack of AAV2 neutralization by
heparin 7 could also be explained by lower affinity of AAV for pure
synthetic heparins than for mixed natural heparin (Fig. 6B). In
this case, AAV binding to heparin 7 might be outcompeted by
components of cell culture medium and fetal calf serum or by
higher-affinity cell surface-bound HSPG molecules.

Glycan receptor specificities of AAV serotypes 7 to 12. For
AAV serotypes 7 to 12, no primary receptor has been described,
except for AAV9, where glycans with terminal galactoses were
reported (6). Unfortunately, neither the CFG glycan array, with
611 different glycans, nor the heparin array revealed potential in-
teraction partners for any of these serotypes. Since glycans can
form an infinite variety of structures, the most likely explanation is
that appropriate ligands were not present on the arrays. It will be
interesting to see whether updated glycan arrays will detect recep-
tor candidates for these AAV serotypes.

Implications and applications of the identified glycan recep-
tor binding specificity. HSPGs and sialic acids are present on the
surface of almost every human cell, yet variant AAV serotypes

display distinct cell- and tissue-specific targeting profiles. Their
differentiation may have immediate implications for successful
AAV infection. The currently best-examined viral-protein– gly-
can interaction is that of influenza virus hemagglutinin interact-
ing with sialic acids on the cell surface. Human influenza virus
strains bind to terminal �2-6 sialic acids linked to galactose, which
primarily reside in the human upper respiratory tract, whereas
avian influenza virus strains preferentially bind to �2-3 sialic acids
linked to galactose. These types of glycans are prevalent in the
intestinal mucosa of birds and the lower respiratory tract of hu-
mans (39). The variant cell receptor distribution determines the
host and pathogenicity profiles of variant influenza virus strains. A
comparable description of cell surface determinants would help to
further define the targeting profiles of the increasing repertoire of
AAV serotypes and their variants. This seems especially relevant in
view of the increasing success of AAV vectors in human gene ther-
apy. Research to characterize the glycomes of specific cell types
and tissues (e.g., the CFG glycan-profiling program) is in progress.
Most of the analyses were done by mass spectrometry, which can-
not determine linkages in glycan structures. Our study demon-
strates the importance of specific linkages between glycan moieties
for binding to AAV capsids. Since these variations may determine
if a cell can be infected, alternative methods, like nuclear magnetic
resonance spectroscopy, are necessary for full characterization of
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the cell glycome (40). Further identification of the preferred bind-
ing structures for particular AAV variants may improve gene de-
livery, as shown recently for enhanced AAV9 cell transduction by
prior modification of glycan target cell receptors (41).
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