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Retrovirus entry into cells is mediated by specific interactions between virus envelope glycoproteins and cell
surface receptors. Many of these receptors contain multiple membrane-spanning regions, making their puri-
fication and study difficult. The jaagsiekte sheep retrovirus (JSRV) receptor, hyaluronidase 2 (Hyal2), is a
glycosylphosphatidylinositol (GPI)-anchored molecule containing no peptide transmembrane regions, making
it an attractive candidate for study of retrovirus entry. Further, the hyaluronidase activity reported for human
Hyal2, combined with its broad expression pattern, may point to a critical function of Hyal2 in the turnover
of hyaluronan, a major extracellular matrix component. Here we describe the properties of a soluble form of
human Hyal2 (sHyal2) purified from a baculoviral expression system. sHyal2 is a 54-kDa monomer with weak
hyaluronidase activity compared to that of the known hyaluronidase Spam1. In contrast to a previous report
indicating that Hyal2 cleaved hyaluronan to a limit product of 20 kDa and was active only at acidic pH, we find
that sHyal2 is capable of further degradation of hyaluronan and is active over a broad pH range, consistent
with Hyal2 being active at the cell surface where it is normally localized. Interaction of sHyal2 with the JSRV
envelope glycoprotein was analyzed by viral inhibition assays, showing >90% inhibition of transduction at 28
nM sHyal2, and by surface plasmon resonance, revealing a remarkably tight specific interaction with a
dissociation constant (KD) of 32 � 1 pM. In contrast to results obtained with avian retroviruses, purified
receptor was not capable of promoting transduction of cells that do not express the virus receptor.

Retroviruses enter host cells by executing a complex molec-
ular program resulting in the fusion of viral envelope and the
host cell plasma membrane. Key players in this process are the
retroviral envelope glycoprotein (Env) and the corresponding
target cell receptor proteins. Although protocols for produc-
tion and purification of solubilized recombinant Env fragments
have been developed for several retroviruses, their receptor
counterparts have generally proven difficult to produce and
purify because they are class IV (multi-pass) integral mem-
brane proteins. For example, the gammaretrovirus receptors
Pit1, Pit2, Xpr, Flvcr, and Cat-1 function or are predicted to
function as transporters for small molecules and contain from
8 to 13 predicted membrane-spanning regions (44).

The current model for fusogenic virus entry is based on
studies done with the influenza virus (8). Endocytosis, followed
by the acidification of the endosomal compartment, causes the
envelope glycoprotein to undergo profound structural reorga-
nization, bringing the viral membrane into very close proximity
to the endolysosomal membrane (reviewed in references 10
and 21). Although some retroviruses require this acidification
step for productive infection (42, 49), many are able to infect
cells directly at the plasma membrane at neutral pH (25, 42,
60). In these cases, it has been proposed that the interaction
between the retroviral envelope glycoprotein and its entry re-
ceptor, displayed on the target cell surface, results in a con-
formational change thereby serving as an initial step in the
fusogenic program (4). Receptor-induced conformational

changes in retroviral envelope glycoproteins have been ob-
served in a number of systems (4, 24, 28, 51, 57), and in each
case the conformational change is believed to lead to activation
of envelope glycoprotein fusogenicity. Thus, understanding the
nature of the interaction between retroviral envelope glyco-
proteins and their respective receptors is essential to under-
standing retroviral entry.

Most previous work aimed at the characterization of Env-
receptor interactions has been carried out by studying binding
of envelope glycoprotein fragments to receptor-expressing
cells. Env/receptor complex formation has typically been de-
tected by either direct labeling of the envelope construct with
125I (5, 16, 31, 32) or by using fluorescently labeled secondary
antibodies against Env (18, 36). While these strategies circum-
vent the difficulties associated with receptor protein purifica-
tion, the binding measurements are likely complicated by the
presence of other proteins and macromolecules on the cell
surface. A major advance in the field was recently made by
Hoffman et al. with their report of direct kinetic measurements
of the human immunodeficiency virus type 1 (HIV-1) gp120
interaction with chemokine receptors by surface plasmon res-
onance (SPR) (27). However, even in this case, CCR5 and
CXCR4 had to be incorporated into a cell-derived membrane
containing other surface molecules that could potentially com-
plicate the analysis.

Ideally, detailed analysis of Env-receptor binding would be
carried out in a system containing only the two interacting
species, and there are a few characterized retroviral systems
that involve receptors with one or no membrane-spanning re-
gions that can be made in soluble form. For instance, studies
aimed at examining the fusogenic properties of subgroup A
avian sarcoma and leukosis virus (ASLV-A) Env (13, 20, 26,
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54) have become possible since the development of a func-
tional soluble Tva receptor (3). The Tvb receptor, used by
ASLV groups B, D, and E (7), as well as the recently identified
mouse mammary tumor virus receptor (49), each possess a
single membrane-spanning region. Lastly, the jaagsiekte sheep
retrovirus (JSRV) receptor hyaluronidase 2 (Hyal2) is linked
to the cell surface solely through a glycosylphosphatidylinositol
(GPI) anchor (47).

JSRV is a simple retrovirus that causes lung cancer in sheep.
Several lines of evidence indicate that Hyal2 is the JSRV re-
ceptor, including radiation hybrid mapping results (46), the
fact that resistant cells can be rendered susceptible to trans-
duction by expression of human or ovine Hyal2 orthologs (19,
47), and the detection of specific binding of a hybrid JSRV Env
SU subunit/human immunoglobulin G (IgG) constant region
(JSU-IgG) to cells expressing Hyal2 receptors (36).

JSRV can cause acute multifocal cancer in infected sheep
(53), but unlike most other acutely transforming retroviruses, it
does not contain a host-derived oncogene. Expression of JSRV
Env can transform cells in culture (2, 37, 45, 47), indicating that
Env is the oncogene responsible for JSRV pathogenesis in
vivo. In the epithelium-derived BEAS cell line, expression of
JSRV Env causes transformation that is dependent on its in-
teraction with Hyal2 and the subsequent degradation of the
JSRV Env/Hyal2 complex (15). It is interesting to note that the
Hyal2 gene is contained within the 3p21.3 locus, which is de-
leted in the majority of small-cell lung cancers and has been
proposed to be a tumor suppressor (35). In contrast, fibroblast-
derived cell lines are transformed in a Hyal2-independent
manner, which involves the activation of the phosphatidylino-
sitol 3-kinase (PI3K)/Akt signaling pathway by the cytoplasmic
tail of JSRV Env (1, 45). It is not known which mechanism
predominates in diseased animals.

The normal function of Hyal2 is unclear. Hyal2 is a member
of the hyaluronidase family of proteins, which includes the
sperm hyaluronidase Spam1 and the serum hyaluronidase
Hyal1 (12). Hyaluronidase-catalyzed degradation of hyaluro-
nan, a linear repeating disaccharide, is thought to be important
for the remodeling of the extracellular matrix as well as for
maintaining homeostasis in various connective tissues in ver-
tebrates. In addition, multiple roles for hyaluronan and its
degradation products in cancer biology have been proposed
(for review, see reference 56). Hyaluronidase activity associ-
ated with expression of human Hyal2 in cultured cells has been
reported (34). Unlike other hyaluronidases, it appeared that
Hyal2 was unable to digest hyaluronan to completion and left
a 20-kDa-limit product, which might have unique biological
roles (34). However, we were unable to detect hyaluronidase
activity in cells following expression of human Hyal2 using a
retrovirus expression system, while we were easily able to de-
tect the activity of Hyal1 using the same expression system, and
we estimated that the hyaluronidase activity of Hyal2 was at
least 50-fold lower than that of human Hyal1 (47). The differ-
ence in results from these previous studies may be due to a
higher level of Hyal2 production from the vaccinia virus ex-
pression system used in the first study, but it is puzzling that
Hyal2 has such low activity if its normal function is cleavage of
hyaluronan.

Here we describe the production and purification of a solu-
ble form of human Hyal2 (sHyal2), characterize its hyaluron-

idase activity, and examine its interaction with JSRV Env. We
find that sHyal2 is a weak hyaluronidase, active over a wide pH
range and capable of complete degradation of hyaluronan.
Purified sHyal2 specifically interacts with retroviral particles
pseudotyped with JSRV Env, as evidenced by its ability to
inhibit transduction of susceptible cells. However, purified
sHyal2 was not capable of facilitating transduction of non-
receptor-expressing cells. SPR measurements of the binding of
sHyal2 to the JSU-IgG show an unusually tight interaction due
primarily to an extremely slow dissociation rate.

MATERIALS AND METHODS

Cell culture. Mammalian cell lines were maintained in Dulbecco’s modified
Eagle medium with high glucose (4.5 g per liter) (Gibco) and 10% fetal bovine
serum (HyClone) at 37°C in a 10% CO2–air atmosphere unless otherwise noted.
Insect cell lines were maintained at 27°C in air. Sf9 cells were grown in SF-900
II serum-free medium (SFM), and High5 cells were grown in Express Five SFM
(Gibco).

Generation of recombinant baculovirus encoding sHyal2. Mutagenic PCR was
used to modify a cDNA encoding human Hyal2 to contain an SphI restriction site
upstream of the start codon and a NotI site in place of the codon just after the
GPI addition site in the protein. The resulting fragment was ligated to a NotI/
HindIII linker encoding His6 and was then cloned into the pFastbac1 (Gibco)
transfer vector. In this procedure, the Hyal2 leader peptide was preserved, while
the C-terminal hydrophobic region, predicted to be removed in the mature
polypeptide, was replaced by a His6 tag (Fig. 1A). The resulting cDNA encoded
residues 1 to 447 of human Hyal2, separated from the His6 tag by Ala3 (encoded
by the NotI restriction site). Subsequent steps for generation of the starting stock
of recombinant baculovirus in Sf9 cells were carried out according to the man-
ufacturer’s instructions. Expression of recombinant protein in infected cultures

FIG. 1. Structure and properties of purified sHyal2. (A) The struc-
tures of native Hyal2 and sHyal2 are shown (both drawn to scale).
Amino acids 1 to 21 constitute the endoplasmic reticulum signal pep-
tide for both proteins. A GPI anchor is predicted to replace all residues
following amino acid 447 in Hyal2, which also contains a C-terminal
hydrophobic tail at residues 456 to 473 that localizes the protein in the
membrane prior to GPI anchor addition. In sHyal2, a C-terminal His6
tag (attached with an Ala3 linker) replaces the GPI anchor attachment
site and the hydrophobic tail of the native sequence. (B) Size exclusion
chromatography using a Superdex 200 HR 10/30 column shows that
sHyal2 is monomeric in solution and migrates with an apparent mo-
lecular mass of �40 kDa. Overlaid onto the trace of sHyal2 is a trace
of Bio-Rad gel filtration chromatography standards with sizes in kilo-
daltons indicated. (C) SDS-PAGE of sHyal2 and protein standards
under reducing conditions indicates a molecular mass for sHyal2 of
�50 kDa.
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was monitored by immunoblotting with anti-Penta-His antibody (QIAGEN).
Final virus stock expansion was carried out by Custom Baculovirus Services (BD
Biosciences).

Expression and purification of recombinant sHyal2. Recombinant baculovirus
stock (�108 PFU/ml) was used to inoculate spinner cultures of High5 cells for
protein production at the optimal multiplicity of infection of 5. The cultures were
infected by resuspending log-phase cells in virus stock, incubating the suspension
at room temperature for 10 to 15 min, and diluting in fresh medium to a density
of 106 cells/ml. The infected cultures were grown in �500 ml per 1-liter spinner
flask.

When cell viability in infected cultures dropped to �50% (approximately 48 to
72 h postinfection), cells and cell debris were removed by centrifugation at 3,000
� g and the supernatant was further clarified by centrifugation at 7,000 � g. The
resulting material either was dialyzed immediately against equilibration buffer
(150 mM NaCl, 50 mM Tris-HCl, pH 8) or was first precipitated by addition of
ammonium sulfate to 30% (wt/vol). The precipitate was dissolved in phosphate-
buffered saline (PBS), and the solution was then dialyzed. The treated baculo-
virus supernatant was next passed over a column containing Talon resin (Clon-
tech), the column was washed with 10 column volumes of wash buffer (300 mM
NaCl, 50 mM Tris-HCl, pH 7.4, 10% glycerol, 20 mM imidazole) and the bound
protein was eluted with 3 column volumes of elution buffer (wash buffer with 200
mM imidazole). The eluted protein was concentrated by ultrafiltration (Amicon
Ultra-15 modules; Millipore) and fractionated on a Superdex 200 HR 10/30
sizing column (Amersham Biosciences AB) using PBS or PNEA, which is com-
posed of 20 mM PIPES [piperazine-N,N�-bis(2-ethanesulfonic acid), pH 7.0], 150
mM NaCl, 1 mM EDTA, and 0.02% NaN3.

Expression and purification of the JSU-IgG. The generation of a plasmid
encoding JSU-IgG has been described (36). This plasmid encodes a hybrid
protein consisting of the JSRV Env SU fused to a human IgG Fc domain. The
plasmid was transfected into 293 human embryonic kidney cells, and the cells
were grown for 24 to 36 h in Dulbecco’s modified Eagle’s medium with 10%
Ultra-Low IgG fetal bovine serum (FBS) (Gibco). Conditioned medium was
harvested and added to a column containing protein A Sepharose resin (Amer-
sham Biosciences AB), the column was washed with 10 column volumes of 100
mM sodium citrate–0.02% NaN3 buffer, pH 4.5, and the JSU-IgG protein was
eluted with 2 column volumes of the same buffer adjusted to pH 3.5. The eluate
was washed into PNEA by ultrafiltration (Amicon Ultra-15 modules; Millipore).

Hyaluronidase assay. Hyaluronidase activity was assayed by incubation of
protein samples with hyaluronan and analysis of digestion products by agarose
gel electrophoresis, as previously described (47). Briefly, 50-�g samples of hya-
luronan derived from human umbilical cord (Calbiochem) were treated with
either purified sHyal2 or Spam1 (bovine testes; Calbiochem) for 12 to 16 h at
37°C in a reaction buffer containing 100 mM formate (for pH 3 to 5.1), 100 mM
MES (morpholineethanesulfonic acid) (for pH 5.5 to 7.3), or 100 mM Tris (for
pH 7.8 to 11). The samples were mixed with 1/6 volume of 7� loading buffer (7�
TAE [40 mM Tris-acetate, 1 mM EDTA, pH 8.0], 85% glycerol) and electro-
phoresed in 0.5% TAE-agarose gels at 50 V for 8 to 10 h. A 1-kb DNA ladder
(Invitrogen) was used as a molecular weight standard. The gels were stained in
0.005% Stains-All (Sigma) in 50% ethanol overnight and then photographed on
a fluorescent light transilluminator.

Biosensor analysis of the interaction between JSU-IgG and sHyal2. SPR
measurements were carried out in HBS-EP buffer (10 mM HEPES [pH 7.4], 150
mM NaCl, 3 mM EDTA, 0.005% P-20 surfactant [Biacore AB, Uppsala, Swe-
den]) using a Biacore 3000 system (Biacore AB). JSU-IgG was immobilized on
a CM5 research-grade sensor chip (Biacore AB) by amine coupling chemistry by
using the manufacturer’s protocols. Immobilization of 3,700 response units (RU)
resulted in optimal responses for subsequent analyses.

The kinetics of the interaction between JSU-IgG and sHyal2 were measured
by injecting five concentrations of sHyal2 (5 to 74 nM) in randomized duplicate
runs. Optimal regeneration was achieved by injection of 3 M KSCN at a flow rate
of 100 �l/min for 30 s over the biosensor surface followed by injection of HBS-EP
buffer at 20 �l/min for 3 h. Injections of sHyal2 and control solutions were
carried out at 20 �l/min for a period of 200 s followed by an hour-long dissoci-
ation phase.

The data were analyzed by the method described by Myszka (43). First, the
sHyal2 binding signal measured on the biosensor reference surface (capped by
amine coupling reagents) was subtracted from the sHyal2 binding signal obtained
on the surface derivatized by the JSU-IgG. Next, a data set was constructed by
averaging data obtained from several HBS-EP injections over the biosensor
surface. This averaged data set was then subtracted from the referenced signal,
resulting in doubly referenced data which were then analyzed with BIAevalua-
tion 3.0 software (Biacore AB) to globally fit data and derive kinetic and equi-
librium values describing the intermolecular interactions.

RESULTS

Expression and purification of sHyal2. During maturation,
the carboxy end of Hyal2 is removed and replaced with a GPI
anchor that tethers Hyal2 to the cell surface. To make a soluble
form of the protein (sHyal2), we made an expression vector
that encodes Hyal2 with a His6 tag replacing the GPI anchor
(Fig. 1A). The native signal peptide was retained in the con-
struct to allow proper posttranslational processing and secre-
tion from cells. sHyal2 was expressed in insect cells by using a
recombinant baculovirus expression system and was purified
with a combination of immobilized metal affinity and size ex-
clusion chromatography. The identity of the protein was veri-
fied by N-terminal sequencing (data not shown). sHyal2 is a
monomeric protein in solution (Fig. 1B). A size consistent with
the predicted molecular mass of 50 kDa was apparent by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis (Fig. 1C), indicating low utilization of the four
predicted N-linked glycosylation sites in this construct. Matrix-
assisted laser desorption ionization–time-of-flight (MALDI-
TOF) mass spectrometry analysis showed a single 54-kDa spe-
cies in the purified protein samples. This value was used for
subsequent concentration calculations.

Hyaluronidase activity of sHyal2. We found that sHyal2 and
the known hyaluronidase Spam1 could convert a mixed high-
molecular-mass population of hyaluronan to a population with
a narrow size range comigrating with the 2-kb DNA marker
(Fig. 2A), previously determined to be around 20 kDa (33, 34).
Comparison of hyaluronan degradation by 1.6 and 1.0 �g of
sHyal2 (Fig. 2A and B, lane corresponding to pH 3.8, respec-
tively) to that by known amounts of Spam1 led to the conclu-
sion that approximately 200-fold more sHyal2 than Spam1 is
required to digest 50 �g of hyaluronan to the 20-kDa stage in
the same period of time. Therefore sHyal2 is �200-fold less
active than Spam1 at this pH (pH 3.8). The pH optimum of the
sHyal2 hyaluronidase activity was broad, with an optimum
centered around pH 5.5 (Fig. 2B). In a control reaction, incu-
bation of hyaluronan at pH 3.8 or 11.0 without added protein
did not result in degradation of the polymer (Fig. 2B and data
not shown, respectively).

In contrast to previous results which indicated that Hyal2
cleaved hyaluronan to a limit product of 20 kDa (34), we find
that degradation of hyaluronan by sHyal2 can proceed beyond
this intermediate. Digestion of hyaluronan with increasing con-
centrations of sHyal2 at the optimal pH of 5.5 resulted in
increasing degradation of the 20-kDa intermediate (Fig. 3, left
panel), similar to results obtained with Spam1 (47; data not
shown). Further degradation of the 20-kDa hyaluronan inter-
mediate was also observed after an additional treatment with
sHyal2 after the initial incubation period (Fig. 3, right panel).
Degradation of this 20-kDa population was a much slower
reaction step than the initial cleavage of high-molecular-mass
hyaluronan to the 20-kDa form for both sHyal2 (Fig. 3) and
Spam1 (47).

Inhibition of JSRV vector transduction by sHyal2. To test
whether purified sHyal2 could specifically interact with JSRV-
pseudotype retroviral particles, JSRV-pseudotype and ampho-
tropic murine leukemia virus (MLV)-pseudotype vectors were
used to infect NIH 3T3/LL2SN cells that express receptors for
both viruses, in the presence or absence of sHyal2 (Fig. 4). The
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presence of 9 nM or more sHyal2 caused a dramatic decrease
in titer for the JSRV-pseudotype vector, with 28 nM sHyal2
inhibiting transduction by 93%. In comparison, sHyal2 had no
effect on the titer of the control amphotropic MLV-pseudotype
vector at any concentration tested. These results demonstrate
a specific interaction of sHyal2 with the JSRV Env protein on
virions that results in inhibition of virus entry into cells.

sHyal2 does not stimulate JSRV vector transduction of re-
ceptor-deficient cells. Others have shown that soluble receptor
protein can induce infection of receptor-deficient cells by avian
retroviral vectors (13, 30), and we tested whether sHyal2 could
induce JSRV vector infection of receptor-deficient NIH 3T3
cells in a similar manner. A JSRV-pseudotype vector was in-
cubated with or without sHyal2 at concentrations from 2 to
1,000 nM for 30 min on ice and cells were exposed to the vector
in the presence of Polybrene with or without centrifugation as
described previously (13). While the titer of the untreated virus
on NIH 3T3 cells expressing human Hyal2 was 7 �104 per ml,
the titer of treated or untreated vector on receptor-deficient
NIH 3T3 cells was �50 per ml, indicating that sHyal2 cannot
efficiently induce infection of receptor-deficient cells.

Analysis of purified JSU-IgG. JSU-IgG prepared as de-
scribed in Materials and Methods was analyzed by size exclu-
sion chromatography on a Superdex 200 HR 10/30 column and
was found to be highly multimeric (apparent molecular mass of
�400 kDa) (data not shown). However, nonreducing SDS-
PAGE analyses showed that the multimers were likely “daisy
chains” of interchain disulfide-bonded protein (data not
shown), consistent with the large number of cysteines (15 res-
idues) per JSU-IgG monomer that could provide free thiols for
multimerization. However, the purified JSU-IgG multimers
appeared to be properly folded and not the result of nonspe-
cific aggregation, because the material was stable in solution
and did not precipitate. Flow cytometry experiments also show
specific binding of JSU-IgG to cells (36; data not shown), and

FIG. 2. sHyal2 is a weak neutral-pH-active hyaluronidase. (A) Fifty-microgram samples of HA were incubated at 37°C and pH 3.8 for 14 h in
a total volume of 40 �l with no added protein, with various amounts of sperm hyaluronidase Spam1, or with 1.6 �g of sHyal2. The samples were
separated in 0.5% agarose and visualized with Stains-All. (B) Fifty-microgram samples of HA were incubated at 37°C for 14 h in a total volume
of 40 �l with no added protein at pH 3.8 or with sHyal2 (1.0 �g per sample) at the indicated pH values. Samples were analyzed as in panel A.

FIG. 3. sHyal2 is capable of complete digestion of hyaluronan.
(Left panel) Fifty-microgram samples of HA were incubated with no
added protein or with various amounts of sHyal2 at 37°C and pH 5.5
for 14 h in a total volume of 40 �l. Samples were analyzed by agarose
gel electrophoresis as in Fig. 2. (Right panel) To examine the effect of
repeated sHyal2 treatment on HA degradation, a 50-�g sample of HA
was incubated with 1.6 �g of sHyal2 for 12 h, 1.6 �g of sHyal2 in PNEA
buffer was added to the sample, and the sample was incubated for an
additional 12 h (lane labeled “1.6 �g sHYAL2 � 2”). In parallel, 50-�g
samples of HA were incubated with or without 1.6 �g of sHYAL2 for
12 h, PNEA buffer without sHyal2 was added, and the samples were
incubated for an additional 12 h (lanes labeled “1.6 �g sHyal2” and
“No added protein”, respectively). Samples were analyzed by agarose
gel electrophoresis as in Fig. 2.
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control SPR experiments demonstrated that JSU-IgG did not
interact with other proteins nonspecifically (data not shown).

Binding kinetics of recombinant Hyal2 to the JSU-IgG. The
interaction between Hyal2 and the JSRV Env was further
studied by SPR using JSU-IgG covalently bound to the sensor
surface (ligand) and sHyal2 in solution flowing over the surface
(analyte) (Fig. 5, top panel). The analysis of the SPR responses
with a 1:1 Langmuir binding model (Fig. 5) resulted in a good
global fit (�2 � 0.097), with a dissociation constant (KD) value
of 32 � 1 pM. Such tight binding is explained by the extremely
slow dissociation of the complex (koff � [5.33 � 0.07] � 10	6

s	1; kon � [1.68 � 0.01] � 105 M	1 s	1), corresponding to a
complex half-life of �36 h. Binding of either Spam1 or soluble
JSU-IgG to JSU-IgG coupled to the sensor surface was unde-
tectable, demonstrating the specificity of the interaction of
Hyal2 with bound JSU-IgG (data not shown).

DISCUSSION

In this report we describe the production of a soluble form
of the JSRV receptor Hyal2 using a baculovirus expression
system. Since Hyal2 is normally tethered to the cell membrane
by a GPI anchor, we generated sHyal2 by replacing the same
amino acids deleted during GPI anchor addition with a His6

tag. The resulting sHyal2 protein was purified as a 54-kDa
monomer with perhaps one N-linked glycosylation.

We used SwissModel (52) to generate a model of the struc-
ture of Hyal2 (data not shown), based on the bee venom
hyaluronidase structure (38; PDB accession code 1FCQ), en-
compassing human Hyal2 residues 32 to 355. This region in-

cludes two of the four potential N-linked glycosylation sites,
one of which is predicted to be fully buried in the model, while
the other is partially buried. Thus, a likely explanation for the
underutilization of N-linked glycosylation sites observed for
sHyal2 is that these sites are insufficiently exposed on the
molecular surface for proper modification.

Our modeling efforts also revealed that the pattern of pri-
mary sequence conservation between Hyal2 and bee venom
hyaluronidase is consistent with conservation of the overall
fold. In particular, the predicted catalytic residues of Hyal2
were appropriately mapped to the active site of the bee venom
hyaluronidase structure. Residues 355 to 447 fall outside of the
model, due to the absence of corresponding sequences in bee
venom hyaluronidase, and may represent a separate, cysteine-
rich C-terminal domain.

Hyal2 was previously reported to be a functional lysosomal
hyaluronidase with an acidic pH optimum (34). A subsequent
study found that Hyal2 was actually a cell surface protein, but
hyaluronidase activity could not be detected in cells expressing
Hyal2 following retrovirus-mediated gene transduction (47).
Here we find that sHyal2 is indeed able to degrade hyaluronan,
but the rate of degradation is about 200-fold lower that that of
Spam1. This result is consistent with the previous finding that
hyaluronidase activity is below the limit of detection in lysates
of cells transduced with a Hyal2-expressing retroviral vector.
Further, we found that sHyal2 is active over the pH range of
4.5 to 8.6 (Fig. 2B), but unlike the neutral-pH-active Spam1
(23; data not shown), it shows no significant activity minimum
at around pH 5.5. The broad pH range of the hyaluronidase
activity of sHyal2 including normal physiological conditions is
consistent with Hyal2 being active at the cell surface where it
is normally localized.

sHyal2-mediated hyaluronan degradation proceeds in a
manner like that previously observed for Spam1 and Hyal1 (47;
unpublished data). The reaction first transforms a population
of hyaluronan of highly heterogeneous molecular mass to a
population previously estimated to be �20 kDa (33, 34). This
initial rapid degradation is followed by a slower degradation
step in which the 20-kDa polysaccharide population is further
digested (Fig. 3), likely producing end-stage tetramer and hex-
amer products, as is the case for Spam1 (11, 50). Although it
was previously reported that Hyal2-mediated hyaluronan deg-
radation stops at the 20-kDa polysaccharide fragment size (34),
it is likely that the amount of enzyme or time of digestion was
insufficient to detect digestion of hemagglutinin (HA) past the
20-kDa HA intermediate.

We tested the ability of sHyal2 to specifically inhibit trans-
duction by JSRV-pseudotype MLV particles as a measure of
sHyal2 biological activity. sHyal2 is capable of significantly
inhibiting JSRV Env-mediated transduction events, while hav-
ing no effect on an amphotropic vector. This result indicates
that sHyal2 can specifically interact with JSRV Env and gives
further confirmation that sHyal2 is a biologically active, prop-
erly folded protein. Inhibition of viral entry by soluble recep-
tor-derived Env ligands has been demonstrated for at least two
other retroviral systems. Soluble CD4 has been shown to in-
hibit infection by certain strains of HIV, in part by causing
shedding of the gp120 surface subunit of HIV Env (40, 41).
Similarly, a soluble version of the ASLV-A receptor Tva is
capable of inhibiting ASLV-A infection (3), and in this case the

FIG. 4. sHyal2 specifically inhibits transduction by a JSRV-
pseudotype retroviral vector. PJ4/LAPSN (similar to PJ14/LAPSN)
(46) and PA317/LAPSN (39) vector-producing cell lines were used to
generate JSRV-pseudotype and amphotropic MLV-pseudotype vec-
tors. The LAPSN vector encodes human placental alkaline phospha-
tase (AP) and bacterial neomycin phosphotransferase. These vector
stocks were used to transduce NIH 3T3 TK	 cells expressing human
Hyal2 and that also express the endogenous mouse amphotropic ret-
rovirus receptor Pit2. Experiments were carried out in the presence of
various concentrations of purified sHyal2 that was added to the cells
just prior to virus addition. Two days after virus exposure, the cells
were stained for AP and AP� foci were counted. Results are expressed
as a percentage of the transduction rate observed without sHyal2
addition for each vector. Each data point represents the average of
three experiments, and standard deviations are shown.
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mechanism appears to involve triggering of the Env-mediated
fusion (14, 26).

Although sHyal2 inhibits transduction of receptor-express-
ing cells, it does not facilitate transduction of receptor-defi-
cient cells, as has been observed for soluble receptor-like mol-
ecules in the ASLV-A and ASLV-B systems (13, 30). It has
recently been reported that initiation of the fusogenic program
of ASLV can occur at neutral pH (20). It is possible that,
unlike ASLV, JSRV requires acidification of its environment
for initiation of fusion, which might explain its inability to
transduce receptor-deficient cells even in the presence of sol-
uble receptor. Alternatively, the binding of the sHyal2 to the
JSRV-pseudotype particles may destabilize the metastable Env
glycoprotein to an extent greater than is observed for the
ASLV systems, resulting in rapid JSRV Env inactivation.

Using SPR, we found very tight binding of sHyal2 to JSU-
IgG, with a 32-pM KD, primarily due to an extremely slow
dissociation rate. This KD is significantly different from the
previously reported value for binding of JSU-IgG to cells ex-
pressing human Hyal2 of 9 � 6 nM (36), as determined by flow
cytometry. This discrepancy may be explained by several fac-
tors. Since the state of the JSU-IgG, as discussed in this report,
was multimeric, the cytometry experiments formally examined
non-1:1 interactions, which were not accounted for in the ear-
lier analysis. The prior analysis also did not take into account
the amount of inactive JSU-IgG in such preparations, which
would lead to an overestimate of the actual KD. Furthermore,
the macroscopic recognition events described in that report
took place in the context of the complex environment of the
cell surface (glycocalyx), perhaps leading to reduced affinity

between JSU-IgG and the cell surface-bound Hyal2. In addi-
tion, since Hyal2 is a GPI-anchored protein (47), it is likely to
be associated with lipid rafts (6), which would affect the context
in which it is presented on the cell surface and may bias its
ability to bind ligands. The SPR analysis performed here di-
rectly measured the association between two biochemically
pure interactors, giving the best estimate of the microscopic
equilibrium and rate constants describing the interaction of
JSRV Env and Hyal2 in the absence of other factors.

Previously reported affinities for other retroviral Env/recep-
tor pairs span a wide range of values and include 500 nM for
the HIV-1 Env/CXCR4 (determined by SPR) (27), a range of
11.6 to 0.83 nM for the HIV-1–CD4 interaction (for citations,
see reference 3), values of 17 and 1.5 nM (determined by flow
cytometry; references 17 and 62, respectively) and 0.3 nM
(determined by enzyme-linked immunosorbent assay [ELISA])
(3) for the ASLV-A Env/soluble recombinant Tva, and 92 pM
for the amphotropic MLV Env immunoadhesin/Pit2 (deter-
mined by cell-associated radiolabel detection) (32). Thus, the
affinity value we are reporting is the strongest Env-receptor
interaction observed to date, although it is within an order of
magnitude of its closest neighbor.

It has been previously noted that viral interactions with
target cell receptors typically display higher affinities than the
normal biological interactions in which these cell surface mol-
ecules are implicated (59). In our case, the extreme stability of
the complex suggests that its formation is essentially irrevers-
ible, particularly considering the additional effects of avidity
and rebinding due to the higher local concentrations of two
membrane-anchored interactors. Such slow dissociation kinet-

FIG. 5. Measurement of the kinetics of the interaction between sHyal2 and JSU-IgG. (A) Reference-subtracted data (gray) illustrating the
interaction between the immobilized JSU-IgG and sHyal2 are shown. Following the initial phase of buffer flow, solutions of indicated concen-
trations of sHyal2 in buffer were injected during the time interval of 0 to 200 s at a rate of 20 �l/min. This was followed by a return to initial buffer
flow to allow for measurements of dissociation of the complexes formed. BIAevaluation software was used to build a curve fit (black line) to the
data. (B) Deviations of data from the fit in panel A are shown.
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ics have been described for multiple types of interactions for
which complex dissociation is undesirable. For the interaction
between major histocompatibility complex molecules and
bound antigenic peptides, complex stability is essential for
proper antigen presentation at the cell surface, where complex
Koff rates have been estimated at 10	4 s	1 and slower (29, 48).
High-affinity antibodies with similar Koff rates (10	5 to 10	4

s	1) have also been described (61), and additional examples
exist among the more classical protein-protein interactions
such as the VEGF/VEGFR-1 complex (10	5 s	1) (58) and the
pepsin/rSQAPI complex (10	4 s	1) (22).

The high affinity of JSU-IgG for sHyal2 and the resultant
long half-life of the complex indicates that JSRV Env is highly
proficient in its ability to anchor incoming virus particles onto
target cells expressing human Hyal2, and presumably onto cells
expressing sheep Hyal2 as well. One reason this might be
important for the biology of JSRV is that this enhanced at-
tachment function may reduce the impact of environmental
stresses that JSRV normally has to confront during infection of
the lung. In fact, it has been reported that JSRV-pseudotype
particles demonstrate greater resistance to the antimicrobial
properties of lung fluid (9), which contains compounds with
surfactant- and detergent-like activities. If the exposure of vi-
rus to lung fluid causes damage to most of the exposed Env
glycoprotein molecules, the remainder may still successfully
anchor the particle to the host cell by virtue of their strong
interaction with the Hyal2 receptor and allow fusion to occur.

Another way in which the high-affinity interaction between
JSRV Env and Hyal2 may be important for JSRV is the ability
to utilize low levels of available surface Hyal2. The relative
abundance of surface Hyal2 in cells of the lung epithelium or
established cell lines has not been reported to date. However,
it has been recently demonstrated that overexpression of en-
dogenous JSRV-derived envelope glycoprotein can interfere
with exogenous JSRV infection in sheep cells (55). Since this
study also found that endogenous JSRV is expressed in ovine
tissues, it was argued that this may offer a degree of resistance
to natural exogenous JSRV infection by lowering the surface
levels of Hyal2. Thus, the stability of the JSU-IgG/sHyal2 com-
plex may offer JSRV the ability to compete for surface receptor
“occupied” by the endogenous JSRV Env or may suggest that
few interactions with its receptor are required for stable JSRV
adhesion to host cell surface.

Finally, the extremely high stability of the JSU-IgG/sHyal2
complex may help explain the oncogenic properties that JSRV
Env displays in epithelial cells. It has been reported that JSRV
Env expression can disrupt the repressed state of the RON
tyrosine kinase by causing the degradation of its natural re-
pressor, Hyal2 (15). In its active state, RON is capable of
initiating a ligand-independent signaling cascade which leads
to cell transformation. It is proposed that the degradation of
Hyal2 results from the formation of a stable complex between
it and JSRV Env. Data presented here show that this complex
is indeed very stable.
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