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Human interferon-y
(hIFN-7)’
exerts its pleiotropic
activities through species-specific,
high affinity membrane
receptors that are constitutively
expressed in a variety of cell types
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diverse cellular responses such as resistance to viral infection
or induction of HLA gene expression: in addition to the hIFNy-R molecule, which is encoded by a single gene located in
chromosome
region 6q16-22 (3, 4), other component(s)
encoded by chromosome
21 appear necessary and sufficient to
generate cellular responsiveness
to hIFN-y
(5).* While the
post-binding
events are still largely unknown,
very recently
progress has been made toward a molecular characterization
of the hIFN-7-R.
Thus, the hIFN-7-R
was purified by affinity
chromatography
from the B-cell line Raji (6) and from placenta membranes
(7), revealing a protein with common molecular mass of 90 kDa. Subsequently,
the hIFN--y receptor
has been cloned from a Raji cell-derived
cDNA library and
functionally
expressed in mouse cells (8). The amino acid
sequence deduced from the cloned receptor gene indicates a
protein of 54 kDa that comprises several potential N- and Olinked glycosylation
sites (8). Therefore, in SDS-PAGE
analysis, the apparent molecular
mass of 90 kDa of purified Raji
cell- and placenta-derived
receptor proteins (6, 7) suggests a
high degree of glycosylation
of the native IFN-7-R molecule.
Differences
in the amount and type of carbohydrate
side
chains may account for the apparent receptor size heterogeneity observed in earlier IFN-7 cross-linking
studies with
various cell lines (9-13). Moreover, there is increasing evidence that carbohydrate
side chains are of functional
importance for several cytokine and hormone receptors influencing
intracellular
transport, membrane expression, or ligand-binding capacity (14-17). The role of the glycosidic moieties for
the function of IFN-7-R was so far unknown.
In order to approach this question, we have employed both
inhibitors
of glycoprotein
synthesis as well as deglycosylation
enzymes to study their effect on hIFN-7-R
with respect to
membrane expression and high affinity ligand binding capacity as well as the contribution
of carbohydrates
to receptor
size heterogeneity
in cell lines of distinct tissue origin. The
results establish that a differential
degree of N-linked
glycosylation accounts for differences
in the apparent molecular
masses of IFN-7 receptors from a lymphoid and a monocytic
cell line. More important,
metabolic inhibition
of glycosylation and enzymatic deglycosylation
experiments indicate that,
for all cell types investigated,
N-linked
carbohydrates
of the
complex type are necessary for ligand binding capacity of cell
membrane integrated receptor proteins.
MATERIALS

AND

METHODS

Cell Lines and Treatment
of Cells-Human
cell lines were obtained
from the American
Type Culture
Collection
(Rockville,
MD). All cell
lines were maintained
in Click’s/RPMI-1640
culture
medium
(Biochrom,
Berlin, FRG) containing
5% fetal calf serum, 20 mM HEPES,
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The contribution
of N-linked
carbohydrates
to human interferon-y
receptor
(hIFN-7-R)
structure
and
function
was investigated
in four tumor
cell lines of
various
tissue origin.
Western
and ligand
blotting
of
native and deglycosylated,
affinity-purified
hIFN-7-R
of the monocytic
cell line U937 and the lymphoid
cell
line Raji revealed
that the different
sizes of hIFN--y-R
from U937
(103 kDa) and Raji (90 kDa) cells are
reduced
upon either metabolic
inhibition
or enzymatic
deglycosylation
of N-linked
carbohydrates
to a common size of the receptor
molecule
with an apparent
molecular
mass of 73 kDa for both cell lines, indicating
that heterogeneity
in hIFN-7-R
size is largely
due to
differential
glycosylation.
In all cell lines investigated,
inhibition
of N-linked
glycosylation
or modulation
of
carbohydrate
processing
did not prevent
receptor
transport
to the cell membrane,
but blocked
hIFN-7
binding
capacity of membrane-expressed
receptor
molecules, as revealed
by specific
binding
of hIFN-T-Rspecific
monoclonal
antibody
and specific
binding
of
‘251-labeled
hIFN-y.
These data suggest that a lack of
complex-type
N-linked
carbohydrates
is associated
with
a complete
loss of receptor
function,
i.e. high
affinity
binding
capacity.
Recovery
of hIFN-7
binding
of deglycosylated
receptors
was achieved
upon affinity
purification
and adsorption
to nitrocellulose
membranes,
indicating
that the carbohydrate
side chains
themselves
do not directly
contribute
to the ligand
binding
epitope but seem to be essential
for appropriate
conformation
of the receptor
protein
in the cell membrane.
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lysed by addition
of Triton
X-100 buffer
(1% Triton
X-100,
20 mM
Tris (pH 7.4), 2 mM CaC12, 2 mM MgCl,),
containing
0.004% Trasylol
(Sigma, FRG), 0.006% trypsin-chymotrypsin
inhibitor
(Sigma, FRG),
and 0.001% leupeptin
(Sigma, FRG). After incubation
for 60 min on
ice, lysates were clarified
at 100,000 x g for 30 min at 4 “C and the
supernatants
were applied
at 4 “C to a l-ml column
of Affi-Gel
10
(Bio-Rad)
containing
5 mg of covalently
coupled purified
monoclonal,
IFN-y-R-specific
antibody
A6C5 (6). Subsequently,
the column
was
washed
with 10 ml of each of the following
buffers:
10 mM Tris-Cl
(pH 7.4), 150 mM NaCl, 0.1% Triton
X-100;
10 mM Tris-Cl
(pH 7.4),
150 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate,
0.1% SDS,
10% glycerol;
10 mM Tris-Cl
(pH 8.6), 0.5% Triton
X-100,
500 mM
KCl, 50 mM glycine-Cl
(pH 4.5), 150 mM NaCl, 0.1% Triton
X-100.
After this washing
procedure,
the antibody-bound
receptor
material
was eluted in l-ml fractions
with 150 mM glycine-Cl
(pH 3.0), 0.1%
Triton
X-100.
The eluates
were immediately
neutralized
by the
addition
of Tris-Cl
(pH 7.4) to a final concentration
of 160 mM. The
eluted fractions
were ultrafiltrated
(Amicon
30, Amicon
GmbH,
FRG)
to a final volume
of 0.1 ml and analyzed
for receptor
content
by dot
blot analysis
using lz51-labeled
IFN-7
and antibody
A6C5, respectively,
essentially
as described
by Aguet et al. (6).
Endo F/PNGose
F Treatment
of Purified
IFN--,
Receptor.
The
ultrafiltrated,
pooled IFN--y
receptor-positive
fractions
from preparations
of each 5-10 X lo9 cells were split into 2 aliquots.
To each
aliquot an equal volume
of 100 mM sodium phosphate
buffer (pH 7.5)
containing
50 mM EDTA,
0.1% SDS, and 0.5% Triton
X-100
was
added. For Endo F/PNGase
F treatment,
one fraction
was mixed
with 5-10 ~1 (0.25-0.5
unit)
of Endo F/PNGase
F. The Endo F/
PNGase
F-treated
and control
samples
were both incubated
at 37 “C
for 12-16 h.
SDS-PAGE
and Blotting
Procedures-SDS-PAGE
was performed
under nonreducing
conditions
according
to the method
of Laemmli
(21) using 7.5% acrylamide
gels. Prior to SDS-PAGE
analysis,
samples were diluted
1:l in 0.25 M Tris-Cl
(pH 6.8), 1% SDS, and 40%
glycerol
and incubated
at 37 “C for 15 min. Electroblotting
to nitrocellulose
was performed
at constant
current
of 2.5 mA/cm’
for 35
min at 15 “C. Cathode
buffer:
25 mM Tris (pH 9.4), 40 mM glycine,
20% methanol,
0.1% SDS. Sample buffer:
30 mM Tris (pH 10.4), 20%
methanol,
0.1% SDS. Anode buffer:
300 mM Tris (pH 10.4), 20%
methanol,
0.1% SDS. Membranes
were blocked
overnight
at room
temperature
in 10% (w/v) dry skim milk in PBS containing
0.05%
(w/v)
merthiolate.
Subsequently
membranes
were washed
twice in
Hanks’
balanced
salt solution
containing
2% FCS and then incubated
with iz51-hIFN-y
(30 rig/ml)
for 2 h at room temperature.
After
washing
with cell culture
medium
(5% FCS),
autoradiography
was
performed
with Kodak X-Omat
AR film using an intensifying
screen.
For Western
blots, strips were incubated
with monoclonal
anti-IFN7-R antibody
(1 rg/ml)
for 2 h at room temperature,
washed
twice
with PBS containing
0.1% bovine
serum
albumin
(Behring,
FRG)
and 10 mM NaN3 (Merck,
FRG) and further
processed
by incubation
with AuroProbe
BL plus (Janssen,
Belgium)
for 2 h at room temperature, and developed
by incubation
with IntenSE
BL (Janssen,
Belgium).
Lactoperoxidase-catalyzed
lz51 Cell Surface
Labeling
and Immunoprecipitation
of ‘251-hlFN-r-R-l
X 10’ cells were washed
twice in
complete
PBS (containing
10 mM CaC& and 10 mM MgCh)
and
resuspended
in 0.5 ml of complete
PBS containing
5 mM glucose.
Iodinaticn
was started
by adding 1 mCi of Nalz51, 150 milliunits
of
glucose oxidase,
and 30 pg of lactoperoxidase.
After incubation
for 25
min at room temperature,
the reaction
was stopped
with 5 ml of
complete
phosphate-buffered
iodine. Cells were washed
three times
in complete
phosphate-buffered
iodine and subsequently
lysed by
addition
of 1 ml of Triton
X-100
buffer
as described
above. Cellbound radioactivity
was determined
and was found to be between
30
and 150 rCi/l
x lOa cells. After incubation
for 60 min on ice, lysates
were clarified
at 15,000 X g for 15 min at 4 ‘C and thereafter
subjected
to protein
A preclearing
(protein
A-Sepharose
6MT3;
Pharmacia,
Sweden)
for 2 h at 4 ‘C. The IFN-y
receptor
was then immunoprecipitated
with 1 gg of antibody
A6C5 followed
by precipitation
with
protein
A-Sepharose
6MT3
(Pharmacia,
Sweden).
Control
groups
were treated
in parallel
with 1 pg of normal
mouse
IgG (Coulter,
Krefeld,
FRG).
Precipitates
were further
processed
to SDS-PAGE,
electroblotting
onto nitrocellulose,
and autoradiography
as described
above.
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pH 7.3, 50 pM mercaptoethanol,
penicillin
(100 units/ml),
and streptomycin
(100 fig/ml).
Treatment
with tunicamycin
(Sigma,
FRG),
swainsonine,
neuraminidase,
and endoglycosidase
F/peptide:N-glycosidase
F (Endo
F/PNGase
F) (all from
Boehringer
Mannheim,
FRG)
was carried
out on four established
human
tumor
cell lines
(Raii. LJ937. HL60.
and Colo205).
For tunicamvcin
treatment.
cells
were incubated
in complete
culture
medium
at 37 “C. Dose-response
curves
with varying
tunicamycin
concentrations
(l-300
pg/ml)
and
kinetics
with incubation
periods up to 48 h were established.
Viability
of tunicamycin-treated
cells and of untreated
control
cells was determined for each group and was found to be unchanged
for concentrations up to 50 pg/ml and an incubation
period of 24 h with a timeand dose-dependent
decrease
in cell viability
thereafter.
The data
presented
here were derived
from experiments
using tunicamycin
concentrations
of up to 25 &g/ml and up to 24 h treatment
time. The
experimental
design for swainsonine
and neuraminidase
treatment
was essentially
the same. Endo F/PNGase
F treatment
(1 unit/ml)
was performed
in culture
medium
without
FCS for 5 h at 37 “C.
Viability
was unchanged
under these treatment
conditions.
IFN-7
Binding
Studies-Escherichia
coli-derived
recombinant
human IFN-7
(produced
by Genentech,
San Francisco,
CA) was kindly
provided
bv G. Adolf, Boehrinaer
Ineelheim.
Vienna,
Austria.
The
preparation
had a specific
acti;ity
or2
x 16’ units/mg
of protein.
IFN-T
binding
assays
and Scatchard
analyses
of specific
IFN-7
binding
were performed
as described
(4, 12) using iodinated
rIFN-7
labeled by the lactoperoxidase
method
to high specific
radioactivity
(20-40 pCi/pg)
under retention
of bioactivity
essentially
as described
(18). All binding
assays were performed
in triplicates.
Immunofluorescence
Analyses-Quantitative
immunofluorescence
studies
of IFN-r-R
expression
were performed
by flow cytometry
(EPICS
C: Coulter,
Krefeld,
FRG) as described
(4, 19), using saturating concentrations
(22 pg/ml)
of an IFN-y-R-specific
monoclonal
antibody
(A6C5)
(6). kindly
provided
by M. Aguet, Zurich,
Switzerland, normal
mouse
IgG,-(20
pg/ml)
-(Coulter,
Krefeld,
FRG)
as
background
control.
and FITC-labeled
eoat anti-mouse
Ia (Medac.
Hamburg,
FRG)
as’ second
reagent.
10,000 cells were analyzed
for
each determination
and specific
fluorescence
intensity
was calculated
on the basis of background
fluorescence
with control
antibodies
using
the Epics Immuno
program.
Data are given in percent
specific
fluorescence
intensity
of the respective
untreated,
IFN-y-R-positive
control cell.
RIA Analysis-Purified
monoclonal
IFN-y-R-specific
antibody
A6C5 was iodinated
by the chloramine-T
method according
to Greenwood et al. (20). Competition
experiments
with unlabeled
A6C5 and
hIFN-y
as well as Western
blot analysis
demonstrated
specific
binding of lz51-A6C5 to the hIFN-7-R.
Cellular
radioimmunoassays
with
‘*‘I-A6C5
were performed
in triplicate
using 3 x lo6 cells/tube.
Cells
were incubated
with saturating
concentrations
of lz51-A6C5
(specific
radioactivity,
3-4 &i/pg)
for 2 h at 4 “C and subsequently
washed
twice. Cell-bound
radioactivity
was determined
and data are given as
percentage
of the respective
untreated
control
cells.
Ligand
Cross-linkt’ng
and Zmmunoprecipitation
of ‘251-rIFN-r
RecerXor
Complexes-120
x lo6 cells were exposed
to ‘251-labeled
rIFN-r
at saturating
concentrations
(10 rig/ml)-for
2 h at 4 “C in 10
mM Tris (pH 7.4), 2 mM CaCh,
2 mM MgClz. The cells were washed
twice, and the cross-linking
reagent
disuccinimidyl
suberate
(Pierce
Chemical
Co.) was added at 1 mM for 1.5 h at 4 “C in a final volume
of dimethyl
sulfoxide
no more than 5% of the total volume
in the
well. The reaction
was stopped with 100 mM Tris (pH 7.4), cells were
washed
twice in cold binding
medium
and lysed in 20 mM Tris (pH
7.4), 2 mM CaCl,, 2 mM M&12,
1% Triton
X-100 containing
0.004%
Trasylol,
0.006% trypsin-chymotrypsin
inhibitor,
0.001% leupeptin,
and 0.01% diisoproovl
fluoronhosohate
(all from Sigma. FRG). After
a 60-min
incubation
on ice, the extract
was cleared by centrifugation
(15,000 X g, 15 min at 4 “C). The IFN-7
receptor
complex
was then
immunoprecipitated
with 10 ug of monoclonal
mouse anti-human
rIFN-y
antibody
GZ4 (neutralizing
titer ~10~ units/mg;
kindly
provided by Dr. Bertholt,
Dr. Carl Thomae
GmbH,
Biberach,
FRG)
followed
by precipitation
with protein
A-Sepharose
6MT3
(Pharmacia, Sweden).
The precipitate
was washed four times with 1 ml of a
10 mM Tris-Cl
buffer
(pH 7.4) containing
150 mM NaCl and 0.1%
Triton
X-100 and resuspended
in Laemmli
sample buffer.
The samples were boiled for 5 min and centrifuged.
Supernatants
were subiected to SDS-PAGE
(7.5%) and autoradioaraohv
was performed
with
“Kodak X-Omat
AR film using an intensifiing
screen.*
Purification
of the Human
IFN-7-R
by Affinity
Chromatography.For each receptor
preparation,
5-10 x 10’ cells were washed
once
with PBS and centrifuged
at 3,000 x g for 10 min at 4 “C. Cells were
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RESULTS

Comparison of Native and Deglycosylated, Affinity-purified
IFN-7 Receptors from a Lymphoid and a Myeloid Cell Line-

mass for the monocytic

IFN-7-R

(Fig.

116 -

a broad band with a mean apparent molecular
mass of 90 kDa (Fig. 2, lanes 2 and 3). Specificity of lz51hIFN--y binding of purified receptors was verified by compe-

tition experiments using a 500-fold excessof unlabeled hIFNy (Fig. 2, lane 5).
After treatment with Endo F/PNGase
F, a preparation
of
two endoglycosidases
releasing all N-linked
oligosaccharides

from the peptide backbone (14, 23), the broad 90-kDa band
was converted to a sharper, major band at an apparent molecular mass of 73 kDa (Fig. 2, lane 1). In addition, two bands
of lower apparent molecular masses of 28 and 32 kDa can be
observed. They most likely represent proteolytic
degradation
products of the deglycosylated
IFN-7 receptor due to contaminating proteases in the receptor and/or Endo F/PNGase F
preparation
and a long incubation
time (16 h, 37 “C) before
SDS-PAGE
analysis.
lz51-IFN-r binding to Endo F/PNGase
F-treated IFN-7-R
in the absence (Fig. 2, lane 4) and presence (Fig. 2, lane 6) of
1

FIG. 1. Cross-linking

2

’

of ‘251-rIFN-y-bound
by SDS-PAGE.

to

Raji

and

Raji cells (120 x 106,
lane 1) and U937 cells (120 X 106, lane 2) were incubated with I”?IFN-7 (10 rig/ml) at 4 “C for 2 h. Following cross-linking with
disuccinimidyl suberate, I*’ I-IFN-+y and its cross-linked complexes
were immunoprecipitated
by mouse anti-IFN-y antibody GZ4 and
protein A-Sepharose and subjected to SDS-PAGE (7.5%) as described
under “Materials and Methods.” Molecular weight markers are indicated in the left margin. The major receptor-specific complexes are
indicated by arrows. Specificity of cross-linking was controlled by
adding a 250-fold excess of unlabeled IFN--y (data not shown).
U937

cells

and

analysis

:
*

66-
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N-Gly
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;
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2. Western
and ligand
blot analysis
of native
and Endo
F/PNGase
F-treated,
affinity-purified
IFN-7
receptor
from
Raji cells.
Aliquots of affinity-purified
IFN--, receptor were incuhated for 16 h at 37 “C in the presence (lanes 1,4, and 6) or absence
FIG.

(lanes 2, 3, and 5) of 1 unit/ml Endo F/PNGase F (N-Gly), directly
subjected to SDS-PAGE (7.5% gels) and blotted onto nitrocellulose
membranes. For Western blotting, strips were incubated with IFN-7
receptor-specific antibody A6C5 (lanes I and 2). Ligand blotting was
done with 30 rig/ml “$I-IFN-y alone (lanes 3 and 4) or with a 500fold excess of unlabeled IFN--y to reveal the extent of nonspecific
binding (lanes 5 and 6). Molecular mass markers are indicated on the
left margin.

a 500-fold excess of unlabeled ligand provided clear evidence
for specific binding capacity of the 73-kDa N-deglycosylated
hIFN-7-R when blotted onto nitrocellulose. Scatchard analyses of affinity-purified, nitrocellulose-dotted receptors revealed for both native and N-deglycosylated hIFN-7-R unilinear plots with no significant difference in binding capacity
and in dissociation constant (&) (Fig. 3). However, the
affinity of solubilized, nitrocellulose-bound receptor from
Endo F/PNGase F-treated as well as from untreated cells was
approximately 2-lo-fold lower (Kd = 2 X lo-” M) (Fig. 3) as
compared to cell membrane-integrated, native IFN-7 receptors (& = 2-8 X 10-l’ M) (12).
In accordance with the cross-linking studies (Fig. l), Western and ligand blotting of IFN-7-R from U937 cells showed a
prominent receptor-specific band of an apparent higher molecular mass of 103 kDa (Fig. 4, lanes 1 and 3) as compared
to the 90-kDa band obtained with Raji IFN-7-R (Fig. 2).
Additional bands of apparent lower molecular mass were also
observed. They most likely represent either differentially
glycosylated intracellular precursor forms of the receptor or
partial degradation products, as immunoprecipitation of surface iodinated U937 cells with anti-IFN-7-R antibody A6C5
revealed a single IFN-y-R-specific band with a mean apparent
molecular mass of 103 kDa in SDS-PAGE analysis (data not
shown). Upon Endo F/PNGase F treatment, the size of U937
IFN-7-R was decreased by 30 kDa to a mean apparent molecular mass of 73 kDa as revealed from both Western and ligand
blot analysis (Fig. 4, lanes 2 and 4). A similar 30-kDa reduction in size was noted for the lower molecular mass species
(Fig. 4, lanes 2 and 4).
To show conclusively that the 73-kDa band of the Endo F/
PNGase F-treated, affinity-purified IFN-7-R is due to removal of all N-linked carbohydrates, similar experiments were
performed with tunicamycin, an antibiotic which is known to
metabolically block N-linked glycosylation by preventing formation of the first lipid intermediate, GlcNAc-diphosphodolichol (24). Western and ligand blotting of affinity-purified
IFN-7-R derived from tunicamycin-treated Raji cells (Fig. 5)
again revealed a major band of 73 kDa and, in addition, a
minor band with an apparent molecular mass of 90 kDa,
representing residual glycosylated IFN-7-R molecules, that
have either not undergone turnover during the 16-h tunica-
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tively, revealed

205-

97-

1). Assuming

predominantly monomeric IFN-7 cross-linked to its receptor,
these results suggest an approximate molecular mass of lOO105 kDa for the U937 IFN-7-R as compared to 90 kDa for
the IFN-7-R (6). To investigate a possible role of carbohydrate moieties in structural IFN-7-R heterogeneity of these
two cell lines, we isolated by affinity chromatography IFN-rR from the monocytic cell line U937 and, for comparison,
from the lymphoid cell line Raji. Fig. 2 shows SDS-PAGE
analysis of Raji cell-derived hIFN-7-R purified by anti-receptor antibody affinity chromatography as described under “Materials and Methods” and the effects of Endo F/PNGase F
treatment on purified receptor preparations. As shown previously by Aguet et al. (6), Western and ligand blotting with
monoclonal anti-receptor antibody and lz51-IFN-7, respec-

3456
4;

Frdm previous studies employing cross-linking techniques it
was suggested that monocytes differ from other cells in IFNy receptor structure as revealed from a significantly higher
apparent molecular weight (22). A comparison of disuccinimidyl suberate-cross-linked, ligand-receptor complexes of the
lymphoid cell line Raji and the monocytic cell line U937,
similarly revealed an approximately lo-15-kDa higher molecular
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of native
and Endo
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Affinity purification bf
IFN--y receptors from U937 cells, Western (lanes 1 and 2) and ligand
blotting (lanes 3 and 4). Specificity of ‘?-IFN-7
binding was controlled by addition of a 500-fold excess of unlabeled IFN-7 (data not
shown) performed as described in Fig. 2. Molecular weight markers
are indicated in the left margin

mycin treatment or that are expressed from endogenous pools
of mature receptors. Under these treatment and receptor
purification conditions, a proteolytic degradation of receptor
proteins could be largely avoided. Accordingly, no bands of
lower molecular mass were resolved (Fig. 5).
Influence of Deglycosylation
on Membrane Expression and
Binding Capacity of hIFN-y-R-The
contribution of carbo-

hydrates to human IFN-7 receptor function was analyzed on
the four established human tumor cell lines Raji (lymphoid),

24

16
treatment

6. Influence
of tunicamycin
on
and IFN-y
binding
capacity.

(h)

IFN--y-R

membrane

Aliquots of 2 X 10’ Raji
cells/group were incubated for the indicated time period with or
without 10 pg/ml tunicamycin and specific ‘251-IFN-y binding as well
as binding of receptor-specific antibody A6C5 was determined in
parallel as described under “Materials and Methods.” Data from two
independent experiments are shown as the mean specific fluorescence
intensity (u) as well as mean specific IFN-7 binding capacity (O),
both in percentage of untreated control cells.
expression

+

4. Western
and ligand
blot analysis
FlPNGase
F-treated
(N-GM.
affinitv-nurified
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of IFN-y
cells.

U937, HL60 (myelo-monocytic), and Co10205 (epithelial). In
a first series of experiments N-linked glycosylation was metabolically blocked by tunicamycin treatment, and IFN-7-R
membrane expression as well as the capacity to specifically
bind lz51-labeled IFN--r were analyzed. In view of the ligand
binding capacity of nitrocellulose-blotted,
deglycosylated
IFN-7-R molecules (Figs. 2-5), it was unexpected to note a
strong reduction in cellular IFN--y binding capacity upon
tunicamycin treatment. For example, tunicamycin (10 pg/ml)
treatment of Raji cells resulted in a decrease of hIFN-7
binding capacity to approximately 20% of that of the untreated control cells within a 24-h incubation period (Fig. 6).
Half-maximal inhibition was obtained after about 7 h of
tunicamycin treatment (Fig. 6). Detailed dose-response ex-
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Aliquots from
the pooled positive fractions of Raji cell-derived, affinity-purified
IFN-7-R were either left untreated or were subjected to Endo F/
PNGase F digestion as described in Fig. 2. Two-b1 aliquots of each
group were then dotted onto nitrocellulose and air-dried. Before
ligand binding, nitrocellulose membranes were incubated in blocking
solution as described under “Materials and Methods.” Thereafter, for
each concentration of ‘?-IFN-7
(8-32 rig/ml) strips with triplicate
dots were incubated for 2 h at room temperature in the presence or
absence of a 500-fold excess of unlabeled IFN-7. After extensive
washings with Hanks’ balanced salt solution supplemented with 2%
FCS, membranes were dried, dots were cut out, and radioactivity
determined by y-counting. Scatchard plot analysis of specific binding
data revealed similar dissociation constants for both untreated (*, Kd
= 2.28 X lo-” M) and Endo F/PNGase F-treated (0, Kd = 1.9 X 10-r’
M) receptors.

purification
Raji

5 x 10’ Raji cells were treated
with tunicamycin (20 pg/ml) for 16 h at 37 “C. After determination
of IFN-7-R membrane expression (AGCS-specific fluorescence intensity, 85% of control) and IFN--r binding capacity (specific ‘251-IFN-y
binding, 23% of control), the IFN-7 receptor was affinity-purified
and then Western (lone I) and ligand blotted (lane 2) as described
in Fig. 2. As a control, affinity-purified
receptors from untreated Raji
cells were run in parallel. A ligand blot is shown in lane 3 for
comparison of receptor size. Molecular weight markers are shown in
the left margin. Scanning of the ligand blot (lane 2) revealed approximately 30% of the ‘251-IFN-r binding receptor material in the 90kDa band and 70% in the 73-kDa band.
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’ M. Metzler and M. Aguet, personal communication.

and
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of ‘261-labeled
cell
tunicamycin
(!&)-treated

surface
Raji

1 x lo* Raji cells were left untreated (lanes I and 2) or were
treated with tunicamycin (25 pg/ml) for 6 h at 37 “C (lanes 3 and 4).
Thereafter, cells were ‘*51-surface-labeled and aliquots were subjected
to immunoprecipitation
with normal mouse IgG (lanes 1 and 3) and
with IFN-y-R-specific antibody A6C5 (lanes 2 and 4), respectively,
followed by SDS-PAGE as described under “Materials and Methods.”
Due to different efficacy of surface labeling of tunicamycin-treated
(0.65 X 10’ cpm/lOa cells) uersus untreated cells (3.25 X lo* cpm/lO*
cells), the proportion of nonglycosylated uersus glycosylated forms of
IFN-7-R was estimated by a subsequent Western blot analysis (data
not shown), which revealed a close correlation with residual IFN-7
binding capacity of tunicamycin-treated
cells (25% of untreated control). Molecular weight markers are indicated in the left margin.
Receptor-specific bands of untreated cells (lane 2) and tunicamycintreated cells (lane 4) are indicated by arrows.

periments revealed that both the amount of tunicamycin
and
the incubation
period required for 50% inhibition
of IFN--/
binding capacity varied considerably
within the different cell
lines, ranging from 1 up to 25 pg/ml and from 4 to 8 h,
respectively (data not shown). In addition, for a given cell line
the efficacy of tunicamycin
treatment may vary depending on
the composition
of homologs in the batch used (24).*
Since it is well known that a total lack of N-glycosylation

can lead to accumulation of immature molecules in the endoplasmic reticulum and, thus, a reduction or loss of membrane expression (25), the presence of hIFN-7-R in cell membranes was controlled by quantitating binding of IFN--y-Rspecific monoclonal antibody A6C5, using two independent
assay systems, (i) quantitative indirect immunofluorescence
flow cytometry and (ii) 1251-labeledantibody binding, and by
immunoprecipitation
of IFN-7-R from surface-iodinated
cells. IFN-y-R-specific antibody A6C5 recognizes the N-terminal extracellular portion of the receptor molecule (amino
acids 1-7O)3 and competes with IFN-7 for the ligand binding
site of the receptor (6). With this antibody we have previously
shown that the mean specific fluorescence intensity is in a
direct quantitative relationship to the mean number of IFNy membrane receptors expressed on untreated cell lines (4).
Employing both immunofluorescence analyses and ‘251-A6C5
binding studies, we have now obtained evidence that for all
four cell lines investigated, IFN-7-R membrane expression
remained largely unaffected by tunicamycin treatment for up
to 24 h, varying between 82 and 95% of the respective control
cells (Figs. 6 and 7). Moreover, immunoprecipitation of IFN7-R from tunicamycin-treated iz51-surface-labeled Raji cells
directly documented membrane expression of the nonglycosylated 73-kDa form of the IFN-7-R in addition to residual,
fully glycosylated 90-kDa IFN-7-R (Fig. 8).
From specific binding data for each cell line, both receptor
number per cell and dissociation constant (I&) were calcu-
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FIG. 9. Saturation
binding
curve
and Scatchard
plot analysis of iz51-IFN-y
binding
to untreated
and tunicamycin-treated
U937
cells.
U937 cells were incubated with 10 pg/ml tunicamycin
for 6 h at 37 “C (0) or were left untreated (*). Blocking of Nglycosylation by tunicamycin left the dissociation constant virtually
unchanged (&* = 8.86 X 10-i’; KdO = 5.72 X lo-“), but reduced the
number of high affinity binding sites/cell from 11637 to 4215. Membrane expression of the IFN--r receptor molecule of tunicamycintreated U937 cells was 92% of the untreated control as revealed by
A6C5-specific fluorescence intensity.

lated by Scatchard analyses. In the experiment shown in Fig.
9, IFN-7 binding capacity of tunicamycin-treated U937 cells
was compared to that of untreated cells. Tunicamycin treatment resulted in a reduction in the number of functional IFNy-R to 36% of the control. The dissociation constant of those
receptor molecules retaining binding capacity remained un-
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For
each cell line, aliquots of 1 X lo7 cells/group were treated for 6 h at
37 “C with tunicamycin (Z’c, 20 pg/ml), swainsonine (SUI, 20 fig/ml),
neuraminidase (Neu, 0.2 unit/ml), and Endo F/PNGase F (N-Gly, 1
unit/ml), respectively. Cells were washed twice and IFN-r receptor
membrane expression was quantitated by A6C5 immunofluorescence
flow cytometry (open columns) and by iz51-A6C5 binding studies (not
shown) as described under “Materials and Methods.” Both assays
were shown to give essentially identical results with the mean “‘IA6C5 binding data being 3% below those obtained with quantitative
immunofluorescence analyses. ‘ZSI-IFN-y binding capacity (filled columns). was determined as described under “Materials and Methods.”
Data shown represent the mean of two (swainsonine and neuraminidase treatment) to four (tunicamycin and Endo F/PNGase F treatment) independent experiments for each of the indicated cell lines.
n.d., not done.
on

FIG.
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binding
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(PM)

curve
and
Scatchard
plot
to untreated
and swainsoninecells were incubated with 10 pg/ml

swainsonine for 6 h at 37 “C (0) or were left untreated (*). Inhibition
of carbohydrate processing by swainsonine reduced the number of
high affinity IFN--, binding sites from 20,040 (*) to 11,120 (0)
without changes in affinity (&* = 7.10 x lo-“, Kd’ = 8.58 x lo-“).
Membrane IFN--r receptor expression of swainsonine-treated cells
was 87% of the untreated control as revealed bv AGCb-specific fluorescence intensity.
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aminidase
preparations
used may have contained
residual
protease activity, proteolytic
cleavage may account for the
decrease in antibody-recognized
receptor epitopes, and, thus,
may also contribute
to the reduction of IFN-7 binding capacity. Therefore, instead of neuraminidase,
in additional
experiments, Endo F/PNGase
F has been employed on three cell
lines. The data summarized
in Fig. 7 indicate that Endo F/
PNGase F treatment
effectively reduced IFN--r binding capacity of the three cell lines investigated without substantially
affecting IFN-7-R membrane expression.
DISCUSSION

The studies outlined here describe several novel aspects of
the structure-function
relationship
of the cell membrane
receptor for hIFN-y.
First, the data presented
show that
heterogeneity
in the molecular
size of hIFN--y-R can be attributed to differential
glycosylation
of a common receptor
protein rather than to existence of different receptor proteins
in cells of distinct tissue origin. Second, and more important,
complex type carbohydrate
side chains, although themselves
not directly participating
in ligand binding, are essential for
acquisition
of high affinity IFN-y-binding
of membrane IFN7-R.
A major contribution
of carbohydrate
side chains to IFN-7
receptor structure
was already suggested from the cDNAdeduced aminoacid
sequence of the receptor protein with a
calculated
molecular
mass of 54 kDa, comprising
several
potential N- and O-linked glycosylation
sites in the extracellular domains (8). As immunological,
cytogenetic, and molecular data indicated that there is only a single receptor gene
located on human chromosome 6q, that encodes high affinity
IFN-7 binding (3-5,8), it seemed conceivable that differential
glycosylation
of this common receptor protein is the cause of
heterogeneity
of IFN-y-R, revealed from cross-linking
studies
with cells of distinct tissue origin (9-13, 22).
Our studies presented here are in accordance with the above
reasoning and show that the monocytic cell line U937 indeed
has a greater extent of N-linked
glycosylation
of its IFN-rR, contributing
an apparent mass of approximately
30 kDa
(Fig. 4) as compared to 17 kDa of N-glycosidic
side chains of
IFN-7-R derived from lymphoid Raji cells (Figs. 2 and 5) and
from human placenta (7).4 Thus, the difference
in size of
monocytic (103 kDa) and lymphoid
(90 kDa) IFN-7-R
vanished upon Endo F/PNGase
F or tunicamycin
treatment,
resulting in a common receptor size of 73 kDa (Figs. 2,4, and
5). Provided complete enzymatic cleavage and inhibition
of
synthesis,
respectively,
of N-linked
carbohydrates
was
achieved, these data, combined with the calculated protein
mass of 54 kDa (8), suggest that other post-translational
modifications,
possibly O-linked glycosylation,
are responsible
for the apparent 19-kDa difference in receptor mass.
Western and ligand blotting of IFN-7 receptors from monocytic U937 cells revealed, in addition to the major band of
103 kDa, several receptor-specific
bands of apparent
lower
molecular masses of 83, 78, and around 60 kDa (Fig. 4). At
present it remains unclear whether some of these bands (in
particular
at 83 and 78 kDa) represent different post-translational processing forms of the receptor, e.g. deficient in Olinked glycosylation,
or whether they are degradation
products
similar to those recently observed in receptor preparations
of
Raji cells and human placenta (6, 7). Although
Western and
ligand blotting appear to show a differential
sensitivity
for
the lower molecular
mass bands, the blots together suggest
that all bands contain the extracellular,
N-terminal
portion
of the receptor molecule.
4 T. Fischer, unpublished

data.
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changed (Fig. 9). Moreover, employing
concentrations
of up
to 1 nM of lz51-IFN-y, no evidence for the appearance of an
additional
low affinity set of IFN-7-R was observed, indicating a greater loo-fold drop in ligand affinity of the majority
of receptor molecules. Together with the A6C5 binding data,
the ligand binding studies clearly showed that blocking of Nlinked glycosylation
did not substantially
interfere with receptor transport to the cell membrane but rather strongly inhibited the function, i.e. high affinity ligand binding capacity of
membrane-expressed
hIFN-7-R.
Modulation of Carbohydrate Processing of hIF?I- y-R-To
further specify the relevant composition
of carbohydrates
for
IFN-7 binding, we undertook
modifications
of glycosylation
by swainsonine.
This plant alkaloid
is an inhibitor
of amannosidases
with predominant
inhibition
of mannosidase
II, thereby preventing
the generation
of complex type oligosaccharides (26). Similar to tunicamycin
treatment, in all four
cell lines, swainsonine
treatment
did not affect membrane
expression of IFN-7-R (Fig. 7). However, in each case, swainsonine caused a significant reduction of IFN-7 binding capacity, e.g. in HL-60 cells down to 32% of the control (Fig. 7).
Scatchard analyses of these data again revealed that this was
due to a drop in the number of functional,
high affinity
receptors without shift to a detectable low affinity binding
capacity (Fig. 10).
Exo- and Endoglycosidase Treatment of Cells-In
addition
to metabolic inhibitors
of glycosylation,
we investigated
the
influence of two deglycosylating
enzymes on IFN-r-R
function. Neuraminidase
is an exoglycosidase
which hydrolyzes
sialic acid residues of carbohydrate
chains (27). Treatment
of
cells with neuraminidase
resulted in an almost complete inhibition of IFN--/ binding capacity (2-8% of the controls, Fig.
7). However, with this enzyme, also an apparent decrease in
receptor membrane expression, as determined
by AGC&specific immunofluorescence
flow cytometry and ‘*Y-A6C5-binding analysis, was frequently observed (Fig. 7). Since the neur-
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achieved. This was most likely due to insufficient
enzymatic
digestion
and, in the case of metabolic
inhibitors,
due to
expression of mature receptors from endogenous pools and/
or incomplete
turnover of membrane receptors during treatment time. Scatchard analyses demonstrate
that those residual receptors retaining function possess high affinity binding
capacity (Figs. 9 and lo), whereas for the majority of membrane IFN--y receptors a greater than 100-fold drop in ligand
affinity must have occurred, as no specific binding was discerned at nanomolar
“‘I-IFN-y
concentrations.
As parallel
ligand blot and Scatchard analyses from the same batch of
tunicamycin-treated
Raji cells showed a good correlation
of
the relative amount of residual glycosylated 90-kDa IFN--y-R
and the fraction of membrane receptors still capable of high
affinity binding (Fig. 5), we conclude that those membrane
receptor molecules lacking complex-type
N-linked
glycosylation, indeed, have completely lost IFN--y binding capacity.
The demonstration
of complex-type
carbohydrate
requirement for receptor function may not be unique to IFN-7-R.
For example, swainsonine
caused profound and selective inhibition
of interleukin-2
responsiveness
of T-cells (30). Although not experimentally
addressed in that report, it was
suggested that swainsonine
acted via inhibition
of interleukin2 receptor function
(30). As N-linked
carbohydrates
apparently do neither influence the membrane availability
of IFN7-R molecules nor directly participate
in the ligand binding
epitope, we conclude that they play an important
role in
acquisition
of an appropriate
conformation
of the monomeric
IFN-7-R
molecule and/or are necessary for formation
and
stabilization
of receptor dimers or oligomers in the cell membrane to create a functionally
active IFN-7-R complex.
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The nitrocellulose-blotted,
N-deglycosylated
73-kDa form
of the IFN-7-R
was capable of high affinity IFN--y binding
(Figs. 2-5). Thus, upon solubilization
and absorption
to an
artificial,
solid matrix, the deglycosylated
receptor protein
apparently can refold to an active binding site, demonstrating
that N-linked
carbohydrates
do not directly contribute to the
ligand binding epitope. It was, therefore, surprising to note a
striking effect of either enzymatic deglycosylation
or metabolic inhibition
of N-linked
glycosylation
on IFN-7-R
function in intact cells, i.e. a complete loss of ligand affinity of
receptors lacking N-linked carbohydrates.
On one hand, these
apparently
contradictory
findings
raise a caveat as to the
interpretation
of ligand blotting
data with respect to the
biological function of the molecule in question. On the other
hand, they stress the importance
of glycosylation
of cytokine
membrane receptors. As yet, however, no generalization
on
the functional role of glycosidic side chains for distinct membrane receptors can be made. A stringent requirement
for Nlinked glycosylation
was also reported for the basic fibroblast
growth factor receptor (14). Moreover, at least partial glycosylation of insulin (15) and epidermal growth factor receptors
(16,17) appears necessary to acquire ligand binding capacity.
On the contrary, inhibition
of N-linked
glycosylation
or deglycosylation
of fl-adrenergic
receptors (28) and LH receptors
(29) did not influence ligand binding properties.
Loss of ligand binding capacity due to metabolic inhibition
of N-linked
glycosylation
can be either related to inhibition
of transport and failure of molecule expression or it can reflect
a functional
deficiency of the expressed receptor molecule.
We have several lines of evidence that lack of N-linked
glycosylation
leads to a loss of ligand binding capacity of the
molecule-expressed
IFN--r receptor and not merely to a reduced presence of intact IFN-7 binding
sites at the cell
surface, due to enzymatic degradation
or failure of cell membrane expression: (i) antibody A6C5 specifically recognizes an
extracellular,
N-terminal
peptide epitope (amino acids l-70)
of the hIFN-7 receptor (8)3; (ii) quantitative
immunofluorescence analysis and direct binding studies with ‘251-labeled
anti-IFN-y-R
antibody provided clear evidence that receptor
membrane
expression
is neither
substantially
affected by
agents blocking the maturation
of complex type carbohydrates
nor by inhibitors
of total N-linked
glycosylation
(Fig. 7); (iii)
immunoprecipitation
of ‘*‘I-surface-labeled
IFN-7 receptor
from tunicamycin-treated
cells directly revealed that the 73kDa form of the IFN-y-R carries an intact N terminus and is
expressed at the cell surface (Fig. 8), ruling out proteolytic
cleavage of the ligand binding
site. Together,
these data
strongly suggest that loss of IFN-7 binding capacity resides
in a functional
deficiency of membrane-expressed
IFN-7-R
due to lack of N-linked
carbohydrate
side chains, with no
evidence for a major influence of N-linked
glycosylation
on
IFN-7-R transport.
Similarly,
epidermal growth factor receptor transport and
membrane expression is glycosylation-independent
(16). In
the case of epidermal growth factor receptors, binding capacity is acquired prior to a swainsonine-sensitive
step of carbohydrate processing (16). In contrast, here we show for IFN7-R that ligand binding is swainsonine-sensitive
(Figs. 7 and
10). Moreover, the nearly complete inhibition
of IFN--r binding of neuraminidase-treated
cells is in line with this finding
(Fig. 7). This indicates that complex-type
carbohydrate
side
chains carrying
sialic acid residues are required for high
affinity binding capacity of membrane-expressed
IFN-7-R.
In most experiments
employing inhibitors
or deglycosylating enzymes, only partial inhibition
of IFN-7 binding was
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Glycosylation of the human interferon-gamma receptor. N-linked carbohydrates
contribute to structural heterogeneity and are required for ligand binding.
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