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High-affinity binding to the GM-CSF receptor requires intact N-glycosylation
sites in the extracellular domain of tBesubunit

Linghao Niu, Mark L. Heaney, Juan Carlos Vera, and David W. Golde

The human granulocyte-macrophage
colony-stimulating factor (GM-CSF) recep-
tor consists of 2 glycoprotein subunits,
GMRa and GMRB. GMRa in isolation
binds to GM-CSF with low affinity. GMR B
does not bind GM-CSF by itself, but forms

a high-affinity receptor in association
with GMR «. Previously, it was found that
N-glycosylation of GMR « is essential for
ligand binding. The present study investi-
gated the role of N-glycosylation of the B
subunit on GM-CSF receptor function.

GMRpB has 3 potential N-glycosylation
sites in the extracellular domain at Asn58,
Asn191, and Asn346. Single mutants and
triple mutants were constructed, convert-
ing asparagine in the target sites to
aspartic acid or alanine. A single muta-
tion at any of the 3 consensus N-
glycosylation sites abolished high-affin-
ity GM-CSF binding in transfected COS
cells. Immunofluorescence and subcellu-
lar fractionation studies demonstrated
that all of the GMR B mutants were

faithfully expressed on the cell surface.
Reduction of apparent molecular weight
of the triple mutant proteins was consis-
tent with loss of N-glycosylation. Intact
N-glycosylation sites of GMR p in the
extracellular domain are not required for
cell surface targeting but are essential for
high-affinity GM-CSF binding. (Blood.
2000;95:3357-3362)
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Introduction

Human granulocyte-macrophage colony-stimulating factor (GMin, an N-glycosylation inhibitor, completely abolished GM-CSF
CSF) is a hematopoietic cytokine that stimulates the proliferatidsinding in COS cells expressing either low- or high-affinity
of myeloid precursor cells and enhances the function of neutrGiV-CSF receptor but did not affect cell surface expression ofithe
phils, eosinophils, and monocytesGM-CSF is secreted by a subunit!® Because tunicamycin treatment inhibited N-glycosyla-
variety of tissue types and its elaboration is regulated by mediat@in of both « and B subunits in cotransfected COS cells, and
of inflammation? The biOlOgiC functions of GM-CSF are initiated ung|ycosy|a’[ed GMR subunit alone was unable to bind GM-CSF,
by interaction with its cell surface receptor that consists of ge role of N-glycosylation of GMR in high-affinity binding has
subunits,a (GMRa) and 3 (GMRB). The « subunit is ligand ot peen defined.

specific and binds to GM-CSF with low affinity (equilibrium 14 jnyestigate the function of N-glycosylation of the GIIR
dissociation constantgk= 1-10 nmol/L)**The subunit does not g, it e performed site-directed mutagenesis on the 3 potential
bind GM-CSF by itself, but forms a high-affinity receptog tk 20-  \_q1vcosylation sites located in tigesubunit extracellular domain.
100 pmol/L) with the_a subunit?™ Both o ?”dﬁ subunlt_s are The asparagine residues Asn58, Asn191, and Asn346 in the
members of a cytokine receptor superfamily characterized byc%nsensus N-glycosylation sequence of Asn-X-Ser/Thr were con-

spatially conserved cysteine residues and a tryptophan-serine motif ; ; . o .
(WSXWS) in the extracellular doma#f.GM-CSF receptors are verted to aspartic acid or alanine. Our results indicated that a single

found on myeloid progenitors and mature myeloid cells includinmuujltlon in any of the 3 N-glycosylation sites, as well as triple

neutrophils, eosinophils, mononuclear phagocytes, and morﬂ%ytatio'ns. affecting all 3 §ite.s, eliminated the activity of .GMHQ'
cytes®1-14|n addition, GM-CSF receptor subunits have also bedpgh-affinity GM-CSF binding when coexpressed with wild-

found in normal nonhematopoietic tissues such as human placef¥g¢ GMRx in COS cells. Thus, N-glycosylation of tigesubunit

endothelium, and oligodendrocytes of the central nervous sy&fém. IS required for high-affinity GM-CSF binding of the/p recep-
Both GMRx and GMR3 are transmembrane glycoproteins!’ complex.

GMRa has an apparent molecular weight of 84 kd with all 11
potential asparagine-linked glycosylation (N-glycosylation) sites

located in the extracellular domain of the recept@he 8 subunit Materials and methods
is a 130-kd proteid Analysis of the complementary DNA (cDNA)-
deduced amino acid sequence of GRIRuggests 7 potential
N-glycosylation sites, 3 of which are in the extracellular domain gthe cDNA encoding the wild-type human GNRwas subcloned into
Asn58, Asn191, and Asn346. We previously showed that tunicanpBluescript KS (pBKSGMR). The single mutants converting the target

Construction of human GMR 8 mutants
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Asn to Asp were created by polymerase chain reaction (PCR) using tBell culture
wild-type DNA template and 3 mutagenic primers that convert asparagi
located at positions 58, 191, and 346 to aspartate:

*M1: 5'-CACCCGGCGAATGAGGGTCACGTCGACGAGCCGCT-
GGGCATC-3

*M2: 5'-ATCCTCCTCTCCGACACCTCCCAGGCC-3 Expression of membrane-bound human GM-CSF receptor

*M3: 5’-GCTGTCTCCATCCTTGGTCACGTCGAGGGATGGAG- i, cos cells
GGGCCAT-3

The other PCR primers were as follows: Eukaryotic expression plasmids encoding the gene of human &G NfR

*P1: 5-CCCCCTCGAGGTCGACGGTATCGATAAGCTT-3pBlue- wild-type B, or the mutated subunit were transfected into COS cells using
script KS polylinker sequence covering restriction sites Xho and EcoR V)i DEAE-dextran methd or the LIPOFECTAMINE reagent (GIBCO-

*P2; 5-CCACTTGCTGGGACGTCCTGAGAGCCG!3 (nt.661-687, BRL, Grand Island, NY) according to t_he manufacturer’s _ipstructions.
Transfected COS cells were cultured in Dulbecco’'s modified Eagle’s

R/?onkey kidney COS-1 cells were maintained in Iscove’s modified Dulbec-
co's medium (IMDM) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 1% glutamine, and antibiotics.

anti-sense)
P2 . y ) . medium containing 10% FBS, 1% glutamine, and antibiotics with or
P3: §-CACCTCCTTCCTCACCTCCCAGGA-S (nt.781-804, ant without 2.5 pg/mL tunicamycin (Sigma-Aldrich, St Louis, MO). COS cells
sense). 5 , were harvested 40 to 60 hours after transfection by incubation with 40
'P‘;' ~CGGCTCTCAGGACGTCCCAGCAAGTGG3(nt.661-687, mmol/L EDTA in IMDM at 37°C for 30 minutes followed by adding an
sense

equal volume of IMDM containing 200 pg/mL chondroitin sulfate and 10%
*P5: 5-GTGACCAAGGATGGAGACAGCTAC-3 (nt.1039-1062, Egs. The mixture was then incubated at 37°C for a further 40 mirffites.

sense)
*P6: B-CTCTGTGGGTAGATCTGAGGCAGCTGG-Ant.1666-1692, |mmunoblotting of the B subunit

anti-sense) ) ) )
To construct GMR-Asp58, a PCR fragment carrying the targetCeII membrane fractions were prepared using methods previously de-

) . ) : -
mutation was made using primer M1 and primer P1 encoding the ponIinkﬁ?”beCE Equal amounts of protein obtained from membrane fractions of

- 0, i
sequence of pBluescript KS located upstream of the initiation codon Llantransfected COS cells were electrophoresed on 10% sodium dodecyl

) . ulfate-acrylamide gels and immunoblotted with a rabbit polyclonal
PBKSGMRS. The first PC,R product was used as a p‘rlmer to genergte tﬁ(r:ﬁ‘tihuman GMR antibody (Santa Cruz Biotechnology, Santa Cruz, CA).
mutated DNA fragment with another gene-specific primer P2 encoding the
unique Aat Il restriction site using the wild-type pBKSGI‘ﬂB§ atempla_te. Receptor-binding assay
The mutated DNA fragment from the second PCR reaction was digested
with Xho | and Aat Il and ligated into the cognate sites. Kinetic binding assays were performed on transfected COS cells that were

GMRB-Asp191 was created in a manner similar to GMRsp58. The ~detached and disaggregated usifi@-labeled GM-CSF (DuPont, NEN,

first PCR reaction used mutagenic primer M2 and the gene-specific prin?Ston, MA) in IMDM containing 10% FBS, 20 mmol/L EDTA, and 50
P3. The PCR product was then used as a primer together with primer P1 r_n_L chondroitin sulfate. Nonspecific bmdm_g was determmed_ by the
second PCR reaction to synthesize a DNA fragment encoding Asp191. 'ﬁged't'on of 3 pmol/L. unlabeled human recombinant GM-CSF (a gift from

mutated DNA fragment was subcloned into wild-type Gp&quences at A_mg_en, _Tho_usanc_j Oaks, CA) to th? assay m|>_(tu_res. Fo_r equilibrium-
L . binding kinetics, aliquots of cells were incubated with increasing concentra-
the Xho | and Aat Il restriction sites.

) . tions of 129-labeled GM-CSF at 4°C overnight. The assay mixtures were
GMRB'AS_p346 was madg by 3 PCR regcﬂons. The f'_rSt PCR WaRen layered over 0.5 mL bovine serum and centrifuged for 3 minutes at
pgrformed with mutagenic primer M3 a_nc_j primer P4 encoding the Aat fo 00@. Radioactivity of the cell pellets was measured in a gamma counter.
site to generate a DNA fragment containing Asp346. In the second PGRyjilibrium dissociation constants were determined by Scatchard analysis

primer P5 was used with primer P6 containing the unique Bgl Il restrictiogng analyzed using GraphPad Prism (GraphPad Software, San Diego, CA).
site to generate a DNA fragment with a sequence overlapping the first PCR

product from nucleotide 1039 to nucleotide 1059. A DNA fragmentmmunofluorescence staining of transfected COS cells

containing restriction sites Aat Il, Bgl Il, and Asp346 was generated usigpressing membrane-bound GMR B

the 2 PCR products from the previous steps as overlapping templates ) ) )
together with primer P4 and the primer P6. The third PCR produ&he COS-1 cells were grown and transfected with the plasmids encoding

containing Asp346 was subcloned into the wild-type GbAfene using the Lhe genfcte OI wﬂdf—ty;t:)_e or Ir_‘r:jutated G !ohn (;:i:amber_tillggz. Fo(;'ty_—e:jghtd "
unique Aat Il and Bl Il restriction sites. ours after transfection, slides were washed twice wi and air-dried af

GMRB-Asp58/191/346 was constructed using GBHRsp19l as a room temperature for 10 minutes. Slides were then fixed with cold acetone

basis. A doubl tant ding Asp58 and Asp191 ted b ft r 5 minutes and washed with PBS. The fixed cells were incubated with a
asis. A double mutant encoding AspSS and Asp was generated by I polyclonal antihuman GMRantibody (Santa Cruz Biotechnology)

} ) . a
technique detailed above to crgate ASp5_8‘ A PCR product carrying th?room temperature for 1 hour and washed twice with PBS. Binding of the
fjouble mutantA.sp58/19:‘L was digested with thl and Aatll and SUbdonﬁﬂmary antibody was detected by incubation with a fluorescein-conjugated
into the plasmid encoding the Asp346 mutation to generate BMR ontirahit Ig antibody for 60 minutes at room temperature. The stained cells

Asp58/191/346. were examined and photographed with confocal fluorescence microscopy.
The PCR reactions were carried out in a volume of 100 pL with Vent

DNA polymerase buffer with 200 pmol/L dNTPs, 20 units of Vent DNA
polymerase (New England BioLabs, Beverly, MA) and appropriate prime
and templates as described above. The reactions were incubated at 94°
1 minute, 55°C for 1.5 minutes, and 72°C for 3 minutes for 30 cycles. TR§MRpB N-glycosylation mutants are expressed on the surface
identity and fidelity of all PCR-generated sequences for each mutant wgfecos cells

confirmed by dideoxynucleotide sequenciig.he cDNA of each mutant ) ) )
was excised from pBluescript and subcloned into a eukaryotic expressibd determine whether GMRsubunits with mutated extracellular

vector pMX (a gift from Genetics Institute, Inc, Cambridge, MA). N-glycosylation sites could be faithfully expressed on the cell
To change the asparagine in the target N-glycosylation sites to alanigélfface, plasmids encoding the mutageglibunits were transfected

the GMRB mutants, GMR-Ala58, GMRB-Ala191, GMR3-Ala346, and into COS cells and the cell membranes were isolated. Membrane

GMRB-Ala58/191/346 were constructed by PCR-based mutagenesis dractions enriched in plasma membrane were analyzed by Western

confirmed by DNA sequencing (Retrogen, Inc, San Diego, CA). blot using an antp subunit antibody. As shown in Figure 1, a

esults
or
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Figure 1. Expression of GMR B N-glycosylation mutants in COS cell mem-
branes. Cells were transfected with expression plasmids encoding wild-type or
mutated GMRR. Proteins isolated from the membrane fractions of COS cells 48 hours
after transfection were loaded onto 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and immunoblotted with a rabbit antihuman GMR subunit antibody.
(Panel A) One microgram of membrane protein from cells transfected with plasmids
encoding wild-type or mutated GMRf was loaded in each lane: 1, wild-type GMR; 2,
GMRp-Ala58; 3, GMRB-Alal91; 4, GMRpB-Ala346; 5, mock transfectant. The immu-
noreactive bands were detected by enhanced chemiluminescence (ECL) with
1-minute exposure. (Panel B) Two micrograms of membrane protein from cells
transfected with plasmids encoding wild-type or mutated GMRp were loaded in each

N-GLYCOSYLATION OF GM-CSF RECEPTOR g SUBUNIT 3359

Expression of wild-type GM-CSF receptor in COS cells

To investigate the effect of N-glycosylation on the function of
GMRB, we first measured the GM-CSF binding activity of
reconstituted wild-type receptor. COS cells were cotransfected
with expression plasmids encoding wild-type GMBnd plasmids
encoding GMR at different ratios. Equilibrium kinetic analyses
were performed 48 hours after transfection. COS cells cotrans-
fected witha andB subunits at a ratio of 2:1 expressed both high-
(kg = 229.9 pmol/L) and low- (k= 9.01 nmol/L) affinity binding
sites (Figure 3A). When cotransfected witlg at a ratio of 1:6, the
transfected cells exclusively displayed high-affinity GM-CSF bind-
ing activity with a kg of 216.9 pmol/L (Figure 3B). COS cells
expressing only wild-type GM& displayed low-affinity binding
with kg = 9.10 nmol/L (Figure 3C).

lane: 1, wild type GMRB; 2, GMRB-Asp58; 3, GMRB-Asp191; 4, GMRB-Asp346; 5,
mock transfectant. The immunoreactive bands were detected by ECL with 1-minute
exposure. (Panel C) One microgram of membrane protein obtained from cells
transfected with plasmid encoding wild-type or GMRB-Ala58/191/346 was loaded in
each lane: 1, wild-type GMR without tunicamycin treatment; 2, wild-type GMR
treated with 2.5 pg/mL tunicamycin; 3, GMRB-Ala58/191/346. The immunoreactive
bands were detected by ECL with 1-minute exposure. (Panel D) Twenty micrograms
of membrane protein obtained from cells transfected with plasmid encoding GMRB-
Asp58/191/346 (lane 1) and mock transfectant (lane 2) were loaded. The immunore-
active bands were detected by ECL with 15 minutes of exposure.

N-glycosylation of the extracellular domain of GMR
essential for high-affinity ligand binding activity of the
GMRa/ complex

Bis

Having established that GMRmutants at N-glycosylation sites
were expressed on the cell surface and having defined transfection
conditions yielding high-affinity binding, we examined the func-
tional contribution of3 subunits altered at N-glycosylation sites to
dominant band was detected at approximately 130 kd in t§M-CSF binding. To ensure the reconstitution of a GMR
membrane fractions obtained from COS cells transfected wi@@mplex with the potential for high-affinity binding, plasmids
wild-type GMRB and in each of the single mutations encodin@ncoding each mutatgsubunit were cotransfected with plasmids
Ala58, Alal91, Ala346 (Figure 1A) and the single mutationgncoding wild-type GMR into COS cells at anu/p ratio of 1:6
encoding Asp58, Asp191, Asp346 (Figure 1B) with similar leveldnd the GM-CSF binding activity was analyzed (Figure 4). Cells
of protein expression. The 130-kd band corresponded toBtheexpressin@ subunits that had been altered at any single site with
subunit with complete posttranslational modificatfofihe wild- either alanine or aspartate substitution (Ala58, Alal91, Ala346, or
type GMR3 and each of the GMR proteins altered at a single ASP58, Asp191, Asp346) as well as the triple mutants of
N-glycosylation site comigrated electrophoretically. GMRB (GMRB-Ala58/191/346, GMIR-Asp58/191/346) exhib-

Treatment Wlth tunicamycin resu|ted in msubunit W|th an ited |OW-afﬁnity GM-CSF blndlng aCtiVity eXCIUSiVely, identical to
apparent molecular weight approximately 9 kd less than the fulfyOS cells transfected with GMRalone (Figure 3C). No high-
N-glycosylated protein (Figure 1C, lane 2). The triple mutar@ffinity binding was detected in cells expressing any of the mutated
GMRp-Ala58/191/346 (Figure 1C, lane 3) comigrated with fhe GMRB proteins. Equilibrium binding kinetics of cells transfected
subunit expressed in tunicamycin-treated cells, suggesting tMdth each mutant and the wild-type receptor were measured by at
mutations in all 3 target sites disrupted N_g|ycosy|ation on C.B\ARleaSt 3 independent eXperimentS (Table 1) The data indicate that
and that only the extracellular N-glycosylation sites of fpe Mutation of any 1 of the N-glycosylation sites in the GBIR
subunit are subject to modification. The results also suggest that, in
contrast to the GMR subunit, N-glycosylation accounts for less
than 7% of the total molecular mass of tBesubunit!® These
results are also consistent with a study using N-glycosidase F t
deglycosylate GMR.22 Because the overall N-glycosylation level
of GMRB is small, the electrophoretic mobility of thH& subunit
was not detectibly affected by mutation at a single site.

The substitution of asparagine with aspartic acid of the 3
extracellular glycosylation sites resulted in a protein that, althoug
presented on the cell surface (Figure 2I), was unstable and subje,
to degradation (arrows, Figure 1D, lane 1). Presumably, thqid
alteration in charge introduced by the aspartate triple mutatio
affected protein stability.

To verify that mutation of the N-glycosylation sites of the
GMRp extracellular domain did not affect localization of the
mutated GME proteins to the cell membrane, COS cells trans-
fected with plasmids encoding wild-type and mutagedubunits
were examme,d by lm.munofluorescence staining with a polyclo .Figure 2. Immunofluorescence of GMR B N-glycosylation mutants in COS cells.
anti-GMR3 antibody (Figure 2). Plasma membranes of cells expressifigh cos cells grown on chamber slides were transfected with plasmids encoding
wild-type (Figure 2A) and mutategl subunits (Figure 2B-I) demon- wild-type or mutated GMRp subunits and examined by immunofluorescence staining
strated high-intensity fluorescence confirming the expression i a rabbit antihuman GMR subunit polyclonal antibody. (A) Wild type GMRB; (B)
GMRB and all of the mutants on the cell surface. No fluorescen%EBZA'as&.(C) GMRB'_A'awL © GMRB’f'a 346: (B) GMRB:A'a58/191/346;. ®

B-Asp58; (G) GMRB-Asp191; (H) GMRR-Asp346; (1) GMRB-Asp58/191/346; (J)
was observed in mock-transfected COS cells (Figure 2J).

mock-transfectant.
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Figure 3. GM-CSF binding activity of wild-type receptors.
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The COS cells were

either transfected with GMRa alone or cotransfected with plasmids encoding GMRa
and plasmids encoding GMRB at the indicated ratios. 1251-labeled GM-CSF binding of
the transfected cells was determined at 48 hours after transfection by Scatchard
analysis. (A) a/B = 2:1, high-affinity kg = 229.9 pmol/L, low-affinity kg = 9.01nmol/L.
(B) a/f = 1:6, kg = 216.9 pmol/L. (C) GMRa alone, kg = 9.10 nmol/L.
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Table 1. Ligand binding affinities of wild-type and mutated GM-CSF receptors
expressed in COS cells

Receptor
Mutant kq (mean = SD) affinity
Wild-type GMRa3 203.63 * 58.03 pmol/L High affinity
Wild-type GMRa 6.38 = 1.57 nmol/L Low affinity
GMRB-Ala58 8.41 = 1.88 nmol/L Low affinity
GMRp-Ala191 8.90 + 1.99 nmol/L Low affinity
GMRB-Ala346 5.74 = 1.65 nmol/L Low affinity
GMRpB-Ala58/191/346 7.10 * 1.62 nmol/L Low affinity
GMRp-Asp58 7.68 = 2.27 nmol/L Low affinity
GMRB-Asp191 6.69 = 1.10 nmol/L Low affinity
GMRp-Asp346 6.89 + 1.87 nmol/L Low affinity
GMRB-Asp58/191/346 7.59 = 3.03 nmol/L Low affinity

Expression plasmids encoding the « subunit were transfected alone or cotrans-
fected with plasmids encoding wild-type or mutated B subunit to measure GM-CSF
binding affinity. The data were derived from at least 3 independent experiments.

extracellular domain abolishes the ability of GI@Ro form a
high-affinity receptor with GMR. Thus, N-glycosylation of th@
subunit is critical for high-affinity GM-CSF binding.

Discussion

Asn-linked glycosylation is a major form of cotranslational modifi-
cation in eukaryotic protein synthesis. N-glycosylation is observed
in many proteins containing the sequence Asn-X-Ser/Thr in an
appropriate context for recognition by oligosaccharyltransferases
present in the endoplasmic reticulum (ER) and Golgi appafatus.
The first step of N-glycosylation involves the transfer of a core
oligosaccharide moiety, GJMan,GIcNAc,, from a lipid carrier to

the asparagine residue in the nascent polypeptide chain in the rough
ER. A series of trimming and modification steps are catalyzed
subsequently by exoglycosidases and glycosyltransferases in the
ER and, in some cases, in the Golgi compartments. The oligosaccha-
ride processing reactions lead to the generation of different
carbohydrate structures on the protein surface. High mannose
oligosaccharides have a core of 3 to 9 mannose residues linked
to the 2 N-acetylglucosamine residues (MgBIcNACc,) attached

to the asparagine residue in the consensus glycosylation motif of
the protein. Complex oligosaccharides contain GIcNAc, galactose,
or sialic acid additions to a MaGIcNAc, core, and hybrid

A 008 B o006 C 006 D o.04
©0.06 - B-AlaS8 © B-Alal9! © B-Ala46 ©0.03 4 B-Ala58/191/346
e £0.04 L 0.04 L
%0.04 E O % % % 0.024
3 30.02 30.02 3
R0.02 A ot £0.01
kg=4.31aM kg=5.92 tM kg=6.33 nM kg=9.52 nM
0.00 -— T 0.00 -— T 0.00 -— T 7 0.00 T T Figure 4. N-glycosylation site mutations in the
100~ 250 400 100 250 400 100 250 400 100 250 400 extracellular domain of GMR B prevent high-affinity
Bound (pmol/L) Bound (pmol/L) Bound (pmol/L) Bound (pmol/L)  Gwm.cSF binding in transfected COS cells.  The COS
E 0.04 F 0.03 G 0.02 H 0.03 cells were cotransfected with plasmids encoding wild-
type GMRa and plasmids encoding mutated GMR at
3 0.03 B-AspS8 9 B-Asp!9l ) B-Asp36 | oy B-AspS8/191/346 a ratio o/ = 1:6. Representative Scatchard analyses
@ @ 0.02 '&- é 0.02 4 of GM-CSF binding data obtained from cotransfected
—g 0.02 -g —g 0.01 4 -g cells are shown. (A) GMRB-Ala58, kg = 4.31nmol/L.
2 2 0014 g A 5 0.01- (B) GMRB-Alal91, kg = 5.92 nmol/L. (C) GMRB-
A 0.01- O = A e Ala346, kg = 6.33 nmol/L. (D) GMRB-Ala58/191/346,
kg=5.75 oM Kg=6.62 1M Kg=16.1nM kg=5.68 1M kg = 9.52 nmol/L. (E) GMRB-Asp58, ky = 5.75 nmol/L.
0.00 L— T 0.00 T 0.00 T 0.00 T (F) GMRB-Asp191, kg = 6.62 nmol/lL. (G) GMRp-
50 150 250 0 100 200 0 100 200 0 100 200 Agp346, k= 10.10 nmollL. (H) GMRB-Asp58/191/
Bound (pmol/L) Bound (pmol/L) Bound (pmol/L) Bound (pmol/L) 346, ky = 5.68 nmol/L.
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oligosaccharides possess at least one of these additions on 1 brdmettveen the apparent (130 kd) and the amino acid sequence
of the core and mannose residues on the other branch of thé3coréeduced (96 kd) molecular weights of GRnay also arise from

The majority of membrane-bound and extracellular proteins ther posttranslational modifications, such as phosphorylation and
animals are N-glycosylated. The solubility and stability of th@-glycosylation. The finding that tunicamycin treatment yields a
protein can be significantly affected by the carbohydrate groups siibunit of the same size as GRnutated at the 3 extracellular
the outer surface of the protein molecéfeThe oligosaccharide N-glycosylation sites is a strong indication that only the extracellu-
moieties can also have dramatic effects on the biologic propertigs sites are N-glycosylated. Although the size of the glycosylated
of glycoproteins such as ligand-binding affinfy?°signal transduc- moiety is small, the result that alteration of any of the 3
tion,*>-%% immunogenicity**> and clearance rafé:** In addition,  eytracellular N-glycosylation sites abrogates high-affinity binding
N-glycosylation may be essential for proper protein folding andemonstrates that N-glycosylation is as important in the formation

trafficking in the cells™* _ of the high-affinity receptor as it is in ligand binding to the
In the case of the GM-CSF receptor, the molecular weights wa-affinity receptor.

the a and thep subunits calculated on the basis of the deduced 1, B subunit of the GM-CSF receptor alone does not bind

amina acid sequence are 44 kd and 96 kd, respectively. Ti and, but confers high-affinity ligand binding activity to the

substantially higher apparent molecular weights observed Q . - o .
. eceptor in the presence of the ligand-specific GM&Rbunit. Our
GMRa (84 kd) and GMR (130 kd) are in part due to N- findings indicate that N-glycosylation of th@ subunit plays a

glycosylation of these moleculé%.Previously, using the N- . L - R i
glycosylation inhibitor tunicamycin, we showed that N-glycosyla(-:rLICIaI role in ligand binding by the high-affinity GM-CSF receptor

tion is essential for the ligand binding activity of GMR® Because complex. It is likely that the oligosaccharide moieties on the

the formation of high-affinity GM-CSF receptors requires thgxtracellular domain of GMB are essential for proper folding of
expression of both GMRand GMRB, and tunicamycin treatment the B chain and therefore development of the necessary conforma-

blocks N-glycosylation in both receptor subunits, it was necessaﬂ?n of the high-affinity ligand binding site. Removal of carbohy-

to mutate thed subunit to evaluate the effect of N-glycosylation Or{jrate structures on thgechain prevents the interaction with GMR

the action of the@ subunit. We therefore mutated the potentiaih@t 1eads to high-binding energy. The data do not indicate,

N-glycosylation sites in the extracellular portion of fBesubunit. however, Whether_ intact N-glycosylation is required fo_r a;sociation
In 1 set of GMRB mutants, the asparagines in the target sites wepé @ and subunits or whether the glycosylated moieties play a
replaced by corresponding aspartic acids. To address the possibl{gre direct role in ligand binding. Our recent observations
that the negative charge introduced by the aspartate substituti§garding the role of th@ subunit in ligand acquisition and release
might affect the biology of th@ subunit irrespective of effects on by the high-affinity receptor suggest a dynamic role for the
N-glycosylation, the target asparagines were also converted eracellular domain of thg subunit!®
uncharged alanines. Nonetheless, we found that mutation of Other receptor systems have variable requirements for glycosyl-
asparagine by either aspartate or alanine substitution in any of &ign. For example, the lutropin/choriogonadotropin receptor does
potential N-glycosylation sites of the extracellular domain ofiot require glycosylation to bind its ligand human chorionic
GMR prevented high-affinity GM-CSF binding when the mutategonadotropin, whereas a closely related receptor, the follitropin
GMRB was coexpressed with the wild-typesubunit in COS cells. receptor, doe$?

In some cases, N-glycosylation is necessary for proper process-Human GM-CSF is a 22-kd glycoprotein with a 4-helical
ing and intracellular transport of the protein. For example, mutatidundle structuré? Unglycosylated GM-CSF resulting from muta-
of N-glycosylation sites in the insulin receptarsubunit impairs tion of N- and O-glycosylation sites is biologically acti{fein
cell surface expression of the receptoBecause immunofluores- contrast, both the andp subunits of the GM-CSF receptor require
cence and Western blot studies showed that mutations in @©MR|-glycosylation to function. Thus, the carbohydrates present on the
did not affect cell surface expression of tResubunit, it was extracellular domains of the GM-CSF receptor appear to be
apparent that N-glycosylation of these sites is not required fegsential for both ligand acquisition and high-affinity binding.
plasma membrane targeting of GMR Our previous studies
indicated that the unglycosylated GMRsubunit can also be
expressed on the cell surfate.

In contrast to GMR, the contribution of N-glycosylation to the
posttranslational modification of GMRis small, comprising We thank Rong-Hua Zhang for excellent technical assistance and
approximately 25% of added molecular mass. The discrepanglizabeth P. Koers for editing the manuscript.

Acknowledgments

References

1. Gasson JC. Molecular physiology of granulocyte- stimulating factor receptor on primary and cul- 7. Kitamura T, Sato N, Arai K, Miyajima A. Expres-

macrophage colony-stimulating factor. Blood.
1991;77:1131.

Griffin JD, Cannistra SA, Sullivan R, Demetri GD,

Ernst TJ, Kanakura Y. The biology of GM-CSF:
regulation of production and interaction with its
receptor. Int J Cell Cloning. 1990;8:35.

Gearing DP, King JA, Gough NM, Nicola NA. Ex-

pression cloning of a receptor for human granulo-

cyte-macrophage colony-stimulating factor.
EMBO J. 1989;8:3667.

Baldwin GC, Golde DW, Widhopf GF, Economou
J, Gasson JC. Identification and characterization
of a low-affinity granulocyte-macrophage colony-

tured human melanoma cells. Blood. 1991;78:
609.

. Chiba S, Shibuya K, Piao YF, et al. Identification

and cellular distribution of distinct proteins form-
ing human GM-CSF receptor. Cell Regulation.
1990;1:327.

. Metcalf D, Nicola NA, Gearing DP, Gough NM.

Low-affinity placenta-derived receptors for human
granulocyte-macrophage colony-stimulating fac-
tor can deliver a proliferative signal to murine he-
mopoietic cells. Proc Natl Acad of Sci U SA.
1990;87:4670.

sion cloning of the human IL-3 receptor cONA
reveals a shared beta subunit for the human IL-3
and GM-CSF receptors. Cell. 1991;66:1165.

. Hayashida K, Kitamura T, Gorman DM, Arai K,

Yokota T, Miyajima A. Molecular cloning of a sec-
ond subunit of the receptor for human granulo-
cyte-macrophage colony-stimulating factor (GM-
CSF): reconstitution of a high-affinity GM-CSF
receptor. Proc Natl Acad Sci U SA. 1990;87:9655.

. Park LS, Martin U, Sorensen R, et al. Cloning of

the low-affinity murine granulocyte-macrophage
colony-stimulating factor receptor and reconstitu-



3362

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

NIU et al

tion of a high-affinity receptor complex. Proc Natl
Acad Sci U S A. 1992;89:4295.

Bazan JF. Structural design and molecular
evolution of a cytokine receptor superfamily. Proc
Natl Acad Sci U S A. 1990;87:6934.

Gasson JC, Kaufman SE, Weisbart RH, To-
monaga M, Golde DW. High-affinity binding of
granulocyte-macrophage colony-stimulating fac-
tor to normal and leukemic human myeloid cells.
Proc Natl Acad Sci U S A. 1986;83:669.

Chiba S, Tojo A, Kitamura T, Urabe A, Miyazono
K, Takaku F. Characterization and molecular fea-
tures of the cell surface receptor for human
granulocyte-macrophage colony-stimulating fac-
tor. Leukemia. 1990;4:29.

Cannistra SA, Koenigsmann M, DiCarlo J, Gro-
shek P, Griffin JD. Differentiation-associated ex-
pression of two functionally distinct classes of
granulocyte-macrophage colony-stimulating fac-
tor receptors by human myeloid cells. J Biol
Chem. 1990;265:12,656.

Park LS, Friend D, Gillis S, Urdal DL. Character-
ization of the cell surface receptor for human
granulocyte/macrophage colony-stimulating fac-
tor. J Exp Med. 1986;164:251.

Chiba S, Shibuya K, Miyazono K, et al. Affinity

purification of human granulocyte macrophage
colony-stimulating factor receptor alpha-chain.

Demonstration of binding by photoaffinity label-
ing. J Biol Chem. 1990;265:19,777.

Bussolino F, Wang JM, Defilippi P, et al. Granulo-
cyte- and granulocyte-macrophage-colony stimu-
lating factors induce human endothelial cells to
migrate and proliferate. Nature. 1989;337:471.

Baldwin GC, Benveniste EN, Chung GY, Gasson
JC, Golde DW. Identification and characterization
of a high-affinity granulocyte-macrophage colony-
stimulating factor receptor on primary rat oligo-
dendrocytes. Blood. 1993;82:3279.

Ding DX, Vera JC, Heaney ML, Golde DW. N-
Glycosylation of the human granulocyte-macro-
phage colony-stimulating factor receptor alpha
subunit is essential for ligand binding and signal
transduction. J Biol Chem. 1995;270:24,580.

Sanger F, Nicklen S, Coulson AR. DNA sequenc-
ing with chain-terminating inhibitors. Proc Natl
Acad Sci U SA. 1977;74:5463.

McCutchan JH, Pagano JS. Enchancement of the
infectivity of simian virus 40 deoxyribonucleic acid
with diethylaminoethyl-dextran. J Natl Cancer
Inst. 1968;41:351.

DiPersio JF, Hedvat C, Ford CF, Golde DW, Gas-
son JC. Characterization of the soluble human
granulocyte-macrophage colony-stimulating fac-
tor receptor complex. J Biol Chem. 1991;266:279.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Shibuya K, Chiba S, Miyagawa K, Kitamura T,
Miyazono K, Takaku F. Structural and functional
analyses of glycosylation on the distinct mol-
ecules of human GM-CSF receptors. Eur J Bio-
chem. 1991;198:659.

Kornfeld R, Kornfeld S. Assembly of asparagine-
linked oligosaccharides. Annu Rev Biochem.
1985;54:631.

West CM. Current ideas on the significance of
protein glycosylation. Mol Cell Biochem. 1986;
72:3.

Chochola J, Fabre C, Bellan C, et al. Structural
and functional analysis of the human vasoactive
intestinal peptide receptor glycosylation. Alter-
ation of receptor function by wheat germ aggluti-
nin. J Biol Chem. 1993;268:2312.

Feige JJ, Baird A. Glycosylation of the basic fibro-
blast growth factor receptor. The contribution of
carbohydrate to receptor function. J Biol Chem.
1988;263:14,023.

Russo D, Chazenbalk GD, Nagayama Y, Wads-

worth HL, Rapoport B. Site-directed mutagenesis
of the human thyrotropin receptor: role of aspara-
gine-linked oligosaccharides in the expression of
a functional receptor. Mol Endocrinol. 1991;5:29.

Semmes 0J, Sztein MS, Bailey JM, Merritt WD.
Tunicamycin inhibits function and expression of
the high-affinity IL-2 receptor in a murine IL-2-
dependent cell line. Int J Immunopharmacol.
1992;14:583.

Szecowka J, Tai LR, Goodman HM. Effects of
tunicamycin on growth hormone binding in rat
adipocytes. Endocrinology. 1990;126:1834.
Kaushal S, Ridge KD, Khorana HG. Structure
and function in rhodopsin: the role of asparagine-
linked glycosylation. Proc Natl Acad Sci U SA.
1994;91:4024.

Leconte I, Auzan C, Debant A, Rossi B, Clauser
E. N-Linked oligosaccharide chains of the insulin
receptor beta subunit are essential for transmem-
brane signaling. J Biol Chem. 1992;267:17,415.
Leconte I, Carpentier JL, Clauser E. The func-
tions of the human insulin receptor are affected in
different ways by mutation of each of the four N-
glycosylation sites in the beta subunit. J Biol
Chem. 1994;269:18,062.

Moller LB, Pollanen J, Ronne E, Pedersen N,
Blasi F. N-Linked glycosylation of the ligand-bind-
ing domain of the human urokinase receptor con-
tributes to the affinity for its ligand. J Biol Chem.
1993;268:11,152.

Feizi T, Childs RA. Carbohydrates as antigenic
determinants of glycoproteins. Biochem J. 1987;
245:1.

BLOOD, 1 JUNE 2000 « VOLUME 95, NUMBER 11

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

A7.

48.

Schauer R. Sialic acids as antigenic determinants
of complex carbohydrates. Adv Exp Med Biol.
1988;228:47.

Ashwell G, Harford J. Carbohydrate-specific re-
ceptors of the liver. Annu Rev Biochem. 1982;51:
531.

McFarlane IG. Hepatic clearance of serum glyco-
proteins. Clin Sci. 1983;64:127.

Baenziger JU. The role of glycosylation in protein
recognition. Warner-Lambert Parke-Davis Award
lecture. Am J Pathol. 1985;121:382.

Hotchkiss A, Refino CJ, Leonard CK, et al. The
influence of carbohydrate structure on the clear-
ance of recombinant tissue-type plasminogen
activator. Thromb Haemost. 1988;60:255.

Fukuda MN, Sasaki H, Lopez L, Fukuda M. Sur-
vival of recombinant erythropoietin in the circula-
tion: the role of carbohydrates. Blood. 1989;
73:84.

Asano T, Takata K, Katagiri H, et al. The role of
N-glycosylation in the targeting and stability of
GLUT1 glucose transporter. FEBS Lett. 1993;

324:258.

Bastian W, Zhu J, Way B, Lockwood D, Living-
ston J. Glycosylation of Asn397 or Asn418 is re-
quired for normal insulin receptor biosynthesis
and processing. Diabetes. 1993;42:966.

Collier E, Carpentier JL, Beitz L, Carol H, Taylor
SI, Gorden P. Specific glycosylation site muta-
tions of the insulin receptor alpha subunit impair
intracellular transport. Biochemistry.
1993;32:7818.

Tifft CJ, Proia RL, Camerini-Otero RD. The fold-
ing and cell surface expression of CD4 requires
glycosylation. J Biol Chem. 1992;267:3268.

Niu L, Golde DW, Vera JC, Heaney ML. Kinetic
resolution of two mechanisms for high-affinity
granulocyte-macrophage colony-stimulating fac-
tor binding to its receptor. Blood. 1999;94:3748.

Davis DP, Rozell TG, Liu X, Segaloff DL. The six
N-linked carbohydrates of the lutropin/choriogo-
nadotropin receptor are not absolutely required
for correct folding, cell surface expression, hor-
mone binding, or signal transduction. Mol Endo-
crinol. 1997;11:550.

Diederichs K, Boone T, Karplus PA. Novel fold
and putative receptor binding site of granulocyte-
macrophage colony-stimulating factor. Science.
1991;254:1779.

Kaushansky K, O’Hara PJ, Hart CE, Forstrom
JW, Hagen FS. Role of carbohydrate in the func-
tion of human granulocyte-macrophage colony-
stimulating factor. Biochemistry. 1987;26:4861.



