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ABSTRACT: cDNA clones for the human hematopoietic regulator granulocytemacrophage colony-stimulating 
factor (hGM-CSF) were isolated from a Xgtl 1 cDNA library prepared from R N A  of COS cells transiently 
expressing the gene for hGM-CSF. As the R N A  was a rich source of hGM-CSF mRNA, approximately 
0.1% of the clones of this library contained hGM-CSF sequences. All of the clones analyzed were full length 
and were correctly processed. When subcloned into an expression vector and transfected into COS cells, 
the cDNA clones direct the synthesis of higher levels of the growth factor than the gene from which they 
were derived. The cDNA for native hGM-CSF was used to generate structural mutants which lack N-linked 
carbohydrate, 0-linked carbohydrate, or both. Although the mutant proteins had differing specific activities, 
the nonglycosylated forms reproduce many, if not all, of the physiologic functions of authentic hGM-CSF. 
The role of carbohydrate in the secretion and function of hGM-CSF is discussed. 

C o l o n y  -stimulating factors (CSFs) are acidic glycoproteins 
required for the survival, proliferation, and differentiation of 
hematopoietic progenitor cells in culture (Burgess & Metcalf, 
1980). Functionally, the various CSFs are defined by the type 
of hematopoietic colony produced in semisolid culture. Hence, 
granulocytemacrophage colony-stimulating factor (GM-CSF) 
stimulates the growth of progenitors which give rise to colonies 
containing granulocytes, macrophages, or a combination of 
both cell types (Wong et al., 1985). In addition to GM-CSF, 
granulocyte CSF (G-CSF or CSFP), macrophage CSF (M- 
CSF or CSF-l), and multi-CSF (or IL-3) have been char- 
acterized and cloned from human sources (Souza et al., 1986; 
Kawasaki et al., 1985; Yang et al., 1986). 

Recently, we obtained a genomic clone for GM-CSF from 
a human library in X Charon 4A (Kaushansky et al., 1986). 
The gene is divided into four exons and three introns and 
contains the transcription- and translation-controlling elements 
typical of a eukaryotic structural gene. It is present in a single 
copy in the human genome and encodes a mature polypeptide 
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of 127 amino acids. There are two N-linked glycosylation sites, 
and there are reported to be three 0-linked glycosylation sites 
(S. C. Clark, personal communication) which account for 
approximately 6 kilodaltons (kDa) of the estimated 22 kDa 
of the mature growth factor. 

Colony-stimulating factors are proteins of diverse physiologic 
function. We (Kaushansky et al., 1986) and others (Emerson 
et al., 1985) have found that recombinant hGM-CSF expressed 
in COS cells stimulates not only neutrophilic, eosinophilic, and 
monocytemacrophage progenitor cells but also megakaryocyte 
colony-forming cells and, in the presence of erythropoietin, 
erythroid and mixed erythroid-nonerythroid colony-forming 
cells. Further, hGM-CSF has been shown to stimulate mature 
neutrophils to localize at sites of inflammation (Weisbart et 
al., 1985), mature eosinophils and monocytes to become ac- 
tivated and to enhance their killing of helminths (Handman 
& Burgess, 1979; Vadas et al., 1983), and mature monocytes 
and macrophages to enhance phagocytosis and tumor cell 
killing (Grabstein et al., 1986). In addition to these in vitro 
activities, recombinant hGM-CSF was recently demonstrated 
in primates to stimulate in vivo hematopoiesis (Donahue et 
al., 1986). 

Despite the growing body of knowledge surrounding the in 
vitro and now in vivo physiology of hGM-CSF, little is known 
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1973). Culture medium [Dulbecco's modified essential me- 
dium, supplemented with antibiotics and either 10% fetal calf 
serum (FCS) or a serum-free supplement containing 1 pg/mL 
fibronectin, 10 pg/mL transferrin, 5 pg/mL insulin, and 15 
nM selenous acid (Collaborative Research)] conditioned by 
the transfected COS cells was harvested after 3 days of in- 
cubation at 37 "C under 7% C 0 2  and assayed for biologically 
active hGM-CSF. 

Biological Assay for hGM-CSF. Bone marrow cells, ob- 
tained from normal volunteers with their informed consent, 
were fractionated on a Ficoll-hypaque density gradient 
(specific gravity 1.077). Low-density cells were depleted of 
adherent cells by double plastic adherence and of T cells by 
E-rosetting (Bagby et al., 1981). A total of 50000-100000 
cells were cultured in o( medium in the presence of 15% FCS, 
antibiotics, 0.9% methylcellulose, and up to 10% of the material 
to be assayed. Cultures were incubated for 13 days in a 
humidified atmosphere containing 5% C 0 2 ,  and granulo- 
cyte-macrophage colonies were enumerated by inverted mi- 
croscopy. Each experiment described represents the mean of 
triplicate cultures. Fifty units of hGM-CSF are defined by 
the dilution which stimulates half-maximal colony formation, 
compared to an optimal concentration of phytohem- 
agglutinin-stimulated lymphocyte conditioned medium 
(PHA-LCM). For the growth of megakaryocyte colonies, 25% 
human plasma was substituted for FCS (Kimura et al., 1984), 
and for the growth of erythroid bursts and mixed cell colonies 
(Powell et al., 1984), 1 unit of recombinant erythropoietin 
(Amgen, Inc.) was added on day 4 of culture. Optimal stim- 
ulation was provided by 1% PHA-LCM. For morphological 
analysis, cultures containing 50 units of the recombinant 
proteins were made semisolid with 0.3% agar, fixed, stained 
for chloroacetate esterase, and counterstained with toluidine 
blue. The colonies were enumerated and scored by direct 
microscopy. 

In  Vitro Mutagenesis. Two 22-base oligonucleotides were 
designed to replace the asparagine codons of residues 44 and 
54 (Kaushansky et al., 1986) with glutamine codons, and one 
35-base oligonucleotide was designed to replace the serine 
codons at positions 20, 22, and 24 (Kaushansky et al., 1986) 
with alanine codons. These serine residues have been shown 
to be the site of 0-linked glycosylation in hGM-CSF (S. C. 
Clark, personal communication). For the production of cDNA 
which encodes polypeptides devoid of N-linked carbohydrate, 
mutagenesis was performed simultaneously with both oligo- 
nucleotides as described (Zoller & Smith, 1984) with the 
following modification. Screening for double N-linked mutants 
was performed by hybridizing duplicate lifts of phage to each 
32P end-labeled mutagenic oligonucleotide separately and 
washing with 3 M tetramethylammonium chloride (TMAC1) 
at 62 O C  (Wood et al., 1985). Clones hybridizing to both 
mutagenic oligonucleotides were plaque-purified and se- 
quenced. For the production of 0-linked carbohydrate-de- 
ficient cDNA, screening for the triple Ser - Ala mutant was 
performed by washing at 75 "C in 3 M TMAC1. Each of the 
mutant cDNAs was sequenced by the dideoxynucleotide 
method (Sanger et al., 1977). 

Concanavalin A-Agarose Chromatography. The serum-free 
supernatants from COS cells transiently expressing the native 
or mutant hGM-CSF cDNAs were concentrated by ultrafil- 
tration and applied slowly to 5-mL columns of concanavalin 
A (Con A)-agarose (1 cm X 7 cm) previously equilibrated 
with 20 mM tris(hydroxymethy1)aminomethane (Tris), pH 
7.4, 150 mM NaC1, 1 mM MnC12, 1 mM CaCl,, and 1 mM 
MgC12. The columns were washed with 5 column volumes of 

about the structural features responsible for the various 
functional properties of the growth factor. CSFs are heavily 
glycosylated molecules. Initially, carbohydrate was not 
thought to be necessary to support colony growth in vitro 
(Tsuneoka et al., 1981). Recently, however, it was reported 
that GM-CSF which lacks all carbohydrate failed to support 
erythroid progenitor cell proliferation (Burgess et al., 1987). 

To investigate the structural features responsible for the 
various physiologic functions of hGM-CSF, structural mutants 
of the growth factor were prepared by in vitro site-directed 
mutagenesis. In order to facilitate this process, a cDNA clone 
for native human GM-CSF was first obtained. We describe 
here the generation of hGM-CSF cDNA clones by using the 
RNA from COS cells transiently expressing the genomic clone 
for hGM-CSF, the elimination of the two N-linked and all 
three 0-linked glycosylation sites to produce variably glyco- 
sylated growth factors, and the physicochemical and functional 
characteristics of these structural mutants. 

MATERIALS AND METHODS 
RNA Preparation and Analysis. COS cells transiently 

expressing the gene for hGM-CSF (Kaushansky et al., 1986) 
were grown to confluence. Human peripheral blood mono- 
nuclear cells were prepared as described (Kimura et al., 1984) 
and cultured in the presence of 1% phytohemagglutinin (PHA) 
for 24 h prior to harvest. RNA was prepared from cultured 
cells using guanidinium isothiocyanate (Chirgwin et al., 1979). 
Aliquots were denatured with formamide and formaldehyde 
and size-fractionated by electrophoresis through 1.4% form- 
aldehyde-agarose gels (Rave & Boedtker, 1979), transferred 
to nitrocellulose (Thomas, 1980), and prehybridized at 42 O C  
for 4-6 h as described (Ulrich et al., 1984) with the addition 
of 10% dextran sulfate. A 540 base pair (bp) SstI genomic 
fragment of hGM-CSF was purified from agarose gels and 
nick-translated to high specific activity [(l-5) X lo8 cpm/pg]. 
This probe begins in the promoter region of the gene and runs 
into the second intron. The probe containing 20 million cpm 
was added to 10 mL of prehybridization solution and the blot 
hybridized at  42 O C  for 12-16 h. Blots were washed se- 
quentially in 0.2X SSC/O.l% sodium dodecyl sulfate (Na- 
DodSOJ at 20, 40, and 65 OC and prepared for autoradiog- 
raphy. 

Double- 
stranded cDNA was prepared by a modification of the RNase 
H/DNA polymerase I method (Gubler & Hoffman, 1983) 
adapted to the production of a Xgtll phage library (F. S. 
Hagen and C. Gray, unpublished results). The recombinant 
phage were plated at a density of 5 X lo4 per 150-mm culture 
plate. Duplicate nitrocellulose lifts were prepared and pre- 
hybridized as for Northern blots, except that dextran sulfate 
was omitted. The filters were hybridized with lo6 cpm/mL 
of nick-translated genomic probe and washed as for Northern 
blots. Several clones giving strong signals were plaque-purified, 
and phage DNA was prepared from liquid cultures (Maniatis 
et al., 1978). cDNA inserts were prepared by EcoRI digestion 
and gel electrophoresis. Agarose gel purified cDNA fragments 
were subcloned into pUC 13 for restriction analysis, into M 13 
for sequencing, and into the SV40 ori-based vector pDX 
(Busby et al., 1985) for transient expression of biologically 
active protein in COS cells. 

Mammalian Cell Expression. cDNA restriction endo- 
nuclease fragments were blunted with T4 polymerase, ligated 
to EcoRI linkers, digested with EcoRI, and subcloned into the 
unique EcoRI site of the mammalian cell expression vector 
pDX. Plasmid DNA was transfected into COS cells by 
calcium phosphate precipitation (Graham & Van der Eb, 

cDNA Library Construction and Screening. 
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the same buffer, and bound glycoproteins were eluted with 
buffer containing 0.4 M methyl or-mannoside (aMM). Sam- 
ples were dialyzed against several changes of phosphate 
buffered saline (PBS) and assayed for biologically active 
hGM-CSF. 

Generation of Anti-GM-CSF Antiserum. A 15-residue 
pcptide (ESFKENLKDFLLVYC) matching residues 121-134 
of hGM-CSF (Kaushansky et al., 1986) was synthesized 
(Pennisula Laboratories) and cross-linked with glutaraldehyde 
to keyhole limpet hemocyanin (KLH). This peptide matches 
a hydrophilic domain of hGM-CSF as predicted by the al- 
gorithm of Hopp and Woods (1981), is free of disulfide bonds 
or carbohydrate binding sites, and contains an additional 
tyrosine residue to allow radioiodination. The peptide-KLH 
conjugate was emulsified with complete Freund's adjuvant and 
used to immunize New Zealand White rabbits. Booster in- 
jections in incomplete Freund's adjuvant were given monthly. 
Antipeptide antibody titers were monitored by radioimmune 
precipitation of "'I-labeled peptide. After 4 months, high 
antipeptide antibody titers were obtained, and the antisera were 
used for detection of denatured hGM-CSF by Western blot- 
ting. 

Immunoblotting. Serum-free conditioned medium from 
COS cells transfected with either the native or the mutant 
hGM-CSF expression vectors was concentrated by ultrafil- 
tration (Amicon YM-IO). Native recombinant hGM-CSF was 
purified by gel filtration and reverse-phase high-performance 
liquid chromatography (HPLC) as described (Wong et al., 
1985). N-Linked carbohydrate was removed enzymatically 
where indicated by overnight digestion with N-glymylase 
(peptide:N-glycosidase F; Genzyme, Inc.) according to the 
manufacturer's recommendations. Protein samples were 
sizefractionated by reducing NaDodSO, gel electrophoresis 
and were transferred to nitrocellulose as described (Towbin 
et al., 1979) with the following modifications. Following 
electroblotting [transfer buffer (TRB) = 25 mM Tris-glycine, 
pH 8.3, in 20% methanol], protein was reduced in situ by 
treating with 25 mM &meraptoethanol in TRB at 80 'C for 
30 min and then with 25 mM iodoacetic acid/400 mM Tris 
(pH 7.4)/50 mM NaCl at  20 OC for 30 min. The blot was 
incubated with the primary antiserum at 1:200 dilution in 
Western blot buffer [50 mM Tris (pH 7.4)/5 mM ethylene- 
diaminetetraacetic acid (EDTA)/O.S% NP40/150 mM 
NaC1/0.25% gelatin] for 16 h at 4 OC, washed in buffer, 
treated with biotinylated goat anti-rabbit IgG (Vector Labs) 
at 1:lOOO dilution in buffer for 60 min at 20 'C, and then 
washed and treated with an avidin-biotin-horseradish per- 
oxidase complex (Vector Labs) for 60 min at 20 "C. Following 
a wash in buffer plus 0.4% Sarcosyl, the blot was developed 
in Qchloml-naphthol (Bio-Rad) and washed with water. For 
quantitative analysis, "%labeled goat anti-rabbit IgG was used 
in place of the biotinylated antibody. Following autoradiog- 
raphy of this blot, the immunoreactive proteins were removed 
and counted for y emissions. 

RESULTS 
RNA Analysis. To evaluate the level of hGM-CSF mRNA 

in transiently expressing COS cells, total cellular RNA was 
prepared and compared to RNA from peripheral blood lym- 
phocytes which had been stimulated by 1% PHA for 24 h. 
These cells are one of the richest naturally occurring sources 
of hGM-CSF. Northern blot analysis, shown in Figure 1, 
demonstrated that transiently expressing COS cells contain 
significantly greater amounts of hGM-CSF-specific mRNA 
than PHA-stimulated lymphocytes. When the hybridizing 
bands were removed from the blot and counted, 9 times more 
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FIGURE 1: Northern blot analysis. Ten micrograms of whole cellular 
RNA obtained from lymphocytes stimulated for 24 h with phytc- 
hemagglutinin (lane I )  and from COS cclls 2 days following trans- 
fection with the genomic GM-CSF expression vector pDgGM 11 (lane 
2) was denatured with formamide and formaldehyde and size-frac- 
tionated by agarose gel electrophoresis. RNA was transferred to 
nitrocellulose and the blot probed for hGM-CSF-specific mRNA. In 
a separate experiment, IO pg of RNA from COS cells transfected 
with pDcGMI (lane 3). pDcGMI1 (lane 4). pDcGMlI1 (lane 5 ) ,  or 
pDcGMIV (lane 6 )  was denatured, size-fractionated, and probed for 
hGM-CSF-specific mRNA. 

, ATG 111 + 4 - 4 pDcGMI  

I pDcGMn 

TGA I pDcGMlll 
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ATG * *  
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FIGURE 2 Expression vector pD3(X). The ampR gene and E. coli 
origin of replication are derived from pML (Lusky & Botchan, 1981). 
The SV40 origin of replication (ori), the adenovirus major late 
promoter (mlp), the SV40 enhancer (E), and the adenovirus p l y -  
adenylation signal (PA) were assembled as unique restriction fragments 
(Busby et al., 1985). pDcGMI-IV were obtained by subcloning an 
SstI/NcoI fragment of the cDNA derived from COS cells or the 
mutant cDNA derived from MI3 into the EcoRl site of pDX. 
N-Linked glycosylation sites are indicated by (t) and 0-linked 
glymsylation sits by (0). The bar represenls the location of the amino 
acid sequence used to prepare an anti-GM-CSF peptide antiserum. 
The locations of the initiation (ATG) and stop codons (TGA) are 
indicated. 

probe hybridized to 10 pg of COS cell RNA than to IO pg 
of RNA from stimulated lymphocytes. This blot also suggests 
which promoter is the more active in these COS cells. There 
are two alternative promoters, the hGM-CSF promoter and 
the expression vector adenovirus major late promoter (Figure 
2). The hGM-CSF mRNA from COS cells migrates more 
slowly than the same mRNA from stimulated lymphocytes. 
As the adenovirus promoter and leader sequence of the ex- 
pression vector add 253 bp to any inserted transcriptional unit, 
this analysis suggests that the major transcription initiation 
site is provided by the expression vector. This impression was 
confirmed by direct sequencing (see below). 

EDNA Cloning and Expression. Poly(A+)-arntaining RNA 
was prepared from COS cells transiently expressing the gene 
for hGM-CSF and used to prepare a cDNA library in Agtl 1. 
Of the 5 X 10' recombinants prepared from 37 ng of cDNA, 
3 X 10' were screened in duplicate by using a hGM-CSF 
genomic probe. Overall, 248 plaques hybridized strongly with 
a nick-translated genomic probe under very stringent wash 

--. ,/ 
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conditions, suggesting that approximately 0.1 % of the clones 
contained cDNA for hGM-CSF. Six cDNA clones were 
plaque-purified, subcloned into M13, and sequenced by the 
dideoxynucleotide chain termination method (Sanger et al., 
1977). All of the clones contained a single open reading frame, 
and their sequences matched that previously published (Wong 
et al., 1985; Lee et al., 1985) for hGM-CSF cDNA. In all 
six clones, the cDNA sequence begins approximately 20 bases 
downstream of the vector cap site. In contrast, the 3' ends 
of all six cDNA clones correspond to the genomic poly- 
adenylation signal. 

One cDNA was subcloned into pDX and used to transiently 
express hGM-CSF. A 593 bp SstIINcoI fragment from the 
cap site to the middle of the 3' untranslated region was re- 
moved from pUC 13 containing the entire cDNA insert and 
was subcloned into the mammalian cell expression vector (to 
produce pDcGMI, Figure 2 ) .  When compared to the genomic 
expression vector and controlled for time, vector concentration, 
and cell number, the cDNA vector directed the synthesis of 
4-fold more recombinant hGM-CSF, or about 5 X lo4 
units/mL of serum-containing culture medium. 

I n  Vitro Mutagenesis. To prepare cDNA coding for a 
polypeptide which could not be N-glycosylated, two 22-base 
oligonucleotides which hybridize to the cDNA for hGM-CSF 
were synthesized. One of these oligonucleotides contained the 
codon for glutamine in place of the asparagine codon of residue 
44, the other for asparagine residue 54. These oligonucleotides 
were used for in vitro site-directed mutagenesis of a hGM-CSF 
cDNA clone in M13. One thousand recombinant phage were 
screened in duplicate with each 32P end-labeled oligonucleotide 
using wash conditions stringent enough to allow only 21 or 22 
base matches to retain a hybridization signal (Wood et al., 
1985). Approximately 60 phage hybridized to either probe 
independently, while only 3 hybridized to both probes. In each 
of these mutant phage, both Asn - Gln mutations occurred 
as shown by DNA sequencing. Next, the native hGM-CSF 
cDNA and the N-linked mutant cDNA clones were mutated 
to replace the three serine residues known to contain 0-linked 
carbohydrate (S. C. Clark, personal communication) with 
alanine codons. In this way, mutant cDNA clones which 
contain only 0-linked, only N-linked, or none of the known 
carbohydrate binding site codons were generated. A 593 bp 
SstI/NcoI restriction fragment was removed from the repli- 
cative form of each of the mutant M13 phage and was sub- 
cloned into pDX (to produce pDcGMII, pDcGIII, and 
pDcGMIV, Figure 2). 

Analysis of Recombinant Proteins. To determine if bio- 
logically active hGM-CSF was expressed by the altered 
cDNA, pDcGMI, pDcGMII, pDcGMIII, and pDcGMIV 
were transfected separately into parallel cultures of COS cells. 
RNA was obtained from cells 2 days later, and culture medium 
was obtained from separate cultures after 3 days. As shown 
in Figure 1, the GM-CSF-specific mRNA levels were equiv- 
alent for all cDNA species except for pDcGMII, which con- 
tained half the amount of specific message. When culture 
supernatants were evaluated by marrow colony-forming assays, 
similar levels of colony-stimulating activity were detected, 
except for pDcGMII, which again contained half the activity 
of the other conditioned media (Table I). 

To biochemically demonstrate the elimination of carbohy- 
drate in the mutant polypeptides, the recombinant hGM-CSF 
preparations were analyzed by affinity chromatography. 
Serum-free COS cell supernatants were applied to a Con 
A-agarose column. After the column was washed, the bound 
glycoproteins were eluted with 0.4 M aMM. As shown in 

Table I: ExDression of Nondvcosvlated hGM-CSF" 
colony- colony- 

stimulating stimulating 
activity activity 

medium (units/mL) medium (units/mL) 
saline 0 PDCGMII (-N) 1.0 x 104 
sham-transfected 0 ~ D ~ G M I I I  (-0) 1.9 x 104 
pDcGMI 2.2 x 104 ~ D ~ G M I V  (-N-o) 2.0 x 104 

a Serial dilutions of culture medium conditioned by COS cells trans- 
fected with the native expression vector pDcGMI and by the mutant 
vectors pDcGMII-IV were plated in marrow colony-forming assays. 
The results represent the mean of four separate experiments plated in 
triplicate. 

Table 11: Con A-Agarose Chromatography" 
medium nonbound bound and eluted 

pDcGMI (native) 70 30 

pDcGMIII (-0) 71 29 
pDcGMII (-N) 100 0 

pDcGMIV (-N-0) 100 0 
" A  2-mL column (6  mm X 80 mm) of Con A-agarose was equili- 

brated in 20 mM Tris (pH 7.5)/150 mM NaC1/1 mM CaCI,/l mM 
MgC12/1 mM MnCI2. Media conditioned by COS cells transiently 
expressing the cDNA for hGM-CSF or its mutants were applied slowly 
(0.2 mL/min), and the column was washed with equilibration buffer. 
The column was eluted with 0.4 M methyl a-mannoside in equilibra- 
tion buffer. The starting material, pass-through and wash, and elution 
fractions were dialyzed against PBS, filter-sterilized, and assayed for 
GM-CSF by colony formation. The results are expressed as the per- 
centage of units applied recovered in the pass and wash and eluted 
fractions. 

Table 11, a significant amount of native hGM-CSF and protein 
which no longer contains 0-linked carbohydrate bound to Con 
A-agarose and could be eluted from the column. In contrast, 
both mutant hGM-CSF species lacking N-linked carbohydrate 
failed to bind to Con A-agarose. 

Next, to assess the relative specific activity of the various 
forms of GM-CSF produced by our mutant cDNAs in ex- 
pression vectors, we analyzed the conditioned media immu- 
nologically. A rabbit antiserum was raised against a 15-residue 
synthetic peptide coupled to KLH. The antiserum failed to 
detect other growth factors, including hM-CSF, hG-CSF, 
PDGF, insulin, transferrin, or murine multi-CSF. This an- 
tiserum recognizes a region of GM-CSF far removed from the 
carbohydrate binding sites (Figure 2 ) .  To determine if the 
presence of carbohydrate affects antiserum binding, we en- 
zymatically removed the carbohydrate present on native 
hGM-CSF. As shown in Figure 3, the antiserum binds as 
intensely to highly purified native GM-CSF as to the same 
amount of protein from which the carbohydrate has been 
removed enzymatically. Using this antiserum, we next ana- 
lyzed the recombinant proteins present in equal volumes of 
medium conditioned by COS cells transfected with the native 
hGM-CSF expression vector and that of the various mutant 
cDNA vectors. As shown in Figure 3, substantially less im- 
munoreactive protein is present in medium conditioned by 
COS cells transfected with DNA which lack N-linked car- 
bohydrate binding sites than in that transfected with the native 
hGM-CSF. 0-Linked carbohydrate does not affect the level 
of immunoreactive protein secreted by COS cells to a sig- 
nificant degree. Since similar amounts of biologically active 
protein (except half the amount of non-N-linked carbohy- 
drate-containing protein) were analyzed in this experiment, 
these results suggested that the specific activities of the native 
and N-linked carbohydrate-deficient forms of hGM-CSF 
differed. To quantitate these findings, we used an 1251-labeled 
second antibody on a Western blot containing equal biologi- 
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plcull~ 3 Immuuoblotting of hGM-CSF. 2 X 10' units of HPLG 
purified native hGM-CSF (lane 1) are Compared to the same amount 
of material after complete digestion with N-glymnase F (lane 6). In 
lanes 2-5, equal volumes of concentrated serum-free medium Con- 
ditioned by COS cells transfected with pDcGM1 (lane 2). pDcGMI1 
(lane 3). pDcGMll1 (lane 4). and pDcGMlV (lane 5 )  are analyzed. 
The samples were size-fractionated hy NaDodSO,-polyacrylamide 
gel electrophoresis under reducing conditions, electrophoretically 
transferred to nitrocellulose. and probed for immunoreactive protein 
by Western blot as descrited under Materials and Methods. Molecular 
weight markers are shown. 

Table 111: Functional Evaluation of hGM-CSF Mutants. 
medium: oDffiMI. oDcGMlI ~DcGMlll  aDcGMIV 

experiment 1 
neutrophil 67 71 

monocyte 36 52 

neutrophil 55 43 51  
eosinophil 40 47 44 

eosinophil 17 16 

experiment 2 

monocvte 32 29 39 

'Bone marrow cells were prepared and cultured 8s deaeribsd (Bagby 
et al., 1981) except they were made semimlid with 0.3% agar. Whole 
Nltures were rued, stained for chloroacetate esterase, and Counter- 
stained with toluidine blue as described under Materials and Methods. 
The data rcpreaent the results of triplicate plates containing a total of 
over 200 colonies for each form of hGM-CSF and are expressed as the 
percentage of colonies containing each cell type. 

cally active amounts of the recombinant proteins. In four 
separate experiments, we found that 6 times more immuno- 
reactive protein was present in 2 X l@ units of native hGM- 
CSF than in the same biologically active amount of the two 
forms which lack N-linked carbohydrate. 
Functional Analysis of Recombinant Proteins. Limiting 

dilutions of serum-free COS cell supernatants were assayed 
for their ability to stimulate granulocyte and/or macrophage 
colony growth in semisolid culture. In five separate experi- 
ments, there were no significant differences between the 
maximal number of GM colonies produced by the native and 
the mutant forms of recombinant hGM-CSF. When the GM 
colonies were evaluated for cell type by cytochemistry, a similar 
distribution of neutrophils, eosinophils, and monocytema- 
crophage-containing colonies developed (Table Ill). There 
were no significant differences when cultures were stimulated 
with varying concentrations of recombinant growth factor, or 
when colony size or cellular composition was analyzed. 

F d y ,  both the mutant and the native mmbinant  proteins 
were capable of supporting the growth of megakaryocyte 
colonies and erythroid bursts. As shown in Table IV, con- 
centrations of either recombinant native or mutant forms of 
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my Response to Native a Table I V  Hematopoietic Coli 
hGM-CSP 

nd Mutant 

granuiocyle erymroia mega- 
colony no. . .  . .. 

medium macrophage bursts karyocytes 
sham-transfected COS CM 3.0 * 1.1 3.4 i 0.9 0 
PHA-LCM 43.0 * 3.0 28.0 * 2.0 2.0 0 
native cDNA 29.0 3.0 26.0 * 1.0 3.3 0.7 
mutant cDNA 

pDcGMII (-N) 31.0 * 5.0 29.0 i 4.0 2.3 0.9 
pDcGMIII (-0) 29.0 3.0 19.0 * 3.0 ND' 
pDcGMIV (-N-) 36.0 2.0 22.0 * 2.0 ND 
'Spent culture medium from COS cells transfected with pDffiM1 

(native) or pDffiMII-IV (mutant) EDNA expression vectors were 
plated at 1% final concentration in bone marrow colony-forming as- 
says. Controls include sham-transfected COS cell-conditioned medium 
and I %  PHA-stimulated lymphocyte-conditioned medium (PHA- 
LCM). The data represent the mean number of colonies formed 
(*SEM) in a typical experiment plated in triplicate and have becn re- 
produced 3 times. bND = not done, 

hGM-CSF which would half-maximally stimulate GM colony 
formation were equal in their ability to maximally stimulate 
the growth of megakaryocyte colonies and erythroid bursts. 

DISCUSSION 
The human hematopoietic regulator hGM-CSF is a trace 

glycoprotein found in many tissues and is required for the 
survival, proliferation, and differentiation of granulocyte and 
macrophage progenitor cells in vitro. In the present studies, 
we have examined the structurefunction relationship of 
hGM-CSF carbohydrate by in vitro mutagenesis. To facilitate 
the generation of mutants, we cloned the cDNA for hGM-CSF 
by using COS cells transiently expressing the gene as a rich 
source of specific mRNA. 

By eliminating the translation initiation and stop signals 
upstream of the coding sequence for the amino terminus of 
hGM-CSF (Kaushansky et al., 1986). we were able to express 
biologically active protein from a genomic clone of hGM-CSF 
at high levels using an SV40 ori-based expression system in 
COS cells. We reasoned that this would be a rich source of 
hGM-CSF-specific mRNA. When compared directly by 
Northem blot analysis, transiently expressing COS cells have 
approximately IO times higher levels of specific mRNA than 
lectin-stimulated lymphocytes. When a Xgtl 1 cDNA library 
was pre@ from the RNA of these COS cells, we found that 
approximately 0.1% of the independent recombinant cDNA 
clones were hGM-CSF specific. All of the clones assessed 
demonstrated proper intron splicing, and all of the clones 
sequenced contained a complete copy of hGM-CSF cDNA. 
Finally, the cDNA was able to direct the synthesis of higher 
levels of biologically active hGM-CSF than the genomic ex- 
pression vector. Thus, using a genomic clone in a mammalian 
cell expression vector, we were able to efficiently generate a 
cDNA clone for hGM-CSF. 

Once a complete cDNA for hGM-CSF was available, 
site-directed mutagenesis was facilitated. A double mutant 
was generated in a single reaction, resulting in cDNA coding 
for a polypeptide lacking N-linked glycosylation sites. Ad- 
ditional mutagenesis generated mutants which lacked the 
serine residues known to contain @linked carbohydrate, and 
mutants which lacked both forms of carbohydrate. These 
cDNA were transcribed at levels similar to the wild-type 
cDNA, and the recombinant polypeptides produced were 
demonstrated to lack terminal mannme residues by chroma- 
tography over Con A-agarose. When the relative specific 
activity of the mutant recombinant proteins was assessed in 
vitro, we found that polypeptides lacking N-linked carbohy- 



4866 B I O C H E M I S T R Y  K A U S H A N S K Y  E T  A L .  

Davis, M. M. (1985) in Handbook of Experimental Immu- 
nology (Weir, D. M., Herzenberg, L. A., Blackwell, C. C., 
& Herzenberg, L. A., Eds.) 4th ed., Blackwell Scientific 
Publications, Oxford, U.K. 

DeLamarter, J. F., Mermod, J. J., Liang, C. M., Eliason, J. 
F., & Thatcher, D. R. (1985) EMBO J .  4, 2575-2581. 

Donahue, R. E., Wang, E. A., Stone, D. K., Kamen, R., Wong, 
G. G., Sehgal, P. K., Nathan, D. G., & Clark, S. K. (1986) 
Nature (London) 321, 872-875. 

Emerson, S. G., Sieff, C. A., Wang, E. A., Wong, G. G., Clark, 
S. C., & Nathan, D. G. (1985) J .  Clin. Invest. 76, 

Grabstein, K. H., Urdal, D. L., Tushinski, R. J., Mochizuki, 
D. Y., Price, V. L., Cantrell, M. A., Gillis, S., & Conlon, 
P. J. (1986) Science (Washington, D.C.) 232, 505-508. 

Graham, F. L., & Van der Eb, A. J. (1973) Virology 52, 

Gubler, U., & Hoffman, B. J. (1983) Gene 25, 263-269. 
Handman, E., & Burgess, A. (1979) J .  Immunol. 122, 

Hopp, T. P., & Woods, K. R. (1981) Proc. Natl. Acad. Sci. 

Kaushansky, K., O’Hara, P. J., Berkner, K., Segal, G. S., 
Hagen, F. S., & Adamson, J. (1986) Proc. Natl. Acad. Sci. 

Kawasaki, E. S., Ladner, M. B., Wang, A. M., van Arsdell, 
J., Warren, M. K., Coyne, M. Y., Schweikhart, V. L., Lee, 
M.-T., Wilson, K. J., Boosman, A,, Stanley, E. R., Ralph, 
P., & Mark, D. F. (1985) Science (Washington, D.C.) 230, 

Kimura, H., Burstein, S. A,, Thorning, D., Powell, J. S., 
Harker, L. A., Fialkow, P. J., & Adamson, J. W. (1984) 
J .  Cell. Physiol. 118, 87-96. 

Lawn, R. M., Fritsch, E. F., Parker, R. C., Blake, G., & 
Maniatis, T.  (1978) Cell (Cambridge, Mass) 15, 

Lee, F., Yokota, T., Otsuka, T., Gennell, L., Larson, N., Lujh, 
J., Arai, K., & Rennick, D. (1985) Proc. Natl. Acad. Sci. 

Lehrach, H. P., Diamond, D., Wozney, J. M., & Boedtker, 

Lusky, M., & Botchan, M. (1981) Nature (London) 293, 

Maniatis, T., Hardison, R. C., Lacy, E., Lauer, J., O’Connell, 
C., Quon, D., Sim, D. K., & Efstratiadis, A. (1978) Cell 
(Cambridge, Mass.) 15,  687-701. 

Maniatis, T., Fritsch, E. F., & Sambrook, J. (1982) Molecular 
Cloning, p 395, Cold Spring Harbor Publications, Cold 
Spring Harbor, NY. 

Maxam, A. M., & Gilbert, W. (1980) Methods Enzymol. 65, 

Powell, J. S., Fialkow, P. J., & Adamson, J. W. (1984) Br. 

Rave, N., & Boedtker, H. (1979) Nucleic Acids Res. 6, 

Sanger, F., Nicklen, S., & Coulson, A. R. (1977) Proc. Natl. 
Acad. Sci. U.S.A. 74, 5463-5467. 

Souza, L. M., Boone, T. C., Gabiilove, J., Lai, P. H., Zsebo, 
K. M., Murdock, D. C., Chazin, V .  R., Bruszewski, J., Lu, 
H., Chen, K. K., Barendt, J., Platzer, E., Moore, M. A. S., 
Mertelsmann, R., & Welte, K. (1986) Science (Washington, 

1286-1290. 

456-467. 

1134-1137. 

U.S.A. 78, 3824-3828. 

U.S.A. 83, 3101-3105. 

291-296. 

1157-1 174. 

U.S.A. 82, 4360-4364. 

H. (1977) Biochemistry 16, 4743-475 1 .  

79-8 1. 

499-560. 

J .  Haematol. 51, 81-89. 

3559-3567. 

D.C.) 232, 61-65. 

drate had approximately 6-fold higher specific activity. Two 
previous studies have commented on the relative specific ac- 
tivities of murine GM-CSF and forms lacking some or all of 
the carbohydrate present in the native molecule. Sparrow and 
co-workers (Sparrow et al., 1985) compared the specific ac- 
tivity of asialo-GM-CSF to a previously reported value for 
native murine GM-CSF and found significantly greater ac- 
tivity for the asialo form. Also, DeLamarter and co-workers 
(DeLamarter et al., 1985) report a specific activity of murine 
GM-CSF produced in E .  coli higher than that reported for 
the native molecule. 

Finally, the functional properties of the recombinant mutant 
proteins were compared to those of the native growth factor. 
Using whole agar cultures and cytochemistry, we have shown 
that the distribution of cell types stimulated by the native and 
nonglycosylated forms of hGM-CSF was similar. Further- 
more, by dose-response analysis, both forms were equally able 
to stimulate the growth of megakaryocyte colonies and, in the 
presence of erythropoietin, to stimulate the growth of erythroid 
bursts. 

From these studies, it is clear that carbohydrate modification 
is not necessary to allow the full range of progenitor cell 
stimulation provided by native hGM-CSF. Although mature 
cell responses to nonglycosylated hGM-CSF were not fully 
assessed in this study, the recombinant mutant hGM-CSF were 
able to inhibit the migration of neutrophils in response to the 
chemoattractant Met-Leu-Phe (data not shown). Thus, the 
role of the carbohydrate modification of hGM-CSF is un- 
certain. One potential role for carbohydrate modification was 
suggested by our studies. Despite equivalent efficiency of 
transfection, and nearly equal levels of transcription, the ex- 
pression vectors containing the N-linked carbohydrate-deficient 
mutant cDNA consistently secreted far less immunoreactive 
protein than the native hGM-CSF expression vector. Thus, 
N-linked carbohydrate may play a role in the secretory process 
in COS cells. Other functions suggested for carbohydrate 
modification include enhanced survival in the circulation, 
augmentation of binding to plasma proteins for transport, or 
enhancement of protein solubility (Ashwell & Morrell, 1974). 
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ABSTRACT: The stoichiometry of lac repressor binding to nonspecific DNA was investigated by three different 
techniques. Four molecules of the fluorescent probe 5,5’-bis(8-anilino- 1-naphthalenesulfonate) [bis(ANS)] 
bind to each repressor subunit with an average dissociation constant of 20 pM. Nonspecific DNA displaces 
most of this bound bis(ANS), reducing the fluorescence. Titrations of repressor with nonspecific D N A  
monitored with high [bis(ANS)] (5-15 pM) had end points a t  8 base pairs per repressor. Lower [bis(ANS)] 
(0.1-1 pM) resulted in end points at either 15 or 26 base pairs per repressor, depending on the ionic strength. 
These end points correspond to complexes containing approximately one, two, or four repressors per 28 base 
pairs. Boundary sedimentation velocity experiments with saturating amounts of repressor revealed that 
five repressors can bind to 28 base pairs. By monitoring the circular dichroism as D N A  was added to 
repressor, the sequential appearance of complexes containing approximately four, two, and one repressors 
per 28 base pairs was observed. The inability of repressor cores or iodinated repressor to bind to complexes 
containing one or two repressors per 28 base pairs implies that all of the repressors directly contact the DNA 
in the complex containing four repressors per 28 base pairs. It is proposed that while two subunits of each 
repressor contact the DNA in complexes containing one or two repressors per 28 base pairs, only one subunit 
of each repressor contacts the D N A  in the complex with four repressors per 28 base pairs. These results 
suggest a novel mechanism for the one-dimensional diffusion of repressor along DNA. 

x e  binding of the lac repressor both to its operator and to 
nonspecific DNA has been extensively studied and serves as 
a model for understanding specific protein-DNA interactions 
(Bourgeois & Pfahl, 1976; Muller-Hill, 1975; Wu et al., 1978). 
Many investigators have reported that the lac repressor binds 
to nonspecific DNA to form a complex containing two tet- 
rameric repressor molecules per 28 base pairs of DNA, Le., 
a complex with 14 base pairs per tetramer. This conclusion 
has been reached on the basis of circular dichroism studies 
(Butler et al., 1977; Durand & Maurizot, 1980), boundary 
sedimentation velocity studies (Revzin & von Hippel, 1977), 
thermal melting of the DNA in the presence of repressor 
(Wang et al., 1977), and studies with a fluorescent probe 
covalently bound to the repressor (Kelsey et al., 1979). A 
popular explanation for this result is that while each repressor 
spans 28 base pairs along the DNA, repressor molecules can 

bind along opposite sides of the same DNA segment, giving 
a complex with two tetramers per 28 base pairs. Zingsheim 
et al. (1977) have provided direct visual support for this model 
by observing a double layer of repressor tetramers bound to 
nonspecific DNA in electron micrographs. In contrast, Worah 
et al. (1978) have observed the formation of a complex con- 
taining only one repressor per 28 base pairs, using the fluor- 
escent probe 8-anilino-1-naphthalenesulfonate (ANS).’ This 
result implies that the first and second tetramers to bind per 
28 base pairs are bound differently. 

In this study, the stoichiometry of lac repressor binding to 
nonspecific DNA has been investigated in three different ways: 
by use of the fluorescent probe 5,5’-bis(8-anilino-l- 
naphthalenesulfonate) [bis(ANS)], by the boundary sedi- 
mentation velocity technique, and by circular dichroism. 
Bis(ANS), a covalent dimer of ANS (Farris et al., 1978), binds 
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