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ABSTRACT Granulocyte /macrophage colony-stimu-
lating factor (GM-CSF) is an acidic glycoprotein that stimulates
hematopoiesis in vitro and in vivo. Despite a high degree of
sequence homology, the GM-CSFs from human and murine
sources fail to crossreact in their respective colony-forming
assays. On the basis of this finding, a series of hybrid molecules
containing various proportions of human- and murine-specific
amino acid sequences were generated by recombinant DNA
techniques and assayed for species-specific activity against
human and murine marrow target cells. Two regions of
GM-CSF, residues 38-48 and residues 95-111, were found to
be critical for hematopoietic function. These regions are
structurally characterized by an amphiphilic helix and by a
disulfide-bonded loop, respectively, and are homologous in
position in the human and murine growth factors. In addition,
competition assays suggested that, together, these regions bind
to the GM-CSF receptor.

Granulocyte/macrophage colony-stimulating factor (GM-
CSF) is an acidic glycoprotein required for the survival,
proliferation, and differentiation of hematopoietic progenitor
cells in semisolid culture (1, 2) and has been shown to
stimulate hematopoiesis in vivo (3, 4). The biological activity
of GM-CSF is mediated by binding to specific cell surface
receptors (5, 6). The dissociation constants for the human and
murine growth factors are similar (=100 pM) and are con-
sistent with the concentrations that stimulate optimal colony
growth in vitro.

cDNA clones for both human and murine GM-CSF have
been analyzed, and the predicted amino acid sequences are
54% identical (7). The disulfide structure, which is critical for
the function of GM-CSF, is completely conserved between
the human and murine growth factors, and the carbohydrate
modification pattern is similar. Despite these features, human
GM-CSF (hGM-CSF) fails to stimulate murine progenitor or
mature blood cells, and murine GM-CSF (mGM-CSF) fails to
stimulate colony formation in cultures of human marrow
progenitors (8). Recently, it was shown that removal of the
carbohydrate side chains of hGM-CSF had no effect on the
functions of the resultant polypeptides (9). In fact, elimina-
tion of the N-linked carbohydrate resulted in a 4- to 6-fold
increase in the specific activity of the molecule, suggesting
that the glycosylated asparagine residues might be located at
or near the active site of the molecule. However, little else is
known about the structural features responsible for the
function of either mGM-CSF or hGM-CSF.

Our goal was to define the region(s) of the GM-CSF
polypeptide required for biological activity. Toward this end,
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we took advantage of the failure of h- and mGM-CSF to
crossreact in their respective colony-forming assays. Hybrid
c¢DNA molecules were constructed that contained various
lengths of the coding regions for h- and mGM-CSF. The
chimeric cDNAs were expressed in COS cells, and the
resultant recombinant hybrid growth factors were tested for
biological activity in both human and murine colony-forming
assays. By using this approach, two distinct regions of the
molecule were found to be required for progenitor-cell
proliferation. Receptor binding competition assays showed
that both of these regions were required for binding to the
GM-CSF receptor.

MATERIALS AND METHODS

Hybrid ¢cDNA Constructions. A full-length cDNA for hGM-
CSF was previously cloned in our laboratory (9), and the
c¢DNA for mGM-CSF (10) was kindly provided by N. Gough
(Walter and Eliza Hall Institute, Melbourne, Australia). Hy-
brid cDNA molecules were synthesized from discrete restric-
tion fragments of the two cDNAs, by the addition of synthetic
oligonucleotides to cDN A fragments, or by site-directed muta-
genesis of hybrid or native cDNA molecules to introduce com-
patible restriction sites or altered coding sequence (Fig. 1).

Site-directed mutagenesis was performed in phage M13 as
described (11), except that screening for the mutant plaques
was accomplished by using 3 M tetramethylammonium
chloride (12). To create human—-murine hybrid cDNA follow-
ing mutagenesis, individual h- and mGM-CSF cDNA frag-
ments were subcloned into the mammalian expression vector
pDX (9). After mutagenesis and/or assembly, the nucleotide
sequence of the entire cDNA insert was confirmed by the
method of Sanger et al. (13).

Hybrid Protein Expression. Hybrid cDNA expression vec-
tors were transfected into COS cells by the calcium phos-
phate method (14). Cells were grown as described (9), and
cultures were terminated after 3 days. To confirm the
presence of chimeric GM-CSF-specific transcripts, Northern
blot analysis was carried out (9). For use as hybridization
probes, individual human (Pst I-Nco I; ref. 15) and murine
(BamHI-EcoRI; ref. 10) GM-CSF cDNA fragments were
purified by gel electrophoresis and labeled to high specific
activity with [a->?P]dCTP by random priming with a kit from
Boehringer Mannheim. The presence of GM-CSF-specific
polypeptides was detected by Western blot analysis. For this,
10 ul of 20X concentrated conditioned medium was size-
fractionated by NaDodSO,/12% polyacrylamide gel electro-
phoresis (16). Protein was transferred to nitrocellulose (17)
and probed with a rabbit polyvalent antiserum raised against

Abbreviations: GM-CSF, granulocyte/macrophage colony-
stimulating factor; hGM-CSF, human GM-CSF; mGM-CSF, murine
GM-CSF.
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FiG. 1. Schematic representation of human-mouse hybrid constructions. Segments of cDNA derived from site-directed mutagenesis are
underlined, along with the construct, in parentheses, from which it had been derived. Regions of the constructs derived from oligonucleotides
are denoted by broken underlining. Useful restriction sites are marked, and sites that were created by mutagenesis of either the human or murine
cDNA are in parentheses. The cleavage site of the secretory leader peptide is indicated by a diamond. To provide consistency in the numbering
of murine and human residues (no. 1 = initiation methionine), the numbering of the mGM-CSF residues is adjusted to that of the human molecule.
Since a three-amino acid gap must be introduced into mGM-CSF following residue 39 to allow for maximal alignment of the two sequences (7),
murine residues beyond Ala-39 are numbered three residues higher than their true position. bp, Base pairs.

recombinant hGM-CSF. Immune complexes were visualized
with an ®’I-labeled goat anti-rabbit IgG antiserum (Sigma)
and autoradiography.

Determination of Relative Specific Activity. To determine the
relative specific activities of several of the GM-CSF mutants,
colony-forming assays and Western blot analysis were carried
out. The relative specific activities of mutant forms of GM-
CSF were calculated by comparing the functional activity
obtained from colony-forming assays (18, 19) to the relative
amount of immunoreactive protein, as described (9). Each
determination was repeated at least three times.

hGM-CSF Receptor Competition Assay. Recombinant
hGM-CSF was labeled with I (Iodo-Beads, Pierce) and
mixed first with a >100-fold excess of human-mouse hybrid
protein and then with 2 X 10° HL-60 human promyelocytic
leukemia cells in 100 ul of binding medium (RPMI 1640/1%
serum albumin/25 mM Hepes, pH 7.4). After a 2-hr incuba-
tion at 23°C, the cell-associated %I-labeled hGM-CSF was
separated from unbound label by centrifugation through 100
wul of prechilled 60:40 dibutyl/dinonyl phthalate oil. The
results are expressed as the percent competition of binding
and are compared to the competition produced by incubation
with a 100-fold excess of unlabeled hGM-CSF.

RESULTS

Transcription of Human-Mouse Hybrid cDNA in Transfected
Cells. To verify the hybrid nature of the cDNA constructs

(Fig. 1), RNA was isolated from COS cells transfected with the
hybrid GM-CSF expression vectors and was analyzed by
Northern blotting. Identical blots were probed for h- or
mGM-CSF-specific transcripts (Fig. 2). Constructs containing
>100 bp of sequence from both the human and the murine
cDNA (hm 2, hm 3, hm 6, hm 12, and hm 19) directed the
expression of RNA that could be detected with both species-
specific cDNA probes. Constructs containing <100 bp of the
human ¢cDNA [mGM (mGM-CSF), hm 7, hm 8, hm 9, hm 10,
and hm 16] or of the murine cDNA [hGM (hGM-CSF) and hm
1] directed expression of RN A that could be detected only with
the mGM-CSF- or the hGM-CSF-specific probe, respectively.

Functional Activity of the Human-Mouse Hybrid GM-CSF
Proteins. Culture medium from COS cells transfected with
the hybrid expression vectors was assayed in human and
murine bone marrow colony-forming assays (18, 19). Table 1
lists several human-mouse constructs in order of progressive
replacement of the C terminus of hGM-CSF by mGM-
CSF-specific sequences (hm 1, hm 6, hm 2). As shown,
hybrid GM-CSFs containing human residues 1-111 stimu-
lated the production of GM colony formation from human,
but not murine, marrow progenitor cells. In addition, when
residues C-terminal to Leu-94 were replaced with murine-
specific amino acids (hm 6), the activity of the conditioned
medium was nearly eliminated, despite very high levels of
transcription (Fig. 2) and hybrid protein production (Fig. 3).
When residues from Leu-78 to Leu-94 were then further
replaced by murine-specific sequence (hm 2), the hybrid
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Fi1G. 2. Northern blot analysis of hybrid cDNA-directed RNA.
Ten micrograms of whole cellular RNA isolated from COS cells
transfected in different experiments with hm hybrid expression
vectors was size-fractionated by formaldehyde/agarose gel electro-
phoresis and blotted onto nitrocellulose. Identical blots were ana-
lyzed with full-length hGM-CSF (Upper) and mGM-CSF (Lower)
cDNA probes. Size markers (kilobases) are indicated at left.

protein was no longer active on human progenitor cells. As
the presence of hm 2-specific protein was confirmed by
Western blotting (Fig. 3), these data suggest that the region
between Thr-95 and Thr-111 is critical to the function of
hGM-CSF. In addition, as hm 2 does not stimulate murine
progenitor-cell proliferation, these data further suggest that
residues between the N terminus and Leu-78 are important
for the function of mGM-CSF.

Table 1 also lists several of the human—-mouse hybrids in
order of progressive replacement of the N-terminal residues
of mGM-CSF with hGM-CSF-specific sequences (hm 7, hm
9, hm 3). As shown, these hybrid proteins stimulated murine
marrow progenitor cells unless residues between Arg-40 and
Asp-48 are replaced with human sequence (hm 3). This
suggests that these residues are critical for the function of

Table 1. Functional activity of human-murine hybrid proteins

Activity, units/ml

Medium Human Murine
hGM 11,900 = 200 0
mGM 0 14,000 = 2600
hm 1 4,100 = 600 0
hm 6 45 + 4 0
hm 2 0 0
hm 7 0 11,900 = 1700
hm 9 0 2,400 = 400
hm 3 0 0
hm 8 0 230+ 0
hm 10 0 27+ 3
hm 12 s+ 2 0
hm 16 0 0
hm 19 10,100 = 3000 0

Human-murine hybrids are listed in order of increasing replace-
ment of the C-terminal residues of hGM-CSF with murine-specific
residues. Culture medium conditioned for 3 days by COS cells
transfected with each hm hybrid expression vector was assayed by
serial dilution in human and murine marrow colony-forming assays.
Fifty units of activity are defined by the dilution that produces
half-maximal colony formation from 10° marrow cells, compared to
saturating amounts of either h- or mGM-CSF. Values are the mean
+ SEM of three separate experiments.
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F1G.3. Western blot analysis of hybrid proteins. Ten microliters
of concentrated conditioned medium was size-fractionated by
NaDodSO,/polyacrylamide gel electrophoresis. Proteins were trans-
ferred to nitrocellulose and probed with a rabbit polyvalent antiserum
raised against recombinant hGM-CSF and with an 12I-labeled
anti-rabbit IgG antiserum. Molecular weight (M; X 10~3) markers are
at left.

mGM-CSF. Again, however, despite the presence of hybrid
protein as detected by Western blotting, hm 3 did not
stimulate human marrow progenitors, suggesting that resi-
dues beyond Asp-48 are important to the function of hGM-
CSF.

Additional mutants were analyzed by functional assays and
Western blotting to determine the specific activities of these
hybrid proteins relative to that of hGM-CSF or mGM-CSF.
Mutant 40Q contains the native sequence for hGM-CSF
except that Arg-40 has been replaced by glutamine. The
specific activity of the 40Q polypeptide was 25% that of
hGM-CSF (Fig. 4). To determine whether the same region is
important in the function of mGM-CSF, insertional muta-
genesis of this region of the mGM-CSF c¢cDNA was per-
formed. Mutant hm 8 contains a tripeptide inserted between
residues 39 and 40. This recombinant growth factor was ~2%
as active as mGM-CSF (Table 1). Taken together, these data
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hGM 60.0 = 2.0 24,000
40Q 9114 15,000
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FiG. 4. Relative specific activity of mutant 40Q. Ten microliters
of concentrated conditioned medium (CM) from COS cells tran-
siently expressing either native hGM-CSF or the mutant growth
factor 40Q were assayed for colony-stimulating activity (CSA) and
analyzed by Western blotting. (Left) Functional activity of the CM
was determined by serial dilution in human marrow colony-forming
assays, and the results represent the mean = SEM for four experi-
ments. (Right) The same volume of CM tested for functional activity
was size-fractionated by NaDodSO,/polyacrylamide gel electropho-
resis, transferred to nitrocellulose, probed with an anti-hGM-CSF
peptide (Glu-121 to Val-133; ref. 9) antiserum and then with an
125T.Jabeled goat anti-rabbit IgG antiserum. After autoradiography,
the regions containing immunoreactive protein were cut from the blot
for measurement of radioactivity (cpm in A). As an equal volume of
hGM CM contained 6.6-fold higher activity but only 1.6-fold higher
levels of immunoreactive protein than 40Q CM, hGM-CSF has a
specific activity 4-fold higher than that of the mutant.
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suggest that position 40, or residues in the immediate region,
are vital to the function of both h- and mGM-CSF.

Four additional mutants were developed to test the mini-
mum sequence requirements for species-specific function.
Hybrid hm 10 contains hGM-CSF sequence from Glu-38 to
Thr-56 in place of the corresponding murine residues. This
protein did not stimulate human or murine marrow progenitor
cells (Table 1). Hybrid hm 12, which contains human-specific
residues from Glu-38 through Leu-94, was a poor stimulator
of human marrow progenitor cells and was not a stimulator
of murine marrow progenitor cells. Hybrid hm 16, which
contains hGM-CSF-specific residues only between positions
87 and 111, had no human or murine colony-stimulating
activity. However, hybrid hm 19, which contains human-
specific sequence between Glu-38 and Thr-111, was a potent
stimulus for human progenitor cells. These results suggest
that residues from both the N-terminal half and the C-
terminal half of GM-CSF are necessary for the function of
GM-CSF.

Hybrid Protein Competition Assays. To test whether the
nonfunctional or poorly functional hybrid proteins hm 2, hm 3,
hm 8, hm 10, and hm 16 could compete with hGM-CSF or
mGM-CSF, concentrated COS cell supernatants containing
these hybrid proteins were tested for their ability to alter
colony formation induced by a half-maximally stimulating
amount of hGM-CSF or mGM-CSF. No competition could be
detected above that obtained with a culture supernatant of
sham-transfected cells (data not shown). In addition, only
those chimeric proteins that contain human GM-CSF-specific
sequence between residues Glu-38 and Thr-111 could displace
1251.]abeled hGM-CSF from its cell surface receptor on HL-60
cells (Table 2). These data suggest that both of the regions
identified by our functional analysis are required to form an
active receptor-binding domain.

DISCUSSION

Precise mapping of the residues critical to the function of
polypeptide hormones or cytokines should make it possible
to design peptide fragments or protein analogues that have
advantageous properties, such as increased potency, greater
selectivity within the spectrum of characteristic biologic
functions, or antagonism of growth-promoting activity. This
approach has been applied to the study of parathyroid
hormone (20), gonadotropin-releasing hormone (21), and
interleukin 1 (22).

On the basis of the failure of h- and mGM-CSF to
crossreact in assays of progenitor-cell proliferation, a strat-
egy was developed to investigate the region(s) of each
molecule required for function as a hematopoietic growth
factor. Toward this end, a series of human-mouse hybrid
GM-CSF molecules were produced and characterized.

Functional analysis of C-terminally hybrid proteins pro-
vided evidence that residues from Thr-95 to Thr-111 are

Table 2. HL-60 GM-CSF receptor competition assay

Competitor % competition Competitor % competition
Sham 0 hm 6 7+ 3
hGM 64 +3 hm 7 2+ 2
mGM 0 hm 9 10+ 7
hm 1 56 + 4 hm 10 6+ 3
hm 2 3+3 hm 16 0
hm 3 44 hm 19 62 + 15

Cumulative results of HL-60 GM-CSF receptor competition as-
says. Results represent the mean + SEM of four separate experi-
ments expressed as the % competition for binding of 12°I-labeled
hGM-CSF to HL-60 cells by a 100-fold excess of hm chimeric
protein. Sham represents concentrated conditioned medium from
COS cells transfected with an irrelevant expression vector.
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critical to the function of GM-CSF. Recently, the disulfide
structure of hGM-CSF was predicted by its homology to
interleukin 2 (23). The region between residues 95 and 111
was predicted to lie in a disulfide-stabilized loop structure.
This finding could explain the observation that reduction of
GM-CSF eliminates all biological activity (24).

Analysis of a set of N-terminally hybrid proteins suggested
that residues between Glu-38 and Asp-48 are critical to the
function of GM-CSF. This hypothesis was further tested by
analyzing two additional mutants: 40Q, identical to hGM-
CSF except for a single amino acid substitution (Arg — GlIn)
at position 40, and hm 8, identical to mGM-CSF except for a
tripeptide insertion between residues 39 and 40. These
modifications moderately to severely reduced the activity of
the resultant growth factors. These experlments confirmed
the importance of the residues in this region to the function
of h- and mGM-CSF.

Final confirmation of the essential character of these two
regions for progenitor cell function came from the construc-
tion of hybrids that contained either or both of the two regions
essential for GM-CSF function. Only the hybrid molecule
that contained hGM-CSF-specific residues between posi-
tions 38 and 48 and between positions 95 and 111 stimulated
proliferation of human marrow progenitor cells.

Finally, a number of the hybrid molecules were used to
compete with the native human and murine growth factors for
progenitor . cell proliferation and binding to the GM-CSF
receptor. Overall, these experiments demonstrated that only
hybrids containing hGM-CSF sequence from Glu-38 to Thr-
111 could compete with the native molecule for binding to the
cell surface receptor, suggesting that both the N-terminal and
the C-terminal region identified by the functional analysis of
hybrid proteins are critical for the binding of GM-CSF to its
cell surface receptor.

Recently, the complete chemical synthesis of hGM-CSF
and several truncated polypeptides was accomplished by
Clark-Lewis et al. (23). Although the specific activities of
these polypeptides were lower than that of native hGM-CSF
by a factor of 70 to 90,000, these studies provided evidence
that residues in both the N-terminal and the C-terminal half
of the molecule are required for function. Using polypeptide
fragments, these investigators found that deletion of residues
between Glu-31 and Ile-36 reduced the act1v1ty ‘of the poly-
peptide by a factor of 15. This analysis is similar to our
comparison between chimeras hm 7 and hm 9, where a similar
alteration reduced mGM-CSF activity by a factor of =S5.
However, Clark-Lewis et al. suggested that residues 33-35
(positions 16-18 of the mature polypeptide) are critical for
biological activity. In contrast, our analysis suggests that
residues C-terminal to this position may be critical for the
function of hGM-CSF. Comparison of hm 9 to hm 3 suggests
that alteration of residues between positions 40 and 48 lead to
the complete elimination of mGM-CSF actjvity. Further-
more, hybrid hm 19, in which human residues from the N
terminus of the protein to residue 37 have been replaced by
murine-specific sequence, is fully active.

The use of chimeric molecules to define residues critical to
the function of biologically active substances has proven
useful for the analysis of other important cytokines. The
receptor-binding domain of interferon a has been determined
by a similar approach (25). Three amino acid residues were
considered critical for interferon-receptor binding (26). All
three of these residues were found to reside on the same face
of an a-helix.

The active sites of a number of polypeptide hormones have
been defined in terms of receptor binding or enzyme activa-
tion (27, 28). In many instances, the active-site region has
characteristics of an amphiphilic a-helix (29). By the algo-
rithm of Novotny and Auffrey (30), the three-dimensional
structures of h- and mGM-CSF are predicted to have strong
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FiG. 5. Schematic model of hGM-CSF. The polypeptide struc-
ture of hGM-CSF is represented from the mature N-terminal residue
(Ala-18) to the C terminus of the protein. Two of the regions
predicted to be a-helical (30) are represented, and the regions
identified by functional analysis to be critical to the biologic activity
of GM-CSF are shaded. The two disulfide bonds (-S-S-) present in
GM-CSF are shown, as is the acidic N-linked carbohydrate (stippled)
present on Asn-44 and Asn-54. The hydrophilic face of the am-
phiphilic helix is shown. The relative positions of the two critical
regions cannot be assigned with certainty.

tendencies to form a-helices in the regions between positions
34 and 67 and between positions 93 and 104. When analyzed
by the methods of Kaiser and Kezdy (29), GM-CSF displays
characteristics of an amphiphilic helix between Asn-34 and
Asp-55, one of the two regions predicted to be involved in
binding to the GM-CSF receptor. Fig. 5 depicts some of the
tertiary structure suggested by these findings. As shown, the
region of receptor binding identified by functional studies is
also suggested to be a potential site for interaction with cell
surface structures, by virtue of its amphiphilicity.
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