
Automated Chemical Synthesis of a Protein 
Growth Factor for Hemopoietic Cells, 

Interleukin-3 

Interleukin-3 (IL-3), a protein of 140 amino acids, was 
chemically synthesized by means of an automated peptide 
synthesizer and was shown to have the biological activities 
attributed to native IL-3. Assays of synthetic analogues 
established that an amino terminal fragment has detect- 
able IL-3 activity, but that the stable tertiary structure of 
the complete molecule was required for full activity. The 
results demonstrate that automated peptide synthesis can 
be applied to the study of the structure and function of 
proteins. 

A T LYMPHOCYTE-DERIVED LYMPHOKINE WITH POTENT 

growth-promoting activity for multiple hemopoietic cell 
lineages has recently been characterized (1-3). The murine 

lvm~hokine is active in several assavs and as a result has been 
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variously termed persisting cell-stimulating factor, mast cell growth 
factor, burst-promoting activity, hemopoietic cell growth factor and 
multi colony-stimulating factor (4). This factor has become more 
widely termed interleukin-3 (IL-3) (3,5). It is thought to play a key 
role in the regulation of hemopoiesis by the immune system, and a 
role in the oncogenesis of hemopoietic cells has been proposed (6). 
Thus there is great interest in this glycoprotein and the structural 
basis and mechanisms of its activities. Recent characterization of 
isolated complementary DNA (cDNA) clones (1) has shown that 
IL-3 is encoded as a precursor of 166 amino acids. Amino terminal 
protein sequence analysis indicates that the mature protein has either 
134 (3) or 140 (2) amino acids. However, lack of availability of 
purified IL-3 has hindered furthe; structural analysis and questions 
concerning the relation between IL-3 structure and function have 
not yet been addressed. For example, does the deduced sequence 
code for a molecule with all the activities of IL-3; are the carbohv- 
drate moieties necessary for activity; does the amino terminal 
heterogeneity have any functional significance; do fragments of the 
molecule possess any of the biological activities of the intact protein; 
which cysteines are involved in disulfide bridges and what role do 
they play in stabilizing the active folded structure of the protein; and 
how does IL-3 interact with its cell surface receptor? 

In order to address these questions it is necessary to systematically 
vary the primary structure of IL-3 and assay the effects of these 
changes on biological function. In the past, there have been several 
approaches to the study of protein structure-function relations. (i) 
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Protein structure can be modified by chemical reagents (7). (ii) 
Gene structure can be modified. for exam~le. b; site-directed 
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mutagenesis and the resulting altered protein produced in appropri- 
ate expression systems (8). (iii) Modified proteins can be produced 
by total or partial chemical synthesis of the peptide chain. The first 
method is not adequate because of the limited types of changes that 
are possible and the lack of specificity of those changes, and the 
second is not alwavs adeauate because of the time-consuming: nature 
of the methods k d  the :act that expression and purificatiok of the 
altered product is not always straightforward. The third method has 
been applied only in a very limited number of cases, usually by 
linking synthetic peptides with natural protein fragments (9). 

In this article we show that automated chemical synthesis can be a 
practical approach to structure-function studies of a protein. Our 
strategy takes advantage of recent improvements in thechemistry of 
solid-phase peptide synthesis together with the development of a 
fully automated peptide synthesizer. We have chemically synthesized 
the entire IL-3 -molecule of 140 amino acids from the sequence 
predicted by translation of the corresponding cDNA clones and 
amino terminal protein sequence data (1,2). The synthetic IL-3 had 
the spectrum of biological activities attributed to the native mole- 
cule. We also synthesized a number of IL-3 analogues, and compari- 
son of their activities suggests that important structure-function 
correlations can be determined with the peptide synthesis approach 
and that, in particular, the integrity of a stable tertiary structure is 
crucial for IL-3 function. 

Chemical synthesis of IL-3. The primary structure of IL-3 
deduced from the cDNA nucleotide sequence (1) and amino 
terminal protein sequence analysis of purified native IL-3 (2) is 
shown i n - ~ i ~ .  1A. The protected peptihe was assembled by solid- 
phase synthesis (10) on a cross-linked polystyrene support starting 
from the carboxyl terminal residue and adding amino acids in a 
stepwise fashion &ti1 the entire 140-residue chah had been formed. 
The synthesis was performed on a fully automated peptide synthe- 
sizer (Applied Biosystems 430A) ( l l ) ,  by means of chemical 
methods that incorporate cumulative improvements in the technolo- 
gy of chain assembly on the solid phase (12). 

For the successful stepwise synthesis of long peptide chains (such 
as IL-3) it is important that each amino acid be added with close to 
100 percent efficiency. Key to the high yield of our synthesis was the 
elimination of side reactions that occur with standard chemical 
methods (13) by the use of resins free of undesirable functional 
groups and stable to the conditions of chain assembly (14). Difficul- 
ties can occur in stepwise synthesis because of the aggregating 
properties of some sequences of protected amino acids (15). The 
effects of this were minimized by keeping the peptide chain solvated 
in dimethylformamide during the neutralization and amino acid 
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coupling steps (11). The amino acids were coupled as the highly 
reactive symmetric anhydrides (16), automatically formed irnmedi- 
ately prior to use. A substitution of about 1 rnrnol of reactive groups 
per gram of resin was used to minimize volumes and achieve high 
concentrations of reactants. This strategy gave high yields with short 
(less than 30 minutes) reaction times (17). 

In preliminary experiments we found a small increase in efficiency 
of amino acid addition (average 0.3 percent) when a second 
coupling was performed. Because of the cumulative effect of this 
increase in yield over the 140 residues of IL-3, this double coupling 
protocol was used rouunely. Na-t-butyloxycarbonyl (tBoc)-amino 
acids were used with appropriate side chain-protecting groups 
stable to the conditions of chain assembly but labile to strong acids 
(18). Both the amino acids and all the reagents and solvents used 
were of high purity to minimze side reactions (19). After assembly 
of the protected peptide chain, the protecting groups were removed 
and the peptide-resin anchoring bond was cleaved by the use of low 
and then high concentrations of anhydrous hydrogen fluoride in the 
presence of a thioether scavenger (20). Disulfide bridges were 
formed by means of the glutathione-oxidized glutathione protein 
refolding method (21). After refolding, no free thiols were detected 
with the Ellman assay (22). Three separate total syntheses of IL-3 
were carried out with similar results. In each case, about 500 mg of 
the refolded product was obtained within 12 days of initiation of the 
chain assembly. 

Chemical characterization of synthetic IL-3. The synthetic 
product was characterized by a number of highly discriminating 
complementary chemical and analytical techniques. First, the fidelity 

of the chain assembly was assessed by quantitative ninhydrin 
monitoring of each amino acid coupling (23). This assay determined 
the level of residual a-amino groups after each cycle during the 
synthesis as measure of the coupling efficiency at each step. In 
addition, the overall efficiency of the chain assembly was rigorously 
assessed by quantitative sequence analysis of the protected peptide 
chain while still bound to the resin (24). This method quanufies the 
cumulative efficiency of both removal of the N*-protecting group 
and the extent of the amino acid coupling at each cycle of the 
synthesis from the degree of premature appearance, "preview," of 
amino acid derivatives during successive cycles of the Edman 
degradation (24). The quantitative sequence data for the synthesis of 
IL-3 are summarized in Table 1. Cumulative levels of preview were 
determined from sequencing runs on four intermediate samples of 
peptide-resin covering the 140-amino acid chain. Of the synthe- 
sized molecules 41 percent had the target sequence, corresponding 
to an average synthetic yield of 99.4 percent per amino acid residue. 
The remaining 59 percent is a mixture of closely related molecules, 
consisting primarily of peptides with a single internal amino acid 
missing. 

After cleavage and deprotection, the synthetic IL-3 was first 
characterized by amino acid analysis which gave the expected 
composition. The primary structure of the refolded synthetic IL-3 
was hrther analyzed by tryptic peptide mapping (Fig. 2A). After 
separation by reverse phase high-performance liquid chromatogra- 
phy (HPLC) tryptic peptides were identified by their amino acid 
compositions. Every fragment could be accounted for as a tryptic 
cleavage product of the target sequence (Fig. 2A). Automated 
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Fig. 1. (A) The amino acid sequence predicted for IL-3. The amino acid 
sequence was that deduced by translation of the nucleotide sequences of 
cDNA clones derived from WEHI-3B and T-cell messenger RNA (1). The 
nudeotide sequence for the T cell-derived cDNA indicated an alanine at 
position 120, whereas the sequence of the IL-3 gene (28) and WEHI-3B 
cDNA indicated a threonine at this position. The sequence with Thr120 was 
synthesized. The amino terminus of the mature protein (designated number 
1) was established by amino ac~d sequence analysis of purified IL-3 (2). (B) 
Diagram of the fragments of IL-3 that were synthesized. The regions 
corresponding to the five exons of the IL-3 gene are indicated by Roman 
numerals. The chemical syntheses were performed with a fully automated 
peptide synthesizer (Applied Biosystems model 430A). The synthesizer can 
be reprogrammed (11) and allows the user to define the synthetic chemistry 
for each amino acid. We used t-butyloxycarbonyl (tBoc)-N*-protected 
amino acids that were coupled sequentially to tBoc-cysteine-OCH2-phenyla- 
cetoamidomethyl-(polystyrene resin) (14) (Applied Biosystems). The load- 
ing of the starting resin was 1.0 mmol per gram of polystyrene. IL-3(1-79) 
was synthesized with the use of 4-methylbenzhydrylarnine-polystyrene resin 
(14) (United States Biochemicals) with 0.45 rnmol of primary amine per 
gram of polystyrene. After complete assembly of the protected peptide chain 
(35), the peptide-resin was reacted twice with 5 percent thiophenol in DMF 
for 20 minutes each time to remove the DNP group from the histidine. The 

N"-tBoc group was removed with 65 percent trifluoroacetic acid (TFA), and 
the resin was neutralized, dried, and cleaved and deprotected by the "low- 
high" hydrogen fluoride method of Tam et al. (20). The cleaved deprotected 
peptide was precipitated and washed with ethyl acetate, then dissolved in 5 
percent acetic acid and lyophilized. The crude peptide (50 mg) was treated 
with 2M 2-mercaptoethanol in 6M guanidine-HCl, 0 . 0 W  tris acetate, pH 
8.0, at 37°C for 1 hour to remove residual DNP groups and exchanged into 
0.1M acetic acid on Sephadex G-25. The peptide was then refolded by the 
glutathione-oxidized glutathione method (21) except that 2M guanidine- 
HCI was added to enhance solubilitv. After acidification. concentration, and 
dialysis at 4°C. the refolded peptide ;.as Iyophilized and used without further 
uurification. The initial scale of svnthesis was 0.5 mmol. Samules of ueutide- 
;esin were automatically removed after tach cycle for docu&ntati& bf the 
synthesis (see below). In addition, at several points, larger samples of 
peptide-resin were removed to provide intermediates for further studies. The 
final recovery was 2.2 g of peptide-resin. Deprotectlon and cleavage of a 
500-mg sample gave 280 mg of crude product corresponding to 106 mg of 
protein, as determined by hydrolysis and amino acid analysis. The recovery 
after refolding of 50-mg samples of crude product was about 75 percent, 
indicating an overall total yield of crude refolded IL-3 of 470 mg (35 percent 
of theoretical). 
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Table 1. Quantitative sequence analysis of synthetic IL3. Edman degradation of refolded synthetic IL-3 gave the expected 
NHt-terminal seauence of amino acids. Moreover. there was no 

Sampled Preview Pre- Yield (%) 
at at 

residue residue 
cyda 

Correct Average (No.) 
('1 chains+ per step* 

96 139 43 15.5 84.5 99.6 
56 95 39 14.8 85.2 99.6 
27 57 30 17.4 82.6 99.4 
1 29 28 33.9 66.1 98.5 

background of a&o acids that would result from rkdom internal 
cleavage of the peptide chain during synthesis or deprotection. Our 
results show that the crude product, while clearly not homogeneous, 
contains a high proportion of molecules with the primary structure 
of IL-3. 

The refolded synthetic material had an apparent molecular mass 
(MI) of 16,000 by sodium aodecyl sulfate gradient-polyacrylamide 
gel electrophoresis (SDS-PAGE) under reducing and nonreducing 
conditions (Fig. 2B) which was consistent with the MI of 15,834 
calculated from the IL-3 sequence (Fig. 1). Under nonreducing 
conditions the refolded synthetic IL-3 appeared as a doublet (Fig. 
2B, lane 2, arrows). However, only the slower moving band is 

Overall yields 41.0 99.4 

*Pe tide resins were sam led at the indicated ( h t  column) sition in the IL-3(140) 
s y n k i ( s e e  Fig. 1) misubjected to automated &an Xgradation on a gas-phase 
miaoscquencer (39). The derivatized amino acids were analyzed by HPLC (40). The 
premature appearance ( review) of the amino acids indicated in the second column was 
calculated as the ratio oFthe peak height of amino acid N at cycle N- 1 to the sum of the 
peak height of amino acid N at cycle N-1 and the peak height of amino addN at cycle N. 
N is the amino acid for which review was king determined. The peak heights were 
corrected for ba +$he yield of correctly assembled chain over the number 
of cycles indica39?! third column was calculated as (100 - review). *The 
average y i e l d r  step was calculated as (percent y i e l d l l ~ ) l "  x f00 where n is the 
number of cy es over which review was determined (third column). §The yield of 
the complete 140 amino aciJchain on the resin was calculated from the average y~elds 
per step as follows: 

(99.6/100)45 x (99.6/100)39 x (99.4/100)27 x (98.5/100)26 

present when the chemically oxidized material was separated under 
similar conditions (Fig. 2B, lane 4). The faster moving b a d  
probably corresponds to more compact refolded forms of IL-3. The 
absence of sign&cant amounts of Ggh molecular weight material in 
the nonreducing gel of the refolded protein indicates that extensive 
polymerization did not occur during the chemical synthesis or 
refolding. In addition, the absence of low molecular weight material 
in the reduced gel of crude. unrefolded IL-3 demonstrates the 

The two couplings which were not included in the preview data, that is, GIu')~ and Ile9' 
were assumed to have coupled with the same dciency as the average from 96 to 138. 
Data from quantitative ninhydrin monitoring were consistent with this assumption. 

absence of sign&ant termination of the peptide chain during the 
synthesis (Fig. 2B, lane 5). The refolded fragment 1 to 79 was also 
examined by SDS-PAGE under nonreducing conditions (Fig. 2B, 
lane 7). The results indicate an apparent MI of 9000, which is 
consistent with its theoretical MI of 8948. As with the IL-3 (1- 
140), a major band with the expected MI of the monomer was seen. 
The other analogues that were synthesized (see below) were also 
characterized by sequence analysis, amino acid analysis, tryptic 
peptide mapping, and SDS-PAGE with similar results. Evaluated 
together, these data indicate that the synthetic products contain a 
high proportion of molecules with the correct chemical structure 
and with the expected physicochemical properties. 

Biological activities of synthetic IL-3. When added to IL-3- 
dependent cell lines, for example WlW.12 (a mast cell line) (Fig. 
3A) or R6XE4, a bipotential mast cell-megakqocyte line, the 
synthetic material stimulated cell growth in a concentration-depen- 
dent manner. The dose-response was characteristic of native IL-3 

Fig. 2. Characterization of synthetic IL-3 and analogues. (A) Reverse phase 
high-performance liquid chromatography (HPLC) profile of a tryptic digest 
of synthetic IL-3. IL-3(1 mg) was dissolved in 150 4 of 8A4 urea and diluted 
to 1 ml in a sodium bicarbonate buffer,pH 8.0. Trypsin (20 pg) was added, 
and the mixture was incubated at 37°C for 2 hours. The digested sample was 
reduced with dithiothreitol and analyzed on a Vydac 5-pm C18 silica 
column equilibrated in 0.1 percent tduoroacetic acid in water. The 
fragments were eluted with a linear gradient to 36 Ercent acetonitrile, 0.1 
percent tduoroacetic acid in water during a 60 ininute period. The peaks 
were collycted, hydrolyzed in 6N HCI at 110°C for 24 hours, and the amino 
acid composition was determined by reverse phase ~ P L C  of the DABS-CI 
(dimethylaminoazobenzenesulfoxyl chloride) derivakd amino acids (36). 
ALI the peaks collected were identified as fragments predicted from the target 
sequence (Fig. 1). They were : a, 1 to 6; b, 46 to 48; c, 136 to 140; d, 50 to 
54; e, 49 to 54; f, 123 to 134; g, 35 to 43; h, 68 to 71; i, 55 to 67; j, 123 to 
140; k, 97 to 103; 1,97 to 102; m, 28 to 34; n, 14 to 22; o, 55 to 71; p, 28 
to 43; q, 23 to 34; r, 23 to 43; s, 77 to 96; t, 108 to 135; u, 107 to 122. (B) 
Sodium dodecyl sulfate gradient gel electrophoresis of unpurified, refolded, 
unreduced synthetic IL-3 (lane 2); unpurified, refolded material which had 
been treated with performic acid to oxidize the cysteines and thus blosk 
disulfide formation (lane 4); reduced, crude material which had not been 
refolded (lane 5) and unreduced, refolded IL-3(1-79) fragment (lane 7). 
The 12.5 to 20 percent polyacrylamide gradient gel was established with the 
use of the Laemmli buffer system (37). The molecular weight of standard 
proteins (lanes 1, 3, and 6) in kilodaltons is indicated. The standards were: 
94 kD, phosphorylase B; 67 kD, bovine serum albumin; 43 kD, ovalbumin, 
30 kD, carbonic anhydrase; 21 kD, soya bean trypsin inhibitor; 14 kD, 
lysozyme; and 7 kD, insulin. 

etention t 
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with a maximal response followed by a logarithmic reduction in 
[3H]thymidine incorporation with decreasing concentrations of the 
factor. The maximal thymidine incorporation was similar to that 
induced by WEHI-3B conditioned medium, a natural source of IL- 
3, tested as a positive control (Fig. 3A). The synthetic IL-3 was also 
tested for several other biological activities that have been attributed 
to native IL-3. Thus, the synthetic IL-3 also supported the growth 
of bone marrow cells including cells capable of giving rise to 
macroscopic colonies of erythroid and myeloid cells in the spleens of 
irradiated mice (Fig. 4 4 .  In addition, it induced the Thy-1 antigen 
on cultured bone marrow cells (Fig. 4A). The synthetic material also 
stimulated the growth of colonies of cells containing granulocytes, 
macrophages, and, in about 30 percent of cases, megakaryocytes 
from single bone marrow progenitor cells (Figs. 4B and 5). The 
concentration of synthetic material required for a 50 percent of 
maximum response in these assays was higher than that required in 
the IL-34ependent cell line assay, an observation consistent with 
previous findings with purified natural IL-3 (25). Synthetic IL-3 
also promoted the growth of cultured lines of cells that structurally 
and functionally resembled in vivo mast cells (26). Taken together 

Syn IL-3 (nglml)(+ ( m / m l )  

5 1.25 0.31 0.08 0.02 

CM Percent by volume 

Syn IL-3 (nglml) 

Fig. 3. Biological activity of synthetic IL-3 and various analogues. (A) 
Synthetic IL-3(1-140) (-) and a control preparation of tenfold concen- 
trated WEHI-3 conditioned medium (CM) ( a ) .  (B) Synthetic IL-3(1-79) 
(+) and IL-3(80-140) (-A-). (C) Synthetic IL-3(7-140) ( a )  and I G  
3(1-140) (+). (D) Synthetic IL-3(18-140) (-A-), IL-3(17-140) ( a ) ,  
and IL-.3(1-140) (+). The results shown in panels A, C, and D are from 
separate IL-3 syntheses. The fragments shown in panels C and D are 
intermediates in the IL-3(1-140) synthesis indicated in that panel. The 
closed triangles in panels B, C, and D indicate the maximal activity obtained 
with WEHI-3 conditioned medium, a source of IL-3. The lyophilized 
refolded synthetic peptides were dissolved in 2M guanidine-HCl and 
desalted on a Sephadex G-25 column equilibrated in phosphate-buffered 
saline. The weights were calculated from the molarity of the final preparation 
as determined by acid hydrolysis of the protein and amino acid analysis. The 
IL-3 activity was assayed with the IL-3-dependent cell line w1W.12 as 
described (2), except that 2 x lo3 cells per 10 p1 of culture were used and the 
cells were treated with [3H]thymidine after 40 hours. 

Synthetic IL-3 (J.wlml) 

Fig. 4. Multiple biological activities of synthetic IL-3. (A) The effect of 
synthetic IL-3 (1 to 140) on stimulation of the growth of bone marrow cells 
in liquid culture ( a ) ,  the maintenance of splenic colony-forming units 
(CFUs) in cultures of bone marrow cells (-), and the induction of the Thy 
1 antigen on bone marrow cells (-A-). (B) stimulation by the synthetic 
material of the growth of colonies from bone marrow cells cultured in agar. 
These assays were carried out as described (38). At the highest concentra- 
tions of IL-3(1-140), 30 percent of the colonies contained megakaryocytes 
as identitied by the presence of acetylcholinesterase (6). 

these data show that this synthetic product has the multiple activities 
attributed to IL-3 (2, 3, 6, 27). 

Crude refolded synthetic IL-3 had a specific activity of 9 n g / d  
(50 percent maximal response in the assay measuring the growth of 
IL-3-dependent cell lines) (Fig. 3A). The specific activity of this 
material could be increased by further purification as indicated by 
the reverse phase HPLC gradient analysis shown in Fig. 6. A single 
sharp peak of IL-3 activity was obtained at an acetonitrile concema- 
tion of 35 percent. However, the profile of ultraviolet absorbance 
was broade; with material having low activity eluting later than the 
peak of IL-3 activity. Previous experience suggested that some of 
this late-eluting material results from shortcomings of the cleavage 
and side ~hainde~rotection steps (20) and probably in part repre- 
sents incompletely deprotected or chemically damaged products. 
The specific activity of the fraction containing the most activity 
(fraction 39 in Fig. 6) was 700 pglml, as determined by the IL-3 
assay and amino acid analysis. Highly purified preparations of native 
IL-3 have reported specific activities ranging from 4 pgtrnl (2) to 
200 p g / d  (3) in the same assay, reflecting difficulties in the 
estimation of the specific activity of purified natural factor, as 
discussed previously (2). Thus, the synthetic IL-3 may be 0.5 
percent to 30 percent as active as the native IL-3. Additional 

Fig. 5. Photomicrographs of (left) a cytocentrifuged preparation of cells 
from liquid cultures of bone marrow cells cultured with IL-3(1-140) (15 
pgtrnl) from the experiment in Fig. 4A, stained With May-Grunwald Giemsa 
and showing immature myeloid cells, macrophages, granulocytes, and 
megakaryocytes; (right) macroscopic colonies derived from single bone 
marrow cells cultured in agar with IL-3 (15 pgtrnl) from the experiment in 
Fig. 4B. 
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purification could probably be achieved to eliminate the remaining 
difference. This is supported by preliminary studies that indicate the 
presence of improperly refolded molecules in the partially purified 
material. Other possible explanations for these differences in specific 
activities include increased susceptibility to degradation of the 
synthetic IL-3 in the bioassay either due to incorrect refolding or the 
absence of carbohydrate side chains. 

Functional analysis of IL-3 analogues. The chemical synthesis 
of IL-3 allowed us to undertake a series of structure-function 
studies. The high activity of the crude synthetic product together 
with the sensitivity of the IL-3 assay made it possible to detect 
activity in analogues with lo5  times less potency than the synthetic 
materd corresponding to the predicted h i n o  acid sequence of IL- 
3. 

In one series of experiments we synthesized a number of relatively 
short peptides from the IL-3 sequence to attempt to identify an 
activefragment. The fragments &d analogues of IL-3 that were 
synthesized are shown diagrammatically in Fig. 1B. These included 
the following regions initially chosen for preparing antipeptide 
antibodies: 1 to 29, 1 to 17, 64 to 82, 91  to 112. and 123 to 140. 
Because for some proteins functional domains are encoded by gene 
exons, we also synthesized the sequences corresponding to the five 
exons of the IL-3 gene (28), that is: 1 to 29,30 to 43,44 to 76, 77 
to 89, and 90 to 140. None of these nine fragments showed 
detectable activity nor did they inhibit IL-3 activity when added in 
larger molar excess to 1 ~ - 3 d k ~ e n d e n t  cells. 

We then divided the IL-3 sequence into two parts, 1 to 79 and 80 
to 140, each containing two cysteine residues, to test the possibility 
that pairing of cysl7 with ~~s~~ and ~ y s "  with ~ y s ' ~ ~  may form 
two domains in the native molecule, one of which is responsible for 

Fraction number 
Fig. 6. Reverse phase HPLC of synthetic IL-3. The refolded synthetic 
material (5 mg) was dissolved in 150 pl of 5 percent acetic acid and loaded 
on to a Vydac C4 5-pm column equilibrated in 0.1 percent TFA in water. A 
gradient to 60 percent acetonitrile and 0.1 percent TFA was applied over 60 
minutes at a flow rate of 0.7 mllmin. Fractions were collected at 1-minute 
intervals and samples were diluted 1000-fold in culture medium and titrated 
in the IL-3 assay. Units of IL-3 were calculated as described (2 ) .  Samples of 
each fraction were diluted in water to determine the absorbance at 214 mrn. 

the functional activity. As shown in Fig. 3B, IL-3(80-140) had no 
detectable activity, although the same material extended to the full 
length molecule by addition of the 79 NH2-terminal amino acids 
had the expected high activity (see Fig. 3A). In contrast, IL-3(1-79) 
stimulated the growth of IL-3-dependent cells, although the con- 
centration required for half maximal activity was at least lo4 times 
higher than that required for the the complete molecule (compare 
Fig. 3A with Fig. 3B). This result suggests that a 1 to 79 fragment 
of IL-3 contains sufficient structural information to stimulate 
growth of IL-3dependent cells. The low activity compared to the 
full length material indicates that stimulation by the fragment is 
inefficient, but the reason for this remains to be determined. 

Following our results with the 1 to 79 fragment, we examined 
more closely the importance of the amino-terminal region of the 
molecule for biological activity. One initial question related to the 
functional significance of the two forms of IL-3 isolated from 
WEHI-3 cells which differed in their NH2-terminal amino acid 
sequence: the IL-3(1-140) form isolated by Clark-Lewis et d. (2) as 
P-cell-stimulating factor and the shorter, 7 to 140, form isolated as 
IL-3 by Ihle et d. (3). Comparison of synthetic peptides corre- 
sponding to the 1 to 140 and 7 to 140 forms indicated that there 
was no significant difference in the IL-3 activity of the two forms in 
stimulating the growth of mast cells (Fig. 3C). Furthermore, both 
molecules showed the full range of biological activities (compare 
with Fig. 4). Clearly, IL-3 activity is not dependent on the NH2- 
terminal seven residues. However. the first 29 amino acids did 
appear to incorporate structures important for biological activity as 
preliminary experiments showed that a synthetic peptide corre- 
sponding to residues 30 to 140 was inactive. This peptide is missing 
the cysteine at position 17, which could potentially be important in 
stabilizing the tertiary structure of IL-3. To test the importance of 
this cysteine we synthesized, in a single experiment, peptides 
corresponding to 18 to 140, 17  to 140, and the entire 1 to 140 
sequence by sampling the peptide-resin at the appropriate steps. 
After cleavage and deprotection, all three products were refolded 
and assayed. The 18 to 140 peptide lacked detectable activity up to a 
concentration of 4 ~ g / m l  (Fig. 3D). In fact, further assays indicated 
that pe tide 18 to 140 was inactive up to a concentration of 200 kg/ P ml, 10 times higher than the concentration at which synthetic IL- 
3(1-140) had detectable activity. In contrast the 17 to 140 peptide 
had high activity, about one-third that of the 1 to 140 peptide, 
which served as a positive control. These results show that the 
cysteine at residue 17 is essential for IL-3 activity and suggest that it 
may be involved in a critical disulfide bond. Experiments with 
analogues where pairs of cysteines have been replaced by alanine 
residues support this conclusion. In addition, the results show that 
residues 7 to 16 are required for maximal biological activity. 

Potential for structure-function studies. Our results with 
chemically synthesized IL-3 and several analogues allow us to draw 
some important conclusions regarding the relation between IL-3 
struaure and function. We have directly demonstrated that the 
amino acid sequence predicted from the cDNA corresponding to 
IL-3 does indeed specify a molecule with IL-3 activity. Because the 
source of the synthetic IL-3 is nonbiological, it rules out the 
possibility that one or more different molecules, or differently 
processed products of the same gene, are responsible for the 
multiple biological activities attributed to IL-3. We have also shown 
directly that, as suggested earlier (29), glycosylation (or indeed 
other possible post-translational modification) is not essential for 
IL-3 function. Experiments with fragments have shown that while 
the complete IL-3 molecule is required for maximal activity, an 
amino terminal fragment (1  to 79) was sufficient to stimulate 
growth of IL-3dependent cell lines. Furthermore, we have shown 
that a disulfide bond incorporating the cysteine at position 17  is 
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essential for IL-3 activity, that the difference of six amino acid 
residues between the two isolated forms of IL-3 (2, 3) does not 

\ ,  , 

affect the biological activities, and that residues 7 to 16 are required 
for maximal biological activity. These results form a basis for further 
studies aimed at determining the structural requirements for the 
functional activity of this lymphokine. 

Our data were obtained with a new technology that incorporates 
recent improvements in solid-phase chemistry and fill automation 
of the synthetic process (11). There have been a number of 
successful total chemical syntheses and structure-function studies of 
peptides up to about 50 amino acids in length, such as insulin (30), 
transforming growth factor alpha (31), and epidermal growth factor 
(32). Relatively few larger peptides or proteins have been synthe- 
sized with high biological activity. While these chemical syntheses of 
longer molecules were major achievements (33), the methods used 
did not lend themselves readily to structure-function or other 
studies, and, in particular, they were highly specialized and time- 
consuming. In contrast, the methods we have used in the synthesis 
of IL-3 are rapid, fully automated, and readily available. This 
approach has some clear advantages for the study of protein 
structure and function relationships. (i) The chemistry is applicable 
to a wide range of peptides and is independent of peptide chain 
length (34). (ii) Relatively large amounts of a peptide or protein of 
known composition can be produced in a matter of days in yields 
and purity that allow direct functional analysis. (iii) Appropriate 
sampling of synthetic intermediates allows multiple variants of a 
given sequence to be made in a relatively short period of time. (iv) 
Because the synthetic process is fully automated, reproducibility can 
be achieved in multiple syntheses, thus allowing meanin@ com- 
parisons between different analogues. (v) Variants containing non- 
naturally occurring amino acids can be synthesized. 

The successful synthesis of IL-3 suggests that automated peptide 
synthesis could be applied to the study of other large peptides and 
proteins. For example, the approach described here may be extended 
to other lymphokines and hemopoietic regulatory factors, the 
protein moieties of which are about the same size as IL-3 (6). In 
addition, functional domains of larger proteins are typically 100 to 
200 amino acids in length, and it may be possible to study these 
domains in vitro, provided that suitable functional assays are 
available. Syntheses of proteins by the methods described here, in 
combination with additional purification techniques, may allow 
further characterization of the structural basis of biological activity 
by, for example, analysis of the three-dimensional structure of 
crystallized synthetic products. The successful application of this 
approach will lead to new insights into protein structure and 
biological functions. 
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