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Abstract. A 355 base pair DNA sequence coding for human preproinsulin has been assembled
by joining 55 synthetic deoxyoligonucleotide fragments prepared by the modified phosphotriester methodology. Proinsulin was expressed under lac promoter control and
truncated β -galactosidase 590 amino acid long sequence. The fused β-galactosidase proinsulin
protein was produced in amount to 30 % of the total Escherichia coli proteins. It was also
expressed in Μ13 bacteriophage and yeast system.
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Introduction
Since the discovery of insulin in 1922 by Banting and Best, many millions of lives have
been saved. The therapeutic approach to diabetes has rapidly progressed over wide
areas of basic chemical and biological science, Advances during the last decade have
resulted in the maturation of rapid methodology of DNA synthesis, sophistication in
recombinant DNA techniques and rapid DNA sequence method. It seems safer to
predict that during eighties large-scale and economical synthesis of important proteins,
e.g. insulin, human growth, interferons and vaccines, etc. directed by genes will be
possible. Since 1973 our laboratory has been actively involved in the development of
modified phosphotriester methodology of oligonucleotide synthesis and their application in refining recombinant DNA technology such as use of linkers, adaptors,
retrieval adaptor, primers for DNA sequence and DNA probing. In this paper we wish
to review our work towards the total synthesis of 355 b.p. DNA sequence coding for
human preproinsulin and studies on its expression in Escherichia coli and yeasts.
The chemistry of insulin
The gene for preproinsulin is transcribed in the islet cells of the endocrine pancreas into
a messenger RNA (mRNA) precursor, which is then spliced to produce mature mRNA.
This mRNA is translated into preproinsulin, which is sequentially processed into
proinsulin and finally into insulin. The general structure of a preproinsulin molecule is
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NH2-preregion-(B chain)-C chain A chain-COOH. The first process is the proteolytic
elimination of the preregion which serves as a hydrophobic signal for the transport of
the nascent chain through the microsomal membranes of the endoplasmic reticulum. In
proinsulin the two regions of the polypeptide chain of mature insulin, the Β and A
chains, are connected by a middle peptide, the C peptide, flanked by two pairs of basic
amino acids, Arg Arg and lys-Arg, figure 1. In the last stage of maturation, proteolytic
enzymes cleave of the basic amino acids to release C peptide and form mature insulin
where Β chain 30 amino acids and A chain 21 amino acids are joined by two disulphide
cross-linkages.

Figure 1. Amino acids sequence of human proinsulin.

The structure of human preproinsulin genes
Preproinsulin gene of the human has been isolated from the chromosomal DNA
library using homologous or heterologous cloned cDNA. The coding region of the
corresponding mRNA including the initiation and termination codons consists of 333
nucleotides. Seventeen nucleotides upstream from the AUG initiator, the segment
corresponding to the 5'-noncoding region of the mRNA, is interrupted by an intron of
179 b.p. long. A second large intron of 786 b.p. occurs between the sixth and seventh
amino acid of C peptide.
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Rationale for DNA Synthesis
Among the several possible ways in which an eukaryotic gene can be obtained and
expressed in prokaryotes, chemical synthesis offers the following advantages: (i) it
gives directly the exact desired sequence, the coding sequence and the non-coding
sequences can be designed at will for prokaryotic expression, restriction sites can be
removed or built in, introns deleted; (ii) it bypasses the often difficult step of isolating
the relevant mRNA or genomic DNA; and (iii) it simplifies the modification of the gene
and its product protein by lengthening or shortening the coding region, or by changing
specific codons and the corresponding amino acids.
The human proinsulin DNA sequence assembled in our laboratory was derived from
the amino acid sequence (Oyer et al., 1971) by using the genetic code, and guided by the
rat proinsulin DNA sequence (Ullrich et al., 1977) (figure 2). The human proinsulin
shares 95 %, 90 % and 71 % amino acid sequence homology for the A, B, and C chain,
respectively, with the rat proinsulin. Wherever the amino acid sequence is the same
between the two species, the rat proinsulin nucleotide codon was chosen for the
synthetic human proinsulin coding sequence. In addition, we also synthesized a
modified pre-sequence of human proinsulin (Goeddel et al., 1980). The present
sequence contains four substitutions at positions 2-alanine replaced with glycine, 5methionine with isoleucine, 11-leucine with isoleucine and 15-alanine with isoleucine.
These changes were introduced to increase restriction sites, such as four Sau3A and two
BamHI sites in the codon region which will allow further modification of the pre
sequence for detailed study. Moreover, these substitutions at four different positions do
not alter the hydrophobic property of the pre sequence.
Chemical synthesis
The fundamental objective in oligonucleotide synthesis is the formation of an ester
linkage between an activated phosphoric acid function of one nucleotide with the
hydroxyl group of another nucleoside/nucleotide, thus ultimately forming the natural
phosphodiester bridge between the 5'-OH of one nucleoside unit and the 3'-OH of the
next. To achieve these ends, the nucleic acid chemist must devise (i) selective
blocking/deblocking procedures for a primary, and a secondary OH (or two in
ribonucleosides), a primary amino group and often two of the three dissociable groups
of phosphate. In addition he must be cognizant of the variable labilities of certain
purines and pyrimidines and their glycosidic bonds plus the variable reactivities of
mono-, di- and trisubstituted phosphate. All protecting groups must be removed
without causing chain cleavages and with minimal formation of side products. The
required product must be separated from these almost identical impurities and
methods devised to prove unambiguously the structure.
Until 1974, all of the oligonucleotides of biological significance were synthesized
chemically by the phosphodiester method as pioneered by Gilham and Khorana (1958)
However, there were inherent difficulties in this method such as low yields with
increasing chain length caused by unprotected internucleotidic phosphodiester linkages and time-consuming purification procedures.
A possible solution to some of these problems (water solubility, ion exchange
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chromatography and lower yields) inherent in the phosphodiester approach would
accrue if the third dissociation of phosphate was marked, thus creating a neutral
organic molecule amenable to the more standard manipulations of organic chemistry.
The basic principle of the triester method is to mask each internucleotidic
phosphodiester function by a suitable protecting group during the course of building a
defined sequence. After completing synthesis, all the protecting groups are removed at
the final step to give a deoxyoligonucleotide containing each internucleotidic 3'→ 5'
phosphodiester linkage. The main advantages of this method include the opportunity
for large-scale (50–75 g) synthesis, significantly shorter time periods especially in the
purification steps and high yields using almost stoichiometric amounts of reactants.
This is probably due to the absence of any endo-P-O- groups in the oligonucleotide
chain thus avoiding chain scission and pyrophosphate formation.
The triester method as originally reported (Letsinger and Mahadevan, 1965; Reese
and Saffhill, 1968; Eckstein and Risk, 1969) involved the phosphorylation of the
3'-OH group of a 5'-protected nucleoside with a substituted phosphate followed by
subsequent condensation with a primary 5'-OH of a second nucleoside. This is
essentially a one-pot procedure. However, it was observed that owing to incomplete
phosphorylation in the first state, subsequent coupling with 5'-protected nucleoside led
to a complicated reaction mixture including the so-called 3'-3' and 5'-5' coupled
products. Since these mixtures could not be completely resolved on conventional silica
gel columns, the advantages of large-scale synthesis and high yield of product were
somewhat nullified.
Modified phosphotriester approach
To overcome this difficulty the one-pot synthetic approach which includes phosphorylation and coupling steps was modified to a two-step sequential procedure (Narang et
al.,1979). The basic feature of this approach is to start the synthesis of an
oligonucleotide from a totally protected mononucleotide containing a fully masked 3'phosphotriester group (figure 3). Since the resulting intermediate oligonucleotides
contain a fully masked 3'-phosphate, the necessity for a phosphorylation step at each
condensation stage is eliminated thus simplifying the approach.
Such a starting material was prepared by treating 5'-dimethoxytrityl N-acyl
deoxymononucleoside with p-chlorophenyl phosphoryl ditriazolides followed by
cyanoethylation reaction. The fully protected monomer is easily purified and permits
chain elongation from either end. At each coupling step the β-cyanoethyl group was
removed selectively on treatment with triethylamine-anhydrous pyridine or
diisopropylamine-anhydrous pyridine. Under these conditions all the other base labile
(N-acyl and p-chlorophenyl) protecting groups were intact. In practice, longer-sized
chains are built by block additions starting from the dinucleotide unit. After each cycle
the desired fully protected product can be purified on a short column, medium and high
pressure techniques, reversed phase technique on RP-2 and a simple but very effective
chromatography on deactivated silica gel with an aqueous solvent system such as
acetone-water ethyl acetate. The complete deblocking was done first by acid treatment,
followed by concentrated ammonia, and the desired product was purified by
preparative electrophoresis on 15 % acrylamide. Each of the fragments was checked for
its base sequence by the mobility method (Tu and Wu, 1979).

744

Narang

Figure 3. Modified phosphotriester method.

Enzymatic assembly
Synthesis of double-stranded DNA
Once the short segments comprising the DNA sequence of both the strands are
synthesized, the next task is aligning them in proper order and linking them covalently
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by DNA ligase enzyme. A minimum of four overlapping nucleotide pairs are required
on each side of the junction to provide sufficient template interaction for the joining of
deoxyribooligonucleotides with DNA ligase enzyme.
An alternative to this approach is the synthesis of a partial strand (upper and lower)
by DNA ligase reaction. The resulting single strands are purified by gel electrophoresis
under denaturing conditions. Since the 3'-end of the upper strand is complementary to
the 3'-end of the lower strand by an overlapping stretch of nucleotide, a partial duplex is
formed. With the single strand region as template the remainder of the duplex was
enzymatically synthesized with Avian Myeloblastosis virus reverse transcriptase and
the four deoxynucleoside triphosphates to yield a complete duplex DNA. Using the
approach a 63 bases long duplex for human insulin gene A was synthesized and
confirmed by its DNA sequence method.
Building the B- and C-chain assemblies and its cloning
The subassemblies each containing either 4 to 6 chemically synthesized fragments, were
assembled in the conventional manner (Brown et al., 1979) using T4 DNA ligase. To
insure purity of the finished subassemblies, each ligation was performed using only 3
fragments at a time, the 2 to be ligated and the complementary fragment aligning them.
The ligated oligonucleotide in the reaction mixture was then separated on a denaturing
polyacrylamide gel. This made identification of the desired product unambiguous, since
only one band of high molecular weight ligation product could be expected on any
given gel. Although time consuming, we feel such a procedure ensures the accuracy in
the enzymatic synthesis of a long fragment.
After both strands of a subassembly had been completed, they were annealed
together by slow cooling from 95°C to room temperature in 0·5 Μ Tris HCl buffer, pH
7·5. The three resulting double-stranded subassemblies of B-chain were then ligated in a
single step while the three of C-chain were ligated in 2 steps.
The phosphorylated BC-chain DNA was then ligated to the EcoRI-BamHI large
fragment of plasmid pWJ3, which contains the 3986 bp long EcoRI-BamHI fragment of
pBR322 and a 1776 bp long EcoRI-BamHI fragment of yeast DNA. The BamHI and
Sau3Al sites have identical cohesive ends and thus can be ligated. The ligation mixture
was used to transform competent E. coli HB101 cells. The resulting 83 transformants
were screened with a [32P]-labelled B-chain probe made from subassembly SB-1. Three
strongly hybridizing colonies were picked for further study. After restriction enzyme
digestion, two of these, clones 43 and 68, were found to show the proper size insert:
190 bp by EcoRI and BamHI double digestion, and 230 bp by EcoRI and HhaI double
digestion. DNA sequence analysis showed that clone 43 gave the expected sequence, but
the GC on position 22 in clone 68 was mutated to an A-T bp possibly during the plasmid
replication.
Building the insulin Α-chain coding sequence from synthetic oligodeoxynucleotides
Figure 4 illustrates the general scheme for enzymatic conversion of these segments into
a 63-nucleotide duplex encoding the human insulin A-chain (structure C). In the first
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step, 5'–phosphorylated fragments A-1, A-2 and A-3 were ligated together using
fragments A-7 and A-4, complementary to the sequence surrounding the 2 junction
points, to provide the duplex structure necessary for ligation. Oligomers A-4, A-5 and
A-6 were joined in a similar manner. The resulting 43- and 36- nucleotide-long single
strands were purified by gel electrophoresis under denaturing conditions, and they were
annealed to form a partial duplex (structure B). With the single-stranded regions used
as templates the remainder of the duplex was enzymatically synthesized with Avian
Myeloblastosis virus reverse transcriptase and the 4 deoxynucleoside triphosphates
(Scarpulla et al., 1982). Fragment A-6 was not phosphorylated so that the EcoRI start
adaptor shown in figure 5 (line C) would most efficiently ligate to its correct position at
the 5'-end of the gene. After purification of the start signal ligation product, the free 5'OH was phosphorylated and the BamHI stop signal adaptor ligated to the right-hand
end of the duplex.
The completed insulin A-chain gene with the start and stop signals was cleaved with
EcoRI and BamHI to give the required sticky ends (structure F) and the fragment was
cloned into the plasmic vector pBR322 and used to transform E. coli strain M94 (B.
Bachmann, Ε. coli Genetic Stock Center). From an estimated 0·2 pmol aliquot of
synthetic A-chain gene, 114 transformants were isolated. Colony hybridization using a
specific [32P] -labelled probe generated from repair synthesis of the Α-chain 36-mer
template with fragment A-8 acting as primer, revealed that 22 of 114 tetracyclinesensitive transformants contained insulin sequences. The result of sequence analysis of
one of these clones, designated pSIA12 (SIA: synthetic insulin A-chain gene) establishes
the correct sequence of the cloned human insulin A-chain gene expected from the
synthetic scheme.

Use of a chemically synthesized Mbo II retrieval adaptor to regenerate the blunt-ended
insulin Α-chain duplex
To use pSIA12 as a source of insulin X-chain for future work adjoining it to a synthetic
insulin C-chain gene, it was of interest to regenerate the 5'-end of the cloned 63nucleotide coding duplex. After EcoRI cleavage, eight nucleotides contributed by the
start adaptor needed to be removed. This was accomplished by a new method using a
symmetrical adaptor having an MboII recognition sequence at its end. The scheme,
outlined in figure 5, for removal of the desired number of nucleotides relies on the fact
that cleavage with MboII occurs eight nucleotides downstream from its recognition
site, 5'–GAAGA. After filling in the cohesive end of the EcoRI site using reverse
transcriptase, the MboII adaptor is ligated to the resulting blunt end (structure B).
Subsequent digestion with MboII removes all but a single protruding 3'–nucleotide
(structure D). This was removed by the 3'-exonuclease and the exchange reaction
catalyzed by the large fragment of DNA polymerase I. After treatment with DNA
polymerase I (large fragment) and dCTP, the blunt end of the fragment was ready for
ligation to chemically synthesized complementary C-chain oligomers, C-8 and C-17,
which end in a 5'– protruding (GATC) MboI (or Sau3AI) recognition sequence. The
modified insulin A-chain gene was cloned into the BamHI site of pBR322 to give
pSIA34.

748

Narang

Figure 5. Scheme for generating the blunt-ended human insulin A-chain duplex free of
extraneous nucleotides using a synthetic MboII retrieval adaptor.

Ligation of Α-chain DNA to BC-chain DNA in a plasmid
The insulin A-chain assembly was retrieved from the pSIA34 plasmid (Scarpulla et al.,
1982) by digestion with Sau3AI. Next, plasmid 43 with BC-chain DNA was cut with
BamHI and ligated to the Sau3AI site of the retrieved A-chain DNA (figure 6). Since the
latter has identical sticky ends and could insert in either of two orientations and since
plasmid 43 could also close back without inserting the A-chain DNA, we used two types
of hybridization to screen for the desired transformants. First, we screened 300
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Figure 6. Scheme for joining BC-chain DNA to A-chain DNA in a plasmid.

transformants (picked at random) with a labelled oligonucleotide fragment from the Achain assembly, fragment C-8, to find those colonies where the plasmids has
incorporated A-chain DNA. In this step, 35 transformants were found to hybridize at
12°C in 50 % formamide and 5 × SSC. To find out which of these colonies had inserted
the A-chain DNA in the proper orientation relative to BC-chain DNA, we constructed a
30-base long orientation probe corresponding to fragments C-17, C-16 and a part of C15. Under the appropriate hybridization conditions, this probe is expected to bind only
to those colonies where fragments C-7 of structure I and C-8 of structure II were both
present and continuous. Indeed, of 35 colonies shown to contain A-chain DNA by
hybridization to C-8 alone, 16 also hybridized to this orientation probe under more
stringent conditions (23°C, 50% formamide, 5 × SSC). Of these 16 colonies, 6
contained a single insert of the appropriate size (277 bp) as shown by EcoRI –BamHI
digestion of the plasmid.
Sequencing of the chemically synthesized and cloned proinsulin coding DNA
To characterize the final product, it was sequenced by three different methods. Using
the chemical method, the major portion of the BCA-chain DNA was sequenced in both
strands and the sequences were found to be complementary as expected. The sequence
of nucleotides 40–220 was also confirmed by using the exonuclease III method
(Brousseau et al., 1982).
Synthesis of pre DNA sequence and its joining to BCA proinsulin
The 72-bp pre sequence flanked by EcoRI termini was assembled by stepwise joining of
twelve synthetic fragments (LI to L12) in the presence of non-radioactive complementary strand using T4-DNA ligase. This was then joined to EcoRI-digested plasmid pSIBCA4 and the mixture was used to transfect competent cells. Two positive clones were
identified by colony hybridization and were recloned in M 13mp8 (Georges et al., 1984).
B–12
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Site-specific mutagenesis
Since we intended to study the expression of preproinsulin in various systems besides
Μ 13 it was desirable to remove the EcoRI site between pre region and proinsulin. It was
achieved by site-specific mutagenesis deleting an ATT triplet using a synthetic 19-mer
primer. Selection of the clones by colony hybridization at various temperatures up to
58°C gave two positive clones, one with a deletion of the AAT triplet from the
sequencing strand. This was also confirmed by sizing the EcoRI-HindIII fragment
containing the complete sequence of preproinsulin DNA on a 4 % Polyacrylamide gel.

Expression studies
In Ε. coli bacteria
The application of recombinant DNA techniques has resulted in the cloning of human
genes which can direct the synthesis of large amounts of valuable proteins in
microorganisms. Lower molecular weight proteins such as somatostatin, insulin and
proinsulin produced in E. coli were rapidly degraded unless these proteins were fused to
a large E. coli enzyme. One commonly used E. coli system for making in vivo fusion
protein with the small proteins of interest is the lac system which includes the coding
sequence of the first 1007 amino acids of β-galactosidase.
The amino acid sequence of E. coli β-galactosidase and the DNA sequence of the βgalactosidase gene have been reported. Since the lac system is well defined it is most
suitable for further molecular manipulations to improve the system for more efficient
expression of foreign proteins. For example, it is of interest to construct several families
of plasmids that code for stable truncated β-galactosidase, and to determine the
minimum length of a truncated β-galactosidase that can produce a stable fusion
protein. For the production of the largest amount of a particular protein, the shorter
the truncated β-galactosidase in the fused protein the higher the percentage of the
desired protein can be obtained.
We have constructed various expression vectors containing truncated βgalactosidase gene as leaders for expression of a foreign protein in E. coli. Poly-linker
sequence containing convenient restriction sites has been fused in all three reading
frames at the carboxyl termini of the shortened lacZ sequences. For studying
expression in this system we have used a synthetic human proinsulin gene, and found
that up to 30% of the E. coli protein is represented by the 590 amino-acid-long
truncated β-galactosidase fused to the 86-long proinsulin.
The amount of β-galactosidase fused to proinsulin synthesized in E. coli was first
estimated by gel electrophoresis. The E. coli cells carrying plasmids pSI-1007b,
pWR590-BCA4, and pWR450-BCA4 were cultured for 8 h or overnight (18 h). The cells
were collected and lysed. Figure 7 presents the separation ofthe fused polypeptides on a
10 % polyacrylamide gel. Samples were prepared by 6-fold dilution of the guanidineHC1 extracts with buffer containing phenylmethylsulfonyl fluoride, the precipitated
water-insoluble proteins were washed, dissolved in a sodium dodecyl sulphatecontaining sample buffer and electrophoresed. It can be seen that strains harbouring
Plasmids pWR450-BCA4, pWR590-BCA4 and pSI-1007b produced large amounts of
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fused polypeptide, not found in the wild-type strain of E. coli (figure 8) by electron
microscopy. The molecular weights of these fusion polypeptide products are 59 KDal,
70 KDal and 100 KDal, respectively, and they agree well with those predicted from the
DNA sequences (figure 8) (Guo Li-He et al., 1984).

Figure 7. Gel pattern of β-galactosidase-proinsulin fused proteins synthesized in E. coli.
A. pSI-1007b; B. pWR590–BCA4; C. pWR450–BCA4; D. Control E. coli strain 5346.
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Figure 8. An electron micrograph of the E. coli transformed to produce fused proinsulin
protein (× 40,000).
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Radioimmunoassay for proinsulin synthesized in E. coli
β-Galactosidase-proinsulin fused protein synthesized in E. coli cells carrying plasmids
pSI-1007b, pWR590-BCA4 or pWR450-BCA4 was measured as human C-peptide
using radio-immunoassay. In general, the anti-C antibody recognizes the C-chain of
proinsulin at an efficiency of approximately 10 %, as compared to the isolated C-chain.
A correction factor of 10 was applied to the data given in table 1.
Table 1. Expression of proinsulin in E. coli 5346. The synthetic
human proinsulin gene was cloned into the following plasmids containing different lengths of the β -galactosidase coding sequence.

Table 1 gives the levels of proinsulin expressed per mg of total cell protein. In the
logarithmic phase of growth, both IPTG-induced and non-induced E. coli cells
synthesize β -galactosidase-proinsulin fusion polypeptides, however, the levels of this
synthesis are higher in induced cultures. When the cultures reached stationary phase the
levels of expression were significantly greater, indicating accumulation of the fused
proteins.
Data presented in table 1 indicate that the length of the leader has a significant
influence on the level of proinsulin expression. When no leader polypeptide, or when an
8 amino acid long leader is present, no proinsulin could be detected in E. coli (data not
shown). The presence of long leaders, consisting of 1007, 590 and 450 amino acids of β galactosidase in front of the proinsulin gene resulted in very high expression of fusion
proteins. Strain pWR590-BCA4 consistently produced more proinsulin per mg of total
E. coli protein than the others. If the correction factor we used in the quantitative
determination of the proinsulin produced in E. coli is correct, then 41.5 µg of proinsulin
produced in pWR590-BCA4 is equivalent to 326 µg of the fused β-galactosidaseproinsulin. In other words, 32 % of the total E. coli protein was the fused protein in this
experiment.
Release of proinsulin from the fusion polypeptides by CNBr cleavage: The synthetic
human proinsulin gene was constructed with a methionine codon immediately
preceding the first amino acid codon of the mature insulin B-chain. It was possible,
therefore, to release proinsulin from the fused polypeptides by cyanogen bromide
B—14
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cleavage at the methionine residue. The purified proinsulin was efficiently converted to
biologically active insulin by digestion with trypsin and carboxypeptidase Β (Kemmler
et al., 1971; Chan et al., 1981).
M13 Bacteriophage
In our present studies, we have also made use of small single-stranded DNA
bacteriophage M 13mp 8 vector for cloning, sequencing, site-specific mutagenesis and
expression studies of synthetic human preproinsulin gene. Μ13 vector already has a lac
promoter and several useful restriction sites in the β-galactosidase gene, and the
synthesis of the fused gene product is inducible. The main advantages of this vector are
(i) its high copy number of 200–300 molecules per bacterium, (ii) its suitability for sitespecific mutagenesis followed by dideoxy sequencing to identify the mutants, (iii) its
ability to produce reasonable levels of an eukaryotic protein such as interferon.
In order to simplify isolation and purification of a pure protein from genetically
engineered bacteria, we thought of attaching a short stretch of homopolypeptide
sequence before the pre sequence. For example, polycysteine, polyglutamine, polylysine, polytryptophane or polyleucine could change the physical property of the
desired product so that its isolation from the complex mixture of the cell protein may
become easier by affinity chromatography. In this connection we synthesized DNA of
25 bp length to introduce TGT codon of (cysteine)7 in one strand and CCA codon
(glutamine)7 on the opposite strand preceding the pre sequence. This affinity leader
sequence put preproinsulin gene in phase with the β -galactosidase AUG initiation
codon. In the case of (glutamine)7 leader, an expression was observed whereas with
seven cysteine leader the expression was undetectable. Whether this was due to rapid
degradation caused by the cysteine leader, interference of the cysteine with the
immunoassay system or some other reason will be investigated.
In yeast
The proinsulin gene has been cloned in yeast behind the ADH 1 promoter. Under these
conditions, however, although abundant transcripts were detected no proinsulin
protein was found even by the extremely sensitive C-chain radioimmunoassay. This
parallels a similar finding of good transcription of the gene for rat growth hormone in
yeast but no detectable protein. In the latter case the polyA mRNA was isolated and
translated in a reticulocyte in vitro system to yield authentic rat growth hormone. Two
possibilities are suggested for this absence of a product, one is that there is some barrier
to the translation of this mRNA in yeast, the other possibility is that the foreign protein
is rapidly degraded by yeast. To examine the latter possibility we fused the proinsulin
gene to the amino portion of the yeast galactokinase (GAL1). Previous work with E.
coli has shown that small proteins can be formed by fusing them with a β-galactosidase
protein leader. We found that a longer galactokinase leader (280 amino acids) gave a
better yield of proinsulin than a short (30 amino acids) leader (Stepien et al., 1983).
It would be preferable for production of proinsulin on an industrial scale to have the
proinsulin secreted and possibly also processed to insulin by yeast. Yeast has a typical
mammalian system for the secretion of proteins and the killer toxin of yeast undergoes
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an extensive series of processing events during its secretion. Our initial observations on
the expression of the preproinsulin gene in yeast is that when transcribed from the
ADH 1 promoter, in contrast to the proinsulin gene, we were able to detect both intraand extracellular proinsulin. Additionally it appears that the extracellular protein had
undergone at least one proteolytic cleavage.
Concluding remarks
The rapid synthesis of tailored-made gene, its cloning and expression in the living
system has become a powerful tool to program microorganisms to make proteins that
do not occur naturally in any organism. This approach of synthesis could provide a
wealth of new molecules when more is known about the relationship between the
architecture of proteins and their biological proteins. Ultimately this branch of science
may find its best application in solving basic problems such as health, food and energy
so essential to mankind.
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