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Diabetes was a deadly disease up to the first few decades of
the twentieth century. Since the discovery of the pancreatic
peptide hormone insulin in 1922 by Banting and Best from
experiments on the canine pancreas and of its outstanding
pharmacology in the treatment of diabetes with bovine
pancreas extracts,[1] this larger peptide/miniprotein has been
in the focus of medicinal, chemical, structural, immunological,
biological and biotechnological research. These studies gave
rise to a phenomenal number of milestones in the life
sciences.[2] Despite all the advances insulin research has seen
over the last century, this polypeptide is still a persisting
challenge for further developments of novel insulin-based
medicines with breakthrough efficacy, safety, and patient
compliance.

Only one year after its discovery, an industrial insulin
preparation based on bovine and porcine pancreas extracts
was marketed by Hoechst in 1923 as a first treatment for
human diabetes. The quality of this insulin preparation
experienced continuous improvements in terms of purity
and reproducibility, resulting in the first crystalline zinc
complex of insulin in 1936 as a longer-acting drug. Due to the
dramatic setback in the production of insulin during World
War II and the slow and difficult post-war recovery, it was the
disclosure of its primary structure by Sanger and co-workers
in 1955[3] that paved the way towards the synthetic access of
this molecule as additional or alternative source of the
indispensable drug for the ever increasing number of insulin-
dependent diabetes patients. In this context, the successful
total synthesis of oxytocin and vasopressin by Du Vigneaud
and co-workers in 1954[4] and the cysteine chemistry devel-
oped for this purpose was encouraging and promising.

The human insulin molecule comprises two peptide
strands, a 21 amino acid A chain containing an intramolecular
disulfide bridge, which is further linked by two interchain
disulfide bonds to a 30 amino acid B chain (Figure 1).[3] Based

on early experiments focusing on the recovery of insulin
activity from naturally sourced A and B chains under oxida-
tive conditions,[5] first total syntheses of insulin were reported
across three continents in the early 1960s. The laboratories of
Zahn (Germany),[17a] Katsoyannis (USA),[17b] and the Shang-
hai Insulin Research Group (China)[17c] utilized the oxidative
assembly of synthetic A and B chains to produce native
insulin, but at disappointingly low yields. This low-yield
recovery of the native disulfide isomer defined the largest
obstacle to insulin total syntheses by the two-chain approach.
Although the method took advantage of S-sulfonate chain
intermediates and of subsequent refinement of the mixed
SSO3H/SH combination strategy,[6] its limitations severely
affected even the application in academic structure–function
studies that are fundamental for improvements of the
pharmacological performance of this molecule.

With the emergence of decisive advances in peptide
chemistry in terms of orthogonal protection strategies,
coupling procedures, and particularly of the thiol chemistry
for synthesis of cystine-rich peptides both in solution and on
solid supports, a successful bypass to the problematic A- and
B-chain recombination method was realized. A regioselective
disulfide pairing strategy was elaborated by Sieber and
associates at Ciba-Geigy (Switzerland)[18a] on the basis of a
stepwise assembly of fragments with concomitant inter- and
intrachain disulfide formation. This synthetic route even
allowed access to non-native disulfide isomers of insulin,

Figure 1. Conversion of native and non-native proinsulins into insulin.
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which confirmed the importance of the native cystine
connectivities for a properly folded, bioactive hormone.
Finally, in the early 1990s, regioselective disulfide pairings
between the fully synthetic A and B chain were achieved by
Kiso and co-workers (Japan) by applying pairwise orthogonal
thiol protection groups that led to the stepwise installation of
the inter-/intrachain disulfide bonds for production of the
native insulin isomer.[18b] Although both of these synthetic
routes generated insulin at maximized purity of the final
product, the yield of the total synthesis remained unsatis-
factory. The low overall yields and the time and manpower
demand of such syntheses, whilst brilliant from an academic
point of view, is still the major obstacle to the development of
insulin analogues in the quantities required for full biochem-
ical, biological, and pharmacological analysis.

A feasible bypass to this bottleneck was expected from the
knowledge gained on the biosynthesis of insulin and its
biotechnological production by recombinant DNA technolo-
gies over the last few decades.[2a,c] The ribosomal synthesis of
insulin occurs in pancreatic b cells as a single-chain pre-
proinsulin consisting of a signal peptide located N-terminal to
the B chain, which is connected via the C peptide to the
N terminus of the A chain (Figure 1). Following the enzy-
matic removal of the signal peptide in the endoplasmatic
reticulum, the B-C-A proinsulin folds with assistance of the
competent folding enzyme catalysts, and the mature two-
chain insulin is then produced by the action of prohormone
convertases.[7a] Oxidative folding of the proinsulin into the
native disulfide isomer proceeds with high efficiency (up to
80%) even in vitro, and its conversion to mature insulin can
be achieved with trypsin and carboxypeptidase B (Fig-
ure 1).[7b] Inspired by the X-ray structure of insulin[8] that
shows a spatial proximity of the N terminus of the A chain to
the C terminus of the B chain, early cross-linking experiments
of the two strands between the Ne-LysB29 and Na-GlyA1 were
performed with cleavable and non-cleavable bifunctional
reagents to produce single-chain proinsulin mimics.[9] The
high-yield recovery of the native insulin disulfide bonds
clearly revealed that the C peptide merely acts as a tether of
the two chains rather than to direct the oxidative folding
process. Such simple tethering role of the C peptide was
further substantiated by replacement of the large native
connecting sequence with nonnative mini C peptides opti-
mized in terms of oxidative folding yields of the linear
precursors produced by secretory expression in S. cerevisiae
and their subsequent conversion into mature insulin (Fig-
ure 1).[2c] Remarkably, even “inverted” proinsulin was found
to fold correctly in high yield with the advantage of being
significantly more active than the practically inactive proin-
sulin molecule (Figure 1).[10]

Although biotechnological approaches based on proinsu-
lin and various optimized miniproinsulins serve nowadays for
the commercial production of insulin in E. coli and S. cer-
evisiae, respectively,[2a,c] such linear peptidic precursors have
found only sporadic application in the chemical synthesis of
insulin because of the solubility problems that have been
encountered. These could only be bypassed, for example, by
N-terminal extensions with solubilizing sequences.[11] How-
ever, the resulting increased size of the precursors raises

severe limitations to yields of highly purified precursors as
required for efficient folding and enzymatic conversion
processes. First attempts to resolve this peptide size compli-
cation were explored by Kent and Sohma[12] by utilizing a
biomimetic design of mini-proinsulins assembled by oxime
ligation from synthetic A- and B-chain derivatives containing
the two peptidic extensions at selected positions with suitable
reactive groups to cross-link Na-GlyA1 with Ne-LysB28 or Na-
PheB1 and alternatively Ca-ThrB30 with Na-GlyA1. Only the
latter classical proinsulin-like tethering led to the correct
oxidative A- and B-chain assembly and upon subsequent
enzymatic excision to the insulin molecule in satisfactory
yields.

The insulin variant containing an inverted ProB28-LysB29

sequence, that is, Lys-Pro, was found to exhibit a significantly
decreased aggregation tendency and rapid pharmacokinet-
ics.[13] Because of these beneficial properties, the
LysB28,ProB29-insulin became the first commercially registered
insulin analogue as active ingredient of Humalog (Eli Lilly &
Co).[2a] As shown in Figure 2, the close proximity of the side-
chain b-hydroxy group of ThrB30 and g-carboxy group of GluA4

in the X-ray structure of LysB28,ProB29-insulin[14] inspired Kent

and co-workers to explore an ester linkage between the A-
and B-chain to produce a new single-chain insulin precursor
completely lacking a peptidic or nonpeptidic C-peptide-like
tether.[15] Moreover, it had been well-established that the
solubility of peptides with high aggregation propensities
benefit significantly from incorporation of depsipeptide
bonds.[16] Thus, by taking advantage of this property of ester
bonds in peptides and of the chemistry developed for such
purposes as well as of advanced chemical ligation methods,
the single-chain side-chain branched peptide shown in Fig-
ure 3 was readily assembled without solubility problems,
despite its significant size. In accordance with the underlying
design principle applied by Kent and co-workers, it contains
the depsipeptide unit between the C terminus of the B chain
and the side-chain carboxy group of GluA4. Most surprisingly,
oxidative folding into the correct insulin disulfide topology
proceeded in yields comparable to those of proinsulin, and
the last chemical saponification step with sodium hydroxide

Figure 2. Left: X-ray structure of LysB28,ProB29-insulin (PDB code:
1LPH) with the side chains of GluA4 and ThrB30 depicted in the ribbon
presentation of both chains. Right: Detailed picture of the C-terminal
region of the B chain adjacent to the N-terminal region of the A chain,
showing the close proximity of GluA4 and ThrB30 side chains.
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occurred without significant side reactions, leading to the two-
chain target insulin molecule in high yields and high purity. It
is to be expected that even this last step could benefit from
less drastic saponification procedures than the applied
alkaline hydrolysis.

With this synthetic route of Kent and co-workers, a
journey over several decades towards efficient total syntheses
of insulin may have reached its final stage. Indeed, it offers a
more facile and efficient synthetic access to insulin analogues
with the unlimited diversity of non-natural amino acid
residues. Such analogues may possibly allow increasing the
potency of insulin-based life-saving medicines, to extend the
time of action as well as to control it using prodrugs, and to
enhance the bioavailability of this peptidic drug.
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Figure 3. Conversion of the synthetic branched peptide precursor into
LysB28,ProB29-insulin.
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