Concise Synthetic Routes to Human Insulin
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We report a set of concise and efficient routes for the chemical synthesis of human insulin using a two- or three-step combination procedure that
employs Trt, Acm, and t-Bu cysteine protection schemes. Starting with resin-bound assembled A and B chains, human insulin can be obtained
within the span of a single work day in 5.4% overall yield based on the crude A or B chain.

Accessibility to desired molecules is always a key pre-
requisite to enable the validation of a biological hypothe-
sis, and efficient material generation methods can
potentially expedite this process. Current state of the art
solid-phase peptide synthesis techniques have greatly
advanced the ability to obtain most peptides of interest.
However, the construction of multiple disulfide bridges
within a peptide often remains challenging, mainly due to
the tedious procedures and associated poor yields.'?
Naturally occurring cysteine rich peptides are structurally
unique molecules with important bioactivities;>’ the
insulin super family® represents a special subclass that
can be distinguished by a characteristic two chain topol-
ogy. Insulin is the most important member in its super
family, which was identified in 1922 as a life saving
molecule.’ Despite nearly a century of investigation into
its biology and therapeutic applications, insulin research
remains a high priority, underscoring its indispensible
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rolein diabetes treatment.® Human insulin (HI, 1) consists
of two individual chains (A and B) that are connected by two
interchain disulfide bonds (A7—B7 and A20—B19). A third
intra-A chain disulfide bond (A6-A11) further stabilizes its
global conformation. Insulin was originally obtained by
extraction of bovine and porcine pancreatic glands; it has
also been made by semisynthesis, total chemical synthesis,
and recombinant expression.'® Currently, while all pharma-
ceutical insulin products are of recombinant origin, chemical
synthesis still remains of great interest in discovery applica-
tions where a large number of analogs are generally required.
For such a purpose, fast turnover times with reasonable yields
become elements of practicality. Several elegant examples of
insulin chemical synthesis have been reported, including
cysteine S-sulfonate mediated chain combination''™'* or
refolding'>~!” and directed disulfide bond formation.'® !
Considerable chemistry challenges have been overcome by
existing methodology;** however, optimization for synthetic
conciseness has been overlooked. Herein, we report a set of
concise and efficient synthetic routes to human insulin.
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Figure 1. Two-step combination protocol through (A7-B7)-dimer.
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Two key challenges need to be addressed in order to
improve upon existing methodologies: first, the hydrophobi-
city of the A-chain and, second, the pairing of three native
disulfide bonds.'® Although the highly hydrophobic A-chain
and A—B heterodimers (with one or two disulfide bonds) are
problematic for separation by RP-HPLC (reversed phase
high performance liquid chromatography),' the fully
formed HI 1 behaves well on preparative RP-columns.
Accordingly, we sought a one-pot procedure that would
require a single purification step to obtain the final
product 1. In so doing, we explored two- and three-step
disulfide bond construction protocols that utilized trityl
(Trt),*® acetamidomethyl (Acm),** and rerz-butyl (-Bu)®
cysteine protection schemes.

Two-Step Combination through (A7-B7) or (A20-B19)-
Dimers (Cys Protection Using 2 Trt and 4 Acm). A-chains
2, 5 and B-chains 3, 6 were assembled on PEG based or
PEG grafted resins (ChemMatrix or NovaPEG resin)
which were proven superior for the synthesis of a
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hydrophobic peptide.*®?” Initially, the B-chains were
cleaved from the resin first and then activated using
DTDP (2,2'-dithiodipyridine) in AcOH (acetic acid)/
isopropanol.'® However, these conditions were found to
be suboptimal due to the low solubility of the B-chain and
the slow conversion rate. In addition, two separate steps
were required for resin cleavage and cysteine activation.
We found that neat TFA (trifluoroacetic acid) proved to
be an excellent solvent allowing the DTDP activation to
be completed within 30 min. The activated peptide was
then precipitated using cold Et,O (diethyl ether), and
excess DTDP was easily removed by subsequent Et,O
washings. DTNP (2,2-dithiobis(5-nitropyridine))*® was
also evaluated in this context. Although both DTDP and
DTNP activated B-chains performed comparably in the
thiolysis combination step, the low solubility of DTNP in
Et,O made it less preferable since excess DTNP during
the B-chain activation could not be removed by Et,O
washings. In the final optimized procedure to obtain the
activated B-chain, the resin cleavage and cysteine activa-
tion were conducted simultaneously by treating with a
TFA/TIS (triisopropylsilane)/H,O/DTDP cocktail for
1.5 h.?° For both the (A7—B7) and (A20—B19)-dimer
mediated routes (Figures 1 and 2 respectively), conditions
for the thiolysis chain combination and the subsequent I,
(iodine) oxidation were identical. In each case, the crude
A-chain 2 or5 (1.0 equiv) and its paired B-chain3or 6 (1.0
equiv) were mixed in 8 M GnHCI, 0.1 M tris buffer (pH
8.8), and the thiolysis chain combination was completed
within 5 min as monitored by LC-MS. The resulting
solution was then diluted by a 5-fold volume of AcOH/
H,O (4:1), followed by oxidation with I, (50 equiv based
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Figure 2. Two-step combination protocol through (A20-B19)-dimer.

on A- or B-chain). This removed the four Acm groups and
simultaneously formed the remaining two disulfide bonds
in a process that was generally completed within 15 min.
More dilute solutions were also examined for the I,
oxidation, but these were found not to improve the yield.
The I, oxidation was quenched by the addition of ascor-
bic acid (1.0 M aq), and the resulting product was
subjected to RP-HPLC purification to provide HI 1.
Overall, the routes through the (A7-B7)-dimer 4 and the
(A20-B19)-dimer 7 were largely comparable, although it
appeared the former route provided a cleaner LC-MS
profile following I, oxidation. The native disulfide pattern
of synthetic 1 was unambiguously confirmed by endopro-
teinase Glu-C mapping, using authentic HI as a reference
standard (Supporting Information: Figures S4, S6 and
Table S1). Notably, the correctly folded HI elutes as the
earliest fraction by RP-HPLC, which considerably simpli-
fies purification. The early elution of native 1 can be
explained by the normally buried hydrophobic core resi-
dues of the native protein being exposed to some degree in
mis-folded isomers, leading to later elution on RP-HPLC.
Three-Step Combination (Cys Protections Using 2 Trt, 2
Acm, and 2 #-Bu). In the two-step combination proce-
dures, the formation of the last two disulfide bonds
during the I, oxidation did not proceed in a regioselective
manner, the HI corresponding mass signals (5808 with
four or five charges) were consistently detected in the
regions eluted just after the correctly folded 1 on the LC-
MS traces. These were assumed to be the mis-folded
isomers (Supporting Information Figures S1 and S2).
To achieve a more selective process, a stepwise disulfide
bond construction strategy was employed. To facilitate
an overall three-step sequential disulfide formation pro-
tocol, -Bu protection was selected for Cys6 and Cysl11 in
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A-chain 8 since 7-Bu is considered to be orthogonal to the
existing Trt and Acm groups. The B-chain 3 cleavage/
activation and subsequent thiolysis combination with the
A-chain 8 was conducted exactly as in the previously
discussed two-step combination procedure. However, it
was difficult to obtain a clear analytical RP-HPLC of
A-chain 8 presumably due to its higher hydrophobicity. A
partial purification or desalting of the (A7-B7)-dimer 9
was performed to facilitate solvent exchange in the sub-
sequent steps. The recovery of 9 from the preparative C4,
C8, and C18 RP-HPLC column was found to be extre-
mely low. RP-HPLC using a Cl phase was eventually
found to give an acceptable recovery. A Cl or cyano
solid-phase extraction catridge served the same purpose,
since desalting is the main objective of this step. The
lyophilized dimer 9 was dissolved in AcOH/H,O (95/5)
with 25 equiv of I,. This achieved Acm removal and
resulted in complete A20—B19 disulfide bond formation
within 15 min. The crude (A7-B7, A20-B19)-dimer 10 was
precipitated by adding cold Et,0, and the resulting solid
was briefly air-dried before redissolving in TFA with 5%
DMSO (45 min).*® This cleanly cleaved the #-Bu groups
and simultaneously formed the A6—A11 disulfide bridge
(Figure 3). Crude HI was precipitated by adding cold
Et,O and purified by RP-HPLC. The native disulfide
pattern of HI 1 prepared by this route was also confirmed by
Glu-C mapping (Supporting Information: Figures S4, S6
and Table S1). The silyl chloride—sulfoxide method*' was
also attempted in the final step. However, it was found to
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Figure 3. Three-step combination protocol.

degrade dimer 10 into the individual A and B chain, which
was presumably caused by disulfide bonds reshuffling.>
In summary, we report herein a set of concise and efficient
procedures for the total chemical synthesis of insulin. Start-
ing with the resin-bound assembled A and B chains, the
desired insulin can be obtained within the span of a single
work day in reasonable yield. The two- and three-step
combination protocols which we report are comparably
practical, although the three-step approach appears slightly
superior based on crude LC-MS profiles. The one-pot
concept described here for the synthesis of human insulin
could also be applied to other cysteine-rich peptides that do
not contain methionine and tryptophan in the sequence.
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