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ABSTRACT: An iodine-free synthetic route to insulin analogues has been
established via a directed disulfide bond formation strategy. This method is
completely compatible with oxidation-sensitive residues. The key step is
constructing the third disulfide bond via a novel procedure involving
phenylacetylaminomethyl group (Phacm), immobilized Penicillin G Acylase, and
Ellman’s reagent. We expect that this method could be broadly utilized for
synthesizing insulin-like and other cysteine-rich peptides, in particular, where

oxidation-sensitive residues are present in the sequence.
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Insulin, relaxin, and other members of the insulin superfamily
are biologically essential and structurally unique peptide
hormones.' They consist of two individual chains, A-chain and
B-chain, which are locked together by three disulfide bonds
including one intra-A chain and two interchain (Figure 1).
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Figure 1. Sequence of porcine insulin analogue 1 (red color highlights
the mutations).

Chemical synthesis of these peptides has been of long-standing
interest due to the needs from a SAR (structure—activity
relationship) perspective as well as the attractive nature of the
challenging chemistry itself.”> One of the main hurdles of these
syntheses is the efficient formation of three native disulfide
bonds. This has been achieved using two distinct strategies:
protein folding and directed disulfide bond formation. The
former approach relies on a thermodynamic process, which
restricts its applications to analogues with foldability similar to
or better than that of their native parents.® Conversely, the
latter approach utilizes orthogonal protecting groups for each
pair of cysteines, which permits unambiguous stepwise
formation of each distinct disulfide bond.*

The directed-disulfide-bond-forming strategy can theoret-
ically generate analogues with any possible mutation; therefore
it is more suitable for SAR studies, where structural diversity is
highly desired. However, in all reported existing routes using
this strategy, a harsh I, (iodine) oxidation step has been
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employed once or twice. Although this condition can
efficiently remove Acm (acetylaminomethyl) groups and
simultaneously form the corresponding disulfide bond, it may
also modify oxidation-sensitive residues, such as methionine,‘*h’5
tryptophan,® and tyrosine.**” In fact, all three of these residues
are frequently found in the native sequences of peptides from
the insulin superfamily."”® To avoid possible side reactions
induced by I, oxidation, we report herein an iodine-free,
directed-disulfide-bond-forming procedure to synthesize this
class of structurally unique peptides. A porcine insulin analogue
1 with three mutations, Leu to Val at A16, Phe to Met at Bl,
and Leu to Met at B17, was chosen as an illustrative target
molecule (Figure 1).

In a recent communication, we reported that insertion of
isoacyl dipeptide segments into the A- and B-chains of human
insulin could significantly improve their solubility in aqueous
acetonitrile.* This modification enabled their purification via
C18 reversed-phase HPLC, which provided clean A- and B-
chains suitable for ligation. Upon consideration of how to
synthesize insulin analogue 1, a similar approach could provide
A—B dimer I containing the A6—A11 and A20—B19 disulfide
bonds (Scheme 1). Both of these disulfide bonds could be
formed via a 2,2'-dithiobis(5-nitropyridine) (DTNP)-directed
thiolysis where I,-oxidation would not be involved. To
construct the last disulfide bond (A7—B7) also under L,-free
conditions, we propose a novel procedure involving both the
Phacm (phenylacetylaminomethyl) group’ and DTNB (Ell-
man’s reagent or 5,5'-dithiobis(2-nitrobenzoic acid)).'® Phacm
groups can be removed by using the enzyme Penicillin G
Acylase (PGA) or its immobilized form (iPGA), which
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Scheme 1. Proposed Phacm/DTNB/iPGA-Mediated
Strategy for A7—B7 Disulfide Bond Formation
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selectively recognizes and cleaves the phenylacetyl moiety,
followed by the release of formaldehyde and subsequent
deprotection of the sulfhydryl group.’

In the new proposed procedure, both CysA7 and CysB7 in
A—B dimer I are protected by Phacm groups (Scheme 1).
When dimer I is treated with iPGA,” a sulfhydryl group will be
liberated upon the removal of one Phacm group (on CysA7 or
CysB7; CysA7 is shown as an example in Scheme 1). We
hypothesized that, in the presence of DTNB, this newly
generated free thiol will be immediately capped and
concomitantly activated to provide intermediate II. This
capping and activation step is expected to take place prior to
potential disulfide bond scrambling, driven by the faster
reaction kinetics of DTNB vs a Cys-Cys disulfide when
exposed to sulthydryl groups. Subsequent removal of the
second Phacm group (on CysB7 or CysA7) results in
intermediate III, which will quickly undergo A7—B7 disulfide
bond formation via a DTNB-directed thiolysis to afford final
product IV. The possible capping of the sulthydryl group in
intermediate III by DTNB, which would form a double-capped
side product, is not expected to be of concern since formation
of the A7—B7 disulfide bond, an intramolecular process, is
expected to be much faster than capping by DTNB, an
intermolecular process. However, one possibility which has not
been ruled out is that the faster kinetics of this intramolecular
reaction may be compromised by an unfavorable conformation
of certain analogues, such as ones with less foldability.

To examine if protein foldability could potentially impact the
utility of the proposed strategy, a folding-prohibiting mutation,
Leu to Val at residue A16, was incorporated into porcine insulin
analogue 1. The placement of Val at Al6 was previously
reported to block both insulin chain combination and the in
vitro refolding of proinsulin.11 Moreover, to confirm its
compatibility with oxidation-sensitive residues, two methio-
nines were included in the sequence by mutating Phe to Met at
B1 and Leu to Met at B17 (Figure 1).

(Disulfide A6-A11, Isoacyl A8-A9, CysA7-Phacm) A-chain 2
was prepared via a similar scheme as described previously.*
Each cysteine was protected with orthogonal protecting groups:
CysA6-STmp (2,4,6-trimethoxyphenylthio),'> CysA7-Phacm,
CysAll-Mmt (4-methoxytrityl), and Cys20-Trt (Scheme 2).
The synthesis began by loading Asp to Rink amide resin
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Scheme 2. Synthesis of (Disulfide A6—A11, Isoacyl A8—A9,
CysA7-Phacm) A-Chain 2 (Isoacyl dipeptide segment is
indicated by a blue box; red color indicates mutation)
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through the p-carboxyl of Fmoc-Asp-OtBu, which would be
converted to the native Asn of residue A21 after resin cleavage.
The resulting resin-bound peptide 3 was treated with 20% BME
(f-mercaptoethanol) to remove the STmp moiety on CysA6
and subsequently treated with DTNP and DIEA (N,N-
diisopropylethylamine) to activate CysA6 as Cys-SNPy [(4-
nitro-2-pyridinyl)thiol]. The Mmt group on CysAll of resin 4
was then removed by 1% TFA, and the unmasked free thiol
quickly reacted with CysA6-SNPy to form the intrachain
disulfide A6—Al1l to provide resin S. Peptide cleavage from
resin § followed by purification by C18 RP-HPLC afforded A-
chain 2 with an overall yield of 12% based on the substitution
of the starting Rink amide resin.

When preparing A-chain 2, the StBu (tert-butylthiol) group
was also tested as a protecting group of CysA6 in resin-bound
peptide 3; however, the complete removal of this StBu was not
achieved even after overnight treatment with 25% BME in
DMEF. In addition, when preparing resin 4, it was found that
DIEA was needed to drive CysA6 activation (by DTNP) to
completion. Both of these observations on CysA6 were
different from those found in a previous procedure,“
presumably due to the bulky Phacm group attached on the
adjacent residue CysA7. The bulkiness and hydrophobicity of
the Phacm group may also explain why the yield of A-chain 2
was lower than that of a similar A-chain with CysA7 protected
by an Acm group that was reported previously.” The Dpm
(Diphenylmethyl) group was also evaluated as a protecting
group for CysA20 in resin-bound peptide 3, since it was
reported to be a better Mmt-orthogonal group than Trt when
being treated with 1% TFA.'® However, it was found that the
purity of crude A-chain 2 that resulted from CysA20-Dpm was
similar to that of CysA20-Trt.

(Isoacyl B26—B27, CysB7-Phacm, CysB19-SNPy) B-chain 6
was assembled on ChemMatrix resin™~ with cysteines protected
as CysB7-Phacm and CysB19-Trt. After a simultaneous resin
cleavage and CysB19 activation by DTNP,*'* 3 purification
step using a C18 RP-HPLC column provided B-chain 6 with a
yield of 22%.

The chain ligation of A-chain 2 and B-chain 6 was completed
within 60 min in an acetate buffer (pH 4.5) and afforded
[Disulfide (A6—A11, A20—B19), Isoacyl (A8—A9, B26—B27)]
A-B dimer 7 in 60% yield (Scheme 3). To form the A7—B7
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Scheme 3. Synthesis of ValA16, MetB1, MetB17-Porcine Finally, in a moderate scale-up reaction, 24 mg of isoacyl
Insulin 1 via an I,-Free Route (Isoacyl dipeptide segment is dimer 7 afforded 8 mg of porcine insulin analogue 1 with a
indicated by a blue box; red color indicates mutation) yield of 35% without detection of any oxidation of methionine
o — or tyrosine (Scheme 3 and Figure 2). In contrast, direct
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4 [ 8 10 12 14 min
disulfide bond, Tris buffer (pH 8.0) was chosen since it Figure 2. Synthesis of ValA16, MetB1, MetB17-porcine insulin 1 via
provided sufficient solubility (>2 mg/mL) for isoacyl dimer 7. an I)-free route (HPLC traces at ¥ = 220 nm).

Upon dissolution in Tris buffer (pH 8.0), the O-to-N shift of
isoacyl dimer 7 was completed within 10 min and generated all- treatment of isoacyl dimer 7 or dimer 8 with I, only resulted in

amide-backbone [Disulfide (A6—A11, A20—B19)] A—B dimer methionine-oxidized products, a portion of which was also
8. Subsequently, iPGA and DTNB were added to facilitate mono- or bis-iodinated (Figures SS and S$6). This confirmed
removal of the Phacm groups and the formation of the A7—B7 that the reported method is fully compatible with oxidation-
disulfide bond. 5.5 U of iPGA was used for every ymol of sensitive residues. The overall yield of chain ligation and
Phacm group,” and this ratio completely removed Phacm Phacm/DTNB/iPGA-mediated A7—B7 disulfide bond forma-

groups of A—B dimer 8 within 3 h. tion was 21%.

To identify the optimal amount of DTNB needed to achieve The native disulfide bonding pattern of insulin analogue 1
the best yield of insulin analogue 1, a variety of molar ratios of was unambiguously confirmed by Glu-C (Staphylococcus aureus
DTNB to isoacyl dimer 7 were evaluated, including 0, 0.3, 0.7, Protease V8) digestion of 1, with comparisons to all three

1, 2, 4, and 8. It was found that 2 to 4 equiv of DTNB offered possible disulfide isomers of the A(5—17)—B(1—13) fragment
the best crude product profile as judged by analytical HPLC (Table S2 and Figures S7—S9). These three disulfide bond

(Figure S4). Both desired product 1 and disulfide-bond- isomers were all generated by independent synthetic routes
scrambled side products were observed when 0.7 or 1 equiv of (Figures S10—S12). The protein structure of synthetic analogue
DTNB was used. No product was identified when 0 or 0.3 1 was also confirmed as nearly identical to human insulin by
equiv of DTNB was used. The hypothesized intermediate II comparing their far UV-CD spectra (Figure S13). Its biological
(Scheme 1) was observed when more than 1.0 equiv of DTNB activity was found to be similar to human insulin as determined
was used; comparatively, the DTNB-double-capped side by their binding affinities to the insulin receptor (Table S3).
product was only detectable when more than 4 equiv of Both the structural and biological data of synthetic insulin

DTNB was used. DMSO (10%, v/v) was also tested as a analogue 1 agreed well with previously reported data for the
DTNB surrogate for forming disulfide bonds; however, only ValA16-insulin analogues."'

scrambled side products were observed (Figure S4). We In conclusion, we have developed a concise I,-free and
speculate that this is due to the slower reaction kinetics for the directed-disulfide-bond-forming approach to synthesize insulin,
DMSO oxidation as compared to competing disulfide bond and potentially relaxin and other insulin-like peptides. The key
scrambling at pH 8.0. 2,2'-Dithiodipyridine (DTDP) and reaction involving the formation of the last interchain disulfide
DTNP were also attempted as thiol capping and activating bond was accomplished by treating a precursor peptide
agents; however, neither reagent possessed sufficient solubility containing two Cys-Phacm groups with the enzyme iPGA in
in Tris buffer (pH 8.0) to enable their evaluation. the presence of Ellman’s reagent. In this conversion, the first

Interestingly, des-MetB1 porcine insulin 1 was detected by newly generated free thiol upon removal of one Phacm group
mass spectrometry as a side product in the amount of 10—20% by iPGA is immediately capped and activated by Ellman’s
of the desired product 1 (Figure S3). This may be due to the reagent. Subsequently, unmasking of the second Cys-Phacm
PGA enzyme, known as a hydrophobic-group-preferred N- moiety concurrently facilitates formation of the last disulfide
terminal hydrolase,'® possibly recognizing methionine at B1 as bond. The successful synthesis of an unfoldable porcine insulin

a weak substrate. To investigate if pH had an impact on the analogue 1 suggests that this Phacm/DTNB/iPGA-mediated
observed aminopeptidase-like activity, 100 mM phosphate disulfide bond formation method is fully directed by chemical
buffer (pH 7.4) was also tested as the solvent; 10% DMSO was reactivity and independent of the protein foldability. This novel

added to facilitate full dissolution of isoacyl dimer 7 at a strategy adds an additional orthogonal approach to the existing
concentration of ~2 mg/mL. It was found that there was no collection of peptide disulfide bond formation methods. Due to
significant difference in the ratio of Des-MetBl-1 to 1; the frequent occurrence of oxidation-sensitive residues in the
however, the reaction kinetics in phosphate buffer (pH 7.4) native sequences of cysteine-rich peptides, we envision that this
was significantly slower than in Tris buffer (pH 8.0) (Figure strategy could be broadly utilized for the preparation of these
S4). synthetically challenging peptides.
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