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Characterization and optimization of two-chain
folding pathways of insulin via native chain
assembly
Kenta Arai1, Toshiki Takei2, Reina Shinozaki1, Masato Noguchi1, Shouta Fujisawa1, Hidekazu Katayama3,

Luis Moroder4, Setsuko Ando5, Masaki Okumura6,7, Kenji Inaba6,8, Hironobu Hojo2 & Michio Iwaoka 1

Until recently the total synthesis of insulin, with its characteristic heterodimeric structure

crosslinked by two interchain and one intrachain disulfide (SS) bridge, remained largely an

unsolved challenge. By optimizing the synthesis and directed disulfide crosslinking of the two

chains, and by applying biomimetic monocomponent proinsulin approaches, efficient insulin

syntheses have been realized. Here we report the optimization and characterisation of an

alternative strategy, oxidative native chain assembly. In this method unprotected A- and B-

chains assemble oxidatively under thermodynamic control to afford bovine pancreatic insulin

in 39% yield. Folding is found to proceed predominantly via structured 1SS* and 2SS*

intermediates with a common interchain CysA20‒CysB19 disulfide. These results suggest that

native chain assembly, long considered inefficient, may represent a reasonable strategy to

access insulin variants. This is supported by the synthesis of human insulin and human type-II

relaxin in yields of up to 49 and 47%, respectively, although the application to human insulin

ValA16 variant is unsuccessful.
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The endocrine hormone insulin regulates energy storage and
glucose metabolism, and, thus, in diabetic patients where
this system malfunctions, glucose levels have to be con-

trolled in a life saving manner through subcutaneous injection of
insulin. This globular miniprotein hormone (5.8 kDa) consists of
two peptide chains, the A-chain (Ins-A, 21 amino acid residues)
with its intramolecular disulfide bridge (CysA6–CysA11) and the
B-chain (Ins-B, 30 amino acid residues), which are crosslinked by
two interchain disulfide (SS) bridges (i.e., CysA7–CysB7 and
CysA20–CysB19)1. In nature, insulin is produced as proinsulin, a
single polypeptide chain of 86 amino acid residues in which the C-
terminus of the B-chain is linked to the N-terminus of the A-chain
by a 35-residue connecting C-peptide. In vivo, the proinsulin folds
efficiently in the endoplasmic reticulum of the pancreatic β-cells,
and is then converted to the mature two-chain insulin molecule by
proteolytic processing of the prohormone2,3. Based on this knowl-
edge a biomimetic approach was developed for rDNA industrial
production of human insulins for therapeutic use which relies on
the folding and enzymatic processing of recombinant proinsulin4,5.
In vitro, the overall yield of folding and enzymatic processing of
proinsulin into insulin can reach up to 70%6.

Early attempts in the 1960s of oxidative assembly of natural7 and
of synthetic A- and B-chains8–10 into insulin led to disappointingly
low yields of about 1–5%, in agreement with statistical analyses
which predicted even significantly lower yields of folded insulin (i.e.,
<0.05%)11. However, yields of correctly folded insulin from
dithiothreitol (DTT)-induced scrambled insulin could be sensibly
improved under optimized conditions such as by the use of S-
sulfonated A- and B-chains12 and in presence of protein disulfide
isomerase (PDI)13,14 or its fragment with a redox active site15 to
30–60% and 25–30%, respectively. Moreover, studies on crosslinked
insulin A- and B-chains clearly revealed that even short non-
peptidic bridges designed from the 3D structure of insulin16 are
sufficient to allow the correct oxidative folding of such single-
component insulin precursors into the native disulfide topology at
yields similar to those of proinsulin17–19. All these results strongly
suggested that the A- and B-chains of insulin contain sufficient
structural information for correct oxidative folding if the entropic
penalty of associating the two chains into a globular structure is
somehow reduced or even prevented.

The general improvements in the SPPS synthesis of larger
peptides by the use of isoacyl amide bonds20–26 and optimization
of the orthogonal protection of multiple cysteine residues27–29 led
more recently to improved total syntheses of insulin by directed
assembly of the two chains6,30–33. However, it was the approach
via the single-component insulin precursors that allowed the
greatest advances in efficient new total synthesis of insulin and
other members of the insulin superfamily34–38.

Recently we demonstrated that the selenocysteine (Sec) strategy,
i.e., introduction of two selenocysteine residues instead of cysteine
residues to facilitate selective formation of a native disulfide
topology,28,39,40 represents an alternative useful approach for an
efficient and facile synthesis of active insulin analogs41. Indeed just
by mixing the reduced Ins-A and Ins-B of bovine pancreatic insulin
(BPIns), each containing one Sec residue in place of Cys7, at pH 10
and 4 °C, selenoinsulin, a long-lasting insulin analog having a
SecA7–SecB7 diselenide (SeSe) bridge, was obtained in a yield of up
to 27%. The selenoinsulin retained the same three-dimensional
structure, hence the same biological activity as the wild-type in the
cascade phosphorylation reactions in vitro41.

The success of selenoinsulin preparation suggested the possibility
that active insulin may easily be obtained by chain assembly of
reduced Ins-A and Ins-B without using an explicit interchain tether
nor orthogonal protections on the Cys residues if selective forma-
tion of a native disulfide bridge between Ins-A and Ins-B can be
induced. If such a classical protocol, namely native chain assembly

(NCA), could be developed, the protocol would potentially be
applicable to two-chain assembly of various members of the insulin
superfamily. Indeed, it was previously reported that similar
approaches are efficient for human type-II relaxin (HRlx-2)42,43.
However, such a simple approach did not yield native fold for
human insulin ValA16 variant44 and human relaxin-345.

In this study, we report NCA conditions for the synthesis of
wild-type BPIns from A- and B-chains without applying mod-
ifications or protections on the peptide chains. To access this goal,
the two-chain oxidative folding pathways of BPIns are first
determined and then optimized. Based on the obtained NCA
conditions, human insulin (HIns) and human type-II relaxin
(HRlx-2) are both produced in a yield of nearly 50%. On the
other hand, a possible limitation of NCA is evidenced by the
unsuccessful application to the two-chain assembly of human
insulin ValA16 variant that is known as a 'nonfoldable' insulin44

unless a single-component insulin precursor is applied35.

Results
Oxidative folding of BPIns with NCA. To find an effective NCA
protocol, we tried to identify the major two-chain oxidative folding
pathways of BPIns. When reduced Ins-A (RA) and Ins-B (RB) of
BPIns, which had been prepared by reduction of native BPIns (N)
with an excess amount of DTT46, were mixed in a pH 10.0 buffer
solution containing ethylenediaminetetraacetic acid (EDTA) (1
mM) and urea (0.9M) (Fig. 1a), RA was gradually converted into
partially oxidized 1SSA and then fully oxidized 2SSA, which had one
and two intramolecular SS linkages, respectively (eq. 1).

RA ! 1SSA ! 2SSA ð1Þ

Similarly but much more slowly, RB was oxidized to 1SSB as
well (eq. 2).

RB ! 1SSB ð2Þ

The intramolecular SS formation behaviors of Ins-A and Ins-B are
consistent with our previous kinetic analysis of the SS formation46.
Relative populations of RA, 1SSA, and 2SSA for Ins-A, those of RB

and 1SSB for Ins-B, and the yield of N are plotted in Fig. 2a as a
function of the reaction time. It can be seen that N is slowly
generated after accumulation of 1SSA in the solution, suggesting that
1SSA couples with RB to form a productive heterodimeric transient
species (TS), which would be oxidized to N with oxidants present in
the solution, such as oxygen, 2SSA, and 1SSB (eq. 3).

1SSA þ RB ! TS ! N ð3Þ

Indeed, the populations of 1SSA and RB tended to decrease
with generation of N. However, the total amount of N generated
was much smaller than the decreased amounts of 1SSA and RB,
indicating that alternative oxidation of these species to 2SSA and
1SSB took place slowly but significantly in the solution. As a
result, the yield of N, which reached up to 9% after 100 h, did not
significantly increase in a longer reaction time, during which 1SSA

and RB were no longer available at high concentrations.
To support the chain assembly scheme of eq. 3, oxidized Ins-A

(1SSA or 2SSA) and oxidized Ins-B (1SSB) were prepared in situ
by treatment of RA and RB, respectively, with appropriate
amounts of 3,4-dihydroxy-1-selenolane Se-oxide (DHSox), which
is a strong oxidant for peptides to form disulfide bonds rapidly,
selectively, and quantitatively47. The resulting species were
subsequently mixed with the reduced counter-chain (i.e., RB or
RA). When one equivalent of DHSox was reacted with RA, 1SSA
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Fig. 1 HPLC chromatograms obtained from the double-chain oxidative folding of BPIns. a Mixing of RA (227 μM) and RB (222 μM). b Mixing of 1SSA

(225 μM) and RB (233 μM) c Mixing of 2SSA (201 μM) and RB (211 μM). d Mixing of RA (232 μM) and 1SSB (186 μM). The oxidative folding was
performed at pH 10.0 and 0 °C in the presence of 0.9 M urea. Before HPLC analyses, aliquots of the folding solution were pre-treated with aqueous
2-aminoethyl methanethiosulfonate (AEMTS)62 to quench the reaction by blocking the free SH groups into -SSCH2CH2NH3

+. Peaks A–E and F–H
represent components of 1SSA and 2SSA, respectively. See Table 1 for the individual structure of these species and Supplementary Figs. 1 and 2 for
their HPLC chromatograms
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species were generated mainly along with unreacted RA and fully
oxidized 2SSA (Fig. 1b, 0 h). To the resulting mixture was added a
RB solution. The populations of 1SSA and RB only slightly
changed in course of time, while generation of N was observed

after 1 h (Fig. 2b). The faster formation and higher yield of N
than those in the chain assembly of RA and RB (Fig. 2a) are
consistent with the coupling scheme of eq. 3.

Table 1 Identification of the SS intermediates of Ins-A observed during NCA

a Corresponding to the peaks on the HPLC chromatograms shown in Fig. 1 and Supplementary Fig. 1
b All free SH groups on the synthesized authentic samples were blocked with AEMTS
c The sample solutions contained 20% ethylene glycol
d The ratios, CysA6‒CysA20: CysA7‒CysA20, were estimated from the populations of A, B, C, F, and G
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On the other hand, when two equivalents of DHSox were reacted
with RA, only 2SSA species were observed (Fig. 1c, 0 h). Subsequent
mixing of generated 2SSA with RB resulted in rapid redistribution of
the SS species within 0.5 h probably through an intermolecular SH/
SS exchange reaction (Figs. 1c and 2c). In this case, generation of N
was much faster than that seen in Figs. 1a and 1b, and the yield of N
was increased up to 17%, suggesting the presence of an alternative
pathway to N (eq. 4) in addition to eq. 3.

2SSA þ RB ! TS′ ! N ð4Þ

When 1SSB was mixed with RA, a similar pre-folding event, i.e.,
redistribution of RA and 1SSB into 1SSA and RB, respectively, was
observed (Figs. 1d and 2d). Thus, 1SSA and RB were obtained as
major components after 10 h, leading to accelerated formation of
N. The final yield of N increased up to 15%. It should be noted
that swap species, which are metastable misfolded 3SS inter-
mediates with a non-native interchain SS linkage (e.g.,
CysA6–CysB7 or CysA11–CysB7) and are kinetically trapped on
the folding pathways,48,49 were also generated as minor products
as seen in Fig. 1.

Characterization of key SS* intermediates in NCA. The dis-
ulfides present in the 1SSA and 2SSA species could be unam-
biguously determined by comparing the retention times on HPLC
chromatograms with those of authentic samples prepared by the
solid-phase peptide synthesis (SPPS) (for their HPLC chroma-
tograms see Supplementary Figs. 1 and 2). Relative populations of
the 1SSA and 2SSA components estimated at different tempera-
tures are summarized in Table 1. The results clearly show that the
species of peak B, which has a native SS linkage, is the thermo-
dynamically most stable among the six 1SSA species and also that
its stability gradually increases by lowering the temperature
(Table 1, right column). Similarly, the species of peak G, which has
the native SS linkage, is the most populated among the three 2SSA

species. It is, therefore, most likely that [CysA6‒CysA11]A (peak B)
and [CysA6‒CysA11, CysA7‒CysA20]A (peak G) would preferentially
react with RB to produce TS and TS′, respectively. This is consistent
with the previous reports that suggested preferential formation of
CysA6‒CysA11 linkage in Ins-A before interchain disulfide bond
formation between Ins-A and Ins-B chains50,51.

To identify key SS species (SS*) after the chain assembly, we
carried out reductive unfolding of native BPIns. When N was
reacted with an excess amount of DTT (Fig. 3a), small but distinct
peaks (2SS* and 1SS*) were transiently observed in addition to RA

and RB. The transient species could be assigned by MS analysis
(Supplementary Fig. 3) and chymotrypsin digestion analysis

(Supplementary Fig. 4 and Supplementary Table 1) as metastable
chain-coupled species having two native SS linkages of CysA6‒
CysA11 and CysA20‒CysB19 (for 2SS*) and one native SS linkage of
CysA20‒CysB19 (for 1SS*). 2SS* and 1SS* should be major
ingredients of the key transient species (TS and/or TS′) proposed
in the two-chain assembly of Ins-A and Ins-B. Interestingly, the
species corresponding to 2SS* was observed in the NCA solution
(Fig. 1). However, 1SS* was not observed during NCA probably
due to overlapping with a large peak of RB.

Major NCA folding pathways of BPIns. Taking the aforemen-
tioned results together, we derived an oxidative folding pathway
of BPIns from the two chains as shown in Fig. 4. The 1SSA and
2SSA intermediates should contain all possible components with
one or two disulfides, but the major components having a native
CysA6‒CysA11 SS linkage. When minor components of 1SSA, such
as peaks A and D of Table 1, reacts with RB through inter-
molecular SH/SS exchange, 1SS* having a CysA20‒CysB19 SS
bridge would be formed and then oxidized to 2SS* through for-
mation of the CysA6‒CysA11 SS linkage. In another pathway the
CysA20‒CysB19 SS linkage (i.e., 1SS*) might be formed from RA

and RB by direct oxidation as observed in the folding studies of
proinsulin50. However such interchain disulfide formation should
be much slower than the intrachain disulfide formation.

On the other hand, when the major component of 1SSA (peak
B of Table 1) reacts with both RB and an oxidant, 2SS* would be
generated directly through formation of a CysA20‒CysB19 SS
bridge keeping the native CysA6‒CysA11 linkage. The resultant
2SS* would be converted to N through formation of the third
native SS linkage, rather than be broken to 2SSA and RB through
intramolecular SH/SS exchange, because 2SS* would have
thermodynamic stability to some extent due to significant
presence of α-helices as seen in Fig. 3b. Another effective
pathway to N must exist from 2SSA. The SH/SS exchange reaction
between the major component (peak G) and RB would produce
TS′ having two native SS linkages. Thus, 2SS* must be an
important ingredient of TS′.

According to the revealed NCA folding pathways of BPIns
(Fig. 4), it is obvious that the CysA20‒CysB19 SS bridge is more
easily formed between Ins-A and Ins-B than the other SS bridge,
i.e., CysA7‒CysB7. This is consistent with the previous report52

and the fact that CysA7‒CysB7 is solvent-exposed53 and easily
broken as seen in the reductive unfolding of BPIns (Fig. 3a).
Previously, existence of two possible precursors with intrachain and
interchain disulfide bonds, i.e., [CysA6‒CysA11, CysA7‒CysB7]AB

and [CysA6‒CysA11, CysA20‒CysB19]AB, have been suggested in
folding studies of both proinsulin and two-chain insulin50,51,54.
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The present work clearly showed that [CysA6‒CysA11, CysA20‒
CysB19]AB is a major precursor of N during the oxidative folding
at pH 10.0 and 0 °C.

In the two-chain folding of selenoinsulin, which has an
interchain SeSe bridge in place of the CysA7‒CysB7 SS bridge of
BPIns, it was proposed that the interchain SecA7‒SecB7 SeSe
bridge is formed earlier than the CysA20‒CysB19 SS bridge due to
larger thermodynamic stability of a SeSe bond than that of a SS
bond41. Thus, in addition to the major pathways shown in Fig. 4,
there would be minor double-chain folding pathways that
proceed through formation of the CysA7‒CysB7 SS bridge before
formation of the CysA20‒CysB19 SS bridge.

Optimization of the NCA conditions. According to the major
NCA folding pathways of BPIns (Fig. 4), the folding yield could
be improved by enhancing the probability of the formation of
2SS*. For this purpose, we explored optimal NCA folding con-
ditions for BPIns by applying various pHs and temperatures in
the presence of various additives. The results are summarized in
Table 2 and Supplementary Table 2. A crucial factor must be the
pH of the buffer solution because it can regulate the reactivity of
SH groups and the conformation of Ins-A and Ins-B46. Indeed,
when the two-chain assembly between 1SSA and RB was carried
out at 4 °C at different pH values, the yield of N became maximal
(13%) at pH 10.0 (Table 2, entries 1–5). This is probably due to
the higher reactivity of the SH groups under more basic condi-
tions as well as the robust structure of Ins-B formed at around pH
10,46. which can impede the undesired intrachain SS formation.
Thus, Ins-B would preferentially form a SS bridge with Ins-A. At
pH 11.0, however, the yield of N was only 3% due to preferential
formation of a SS linkage within Ins-B.

Based on the populations of the SS components (Table 1), it is
expected that 2SS*, which is a key heterodimeric intermediate,
would be generated effectively by lowering the temperature,
because the SS intermediates that have a native CysA6–CysA11 SS
linkage in the 1SSA and 2SSA intermediate ensembles are more
populated at lower temperatures. In addition, the low

temperature would also stabilize 2SS* to prevent the reversible
conversion to 1SSA or 2SSA. To carry out the chain assembly
reaction below 0 °C, ethylene glycol (EG) (20%) was added to the
buffer solution as an anti-freezing agent,55 which can simulta-
neously stabilize protein structures56,57.

When the temperature was decreased to ‒10 °C at pH 10.0, the
yield of N increased up to 28% expectedly (Table 2, entries 6 and 7).
Under this condition, generation of a large amount of 2SS* was
indeed observed (Supplementary Fig. 5). In order to enhance the
efficiency of NCA, sugar-based additives, such as xylitol (Xy) and
inositol (Ino), which are known as stronger stabilizers of secondary
and/or tertiary protein structure than EG,56,57 were subsequently
tested instead of EG. The yield of N was not significantly enhanced
with these additives, but the highest yield (30%) was achieved with
Ino (0.25M) (Table 2, entry 8). It should be noted that in the
presence of these additives the concentration of urea can be reduced
to 0.4M. The lower concentration of urea must assist formation of
N by stabilizing 2SS* relative to that generated in the presence of
urea at a higher concentration. To further enhance the efficiency,
we changed the NCA condition from 1SSA+ RB to 2SSA+RB.
Under this condition (entry 9), the folding yield was highest (34%)
beyond that obtained from chain assembly folding of selenoinsu-
lin41. When [CysA6‒CysA11, CysA7‒CysA20]A (peak G) was reacted
with RB, the folding yield was not improved against our expectation
(entry 10), and significant amount of swap species were generated.
Although the yields achieved by NCA of the A- and B-chains in a
1:1 ratio is significantly higher than the previously reported yields
(1–5%) for oxidative assembly of the two natural or synthetic chains
under optimized conditions,8–10 an enormously long time
(~10 days) was required until the reaction was completed. In order
to solve this problem, NCA of RA and RB was then attempted in the
presence of PDI, which is the most representative SS-forming and
SS-reshuffling enzyme in an oxidative folding58. The GSSG and
GSH were employed as redox reagents to promote the catalytic
reaction of PDI (entry 11). As the result, the NCA at –10 °C and pH
10.0 was completed in 3 days (72 h) affording N in a yield of 39%
(Supplementary Fig. 6). It should be noted that the efficiency of
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NCA was significantly decreased without PDI under the same NCA
conditions in terms of both the velocity and yield (24%). The results
obtained under other NCA conditions are summarized in
Supplementary Table 2.

Applications of the NCA protocol to insulin families. To
demonstrate the versatility as well as limitation of the developed
NCA protocol, we applied it to the preparation of two additional
hormone molecules and the variant of the insulin superfamily.
The first synthetic target was human insulin (HIns), which differs
from BPIns by ThrA8, IleA10, and ThrB30 instead of AlaA8, ValA10,
and AlaB30. To avoid aggregation of the poorly soluble A-chain
(HIns-A), it was synthesized with an isoacyl segment between
ThrA8 and SerA9 as reported by Liu26 in a yield of 12.6%. On the
other hand, the reduced B-chain of HIns (HIns-B) was prepared in
a yield of 15.8% without applying the O-acyl isopeptide method.
Before undertaking the NCA of HIns, it was confirmed that
isoacyl HIns-A was immediately (<3min) converted into the
wild-type of HIns-A under the NCA conditions, i.e., in 25mM
sodium bicarbonate buffer solution at pH 10.0 and –10 °C (Sup-
plementary Fig. 7). When the NCA of HIns-A and HIns-B chains
was performed under the same conditions of entries 6 and 9 in
Table 2, native HIns was obtained in yields of 18% and 12%,
respectively, which are lower than the yields of BPIns. More
strikingly, when the optimized condition with PDI, i.e., entry 11 in
Table 2, was employed, native HIns was obtained in yields
of 40% and 49% based on B-chain, by mixing reduced A-chain
and B-chain in 1:1 and 2:1 ratios, respectively, in the presence of
GSSG/GSH and PDI (Supplementary Fig. 8). The results of NCA
for HIns are summarized in Supplementary Table 3. The
yield of 49% achieved by NCA significantly exceeds the yields
of the classical two-chain assembly method (1‒5%),8–10 but it is still
below the yield of ~70% achieved by using a short ester linkage
between the A- and B-chains34. or in vitro conversion of
proinsulin6.

The second target protein was human type-II relaxin (HRlx-
2), the amino acid sequence of which has 25% homology to that
of HIns (Supplementary Fig. 9). HRlx-2 is known as an
important pregnancy hormone helping relaxation of the uterus
during pregnancy and delivery59. Recently, an additional
function of HRlx-2 was suggested in treatment of acute heart
failure probably due to the existence of the relaxin receptors in
a peripheral nerve system60. Chemical synthesis of this insulin-
like small protein has been object of intensive synthetic studies
as HRlx-2 is difficult to isolate from mammalian tissues61. It
was previously reported that native HRlx-2 can be obtained in a
yield of about 30% by mixing the reduced A- and B-chains at
pH 10.8 and 4 °C through a chain combination pathway similar
to Fig. 442. More efficient preparation of HRlx-2 (48% yield)
was achieved by application of the Met(O)B25 B-chain with
increased solubility in water43. To apply the NCA method to
HRlx-2, the reduced native A-chain (RRlx-A) was prepared by
following the previous report46. Similarly, the reduced native B-
chain (RRlx-B) was synthesized by SPPS and purified by RP-
HPLC. Then the NCA protocol was applied for preparation of
native HRlx-2 (NRlx). A solution of 1SSRlx-A, which was
prepared by reaction of one equivalent of DHSox with RRlx-A

at pH 10.0, was mixed with RRlx-B at 15 °C. The products were
analyzed by RP-HPLC after quenching the reaction with
AEMTS (Supplementary Fig. 9). The correctly folded HRlx-2
was indeed obtained almost exclusively with a yield of 47% in
26 h. The yield was comparable to the value reported in the
literature43 despite the easier protocol.

The third target was human insulin ValA16 variant, which is
known as a nonfoldable insulin analog by the oxidative two-chain
assembly,44 although a DesDi approach has recently succeeded in
the synthesis of the correctly folded ValA16 variant via a single-
component insulin precursor35. It was, therefore, not surprising that
the native fold of the ValA16 variant was not attained under NCA
conditions. Indeed, formation of only oxidized species of A-chain
and oligomers of B-chain was observed in the HPLC

Table 2 Optimization of the NCA conditions for the synthesis of BPIns

Entry NCA conditions pH Temp
(°C)

Concentrations (μM) Additives Time (day) Yield (%)a

1 1SSA+ RB 7.0 4 [Ins-A]= 137,
[Ins-B]= 181

1.5 M urea+ 0.8M arginineb 7 5

2 1SSA+ RB 8.0 4 [Ins-A]= 178,
[Ins-B]= 162

0.9M urea+ 0.8M arginineb 4 9

3 1SSA+ RB 9.0 4 [Ins-A]= 200,
[Ins-B]= 190

0.9M urea+ 0.8M arginineb 4 10

4 1SSA+ RB 10.0 4 [Ins-A]= 271,
[Ins-B]= 196

0.9M urea+ 0.8M arginineb 4 13

5 1SSA+ RB 11.0 4 [Ins-A]= 165,
[Ins-B]= 166

0.9M urea+ 0.8M arginineb 4 3

6 1SSA+ RB 10.0 ‒7 [Ins-A]= 246,
[Ins-B]= 310

0.4M urea+ 20% EG 10 27

7 1SSA+ RB 10.0 ‒10 ~ ‒7c [Ins-A]= 228,
[Ins-B]= 327

0.4M urea+ 20% EG 10 28

8 1SSA+ RB 10.0 ‒10 ~ ‒7c [Ins-A]= 228,
[Ins-B]= 327

0.4M urea+ 0.25M Ino 10 30

9 2SSA+ RB 10.0 ‒10 [Ins-A]= 225,
[Ins-B]= 308

0.4M urea+ 20% EG 12 34

10 2SSA[CysA6–CysA11,
CysA7–CysA20]+ RB

10.0 ‒10 [Ins-A]= 227,
[Ins-B]= 350

0.4M urea+ 20% EG 13 33

11 RA+ RB 10.0 ‒10 [Ins-A]= 180,
[Ins-B]= 200

0.4M urea+ 10% EG+ 0.2 mM GSSG
+ 1 mM GSH+ 4 μM PDI

3 39

a Estimated from the peak areas on the RP-HPLC chromatograms. The yields were calculated on the basis of the peptide at lower concentration
b Arginine was added to prevent aggregation of the peptides, although it was not necessary at pH 10.0
c The folding was initiated at ‒10 °C, and then the temperature was increased to ‒7 °C after 6 days
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chromatograms, indicating a failure of coupling between the A- and
B-chains (Supplementary Fig. 10). The result suggests that the NCA
protocol is applicable only to foldable insulin and the analogs.

Discussion
We have characterized the major two-chain oxidative folding
pathways of BPIns at pH 10 as shown in Fig. 4. When the reduced
A-chain (RA) and B-chain (RB) were mixed in a buffer solution,
the native CysA6‒CysA11 SS bond formed most abundantly in A-
chain, and then A- and B-chains would couple together to form
metastable heterodimeric intermediates, 1SS* and 2SS* both
containing the native disulfide bridge CysA20‒CysB19. These key
folding intermediates, which could even be observed upon
reduction of native BPIns (N) by excess DTT, are then converted
to N through formation of the other SS bridge.

On the basis of the two-chain folding pathways of BPIns
revealed in this study, the NCA conditions were optimized. As a
result, the yield of BPIns could be increased up to 34% at pH 10.0
and –10 °C in the presence of EG. Moreover, by utilizing PDI as a
catalyst, the reaction time was significantly shortened and the
yield was further increased to 39%. When a similar NCA protocol
was applied to human insulin (HIns) and human type-II relaxin
(HRlx-2), native HIns was obtained in a yield of 49% based on the
B-chain when the B-chain was mixed with two equivalents of the
A-chain, and HRlx-2 was obtained in a yield of 47%. However,
limitation of NCA was also evidenced by the unsuccessful
application to the two-chain folding of human insulin ValA16

variant, which is known as nonfoldable insulin44.
In conclusion, the NCA protocol reinvestigated herein may

offer simple and promising approach to the total chemical
synthesis of various insulins without using any genetic recombi-
nant methodologies. The major two-chain folding pathways of
BPIns (Fig. 4) were essentially the same as those of the proinsulin,
although the folding yield (up to 39%) was lower than that of the
proinsulin (~70%). This confirms that the C-peptide in proinsulin
does not play an important role in the achievement of the proper
folding but rather decreases the entropic penalty of the cross-
linking reaction between A- and B-chains. Indeed, NCA just
relies on the thermodynamic stability of the native fold, which
properly guides component A- and B-chains to assemble into the
native disulfide framework. If such a chain coupling is prohibited
by any reasons, as evidenced in the case of the ValA16 variant,
NCA would not produce a native insulin fold. Although the chain
assembly reaction proceeds slowly, the simple experimental
procedure, i.e., just mixing the A- and B-chains with no mod-
ification on the functional groups, would be a merit of the NCA
protocol. Moreover, this protocol may expand accsess to foldable
insulin analogs, which cannot be obtained by the rDNA tech-
nology, because all the processes, including SPPS and NCA, are
based on chemical reactions, which would enable insertion of
unnatural amino acids into the primary sequence.

Methods
Materials. BPIns was purchased from Sigma Aldrich, Japan, and used without
purification. 2-Aminoethyl methanethiosulfonate (AEMTS)62 and 3,4-dihydroxy-
1-selenolane Se-oxide (DHSox)63 were synthesized according to the literature
methods. Plasmid used for expression of PDI was constructed as described pre-
viously64. PDI was overexpressed in Escherichia coli. Cells were harvested and
homogenized. Recombinant protein was purified by a combination of several types
of chromatography. Purity of PDI was confirmed to be over 95% by SDS-PAGE
and protein concentration was determined by BCA method65. All other general
reagents were commercially available and used without further purification.

General two-chain folding of BPIns with NCA. Solutions of the reduced A-chain
(RA) and B-chain (RB), which were obtained by the reduction of native BPIns with
DTT,46 were prepared by dissolving RA (0.4mg) or RB (1.0mg) in a sodium bicar-
bonate buffer solution (25mM at pH 10.0, 120 μL) containing urea (1 or 2M,
respectively) and EDTA (1mM). The concentrations of RA and RB were determined

by UV absorbance at 275 nm using the molar extinction coefficients (3100 and 2690
M−1 cm−1, respectively46). Then, the solutions were diluted with the same buffer
solution to adjust the concentrations to be 710–750 μM. To the RA solution (70 μL),
DHSox (0, 1, or 2 eq) dissolved in the same buffer solution (5 μL) was added. Simi-
larly, DHSox (0, or 1 eq) dissolved in the same buffer solution (10 μL) was added to
the RB solution (80 μL). The prepared solutions were chilled at 4 °C for 15–30min.
The folding was initiated by vigorously mixing the RA, 1SSA, or 2SSA solution (75 μL)
with the RB or 1SSB solution (75 μL) for 15 s, and the mixture was immediately
diluted with a sodium bicarbonate buffer solution (25mM at pH 10.0, 100 μL)
containing EDTA (1mM) and a various concentration of sugar-based additives at
various temperatures (–10–4 °C). In the case of NCA using glutathione and PDI (i.e.,
the condition for entry 11 in Table 2), a sodium bicarbonate buffer solution (25mM
at pH 10.0, 100 μL) containing EDTA (1mM), EG (25%), GSSG (0.5mM), GSH (2.5
mM), and PDI (10 μM) was added to the mixture solution (150 μL) of RA and RB.
The temperature was controlled within ± 0.3 °C by using a dry thermostatic chamber.
After a certain period of time, the aliquot (20 μL) was transferred into an aqueous
solution of 2-aminoethyl methanethiosulfonate (AEMTS) (8mgmL−1, 200 μL) as the
thiol-blocking reagent, chilled at 4 °C in a micro-centrifuge tube. After 15min, the
sample solution was diluted with an aqueous TFA solution (0.1%, 800 μL) and stored
at −30 °C. The sample solution (1 mL) was analyzed by using the HPLC system
equipped with a sample solution loop (1mL) and a Tosoh TSKgel ODS-100V 4.6 ×
150 reverse-phase (RP) column, which was equilibrated with a 80:20 (v/v) mixture of
TFA (0.1%) in water (eluent A) and TFA (0.1%) in acetonitrile (eluent B) at a flow
rate of 1.0mlmin−1. A solvent gradient (i.e., the ratio of eluent B linearly increased
from 20 to 36% in 0–15min, from 36% to 39% in 15–20min, from 39 to 40% in
20–23min) was applied. The folding intermediates produced were detected by the
absorbance at 280 nm. The NCA yield based on A- or B-chain was estimated from the
peak area on the RP-HPLC chromatograms.

Reductive unfolding of BPIns. Reductive unfolding was initiated by mixing the
solutions of BPIns (1 mgmL−1, 475 μL) and DTT (10 mM, 25 μL) in sodium
bicarbonate buffer at pH 10.0 and 0 °C. After a certain period of time, an aliquot
(60 μL) was transferred into an aqueous AEMTS solution (8 mgmL−1, 200 μL)
chilled at 0 °C in a micro-centrifuge tube. After 15 min, the mixture was diluted
with an aqueous TFA solution (0.1%, 800 μL) and stored at −30 °C. The sample
solutions were analyzed by RP-HPLC. The HPLC conditions were the same as
those described above.

Enzymatic digestion of 2SS* and 1SS*. Solutions of BPIns, 2SS*, and 1SS*, which
were collected through an analytical RP-HPLC column (Tosoh TSKgel ODS-100V
reverse-phase 150 × 4.6 column), were lyophilized. The obtained white powder was
dissolved in an aqueous TFA solution (0.1%, 7 μL) and subsequently diluted with an
appropriate volume of a Tris-HCl buffer solution (100mM at pH 8.0) so that the final
concentration of the peptide is approximately 1mgmL−1. To the peptide solution
(100 μL) was added α-chymotrypsin (Sigma-Aldrich Japan) solution (1.5mgmL−1, 1
μL) in 1mM HCl, and the reaction was progressed at 23 °C for 120min. The reaction
was quenched by addition of an aqueous TFA solution (5%, 10 μL). The sample
solution (20 μL) containing the digested peptide fragments was analyzed on a Jeol
JMS-T100LP spectrometer connected to an Agilent 1200 series HPLC system
equipped with a 20 μL sample solution loop and a Tosoh TSKgel ODS-100V 4.6 × 150
RP-column. The column was first equilibrated with 0.1% formic acid in water (eluent
A) at a flow rate of 0.8mL/min. After injection of the sample solution, a solvent
gradient was applied by linearly increasing a ratio of 0.1% formic acid in acetonitrile
(eluent B) from 0 to 15% in 0–30min, from 15 to 30% in 30–50min, from 30 to 40%
in 50–60min, and from 40 to 80% in 60–63min.

SPPS of BPIns [CysA6‒CysA20]A. Fmoc-Asn(Trt)-CLEAR acid resin (360mg, 0.1
mmol) was swelled with NMP for 1 h at room temperature. After removing the NMP,
the peptide chain was elongated by using an automated microwave peptide synthesizer
(Liberty Blue, CEM corporation). The obtained resin was washed with MeOH (×3)
and dried in vacuo to yield H-Gly-Ile-Val-Glu(OBut)-Gln(Trt)-Cys(Trt)-Cys(MPM)-
Ala-Ser(But)-Val-Cys(MPM)-Ser(But)-Leu-Tyr(But)-Gln(Trt)-Leu-Glu(OBut)-Asn
(Trt)-Tyr(But)-Cys(Trt)-Asn(Trt)-CLEAR acid resin (520mg). A portion of the resin
(103mg, 21 μmol) was treated with TFA cocktail (TFA: triisopropylsilane:H2O=
92.5:2.5:2.5, 2.5mL) for 2 h at 4 °C. After the removal of TFA by N2 stream, the crude
peptide was precipitated with Et2O, washed with Et2O (×3), and dried in vacuo. The
obtained crude peptide, H-Gly-Ile-Val-Glu-Gln-Cys-Cys(MPM)-Ala-Ser-Val-Cys
(MPM)-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-Asn-OH, was dissolved in sodium
bicarbonate buffer (200mM at pH 9.0) solution containing 6M guanidine hydro-
chloride (Gdn HCl) and 20% (v/v) DMSO and then shaken for 48 h at room tem-
perature. The resulting solution was purified by RP-HPLC to give H-Gly-Ile-Val-Glu-

Gln-Cys-Cys(MPM)-Ala-Ser-Val-Cys(MPM)-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-
Asn-OH. The MPM-protected [CysA6‒CysA20] was dissolved in TFA
cocktail (TFA:2,2′-dipyridyldisulfide:thioanisole= 92.5:5:2.5, 2.5 mL) and
incubated for 1 h at room temperature to give H-Gly-Ile-Val-Glu-Gln-

Cys-Cys(Pys)-Ala-Ser-Val-Cys(Pys)-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-Asn-
OH, where Pys represents a 2-pyridylsulfanyl group. After the removal of TFA by N2

stream, the crude peptide was precipitated with Et2O, washed with Et2O (×3), and
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dried in vacuo. The precipitate was dissolved in H2O-acetonitrile (1:1 v/v) containing
6M Gdn HCl and 0.1% TFA, and the solution was treated with tris(2-carboxyethyl)
phosphine (TCEP) hydrochloride (12.5 mg, 42 μmol) for 1 h at room temperature.
The resulting sample solution was purified by RP-HPLC to give H-Gly-Ile-Val-Glu-

Gln-Cys-Cys-Ala-Ser-Val-Cys-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-Asn-OH.
Yield: 476 nmol, 2.3% from the starting resin. ESI-MS, found: 1169.5, calcd for [M+
2 H]2+: 1169.8. Amino acid analysis (AAA): Asp2.05Ser1.69Glu3.67Gly1.22Ala1.07Val1.82
Ile0.63Leu2Tyr1.99.

SPPS of the other 1SSA species. Similar procedures were applied for SPPS of the
1SSA species of BPIns other than [CysA6‒CysA20]A. [CysA7‒CysA20]A: Yield, 3.2%;
ESI-MS, found: 1169.5, calcd for [M+ 2 H]2+: 1169.8; Amino acid analysis,
Asp2.05Ser1.59Glu3.84Gly1.21Ala1.04Val1.78Ile0.70Leu2Tyr1.95. [CysA6‒CysA11]A: Yield,
0.3%; ESI-MS, found: 1169.5, calcd for [M+ 2 H]2+: 1169.8; Amino acid analysis,
Asp2.21Ser1.99Glu4.44Gly1.71Ala1.11Val1.99Ile0.70Leu2Tyr1.91. [CysA7‒CysA11]A: Yield,
0.7%; ESI-MS, found: 1169.6, calcd for [M+ 2 H]2+: 1169.8; Amino acid analysis,
Asp2.06Ser1.71Glu3.86Gly1.28Ala1.04Val1.64Ile0.64Leu2Tyr1.96. [CysA11‒CysA20]A:
Yield, 3.0%; ESI-MS, found: 1169.5, calcd for [M+ 2 H]2+: 1169.8; Amino acid
analysis, Asp2.03Ser2.07Glu3.72Gly1.61Ala1.13Val1.68Ile0.62Leu2Tyr1.91. [CysA6‒CysA7]
A: Yield, 1.9%; ESI-MS, found: 1169.5, calcd for [M+ 2 H]2+: 1169.8; Amino acid
analysis, Asp2.10Ser1.80Glu4.23Gly1.44Ala1.08Val1.72Ile0.65Leu2Tyr1.97.

Identification of the SS intermediates. The AEMTS-blocked folding intermediates
fractionated by HPLC were collected and lyophilized. The resulting white powder of
each intermediate was dissolved in an aqueous TFA solution (0.1%). The number of
SS linkages involved in the intermediate was determined by measurement of the
molecular weight with ESI(+)-MS spectrometry. The SS positions of 1SSA (peaks A‒E
in Fig. 1b and Supplementary Fig. 1) were determined by comparing the HPLC
retention times for peaks A‒E with those for the reference samples obtained by SPPS
(see above). The reference sample solutions were prepared as follows. The synthesized
sample (50 nmol), e.g., [CysA7‒CysA11]A, was dissolved in aqueous acetonitrile (50%,
300 μL) containing TFA (0.1%), and the portion (20 μL) was added to the AEMTS
solution (8 mgmL−1) in water (200 μL). After dilution with aqueous TFA (0.1%, 800
μL), the sample solution was injected onto the HPLC system under the same ana-
lytical conditions as those applied in the HPLC analysis of peaks A‒E.

Similarly, the SS positions of 2SSA were determined by comparing the HPLC
retention times for peaks F‒H (Fig. 1c and Supplementary Fig. 1) with those for the
reference samples, i.e., [CysA7‒CysA11, CysA6‒CysA20]A, [CysA6‒CysA11, CysA7‒
CysA20]A, and [CysA6‒CysA7, CysA11‒CysA20]A, which were obtained by oxidation
of the synthesized 1SSA samples with DHSox (4 eq) in a sodium bicarbonate buffer
solution (25 mM at pH 10.0) containing 1 M urea.

SPPS of O-acyl iso-human insulin A-chain and its ValA16 mutant. Fmoc-Asn
(Trt)-CLEAR acid resin (0.40 mmol g−1, 500 mg, 0.20 mmol) was swelled with
NMP for 30 min at room temperature. After washing with NMP, the peptide chain
was elongated by the Fmoc-SPPS. Fmoc group was removed by treating with 20%
piperidine/NMP for 20 min. The amino acids (0.80 mmol each) were activated by
mixing with 1M DCC/NMP (1.2 mL) and 1M HOBt/NMP (1.2 mL) at room
temperature for 30 min, and the coupling reaction was carried out at 50 °C for 1 h.
At Thr8-Ser9 position, Boc-Ser[Fmoc-Thr(But)]-OH (280 mg, 0.48 mmol) was used
as an O-acyl isopeptide component. After elongation, H-Gly-Ile-Val-Glu(OBut)-
Gln(Trt)-Cys(Trt)-Cys(Trt)-Thr(But)-OCH2CH(NHBoc)CO-Ile-Cys(Trt)-Ser
(But)-Leu-Tyr(But)-Gln(Trt)-Leu-Glu(OBut)-Asn(Trt)-Tyr(But)-Cys(Trt)-Asn
(Trt)-resin (1.15 g) was obtained. A part of the resin (330 mg, 57.2 µmol) was
treated with a TFA cocktail (TFA/H2O/phenol/thioanisole/triisopropylsilane, 82.5/
5/5/5/2.5, 5 mL) at room temperature for 2 h. TFA was removed under nitrogen
stream and the peptide was precipitated with diethyl ether. After washing twice
with ether, the precipitate was dried under vacuum. The crude peptide was purified
by RP-HPLC to give H-Gly-Ile-Val-Glu-Gln-Cys-Cys-Thr-OCH2CH(NH2)CO-Ile-
Cys-Ser-Leu-Tyr-Gln-Leu-Glu-Asn-Tyr-Cys-Asn-OH (7.19 µmol, 12.6% yield).
MALDI-TOF mass, found: m/z 2383.9, calcd: 2384.7 for (M+H)+. Amino acid
analysis: Asp2.46Thr0.85Ser1.96Glu4.30Gly1Val0.71Ile1.34Leu2.47Tyr2.42.

For the synthesis of L16V mutant of A chain, starting from Fmoc-Asn(Trt)-
CLEAR acid resin (0.40mmol/g, 250mg, 0.10 mmol), the peptide chain was elongated
essentially according to the method described above, except that Fmoc-Val-OH was
used at Leu16 position. After the chain assembly, H-Gly-Ile-Val-Glu(OBut)-Gln(Trt)-
Cys(Trt)-Cys(Trt)-Thr(But)-OCH2CH(NHBoc)CO-Ile-Cys(Trt)-Ser(But)-Leu-Tyr
(But)-Gln(Trt)-Val-Glu(OBut)-Asn(Trt)-Tyr(But)-Cys(Trt)-Asn(Trt)-resin (457mg)
was obtained. A part of the resin (115mg, 25.2 µmol) was treated with a TFA cocktail
(1.5mL) at room temperature for 2 h. TFA was removed under nitrogen stream and
the peptide was precipitated with diethyl ether. After washing twice with ether, the
precipitate was dried under vacuum. The crude peptide was purified by RP-HPLC to
give H-Gly-Ile-Val-Glu-Gln-Cys-Cys-Thr-OCH2CH(NH2)CO-Ile-Cys-Ser-Leu-Tyr-
Gln-Val-Glu-Asn-Tyr-Cys-Asn-OH (1.88 µmol, 7.5% yield). MALDI-TOF mass,
found: m/z 2368.8, calcd: 2369.0 for (M+H)+. Amino acid analysis:
Asp2.03Thr0.85Ser1.59Glu4.23Gly1Val1.85Ile1.41Leu1.01Tyr1.98.

SPPS of human insulin B-chain. Starting from Fmoc-Thr(But)-Alko resin (0.56
mmol g−1, 357 mg, 0.20 mmol), peptide chain was elongated by the method as for
human insulin A chain. After the chain assembly, H-Phe-Val-Asn(Trt)-Gln(Trt)-
His(Trt)-Leu-Cys(Trt)-Gly-Ser(But)-His(Trt)-Leu-Val-Glu(OBut)-Ala-Leu-Tyr
(But)-Leu-Val-Cys(Trt)-Gly-Glu(OBut)-Arg(Pbf)-Gly-Phe-Phe-Tyr(But)-Thr
(But)-Pro-Lys(Boc)-Thr(But)-resin (1.25 g) was obtained. A part of the resin (101
mg, 16.2 µmol) was treated with a TFA cocktail (TFA/H2O/phenol/thioanisole/
triisopropylsilane, 82.5/5/5/5/2.5, 1.5 mL) at room temperature for 2 h. TFA was
removed under nitrogen stream and the peptide was precipitated with diethyl
ether. After washing twice with ether, the precipitate was dried under vacuum. The
crude peptide was purified by RP-HPLC to give H-Phe-Val-Asn-Gln-His-Leu-Cys-
Gly-Ser-His-Leu-Val-Glu-Ala-Leu-Tyr-Leu-Val-Cys-Gly-Glu-Arg-Gly-Phe-Phe-
Tyr-Thr-Pro-Lys-Thr-OH (2.55 µmol, 15.8% yield). MALDI-TOF mass, found: m/
z 3431.0, calcd: 3430.9 for (M+H)+. Amino acid analysis: Asp0.94Thr1.85Ser0.79-
Glu2.89Pro1.29Gly3Ala1.01Val2.78Leu3.82Tyr2.42Phe2.97Lys1.04His1.86Arg1.01.

Two-chain folding of HIns with NCA. The same NCA protocol as that had been
applied for BPIns was applied to the two-chain assembly of native HIns-A (50
nmol) (or its L16V mutant (50 nmol)) and HIns-B (50 nmol) synthesized above.
The AEMTS-quenched sample solutions were analyzed by RP-HPLC with slight
modification of the solvent-gradient condition. The ratio of eluent B was 20 to 30%
in 0–5 min, from 30 to 35% in 5–13.5 min, from 35 to 0% in 13.5–14 min, and kept
constant in 14–20 min at a flow rate of 0.8 mL/min.

Two-chain folding of HRlx-2 with NCA. The NCA synthesis of HRlx-2 was
performed as follows. RRlx-A (0.2 mg) and RRlx-B (0.1 mg), which were obtained by
SPPS synthesis,46,66 were dissolved in a sodium bicarbonate buffer solution (25
mM at pH 10.0, 15 or 30 μL, respectively) containing urea (3 or 6 M, respectively)
and EDTA (1 mM). The solutions of RRlx-A and RRlx-B were diluted with the same
buffer solution (75 μL or 30 μL, respectively) without urea. The concentrations of
RRlx-A and RRlx-B were determined by UV absorbance at 275 nm using the molar
extinction coefficients (1650 and 8300M−1 cm−1, respectively46,66). Then, the
solutions were diluted with the same buffer solution to adjust the concentrations to
be 500–720 μM. To the RRlx-A solution (35 μL), DHSox (1 eq) dissolved in the same
buffer solution (5 μL) was added so as to obtain 1SSRlx-A as a major product in the
solution, and the solution was chilled at 4 °C for 5 min. The folding was initiated by
vigorously mixing the 1SSRlx-A solution (20 μL) with the RRlx-B solution (20 μL) for
15 s, and the mixture was immediately diluted with a sodium bicarbonate buffer
solution (25 mM at pH 10.0, 40 μL) containing EDTA (1mM) at 15 °C. The
temperature was controlled within ±0.1 °C by using a dry thermostatic chamber.
After a certain period of time, an aliquot (20 μL) was transferred into an aqueous
AEMTS solution (8 mgmL−1, 200 μL) chilled at 4 °C in a micro-centrifuge tube.
After 15 min, the sample solution was diluted with an aqueous TFA solution (0.1%,
800 μL) and stored at −30 °C. The samples thus obtained were analyzed by RP-
HPLC under the similar conditions to those for BPIns except for an eluent gradient
condition, i.e., the concentration of eluent B (0.1% TFA in MeCN) was lineally
increased from 20 to 30% in 0‒10 min, from 30 to 60% in 10‒20 min. The folded
Rlx isolated from HPLC was identified by ESI-MS. ESI-MS (m/z) found for [M+ 4
H]4+: 1496.1, calcd for [M+ 4 H]4+: 1496.2.

Data availability. The authors declare that all other data supporting the findings of
this study are available within the paper and its supplementary information files, or
from the authors upon reasonable request.
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