
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 7
/1

7/
20

25
 1

2:
27

:3
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A cysteine-specifi
aDivisión of Endocrinology and Diabetes, Dep

Stanford University, Palo Alto, CA 94305, U
bDepartment of Bioengineering, Stanford Un
cDivision of Endocrinology, Department of

University, Palo Alto, CA 94305, USA

† Electronic supplementary informa
https://doi.org/10.1039/d3sc06032b

‡ Current address: Novo Nordisk Researc

Cite this: Chem. Sci., 2024, 15, 3214

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 9th November 2023
Accepted 18th January 2024

DOI: 10.1039/d3sc06032b

rsc.li/chemical-science

3214 | Chem. Sci., 2024, 15, 3214–32
c solubilizing tag strategy enables
efficient chemical protein synthesis of difficult
targets†

Wenchao Li,a Michael T. Jacobsen,‡a Claire Park,a Jae Un Jung,a Nai-Pin Lin, a

Po-Ssu Huang,b Rayhan A. Lalc and Danny Hung-Chieh Chou *a

We developed a new cysteine-specific solubilizing tag strategy via a cysteine-conjugated succinimide. This

solubilizing tag remains stable under common native chemical ligation conditions and can be efficiently

removed with palladium-based catalysts. Utilizing this approach, we synthesized two proteins containing

notably difficult peptide segments: interleukin-2 (IL-2) and insulin. This IL-2 chemical synthesis

represents the simplest and most efficient approach to date, which is enabled by the cysteine-specific

solubilizing tag to synthesize and ligate long peptide segments. Additionally, we synthesized a T8P insulin

variant, previously identified in an infant with neonatal diabetes. We show that T8P insulin exhibits

reduced bioactivity (a 30-fold decrease compared to standard insulin), potentially contributing to the

onset of diabetes in these patients. In summary, our work provides an efficient tool to synthesize

challenging proteins and opens new avenues for exploring research directions in understanding their

biological functions.
Chemical synthesis of peptides and proteins has beneted
tremendously from the advance of solid-phase peptide
synthesis (SPPS),1 the development of chemical ligation
methods,2–5 and orthogonal protecting groups.6 From synthe-
sizing D-proteins to insulin analogs with noncanonical amino
acids, chemical protein synthesis provides access to analogs
that are challenging to achieve using recombinant
expression.7–9 During the course of peptide synthesis and native
chemical ligation (NCL), puried peptide segments and ligation
products may have poor solubility in reaction buffers, which
prevents additional ligations or other handling steps.10 There-
fore, hydrophilic, semipermanent group linked to peptide
segments is oen used as an effective strategy to enhance
solubility, especially in streamlining subsequent chemical
ligation reactions.11 Numerous solubilizing tags and removal
strategies have been reported, providing invaluable tools for
chemical protein synthesis.12–16 On the other hand, synthesizing
and implementing these solubilizing tags create unique appli-
cability constraints and limitations depending on the sequence,
reactive groups, and removal conditions. These challenges have
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motivated us to develop a new and straightforward solubiliza-
tion method that can be applied to challenging proteins and
peptides (e.g., insulin).

To achieve this goal, an ideal solubilizing tag strategy should
(1) be easily attached to improve the solubility of peptide
segments and facilitate subsequent HPLC purications, (2)
have a stable linkage to the peptide under various conditions of
chemical protein synthesis, and (3) be detached using facile
conditions. Ligated products can be selectively modied aer
(Fig. 1A) or before NCL (Fig. 1B). Furthermore, the solubilizing
tag can stay retained to ensure suitable solubility in longer
intermediates, which can be globally removed at the nal step.
In this article, we develop a maleimide (Mal)-based solubilizing
tag with a zwitterionic peptide chain, which selectively reacts
with cysteine side chains17 (Fig. 1C). Mal is compatible not only
with the chemical environment required for Fmoc-SPPS, but
also with triuoroacetic acid (TFA)-based cleavage conditions,
making it an excellent candidate for solubilizing tags. Zwitter-
ionic peptides (EK)n not only facilitate the formation of
a hydrated layer on their surface to enhance their hydrophi-
licity, but also minimally impact the isoelectric point of their
coupled peptides.18,19 We utilized a palladium-based detach-
ment strategy reported by Brik et al. to remove the succinimide
(Su) tag20 (Fig. 1D). We applied this method to chemically
synthesize interleukin-2 (IL-2), a protein well known for its
poorly soluble, hydrophobic C-terminal region.21–23 Further-
more, we extend the applicability of this method to disulde-
rich peptides and synthesize a clinically identied insulin
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Illustration of different solubilizing tag strategies. (A) Temporary solubilization tag after NCL. (B) Temporary solubilization tag before
ligation. (C) Structure and properties of the maleimide-based zwitterionic solubilizing tag. (D) Conjugation and removal mechanism of the tag.
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mutant.24 These examples showcase the broad application of
this methodology, enabling access to mutant proteins to answer
biological questions.
Results & discussion
Development of a cysteine-selective solubilizing tag for
hydrophobic peptide segments

We selected two well-known hydrophobic peptide segments: the
C-terminal segment of IL-2 (residue 105–133) 1 and mini-
Fig. 2 Cysteine-conjugated Su-(EK)n solubilizing tag strategy applied
hydrophobic IL-2 C-terminal peptide (1) and conditions screening for so
insulin A chain (3) and conditions screening for solubilizing tag removal.

© 2024 The Author(s). Published by the Royal Society of Chemistry
insulin A chain 3 (ref. 25) as model peptides to evaluate the
performance of our solubilizing tags. The Mal-(EK)n tag can be
easily prepared using SPPS-compatible approaches (Scheme
S1†). We then react crude peptides 1 and 3 with Mal-(EK)n to
obtain the modied products in high yields (Fig. 2). Visible
changes were observed as the reactions progressed: the initially
turbid solutions (top) became clear (middle, with colorful stir
bars) (Fig. 2A and B). Additionally, a signicant reduction in
retention times was evident in the HPLC traces for both 2 and 4
(compared to 1 and 3, respectively), suggesting improved
to model peptides with poor solubility. (A) Solubilization test of the
lubilizing tag removal. (B) Solubilization test of the hydrophobic mini-

Chem. Sci., 2024, 15, 3214–3222 | 3215
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solubility in the HPLC buffer (Fig. S1†). We then attempted to
cleave the linker using PdCl2 and MgCl2 at 37 °C, followed by
dithiothreitol (DTT) or diethyldithiocarbamate (DTC) treat-
ment.20 We screened multiple conditions with different PdCl2
amounts and demonstrated that effective removal of Su-(EK)n
can be achieved with >80% yield (Fig. 2A). Similarly, we effi-
ciently removed the Su-(EK)n and Acm protecting groups with
>70% yield under similar conditions to obtain 5 (Fig. 2B). In
summary, Mal-(EK)n solubilizing tags can be utilized to conju-
gate with insoluble peptides containing free thiol groups and
enhance their solubility.
Fig. 3 Structure and synthesis of IL-2. (A) Sequence of IL-2. (B) Syntheti
traces of 6-MPAA and 7 during first NCL reaction (*= hydrolyzed and cyc
(**= hydrolyzed and cyclized 9). (F) HPLC traces for palladium-catalyzed
HPLC are due to chiral isomers). (G) Enhancing solubility of challenging p
(H) Solubility of peptides 8, 9a (Seg 1-2-Su-K6), 9b (Seg 1-2-Su-K10), and

3216 | Chem. Sci., 2024, 15, 3214–3222
Chemical protein synthesis of IL-2 using Mal-(EK)5
solubilizing tag

Mature IL-2, a 15.4 kDa globular protein, contains 133 amino
acid residues, including three cysteine residues (Cys58, Cys105,
Cys125), of which Cys58–Cys105 forms a disulde bond that is
essential for the overall tertiary structure.26 By carefully
analyzing the sequence, we advanced a three segment, two NCL
strategy through sites Gln57-Cys58 and Met104-Cys105, which
are kinetically feasible ligation junctions27,28 (Fig. 3A).
Compared to previous IL-2 synthesis described by the Hojo
(Thioester ligation),21 Bode (KAHA ligation)22 and Li (STL)23
c route of IL-2. (C) Solubility of peptide 8 in various solvents. (D) HPLC
lized 6-MPAA). (E) HPLC traces of 9 and 10 during second NCL reaction
removal of the solubilizing tags (the double peaks of 2, 10 and 11 on the
eptide 10 with Mal-(EK)5 versusMal-(K)10 tags in neutral ligation buffer.
9 in ligation buffer and HPLC buffer.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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group with at least 4 segments, our method provides a more
efficient and accessible route. Both IL-2(1–57)-NHNH2 (6) and
IL-2(58–105)-NHNH2 (7) are relatively long peptides to synthe-
size by Fmoc-SPPS. To improve the synthesis, two pseudopro-
lines dipeptides26 were introduced into each peptide loaded on
hydrazine-2-chlorotrityl resins to produce C-terminal hydra-
zides for subsequent NCL.29,30 The pseudoproline-containing
peptides were then cleaved from the resins to give 6 and 7 in
21% and 32% isolated yields, respectively (Fig. 3B). We next
performed NCL to connect 6 and 7. The oxidation and thio-
esterication of 6 were completed in high yields, and the NCL
reaction proceeded smoothly with the addition of 7. Monitored
by analytical HPLC, the reaction was completed aer 8 hours
(Fig. S2†). However, we also observed white pellets in the reac-
tion mixture aer one hour. Centrifuging the mixture and
analyzing the pellet and supernatant revealed that the product,
peptide 8, was concentrated in the pellet. Because 8 was poorly
soluble in the ligation buffer (Fig. 3C), we predicted that it
would be unable to subsequently ligate with 10. The experi-
mental results indeed conrmed this prediction. Considering
that the ligation of 6 and 7 would result in a free thiol group, we
used a Mal-(EK)5 solubilizing tag to improve the solubility of 8.
In this approach, the acetyl acetone (acac)/3-mercaptopropionic
acid (MPAA) thiolysis method31 replaced the conventional
NaNO2/MPAA thiolysis, as the latter required a large excess of
MPAA, which could lead to an undesired reaction with the Mal-
based solubilizing tag introduced in the subsequent step,
affecting the yield of the target product. Following the rst NCL
of peptides 6-MPAA and 7, the reaction mixture was placed in
a −20 °C refrigerator for storage. Subsequently, the Mal-(EK)5
dissolved in the ligation buffer was mixed with the reaction
mixture and allowed to react at −20 °C for 30 minutes. Ulti-
mately, 9 was obtained in two steps with a 53% overall yield
Fig. 4 Characterization of synthetic IL-2. (A) Mass spectra traces of linea
folded IL-2. (C) Dose–response of HEK-Blue™ IL-2 cells to recombinan

© 2024 The Author(s). Published by the Royal Society of Chemistry
(Fig. 3D). We also tested two other solubilizing tags (Mal-K6,
Mal-K10) on 8 and found that Mal-(EK)5 not only enhanced the
solubility of 8 in HPLC buffer, but also signicantly improved
its solubility in NCL buffer (Fig. 3G and H).

Due to the presence of a free cysteine in difficult peptide 1
(Cys125), we utilized this position to introduce another Mal-
(EK)5 solubilizing tag. Initially, the N-terminal Cys105 was
protected as a thiazolidine (Thz) moiety, while the central
Cys125 was protected with a trityl (Trt) group. Following peptide
cleavage, the crude peptide 1 reacted with Mal-(EK)5, and
subsequently, the N-terminal Thz105 was converted back to
a free thiol Cys105. Peptide 10 was then puried, resulting in
a one-pot, three-step yield of 13% (Fig. 3B). With the puried
products 9 and 10 in our possession, we effectively overcame the
previous solubility challenges and accomplished the second
NCL reaction, ultimately obtaining 11 with a noteworthy yield of
52% for previously poorly-soluble segments (Fig. 3E).

To obtain linear IL-2 (12), 11 was treated with 20 eq. of PdCl2
and 100 eq. of MgCl2 at 37 °C for 4 hours, followed by treatment
with DTT. The deprotection reaction was performed efficiently
and afforded fully deprotected 12 in an isolated yield of 80%
following RP-HPLC (Fig. 3F). For the folding process, 12 was
dissolved in 6 M GnHCl solution containing 0.1 M Tris and
30 mM reduced glutathione pH 8.0. Aer the protein was
completely dissolved, two times the volume of oxidized gluta-
thione buffer (0.1 M Tris and 1.5 mM oxidized glutathione, pH
8.0) was added and stored at room temperature for 24 hours.32

The shi in retention time, between linear and folded IL-2, can
be seen in the analytical HPLC (Fig. 4B). The puried folded IL-2
was validated by LC-MS (Fig. 4A). The activities of recombinant
and synthetic IL-2 in HEK-Blue™ IL-2 cells were comparable in
cellular potency in activating STAT phosphorylation33 (Fig. 4C).
Overall, our synthetic route of IL-2 led to a comparable overall
r IL-2 (12) and folded IL-2. (B) HPLC trace of linear IL-2 (12) folding to
t IL-2 (rIL-2) and synthetic IL-2 (sIL-2).

Chem. Sci., 2024, 15, 3214–3222 | 3217
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yield with the work by the Bode and Li groups. Due to the use of
this solubility tag, we were able to use only two native chemical
ligation steps instead of three steps in previously reported
methods and our method does not require any incorporation of
unnatural amino acids.
Chemical protein synthesis of T8P insulin variant

The poor solubility of insulin A chain due to its hydrophobicity
is well documented as a chemical synthesis challenge.34 In 2014,
Liu et al. introduced an O-acyl isopeptide strategy in the A8–A9
region and increased A chain solubility; the isoacyl bond can
then undergo rearrangements aer A and B chain combination
to produce the native amide bond.35 Recently, Lal et al. reported
a case study of neonatal diabetes that occurred in a 5 months-
old Hispanic male infant; the sequence panel revealed a novel
heterozygous de novo insulin gene sequence variant c.289 A > C
(p.T97P or T8P, the A8 residue of insulin was mutated from
threonine to proline) of unknown signicance.24 In the initial
report, misfolding of the T8P variant proinsulin was felt to
cause a pathologic ER stress response as described in several
cases of INS-gene-induced diabetes of youth (MIDY). We sought
Fig. 5 Structure and synthesis of T8P insulin. (A) Sequence and crystal st
mutation indicated in red. (B) Synthetic route of T8P insulin. (C) Physical
yielding 14. (D) Mass spectrum of T8P insulin.

3218 | Chem. Sci., 2024, 15, 3214–3222
to use chemical protein synthesis to access this variant and
study its bioactivity. Critically, this mutation happened to be in
the same residues as the isopeptide strategy,35 indicating that
a different method to improve A chain solubility is needed. We
deployed the Mal-(EK)n solubilization strategy to synthesize the
challenging T8P insulin variant (Fig. 5A).

We employed a stepwise disulde bond formation strategy to
complete the synthesis of T8P insulin (Fig. 5B). First, the
partially protected A-chain [C6-Acm, C7, C11-Acm, C20-Mob] 13
was synthesized using Fmoc SPPS on 2-CTC resin. The crude
peptide 13, with a free thiol group at C7, was reacted with the
solubilizing tag Mal-(EK)3 to yield the enhanced solubility
product 14, with a two-step yield of 27%. As anticipated, the
reaction solution changed from turbid to clear aer the reaction
(Fig. 5C). 14 was then treated with TFA/TIS/H2O cocktail at 45 °C
to remove the Mob protecting group, producing 15 in 55%
yield.36

Next, we proceeded to synthesize the partially protected B
chain [C19-Mob] 16 using Fmoc SPPS on 2-CTC resin. Following
a similar approach to the A chain, we introduced the Mal-(EK)3
solubilizing tag at the C7 position to obtain 17, with a combined
ructure of human insulin (PDB code 5CNY) and T8P insulin, with point
states and HPLC traces of 13 before and after reaction with Mal-(EK)3,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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yield of 21% for these two steps. The removal of the C19-Mob
group from peptide 17 was achieved by treating it with a TFA/
TIS/H2O cocktail at 45 °C. We then removed the Mob protecting
group and activated the C19-thiol using 2,20-dithiodipyridine
(DTDP), successfully yielding product 18 with a yield of 65%.

Having acquired peptides 15 and 18, we proceeded to explore
the formation of the three interchain and intrachain disulde
bonds. For this purpose, 15 and 18 were mixed and agitated in
a buffer solution containing 6 M urea and 0.2 M NH4HCO3 (pH
8.0).35 In 20 minutes, the reaction was successfully concluded.
Subsequent HPLC purication yielded a product 19 with a 36%
yield. Efficient conversion of 19 to 20 was achieved through
treatment with an excess of iodine in MeOH. The intrachain
disulde bond formation within the A chain occurred through
an in situ process involving Acm deprotection and disulde
formation. Finally, we removed Su-(EK)3 from 20 through
a sequence involving PdCl2 treatment, followed by a 30 minutes
quenching period with DTC in a degassed buffer solution (6 M
GnHCl and 0.2 M phosphate at pH 1). The use of a lower pH and
DTC was employed to prevent the cleavage of disulde
bonds.37,38 As a result of this procedure, the mature T8P insulin
was successfully formed, culminating in an isolated product
yield of 14%.

Biological investigation of T8P insulin variant

We conducted a phosphorylated AKT (Ser 473) insulin signaling
stimulation assay to assess the biological activity of both human
insulin and T8P insulin variant (Fig. 6A). The results indicated
a 30-fold reduction in biological activity for T8P insulin (with an
EC50 of 36.6 nM), as compared to native insulin (with an EC50 of
1.3 nM).39 This result indicates that the T8P mutation had
Fig. 6 Comparative evaluation of activity and structural differences betw
phosphorylation) assay of T8P insulin and human insulin. (B) CD spectra o
AlphaFold) and human insulin structures. (D and E) Structures of human
mation. The yellow dashed lines represent hydrogen bonds, and the pin

© 2024 The Author(s). Published by the Royal Society of Chemistry
a signicant impact on insulin's activity and the resulting
neonatal diabetes observed clinically. We then investigated T8P
insulin using circular dichroism (CD) and compared it with
native insulin. The helix (regular and distorted) content for
native insulin and T8P insulin, calculated using the BESTSEL
website,40 was 41.1 and 18.8%, respectively. This suggested that
the mutation signicantly perturbs the overall secondary
structure of the T8P insulin, leading to reduced biological
activity (Fig. 6B). Utilizing AlphaFold,41 we employed structure
prediction to visualize the potential changes in the three-
dimensional structure of T8P insulin and performed a compar-
ative analysis with human insulin. We are aware that algorithms
like AlphaFold biases heavily towards the native structure due to
the high degree of sequence homology. Nonetheless, since the
T8P insulin maintains functionality, suggesting that the mutant
structure should keep the overall fold, we use AlphaFold to
propose a model to investigate how the T8P mutation might
have an effect. Upon alignment, notable discrepancies emerged
in the N-terminal segment of the A chain between T8P insulin
and human insulin, particularly in the a-helix structure located
at the A chain's N-terminus in human insulin, which exhibited
a more compact conformation (Fig. 6C). Detailed structural
analysis was conducted to elucidate the underlying factors
contributing to this phenomenon. Firstly, due to the mutated
proline being the only secondary amine, its nitrogen atom
cannot form hydrogen bonds between helical backbones like
other amino acids. The disruption of hydrogen bonds may lead
to the breaking or rotation of the a-helix.42,43 Secondly, proline is
the only amino acid with a cyclic side chain, forming a ve-
membered ring structure with the main chain, which restricts
the free rotation of its side chain.44 This unique structure leads
een T8P insulin and human insulin. (A) Insulin signaling activation (AKT
f T8P insulin and human insulin. (C) Overlap of T8P insulin (predicted by
insulin and T8P insulin, along with their A chain N-terminus confor-

k dashed lines indicate the corresponding atomic distances.

Chem. Sci., 2024, 15, 3214–3222 | 3219
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to a xed conformation of proline in the protein chain (Fig. 6D
and E).

Conclusions

In summary, we developed a new strategy utilizing a cysteine-
conjugated Su-(EK)n solubilizing tag for efficient chemical
protein synthesis. This approach enables on-demand coupling
and removal of the tag, and the zwitterionic peptide solubilizing
tag offers superior solubilization compared to traditional solu-
bilizing tags (oligo-lysines or -arginines). With this strategy, we
successfully synthesized two proteins with known challenging
peptide segments. Our IL-2 chemical synthesis represents the
simplest approach to date, and we intend to employ this
method for synthesizing IL-2 analogs, in order to access unex-
plored biological activities and potential applications in cancer
biology. Furthermore, the synthetic method of T8P insulin
presents a convenient alternative route for preparing insulin,
not dependent on specic isoacyl dipeptide motifs. Our bio-
logical studies of T8P insulin variant explain why this variant
has weak bioactivity, which may play a role in the pathophysi-
ology of the disease. This work introduced a novel solubilizing
tag strategy to the eld of chemical protein synthesis. Our work
offers valuable prospects in synthesizing hard-to-make proteins
and paves the way for deeper insights into their biological roles.
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