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1. Introduction

For over a century, insulin research has played a pioneering role in
developing protein drugs and delivery systems, refining techniques
for protein analysis and synthesis, innovating technology for
protein expression and modification, and advancing our under-
standing of protein structure and biology'~. In particular, insulin
research has made transformative contributions to diabetes treat-
ment, saving countless lives and empowering millions to effec-
tively manage the disease®”. These remarkable achievements are
intricately connected to the relentless pursuit of insulin isoforms
with enhanced performance. The journey began with the
groundbreaking discovery and clinical application of animal in-
sulins in the 1920s by Banting et al.’, revolutionizing diabetes
treatment from a fatal disease to a manageable chronic condition
(Fig. 1A). In the late 1970s, the advent of recombinant human
insulin by Genentech greatly improved therapy accessibility and
reduced immunogenicity® (Fig. 1B). Since the late 20th century,
mutated and synthetically modified insulin analogs and their
premixed formulations have enabled a closer approximation of
normal insulin profiles, enhancing treatment efficacy’® (Fig. 1C).
These evolving advancements underscore the importance of
continued creation of new insulin isoforms for further enhancing
diabetes treatment. Consistent with the transition from animal
insulins to human insulin, shifting from isoforms with unnatural
elements (e.g., mutations or modifications) to naturally occurring

Figure 1

modifications might represent a logical direction for exploration
(Fig. 1D).

In 2017, Li et al.” serendipitously discovered naturally occur-
ring oxygen atom-linked glycosylation (O-linked glycosylation) at
Thr27 of the B chain of human insulin (ThrB27) via mass spec-
trometry, identifying the glycan structures as HexNAc(1), Hex-
NAc(1)Hex(1), HexNAc(2)Hex(1), HexNAc(1)Hex(1)NeuAc(1),
and HexNAc(1)Hex(1)NeuAc(2). This finding was supported by
Schjoldager et al.'® in 2020, suggesting the glycans are mucin-
type. Integrating literature data, it is inferred that the naturally
occurring insulin glycoforms correspond to structures Ins1—3 and
Ins5—7'"'2 (Fig. 1D). Glycosylation of other therapeutic proteins
has been found to modulate properties such as aggregation and
self-association (e.g., interferon-8)'?, solubility (e.g., a-galacto-
sidase A)', and stability (e.g., erythropoietin)'®>. These effects
have spurred interest in investigating the impact of chemical
glycosylation of insulin, yielding encouraging results that under-
score the importance of exploring the recently discovered natu-
rally occurring O-glycosylation'®'®. However, a significant
barrier to such research is the lack of the glycoforms shown in
Fig. 1D. Considering that these glycoforms originate from
human islets, synthesis appears to be a more feasible approach
than isolation for obtaining them at present. Both enzymatic and
chemical synthesis methods show promise in generating insulin
glycoforms. However, while enzymatic methods enable the rapid
generation of complex glycoforms, they are currently limited by

The natural glycosylation of human insulin poses a research challenge while also indicating a new direction for insulin pharma-

ceuticals, aligning with the long-standing pursuit of more effective diabetes management. Breakthroughs in insulin development, including its
isolation from animals by Banting et al’ (A), biosynthetic production (B), and the creation of analogs like Lispro and Detemir (C), have
significantly enhanced treatment options. Exploration of the natural glycosylation of human insulin (D) holds promise for further enhancing its
therapeutic properties and addressing previously unmet needs. Disulfide bonds are depicted in green, while chains with sequences differing from

human insulin are shown in purple.
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scalability, producing insufficient material for detailed studies. In
contrast, chemical synthesis allows for scalable glycoform prep-
aration to investigate glycosylation effects, though it remains less
efficient and requires significant optimization for generating
complex glycoforms'®.

Historically, there have been numerous studies of chemical
insulin synthesis®®. However, despite significant advancements,
constructing complex molecules like Ins5—7 remains chal-
lenging®'. Retrosynthetic strategies for assembling these glyco-
forms remain uncertain due to the unresolved key issue of
effectively removing protecting groups on the sialylated O-gly-
cans while ensuring the proper formation and preservation of
delicate disulfide bonds (Fig. 2). The goal of this study was to
develop a generally applicable strategy for the synthesis of gly-
cosylated insulin, thereby enabling the investigation of its natu-
rally occurring O-glycosylation. The artificial glycoform, Ins4,
was also included in the study to complete the series alongside
naturally occurring glycoforms (Fig. 1D). The systematic varia-
tion in glycan structures among these glycoforms has allowed us
to pinpoint key glycan features that are essential for modulating
insulin’s therapeutic properties.

2. Results and discussion
2.1.  Total synthesis of insulin glycoforms

Drawing inspiration from the logic behind the recently developed
synthesis of glycosylated insulins'®'®, we initially explored a
final-step glycan deprotection strategy for insulin glycoforms
(Fig. 3, strategy I), anticipating that appropriate conditions would
completely remove all glycan protecting groups while preserving
the integrity of the disulfide bonds. The application of this strategy

Figure 2

was exemplified through the total synthesis of Ins1, which began
with the preparation of the isoacyl A chain, InsA, utilizing a Rink
Amide AM resin and key building blocks: an O-acyl isodipeptide
Boc-Ser[Fmoc-Thr(tBu)]-OH, differently protected Cys residues
Fmoc-Cys(Trt)-OH, Fmoc-Cys(Mmt)-OH, Fmoc-Cys(Acm)-OH,
and Fmoc-Cys(STmp)-OH, with the aid of microwave-assisted
solid-phase peptide synthesis (SPPS) (Fig. 2 and Supporting In-
formation Fig. S1). The previously validated isoacyl structure,
used as a surrogate for Thr8—Ser9”?, along with the newly
adopted Fmoc-Cys(STmp)-OH, which has a more easily remov-
able side chain®, and the more efficient microwave-assisted
SPPS, addresses the low yield and handling issues encountered
in prior syntheses of the A chain. After SPPS, the STmp group on
CysAb6 is selectively removed, and the resulting thiol group is
activated with 2,2’-dithiobis(5-nitropyridine) (DTNP) on resin.
Notably, during the side chain deprotection and peptide cleavage
from the resin, the desired intramolecular disulfide bond
CysA6—CysAll is established automatically and selectively,
thereby obviating the need for the separate formation of this di-
sulfide bond. A single high-performance liquid chromatography
(HPLC) purification afforded InsA in 21% yield (Fig. S1).
Ins1B was synthesized using Fmoc-Thr(tBu)-2-CITrt resin, a
cost-effective alternative to the previously used pre-loaded HMPB
ChemMatrix® resin®?, reducing expenses from approximately $100
to $10 per gram without compromising efficiency (Fig. 2). The Cys
building blocks employed in the synthesis were Fmoc-Cys(Trt)-OH
and Fmoc-Cys(Acm)-OH. The Fmoc-protected glycosylated Thr,
FPGA1, was utilized during SPPS to site-selectively introduce
glycan onto ThrB27. Following SPPS, peptide deprotection and
cleavage, HPLC purification afforded Ins1B in 28% yield (Sup-
porting Information Fig. S2). The pivotal chain-combination step
was executed by mixing InsA and Ins1B in a pH 8.0 buffer, which

Retrosynthetic analysis for O-glycosylated human insulin. Developing a generally applicable synthetic strategy to obtain insulin

O-glycoforms required addressing the major challenge of correctly forming disulfide bonds while successfully removing protecting
groups necessary for the SPPS of the B chain. Tmp, 2,4,6-trimethoxyphenyl; Acm, acetamidomethyl; Mmt, 4-methoxytrityl; Trt, trityl; 2-CITrt,
2-chlorotrityl; ivDde, 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl.
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Figure 3

Categorization and development of strategies for the total synthesis of O-glycosylated human insulin. Strategy I, being less complex,

is optimal for glycoforms without sialic acids, such as Ins1—3. Strategy Ila is more appropriate for glycoforms containing «2,6-linked sialic acid,
like Ins4 and 5. The development of the more complex but broadly applicable Strategy IIb marked a breakthrough, allowing for the efficient
removal of challenging acetyl groups while minimizing side product formation due to acetyl migration. “Insulin glycoforms synthesized using
Ins6B and Ins7B. °Insulin glycoforms synthesized using Ins6B* and Ins7B*. Abbreviations: NPy, 5-nitropyridin-2-yl-.

facilitated the formation of the CysA20—CysB19 disulfide bond.
This process triggered the intramolecular acyl migration reaction
within the isoacyl structure, thereby restoring the native peptide
bond. Subsequently, the second interchain disulfide bond,
CysA7—CysB7, was formed through the in situ addition of I,
affording Ins1AB in 39% yield (Fig. 3 and Supporting Information
Fig. S3). The final product, Ins1, was obtained by removing the
acetyl (Ac) groups with NH,NH,, which proved to be more effi-
cient in cleaving protecting groups and preserving disulfide link-
ages compared to other commonly used reagents like NaOH,
NaOMe, and NHj3-H,O (Supporting Information Figs. S4 and

S5). The yield for this step was 80%, and the purity of Insl was
rigorously validated using ultra-performance liquid chromatog-
raphy (UPLC), which displayed a sharp, single peak (Fig. S5).
High-resolution mass spectrometry (HRMS) confirmed the identity
of Insl, showing the expected m/z signals (Fig. S5). The correct
disulfide connectivity was verified through Glu-C digestion anal-
ysis. Furthermore, the proper folding of Insl was confirmed by
circular dichroism (CD), which exhibited spectra closely matching
that of unglycosylated insulin. As expected, Ins2 and Ins3 were
also effectively obtained following strategy I with yields compa-
rable to that of Ins1 (Fig. S5).
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We then turned our attention to preparing Ins4, a synthesis that
could be complicated by the presence of the «2,6-linked sialic
acid. Initial tests confirmed that the NH,NH, solution used in
strategy I reacted with the methyl (Me) ester, leading to the for-
mation of an undesired hydrazide (Supporting Information
Fig. S6A). Consequently, NH;-H,O was chosen for deprotection
due to its proven effectiveness in both Ac group removal and
methyl ester hydrolysis'®. However, this approach resulted in an
amide by-product with a —1 Da mass shift (Fig. S6B). Since the
use of NaOH or NaOMe solutions or their combinations led to
undesired disulfide bond rearrangements (Fig. S4), a new strategy,
strategy Ila, was developed to overcome this synthetic challenge.
This involved preparing a new A chain variant, InsA’, with a
SNPy-activated CysA20, and a new B chain variant, Ins4B’, with
an inactivated CysB19 and a fully unprotected glycan moiety
(Fig. 3). InsA’ was synthesized similarly to InsA (Fig. S1). Ins4B’
was obtained with a 37% yield by treating the glycopeptide Ins4B
with an optimized 30 mmol/L NaOH solution at 4 °C (Supporting
Information Figs. S7 and S8). With the newly prepared InsA’ and
InsdB’, selective and sequential formation of the two interchain
disulfide bonds gave Ins4 in 47% yield (Supporting Information
Fig. S9). Similarly, Ins5 was obtained using strategy Ila with a
35% yield (Fig. S9).

Unexpectedly, attempts to deprotect Ins6B using NaOH solu-
tion yielded an undesired by-product with incompletely removed
Ac groups, resulting in an inseparable mixture with Ins6B’
(Supporting Information Fig. S10A). Mass spectrometry frag-
mentation analysis indicated that the most challenging Ac group
to remove from the «2,3-linked sialic acid-containing trisaccha-
ride was likely located at the C4 position of the galactose (Gal)
residue®®. Similar outcomes were observed when using NaOMe
(Fig. S10B). To circumvent this challenge, we opted for a
trisaccharide with a cyclic structure between sialic acid and Gal,
thereby eliminating the problematic Ac group. Unfortunately,
tests revealed that this trisaccharide could not tolerate the presence
of TFA (Fig. S10C). Given the extraordinary difficulty of
removing all protecting groups in a single step, we pivoted to a
two-step deprotection strategy, strategy IIb (Fig. 3). After exten-
sive optimization, we identified that a combination of 40 mmol/L
NaOH and 15% NH,;NH, aqueous solutions was effective in
converting Ins6B to Ins6B’ (Fig. 3 and Supporting Information
Figs. S11—S13). The initial NaOH hydrolysis completely
removed the methyl ester, and after a preliminary HPLC separa-
tion, the subsequent NH,NH, treatment effectively removed all
remaining Ac groups, yielding Ins6B’ in 43% yield. Despite this
success, the deprotection process also generated a by-product with
an unremovable Ac group. Mass spectrometry fragmentation
analysis suggested that this by-product might result from Ac group
migration to LysB29 during NaOH-mediated hydrolysis (Figs.
S11 and S12). To verify this insight, we replaced the Boc pro-
tecting group on LysB29 with the NaOH-stable and hydrazine-
labile ivDde. This strategic modification effectively circum-
vented the formation of the by-product, resulting in a 58% yield of
Ins6B’ from Ins6B* (Fig. 3 and Fig. S13). Similarly, Ins7B’ was
synthesized from Ins7B or Ins7B* with yields of 32% and 50%,
respectively. Ins6 and Ins7 were readily synthesized by
combining Ins6B’ and Ins7B’ with InsA’ using the developed
procedure, achieving yields of 31% and 37%, respectively (Sup-
porting Information Fig. S14).

In this study, insulin glycoforms were synthesized at a 10 mg
scale due to the high cost of FPGAs. This quantity was sufficient
for comprehensive characterization. The optimized synthetic

strategy is expected to be scalable for industrial applications. With
the commercial availability of FPGAs at a reasonable cost, the A
and B chains could be synthesized and assembled on a larger
scale, similar to the industrial production of Fuzeon, a 36-amino
acid anti-HIV peptide drug manufactured via SPPS®® (Supporting
Information Figs. S15—S18).

2.2.  Properties of insulin glycoforms

With these glycoforms in hand, we initially evaluated the impact
of glycosylation on the self-association of insulin, a critical factor
in regulating its bioavailability and the timing and intensity of its
hypoglycemic effect®”*®. Unglycosylated human insulin is known
to have a strong propensity for self-association, forming stable
hexamers in the presence of Zn>" ions, resulting in slow absorp-
tion from subcutaneous tissue into the bloodstream?®. In contrast,
its mutant analogs, including Aspart, Lispro, and Glulisine, exhibit
a weaker tendency for self-association, leading to a faster ab-
sorption rate and onset of action, and are currently utilized as
rapid-acting therapies® (Fig. 1).

Analytical ultracentrifugation (AUC), a classical technique for
studying protein aggregation in solution, was employed to inves-
tigate how insulin glycosylation influences its self-association
behavior™. For comparison, commercially purchased and purified
unglycosylated human insulin, Aspart, Lispro, and Glulisine were
included in the study. The self-association of insulins was initially
assessed in phosphate-buffered saline (PBS) without Zn*", at a
concentration of 60 pmol/L, which is 1/10 of the 100 units/mL
commonly used for diabetes treatment. Under this condition, the
unglycosylated insulin demonstrates a stronger tendency for self-
association compared to both the mutant and glycosylated in-
sulins, with respective monomer, dimer, and hexamer ratios of
45.3%, 42.2%, and 12.5% (Fig. 4A and Supporting Information
Fig. S19). Glycosylation leads to an increase in monomer ratios
and a decrease in dimer ratios, a trend closely correlated with the
number of glycan units. Ins3 and Ins5—7, which contain tri- or
tetrasaccharides, exhibit monomer ratios (exceeding 80%) com-
parable to those of Aspart and Lispro. Interestingly, Glulisine
demonstrates relatively low monomer and high hexamer ratios.

The impact of glycosylation on insulin self-association was
next evaluated in a typical buffer used for rapid-acting insulin
formulations®', containing Zn®>" at 60 pmol/L. As shown in
Fig. 4A and Supporting Information Fig. S20, the advantages of
glycosylation begin to emerge in the presence of Zn>". Ungly-
cosylated human insulin, Aspart, Lispro, and Glulisine now show
a tendency for self-association comparable to glycoforms Ins1—4,
mainly forming hexamers and exhibiting monomer ratios lower
than 45%. However, Ins5—7, which bear sialylated tri- or tetra-
saccharides, maintain high monomer ratios of about 80%. These
findings indicate that, under these experimental conditions,
glycosylation with relatively large O-linked sialylated glycans
significantly reduces insulin self-association, surpassing the ef-
fects of previously adopted mutations.

To challenge this observation further, we examined insulin
self-association under more stringent conditions by increasing the
concentration to 600 pmol/L (100 units/mL)*!. Under these con-
ditions, unglycosylated insulin forms, including Aspart, Lispro,
and Glulisine, exhibited negligible monomer ratios (<3%), with
Aspart and Lispro primarily forming hexamers (>90%), while
Glulisine mainly existed as di-hexamers (52.8%) (Fig. 4A and
Supporting Information Fig. S21). Glycosylation conferred resis-
tance to multimer formation at the higher insulin concentration.
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Figure 4

The impact of glycosylation on insulin properties varies from negligible to significant depending on sialylation levels. (A) Self-

association tendencies of insulin in PBS (60 umol/L) and in insulin formulation (16 g/L glycerol, 1.50 g/L phenol, 1.72 g/L meta-cresol,
19.6 mg/L Zn>*, 1.25 g/L Na,HPO,-2H,0, and 0.58 g/L. NaCl, pH 7.4) at concentrations of 60 and 600 umol/L. Monomers, dimers, hexam-
ers, and di-hexamers are depicted in red, cyan, blue, and slate blue, respectively, with the percentages of each species indicated by the sector
height. (B) Solubility of insulin variants in PBS and in 1 mol/L PB (pH 7.4). (C) Half-lives of insulin variants determined by chymotrypsin
digestion (0.5 g/L) in a buffer containing 100 mmol/L Tris and 1.0 mmol/L CaCl, (pH 8.0). Data in (B) and (C) are presented as the mean + SD
(n = 3). P values were calculated using a two-tailed Student’s r-test. n.s., P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001,

compared with unglycosylated human insulin.

The unsialylated disaccharide on Ins2 noticeably increased the
monomer ratio to about 8%. The sialylated trisaccharide on Ins6
further enhanced the monomer ratio to 22.3%. Impressively, the
disialylated tetrasaccharide on Ins7 increased the monomer ratio
to over 60%, with the hexamer ratio reduced to only 15.2%. Taken
together, these findings confirm the extraordinary capability of
sialylated O-glycans to prevent insulin self-association. The
exceptionally high monomeric ratio of glycosylated insulins,
particularly Insé and Ins7, suggests they may rapidly dissociate

into monomers upon injection or even bypass the rate-limiting
dissociation step. These glycosylated insulins hold strong poten-
tial for developing enhanced rapid-acting or ultra-rapid-acting
formulations, offering faster onset of action, greater dosing flex-
ibility, and an improved option for patients struggling to achieve
postprandial glycemic control with current bolus insulins®?’.
Next, we explored whether glycosylation enhances insulin sol-
ubility®?, potentially enabling higher concentration formulations™.
We first assessed insulin solubility by measuring their saturated
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Figure 5 The impact of glycosylation on insulin functions is minimal. (A) Normalized blood glucose concentration over a 2-h period following
subcutaneous administration of insulin variants (0.75 units/kg) in STZ-treated mice, along with the normalized area under the blood glucose curve
for the first 1 h. Data are presented as mean £ SD (n = 7). (B) Immunoblot analysis and quantification of AKT phosphorylation at Ser 473 in
HepG2 cells stimulated with 25 nmol/L insulin variants for 20 min. GAPDH was used as a loading control. Data are presented as mean £+ SD

(n = 3). (C) Cell viability of HepG2 and HEK293 cells exposed to varying concentrations of insulin variants. Data are presented as mean + SD
(n = 3). P values were calculated using a two-tailed Student’s r-test. n.s., P > 0.05; *P < 0.05; ***P < 0.001, compared with unglycosylated

human insulin.

concentrations in PBS** (Supporting Information Fig. $22 and
Supporting Information Table S1). The results revealed that
unglycosylated insulin had a solubility of approximately 1.97 g/L
(57 wunits/mL; Fig. 4B). Glycosylation greatly increased
insulin solubility. While Ins 1 exhibited a modest four-fold increase
(8.75 g/L, 244 units/mL), Ins2 and Ins6 showed dramatically higher
solubilities of over 67 g/L and 156 g/L, respectively. Their exact
solubility values were not determined due to the large sample mass
required. To facilitate comparisons across all insulin isoforms, we

intentionally reduced solubility using a 1 mol/L phosphate buffer
(PB)*°, which lowered the solubility of unglycosylated insulin,
Insl, and Ins2 to approximately 0.1—0.2 g/L, and Ins6 to 3.92 g/L.
In this buffer, Aspart and Lispro had solubilities of about 0.2 g/L,
while Glulisine reached 1.21 g/L. Notably, sialylated large
glycans greatly enhanced insulin solubility, with Ins7 well
exceeding 74 g/L. These results clearly demonstrate the ability of
large sialylated O-linked glycans to increase insulin solubility. The
high solubility of glycosylated insulins, particularly Ins6 and Ins7,
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allows for the development of insulin formulations at much higher
concentrations than those achievable with currently marketed in-
sulin drugs. This advancement is expected to increase insulin device
capacity, enabling longer-lasting insulin pens, while also benefiting
patients with severe insulin resistance who require high daily doses.
By reducing injection volume and frequency, this improved solu-
bility has the potential to enhance treatment compliance®>.

We also investigated the role of glycosylation in enhancing the
proteolytic stability of insulin, which could potentially lead to a
reduction in injection frequency’®*’. Using chymotrypsin, we
identified isoform-specific effects (Fig. 4C and Supporting Infor-
mation Table $2)*. Aspart, Lispro, and Ins1—3 exhibited lower
half-lives than unglycosylated human insulin, with Lispro showing
about a fivefold reduction and others only slightly lower. Conversely,
Glulisine and insulins with sialylated glycans (Ins4—7) demon-
strated increased stability. Among them, Ins4 and Ins7 exhibited the
highest stability, with half-lives approximately 1.5 times that of
unglycosylated human insulin. These findings suggest a modest
positive impact of glycosylation on insulin proteolytic stability.

To evaluate long-term storage stability, we analyzed two
representative glycosylated insulins, Insé and Ins7, in PBS
(60 pmol/L) and rapid-acting insulin formulation (600 pmol/L).
Both glycosylated and unglycosylated insulins remained stable
over 3 weeks at room temperature (Supporting Information
Fig. S23, Supporting Information Tables S3 and S4).

2.3.  Functions of insulin glycoforms

To determine whether glycosylation diminishes or alters the
biological functions of insulin®®, we investigated the impact of
O-glycosylation on glucose uptake using a streptozotocin (STZ)
mouse model of type 1 diabetes*®. Mice were administered insulin
variants subcutaneously at a dose of 0.75 units/kg, and their blood
glucose levels were monitored over a 2-h period. Encouragingly,
our results showed that glycosylation had minimal impact on
glucose uptake, preserving insulin’s effectiveness in this essential
function (Fig. 5A and Supporting Information Tables S5—S7).
We then explored the influence of O-glycosylation on AKT
phosphorylation at the Ser473 residue, a key marker of PI3K/AKT
signaling pathway activation, using HepG2 cells*'*?. The cells were
stimulated with 25 nmol/L of various insulin variants for 20 min, and
AKT phosphorylation levels were assessed via immunoblot anal-
ysis. Our findings revealed that all glycosylated insulin variants
activated AKT to a similar extent as unglycosylated insulin, indi-
cating that glycosylation does not significantly alter this critical
signaling pathway for insulin function (Fig. 5B, and Supporting
Information Fig. S24 and Supporting Information Table S8). To
further confirm this, we examined AKT pathway activation using
two representative glycoforms, Insé and Ins7, at varying concen-
trations (6.25, 12.5, 25, 50, and 100 nmol/L) and incubation times
(2, 5, 10, 20, and 40 min). The results consistently showed that the
phosphorylation level at Ser473 induced by glycosylated insulins
was comparable to that of unglycosylated insulin (Supporting In-
formation Fig. S25, Supporting Information Tables S9 and S10).
Moreover, at a concentration of 25 nmol/L and an incubation time of
20 min, Ins6 and Ins7 also stimulated AKT phosphorylation at
Thr308 to the same level as unglycosylated insulin (Supporting
Information Fig. S26 and Supporting Information Table S11).
While insulin primarily activates the PI3K/AKT pathway, it
also modulates additional signaling cascades, such as the CRK/
TC10 pathway (regulating metabolic responses) and the Ras/
MAPK pathway (mediating mitogenic effects)*****. Although our

data indicate that glycosylation minimally impacts PI3K/AKT
signaling, we acknowledge the possibility of biased signaling,
where glycosylation might selectively enhance or suppress spe-
cific pathways. Moreover, glycosylation may modulate in-
teractions with receptors, such as the IGF-1 receptor, potentially
contributing to off-target effects through differential receptor
activation®. These important considerations will be systemati-
cally investigated in our ongoing research.

Finally, we evaluated the cytotoxic potential of O-glycosylated
insulin by incubating HepG2 and HEK293 cells with insulin vari-
ants at concentrations ranging from 45 nmol/L to 1440 nmol/L*°.
Cell viability was assessed using the CCK-8 assay, comparing
treated cells to a control culture medium. The data showed no sig-
nificant cytotoxicity associated with glycosylated insulin variants at
these concentrations (Fig. 5C and Supporting Information
Table S12). This was further supported by a toxicity evaluation in
Kunming mice administered two representative glycoforms, Ins6 or
Ins7, atadose of 1.2 units/kg daily for 14 days. Histological analysis
of liver and kidney tissues revealed normal cellular architecture with
no signs of necrosis, and H&E staining showed no abnormal cell
morphology (Supporting Information Fig. S27). No significant
differences were observed compared with saline-treated mice,
confirming the absence of organ toxicity following repeated
administration of glycosylated insulins.

3. Conclusions

To address the highly challenging issue of determining the impact
and potential therapeutic benefits of naturally occurring O-linked
glycosylation, we developed an enabling approach for the syn-
thesis of insulin glycoforms bearing complex glycans. For the first
time, we revealed that maintaining the fidelity of disulfide bonds
while fully deprotecting different O-linked glycans requires
distinct synthetic strategies for glycoproteins like human insulin.
We discovered that glycoforms without sialic acid are best pre-
pared using strategy I (Fig. 3), where the protecting groups on
glycans are removed as the final step. For glycoforms with sialic
acid, strategy II is essential, requiring glycan deprotection during
the preparation of individual chains. Further refinement of strategy
II was necessary based on the glycosidic bond linking the sialic
acid: strategy Ila for 2,6-linked sialic acid, requiring one-step
deprotection, and the more complex strategy IIb for 2,3-linked
sialic acid, necessitating a two-step deprotection process
(Fig. 3). Together, these strategies established a robust platform
enabling the synthesis of Ins1—7, a series of insulin glycoforms
with systematically varied glycan structures.

With this previously unattainable isoform series in hand, we
were able, for the first time, to directly investigate the impact of
natural O-glycosylation on properties and functions related to the
therapeutic use of insulin. Our results revealed that natural O-
glycosylation suppresses insulin self-association and enhances its
solubility to an unexpected level, outperforming the amino acid
substitutions in commercially available insulin analogs such as
Aspart, Lispro, and Glulisine. These significant advantages,
combined with preserved core biological functions, suggest that
natural O-linked glycosylation holds great promise for the future
development of new insulin drugs, potentially addressing two
unmet medical needs. First, the markedly lower self-association
propensity compared to current rapid-acting insulins may enable
formulations with significantly faster onset of action. Second, the
substantially higher solubility of glycosylated insulins compared
to existing insulin drugs could permit development of more
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concentrated formulations to benefit patients with severe insulin
resistance.

Overall, we have provided a foundational framework for the
total synthesis of proteins with naturally occurring O-glycans,
highlighting the importance of having a complete repertoire of
glycoforms to elucidate the therapeutic potential of O-glycosyla-
tion in proteins like insulin. This achievement has the potential to
spur further investigations into other naturally occurring O-linked
glycoproteins and drive advancements in utilizing natural glyco-
sylation for therapeutic enhancements of insulin and other proteins
and peptides.

4. Experimental
4.1.  Synthesis and characterization of insulin glycoforms

Detailed procedures for the synthesis of insulin glycoforms, Glu-C
digestion, and CD characterization are provided in the Supporting
Information

4.2. AUC characterization

Insulin variants were dissolved in different buffers to final con-
centrations of 60 or 600 pmol/L. AUC experiments were per-
formed using a Beckman Coulter Optima AUC equipped with an
An-60 Ti analytical 4-place titanium rotor at 20 °C and 60k rpm
(262,000xg). Each sample was analyzed alongside a corre-
sponding buffer reference. Data were collected using Rayleigh
interference detection with a 1024 x 1088 CCD camera, analyzed
with the SEDFIT program, and nonlinearly fitted with a Gaussian
function in Origin software. The area under each of the fit curves
was used to approximate the abundance of each species.

4.3.  Solubility determination

To 200 pg of lyophilized human insulin, 10 pL. of PBS was added.
The resulting mixture was vortexed for 2 min and centrifuged at
2680x g for 2 min. The supernatant was collected and diluted for
UPLC analysis to obtain the UV peak area, and its concentration
was interpolated from the standard curve. The solubility of human
insulin in PBS was reported as the mean of three independent
measurements. All other solubilities obtained in PBS or 1 mol/L
PB buffer (pH 7.4) were determined in a similar way.

4.4.  Proteolytic stability determination

Each insulin variant (0.5 g/L, 80 pL) in digestion buffer
(100 mmol/L Tris, 1.0 mmol/L CaCl,, pH 8.0) was pre-incubated
at 37 °C for 15 min. Chymotrypsin (0.25 g/L, 4 pL) was added,
and digestion proceeded at 37 °C for 60 min. Aliquots were
withdrawn at specific intervals for UPLC and MS analyses. The
remaining intact insulin variant was quantified based on UV peak
area. Data were fitted according to Eq. (1):

y=Al-e + 30 (1)

where y = UV peak area, x = digestion time, and 1 = decay
constant. Half-lives (H) were calculated as Eq. (2):

H=t1-n2 (2)

4.5.  Long-term storage stability determination

Solutions of insulin, Ins6, and Ins7 were prepared at concentra-
tions of 60 pmol/L in PBS or 600 umol/L in a rapid-acting insulin
formulation buffer (16 g/L glycerol, 1.50 g/L. phenol, 1.72 g/L
meta-cresol, 19.6 mg/L Zn?>", 1.25 g/L Na,HPO,-2H,0, 0.58 g/L
NaCl, pH 7.4). The solutions were incubated at room temperature
for 21 days. Samples were withdrawn at different time intervals
for UPLC and MS analyses. The remaining concentration of intact
insulin variant was quantified based on UV peak area.

4.6.  Glucose uptake regulation determination

C57BL/6N mice were fasted for 5 h, then injected intraperitone-
ally with streptozotocin (160 mg/kg in 0.1 mol/L citrate buffer, pH
4.5). After 2 h, food was returned. Hyperglycemia (fasted blood
glucose >16.7 mmol/L) was confirmed after 7 days. For func-
tional studies, mice were fasted for 6 h, then administered insulin
variants (0.75 units/kg in saline) subcutaneously. Blood glucose
levels were measured at 15, 30, 45, 60, 90, and 120 min post-
injection. Data were analyzed using Origin software, with results
calculated from seven replicates per group.

All animals in our study received humane care, and all
experimental protocols were approved by the Animal Care &
Welfare Committee of Institute of Materia Medica, Chinese
Academy of Medical Sciences and Peking Union Medical Col-
lege, Beijing, China (approval number: 00003455).

4.7.  AKT phosphorylation immunoblot analysis

HepG2 cells were cultured in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin under a humidified atmo-
sphere of 95% air and 5% CO, at 37 °C. Cells were plated in
6-well plates at a density of 1.0 x 10° live cells per well in 2 mL
of medium. After 6 h, the medium was replaced with a serum-free
culture medium, and cells were incubated for an additional 12 h.
Subsequently, the cells were treated with insulin variants at spe-
cific concentrations for predetermined durations. Cells were then
washed with ice-cold PBS and lysed with an ice-cold lysis buffer
containing phosphatase and protease inhibitors for 20 min. Lysates
were collected and centrifuged at 9400xg for 15 min. The su-
pernatant was mixed with 1/4 volume of SDS-PAGE loading
buffer, incubated at 95 °C for 10 min, and then immediately
cooled on ice. Protein samples were resolved by SDS-PAGE and
transferred to a PVDF membrane.

Membranes were blocked with 5% skimmed milk in TBST.
Primary antibody incubation was performed overnight at 4 °C in a
commercial primary antibody dilution buffer. Following six 5-min
TBST washes, membranes were incubated with an HRP-
conjugated secondary antibody in a commercial HRP-antibody
dilution buffer for 1 h. After another six 5-min TBST washes,
membranes were treated with Super ECL Detection Reagent for
3 min. Signals were acquired using the MiniChemi chem-
iluminescence imaging system, and immunoblot quantification
was performed using Fiji software.

4.8.  Toxicity in cells

HepG2 and HEK293 cells were cultured as above, seeded in 96-
well plates at a density of 6000 live cells per well in 100 pL. of
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culture medium on the day before the assay. The culture medium
was then replaced with 100 pL of fresh medium containing the
desired concentration of insulin variants or control medium. The
cells were incubated for 48 h, followed by the addition of the
CCK-8 reagent. Absorbance was measured at 450 nm after 2 h
using the Multiskan™ FC microplate photometer. Data analysis
was conducted using Origin software, and results were calculated
based on three replicates per group.

4.9.  Toxicity in mice

Kunming mice were subcutaneously injected daily with
1.2 units/kg of insulin, Ins6, or Ins7 in saline, or saline alone, for
14 consecutive days. Following euthanasia, liver and kidney
tissues were collected for H&E staining.
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