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ABSTRACT: N-Glycosylation represents an essential type of
posttranslational modification for proteins. However, deciphering
the functions of N-glycosylation remains a challenge due to the lack of
analytical and biochemical methods to accurately differentiate the
protein glycoforms with various intact glycans. Here we report our
synthesis and evaluation of homogeneously glycosylated interleukin-
17A (IL-17A), based on a synthetic approach combining solid-phase
synthesis of (glyco)peptides, chemoenzymatic glycan modification on
segments, and chemical ligations. The obtained homogeneous
glycoproteins allow for the demonstration of the stabilizing role of
N-glycans during the folding step. A comparison of three IL-17A
glycoforms in a normal human dermal fibroblast (NHDF) assay
reveals dose-dependent interleukin-6-inducing activities in all cases,
wherein the glycoform with sialyl undecasaccharides displays much weaker stimulatory effect than that of the GlcNAc- or
GlcNAc(β1→4)GlcNAc-modified proteins. Further surface plasmon resonance (SPR) and hydrogen/deuterium exchange mass
spectroscopic experiments confirm that the evaluated complex type N-glycan impedes the binding between IL-17A and its receptor
IL-17RA. This structure−activity relationship study on glycoproteins highlights the viability of applying the de novo approach to
probe the roles of N-glycans.

■ INTRODUCTION
N-Glycosylation is a widely presented posttranslational
modification (PTM) in the eukaryotic system, playing pivotal
roles for correctly functioned proteins and the viability of
cells.1 While seminal works have demonstrated the general role
of N-glycosylation as a checkpoint in protein folding and
quality control within the endoplasmic reticulum (ER),2 other
functions of N-glycans, such as their influence to protein
biological activity,3 thermal stability,4 and in vitro folding,5

remain to be fully understood in detail at the molecular level.
The major difficulties associated with studying N-glycosylation
reside in the micro-heterogeneity of those appended
carbohydrate motifs generated during the biological proc-
esses,1b and the lack of practical biotechnologies has
significantly limited the related research. To address this
issue, chemical synthetic approaches,6 sometimes in combina-
tion with enzymatic or bioexpression methods,7 have been
developed and proved to be powerful means to access the
requisite homogeneous N-glycoproteins for further chemical
biological studies. For instance, utilizing the bacterial immunity
protein Im7 prepared through a semisynthetic approach, the
impacts of N-linked GlcNAc(β1→4)GlcNAc on protein folding
and stability has been investigated by Imperiali et al.8 As more
complex glycoproteins are being accessed via chemical
synthesis,9 the stage was set for the elucidation of N-glycan
functions in the context of glycoforms containing more

sophisticated oligosaccharides. Representative examples in-
clude, but are not limited to, the studies on glycoprotein
quality control by the Kajihara group based on homogeneous
interleukin-8, crambin, erythropoietin, and interferon-β.10

Notwithstanding these impressive advances, research on the
varied glycosylation patterns of homogeneous proteins,
particularly those with higher levels of structural complexity,
is still very limited. Better understanding of these essential
biomolecules calls for more methodological developments and
synthetic efforts. In this article, we disclose our synthetic
studies on interleukin-17A (IL-17A, Figure 1), an N-
glycoprotein that possesses a cystine-linked homodimeric
structure.11 On the basis of the obtained homogeneous
glycoforms of IL-17A, the impacts generated by its N-glycans
on in vitro protein folding, as well as the protein’s thermal
stability and inflammatory cytokine-inducing activity, have
been explored.
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As a proinflammatory cytokine that is primarily secreted
from activated T helper 17 (TH17) cells, and several innate
immune T cells including macrophages, neutrophils, natural
killer cells, and dendritic cells,13 IL-17A plays essential roles in
regulating both innate immunity and host defense in human
body.14 Not only its pivotal roles in normal inflammatory
processes, but also the correlation between its overexpression
and the pathogenesis of autoimmune diseases15 as well as the
promotion of cancer,16 have made IL-17A an extremely
attractive protein for the related research. Extensive studies
have thus been conducted and proved IL-17A as a viable
therapeutic intervention target, which have already yielded
several clinically used monoclonal antibody drugs, and a
number of drug candidates in different stages of clinical trials
for the treatment of autoimmune diseases.17

Despite all these research advances on the biological roles
and medicinal applications of IL-17A, there have been no
reported studies addressing the functions of its N-glycosylation
from the aspect of accurate structure−activity relationships,
presumably due to the difficulties of obtaining structurally well-

defined homogeneous glycoproteins using biological methods.
On the other hand, the complex cystines holding the
homodimeric structure of IL-17A make it an even more
challenging target for those de novo approaches, aside from the
sialyloligosaccharide-containing glycoprotein chain. Neverthe-
less, we envisioned that the use of chemical ligation methods
should afford flexibility for assembling the peptide segments
with accurately controlled glycosylation sites and glycan
structures, setting the stage for investigating the structure-
related glycan functions of such a prominent glycoprotein.

■ RESULTS AND DISCUSSION

Retrosynthetic Analysis of IL-17A and Synthesis of
the Requisite (Glyco)Peptide Segments. Structurally,
endogenous IL-17A is secreted as a disulfide-linked homodi-
meric protein.18 When the four intrachain- and two interchain-
disulfide bridges (Cys71−Cys121, Cys76−Cys123, Cys71′−Cys121′,
Cys76′−Cys123′, Cys10−Cys106′, and Cys106−Cys10′) of the
mature form were reductively cleaved, two identical protomers
could be formed (Figure 2). Each protomer consists of 132
amino acids and bears one conservative N-linked glycan at
Asn45. Seminal strategies in the field of chemical protein
synthesis, such as solid-phase peptide synthesis (SPPS),19

native chemical ligation (NCL),20 and metal-free desulfuriza-
tion (MFD),21 certainly provided us powerful tools for
synthesizing such a monomeric protein chain. After examining
the primary sequence for the available cysteines/alanines, or
other amino acids that could be converted from their
mercapto-substituted derivatives,22 we dissected the reduced
form of IL-17A into four segments that could be assembled
using two cysteine-based ligations and a thio-aspartate-assisted
ligation23 (Figure 2). Such a convergent assembly strategy
offers flexibility in modifying each segment independently
when necessary, which is particularly important for preparing

Figure 1. Schematic presentation of IL-17A containing two conserved
N-glycosylation sites.12

Figure 2. Target sequence and retrosynthetic analysis of IL-17A. Plausible ligation sites depicted in green.
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the glycosylated segments (Figure 3). Notably, while many
beautiful chemical syntheses of proteins have been accom-

plished,24 obtaining proteins with complex sialyloligosacchar-
ides remains challenging,25 as there are only a handful of
successful examples to date.9a,d,e,h,26 Considering that chemical
methods toward complex glycopeptides usually require
laborious steps involving multiple protecting group manipu-
lations, we envisaged that the use of chemoenzymatic
transglycosylation approach based on Wang’s protocol would
be more efficient (vide infra).27 It is also worth mentioning
that the methionine residues (Met23,87) in our synthetic IL-17A
were designed to be mutated to its bioisostere, norleucine
(Nle),28 which should not affect the protein structure and
potency.29 Such substitutions may avoid possible oxidation and
the subsequent degradation that would complicate our primary
goal: exploring the impacts from N-glycan to the biophysical
and biochemical properties of the protein, such as folding
efficiency, thermal stability, advanced structures, and bio-
activity.

In a forward manner, we commenced our synthesis by the
preparation of four requisite peptide segments using Fmoc-
based SPPS protocols and the established procedures (Scheme
1). Segments 2 (Gly1 ... Ser41) and 3 (thio-Asp42 ... Gly75) were
synthesized as peptidyl hydrazides according to methods
developed by Liu and co-workers,30 which have been proved to
be versatile epimerization-free precursors to peptidyl thioesters
in NCL.31 Alternatively, peptide segment 4 (Cys76 ... His105)
was synthesized as a thioester using Sakakibara’s protocol,32

where the coupling of a side-chain protected peptidyl-prolyl
acid and a histidine-derived thioester could be accomplished
without the concern of racemization. During the preparation of
the protein C-terminal peptide 5 (Cys106 ... Ala132), it was
noticed that two free cysteines within the sequence were prone
to form an intramolecular disulfide bond (Cys121−Cys123, see
Supporting Information, Page S20, Figure S9), resulting in
aggregation of peptide 5a and substantial amount precipitates
during postsynthetic manipulations including HPLC purifica-
tion. Since it was noticed that the aggregation process could be
reversed under reductive conditions, orthogonal protection on
Cys121 using either Acm (5b) or StBu (5c) successfully
prevented the undesired disulfide formation (Figure S9b),
leading to significantly improved synthetic efficiency en route
to peptide 5.
In order to obtain the segments with the native glycosylation

site, two strategies were applied. For peptides 3b and 3c
bearing relatively small monosaccharide (N-acetyl glucos-
amine, GlcNAc), or disaccharide [GlcNAc(β1→4)GlcNAc],
utilizing the corresponding glycosylated asparagine building
blocks in SPPS8a,33 could achieve comparable efficiency as that
of the nonglycosylated peptide 3a. However, for glycopeptide
3d appending a typical complex type biantennary sialyloligo-
saccharide, using chemical approaches requires modifications
of the carbohydrate to make it suitable for either the SPPS,26,34

or the reactions with orthogonally protected peptide frag-
ments.35 To minimize manipulating the oligosaccharide
obtained from the sialylglycopeptide (SGP),36 we took
advantage of the Endo-M-catalyzed transglycosylation meth-
od27a to elaborate the N-glycan chain of the GlcNAc-

Figure 3. General strategy for synthesizing several (glyco)isoforms of
IL-17A.12

Scheme 1. Preparation of Peptide Fragments for Ligationa

aReaction conditions: (i) Fmoc-based SPPS; (ii) TFA/TIS/H2O (95:2.5:2.5), rt, 2.5 h; (iii) N2H4·H2O/DMF (5:95), rt, 16 h; (iv) SCT-ox, Endo-
MN175Q, Tris-HCl buffer (80 mM Tris-HCl, 10 mM TCEP·HCl, pH 7.2), rt, 2 h × 2; (v) DCM/TFE/AcOH (3:1:1), rt, 1 h × 3; (vi) HCl·H−
His(Trt)−S(CH2)2CO2Et, PyBOP, DIEA, DCM, rt, 12 h.
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containing peptide 3b. When Endo-MN175Q was utilized in our
reactions following the literature reported protocols,37 even
with large excess oligosaccharide oxazoline derivative (SCT-ox,
s4 in Supporting Information, Page S13) donor,38 low
conversions to the desired product were observed. After
extensive optimization (Table S1), the addition of TCEP in
the Tris-HCl buffer was found to be beneficial for solubilizing
3b at a diluted concentration (6.5 mg/mL), leading to better
efficiency for transglycosylation. We reason that the free thiol
at the N-terminal Asp residue may be oxidized to form
unreactive insoluble materials, which are improper substrates
for the enzyme. The undesired side reactions could be
prevented under the slightly reduced conditions. Additional
equivalents of glycan donors and enzymes further improved
the reaction conversion and afforded glycopeptide 3d in decent
yield. Notably, separation of two glycoforms with the size like
peptide segments 3b and 3d could be accomplished using
reverse-phase HPLC, but it would be more complicated for
larger peptides and likely impossible for glycoproteins.
Assembly of (Glyco)Peptide Segments Forming the

Single Chain Protomer of IL-17A. We next explored the
ligation reactions to assemble the N- and C-terminal halves of
IL-17A protomer, respectively, and subsequently merged them
together (Scheme 2). Peptidyl hydrazide 2 and thio-aspartyl

peptides 3a−d underwent ligation reactions smoothly to afford
peptides 6 in good yields. However, when the ligated fragment
IL-17A(1−75) 6a was subjected to the radical-based
desulfurization conditions following the reported protocols
using 2,2′-azobis[2-(2-imidazolin-2-yl)propane] dihydrochlor-
ide (VA-044) as the initiator,21 a significant amount of an
inseparable byproduct was generated (see Supporting In-
formation, Page S28, Figure S15). On the basis of analysis of
the corresponding mass spectroscopic data in our case, and
similar side-products observed in the cases of thiol-removal
reactions involving peptides that contain γ-thio-glutamate,39

the structure of byproduct was proposed as 7A′ (Figure S16).
To suppress this problematic side reaction, a wide range of
reaction conditions were investigated (Page S27, Table S2),
such as the usage of an acidic buffer (pH 3.0), or an alternative
hydrogen donor (i.e., reduced form of glutathione),40 or an
increased amount of TCEP (800 mM), or a radical initiator
with higher decomposition temperature [i.e., 2,2′-azobis(2-
methylpropionamidine) dihydrochloride (V-50)],41 or UV
irradiation (365 nm),23b or a TCEP/DTT-mediated con-
dition,23a and so on. Unfortunately, none of these conditions
was able to afford the desulfurized product cleanly in our case.
By further examining the possible mechanism of this side

reaction, it was realized that compound 7A′ might be

Scheme 2. Synthesis of IL-17A Utilizing a Convergent Routea

aReaction conditions. (i) Hydrazide-based ligation: (1) 2 in Buffer A, −15 °C, 15 min; then 200 mM NaNO2, −15 °C, 15 min; (2) 3, Buffer B, rt
(for 3a,b) or 37 °C (for 3c,d), 9−16 h; Yields: 60% for 6a, 65% for 6b, 58% for 6c, and 58% for 6d. (ii) NCL and Thz removal: (1) 4 and 5 in
Buffer C, rt, 5 h; (2) MeONH2·HCl, pH 4.0, rt, 5 h. 55% yield. (iii) Desulfurization: 6 in Buffer D, TCEP, tBuSH, ACVA, 50 °C, 5 h. Yields: 53%
for 7a, 65% for 7b, 50% for 7c, and 59% for 7d. (iv) Hydrazide-based ligation: (1) 7 in Buffer A, −15 °C, 15 min; then 200 mM NaNO2, −15 °C,
35 min; (2) 8 in Buffer B, rt, 3−8 h. Yields: 42% for 9a, 41% for 9b, 53% for 9c, and 33% for 9d. (v) Acm-removal: 9 in Buffer E, PdCl2, 37 °C, 30
min. Yields: 89% for 10a, 82% for 10b, 83% for 10c, and 98% for 10d. (vi) Folding: (1) 10, 500 mM Gn·HCl, 20 mM Tris, 15% Glycerol, 1 M
Arginine, 5 mM Cysteine, 1 mM Cystamine, 4 °C, 36 h; (2) ultracentrifugation, 4 °C. Yields: 3% for 1a, 17% for 1b, 14% for 1c, and 27% for 1d.12

Buffer A: 6 M Gn·HCl, 200 mM NaH2PO4, pH 3.0−4.0; Buffer B: 6 M Gn·HCl, 200 mM Na2HPO4, 200 mM MPAA, pH 6.5−6.9; Buffer C: 6 M
Gn·HCl, 200 mM Na2HPO4, 50 mM TCEP·HCl, 30 mM MPAA, pH 7.0; Buffer D: 6 M Gn·HCl, 200 mM Na2HPO4, pH 8.0; Buffer E: 6 M Gn·
HCl, 200 mM Na2HPO4, pH 7.0.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c12448
J. Am. Chem. Soc. 2021, 143, 2846−2856

2849

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12448/suppl_file/ja0c12448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12448/suppl_file/ja0c12448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12448/suppl_file/ja0c12448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12448/suppl_file/ja0c12448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12448/suppl_file/ja0c12448_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12448/suppl_file/ja0c12448_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=sch2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c12448?ref=pdf


generated from a competitive interception of peptidyl thiyl
radical intermediate s7 by VA-044-derived radical s6 (see
Supporting Information, Page S28, Figure S16). This fast
radical quenching in the presence of large excess TCEP may be
resulted from a potential tight ion pair between the β-
carboxylate, on the side chain of Asp42 within s7, and the basic
4,5-dihydroimidazole moiety of s6. Therefore, an alternative
radical initiator, 4,4′-azobis(4-cyanovaleric acid) (ACVA), was
tested, and we hoped that those carboxylates in ACVA and
thio-Asp residue might have a repulsion to help farther them
apart, thus diminishing the side reactions. To our delight, the
use of ACVA provided significantly improved conversion to
the desired products (Page S29, Figures S17), and ligation
segments 7a−d were isolated in good yields after HPLC
purifications.
On the other hand, cysteine-based NCL between peptides 4

and 5c, followed by Thz opening in the same reaction flask,
delivered segment IL-17A(76−132) 8 efficiently. Then
segments 7 and 8 were merged to give the ligated products
9, and the subsequent removal of Acm utilizing PdCl2 revealed
the native Cys10 and Cys71,

42 leading to the cystine-reduced
forms of IL-17A isomers (10a−d) with the site- and structure-
specific glycosylations when required. It is noteworthy that in
the ligation reactions between 2 and 3, the size of
carbohydrates did influence the reaction rate, as the
disaccharide and undecasaccharide versions require elevated
reaction temperature (37 °C). This phenomenon may be
related to the sterics induced by larger glycans to the proximal
ligation sites. Nevertheless, the efficiency in all other synthetic
steps did not show apparent differences among varied
glycoforms, further demonstrating the robustness of these
applied chemical methods.
Exploration of Proper Conditions for in Vitro Protein

Folding. Protein folding in the biological system is usually
facilitated by the calnexin/calreticulin (CNX/CRT) cycle
within the ER,43 representing a highly sophisticated and
complex process involving many enzymes and chaperones.44

While refolding proteins in vitro is usually associated with
challenges such as misfolding and aggregation, developing
suitable protocols to reconstitute the recombinantly expressed
proteins in their native forms is extremely valuable for both
academic research and industrial production of biologics. In
our case, the reconstitution of IL-17A requires the correct
match of two pairs of intrachain “cystine knot” disulfides
connecting strands 2 and 4 of each chain, and two pairs of
interchain disulfides that lock the two protomers covalently
(Figure 2). Among all de novo syntheses of glycoproteins to
date, protein refolding with such complicated disulfide linkages
have not been investigated, although literature precedents on
nonglycosylated proteins could be of support for our study.
Initially, we attempted stepwise dialysis protocols toward
protein 1a (see Supporting Information, Page S46, Table S3)
utilizing either CuSO4-mediated oxidation method,45 or
cysteine/cystine redox pair-based procedures.9e,f,h,26,46 All
these experiments led to monomeric species without the
formation of interchain disulfides, as indicated by nonreducing
SDS-PAGE and mass spectroscopic analysis. Aiming to
promote the disulfide-linked dimer formation, we evaluated
10a in higher concentration (1.5 mg/mL) under a buffered
condition in the presence of glutathione (GST) redox
pair,9b−d,47 which has been utilized in the chemical synthesis
of vascular endothelial growth factor (VEGF) and successfully
delivered the complex disulfide linkages.47a This protocol also

failed in our case, resulting in severe protein aggregation.
These results further underscore the hydrophobic and
aggregation-prone properties of IL-17A and the relevant
folding intermediates, presumably due to the high content of
β-sheet strands (49%) in its structure according to the reported
crystallography data.11

Drawing inspirations from the folding recipe for a
recombinant variant of IL-17A utilized by Wu and co-
workers,48 glycerol49 and concentrated arginine50 were applied
in the buffer as additives to stabilize the folded proteins and
intermediates. We were delighted to find that no precipitation
of aggregated proteins was observed using a folding buffer
containing cysteine/cystamine, and the formation of dimeric
proteins was significantly improved, as indicated by SDS-
PAGE (Figure 4, and see Supporting Information, Pages S46,

Table S3, entries 4−5). Further experimentation revealed that
1 M of arginine in buffer was optimal for the folding of
proteins in an appropriate concentration of 1−2 mg/mL
(Table S3, entry 7), and the desired protein 1a with six
disulfides was observed as the major peak shown in UPLC
(Figure 4C, and Figure 6).
Utilizing the optimized folding conditions, four isoforms of

IL-17A 1a−d were successfully obtained (Scheme 2). The
glycoform bearing undecasaccharide (1d) was prepared in a
significantly higher yield after HPLC purification (27%), while
the nonglycosylated protein 1a exhibited poor stability during
the preparation (i.e., folding, lyophilization, and storage),
resulting in drastically diminished yield (<3%). These results
set the stage for our next investigation of glycan functions in
IL-17A.

Probing the Stabilizing Roles of N-Glycosylation in
Refolding IL-17A. In order to understand how the N-glycans
impact the refolding of IL-17A in vitro, conversion of 10a to its
oxidized forms was monitored and carefully examined using
LC-MS (Figure 5A). Under the oxidative conditions, most
species formed at the 5 min time point exhibited hydrophobic
properties and possessed retention time (tR) greater than 30
min on the reverse-phase C4 column. Meanwhile, the rapid
generation of monomeric proteins (Scheme 3, 11a) with
formed intrachain disulfides was observed, albeit in relatively

Figure 4. Analysis of the protein mixture produced after refolding of
peptide 10a. (A) Nonreducing SDS-PAGE of the folding mixture
obtained after ultracentrifugation (Lane a) and stored under −80 °C
for 4 days (Lane b); (B) Nonreducing SDS-PAGE of the folding
mixture obtained before ultracentrifugation (left) and UPLC-HRMS
analysis of the folding mixture after ultracentrifugation (right); (C)
UPLC-HRMS analysis of the folding mixture after ultracentrifugation
(Table S3, entry 7).
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small amounts. Monomers 11 and dimers 12 are mixtures of
folding intermediate proteins, showing multiple peaks on the
UV spectra of liquid chromatography, presumably due to the
modifications of unpaired cysteine sites 10 and 106 by either
one or both cysteine and cysteamine presented in the folding
buffer. Those hydrophobic intermediates within 48 h were
partially transformed into the folded conformations with
significantly increased hydrophilicity, as the tR decreased to
approximately 20−22 min. It was noticed that in this cysteine/
cystamine-mediated oxidation step, the target dimeric protein
was difficult to be generated, as the dimerization proceeded
sluggishly and stopped at the stage where only one pair of
interchain disulfide was constructed (Scheme 3, 12a).

Intriguingly, it was noticed that those two required interchain
disulfides successfully formed when we attempted to
concentrate the protein mixtures after the oxidation step,
where the ultracentrifugation using a semipermeable mem-
brane-containing filter afforded protein 1a (Figure 6A).

Comparing to the common dialysis conditions that use redox
pairs of thiols/disulfides to effect disulfide bond exchange and
the formation of required cystine linkages in proteins, this
ultracentrifugation-based protocol provides an additional
advantage of gradually increased concentrations, which may
be beneficial for the dimerization-required intermolecular
interactions and minimized aggregation. Consequently, this
stepwise “oxidation-dimerization” protocol may be of practical
use in the in vitro folding of other homodimeric proteins that
possess complex disulfide linkages.
Comparing the folding processes toward four isoforms of IL-

17A glycoforms (1a−d), the nonglycosylated protein 10a
showed a much higher tendency to generate nonproductive
hydrophobic intermediates and aggregates than the glycosy-
lated proteins (10b−d, Figure 5A−D), and the glycoprotein
appending the largest-sized glycan proceeded in a faster rate
and converted the most to the productive disulfide-containing
monomers and dimers (Figure 5D). This stabilization, similar
to those reported cases,5c,8 may be resulted from the
hydrophilicity and steric induced by glycosylation, which
shield certain hydrophobic regions of the protein surface and
prevent aggregation. Moreover, based on the estimated ratios
of intermediates 11 versus the remaining starting peptides 10
at the 8 h time point (see Supporting Information, Page S47,
Figures S31), also considering the hydrophobic intermediates
generated in each case, it was suggested that the N-glycans,
particularly the large sialyloligosaccharide, may be beneficial
for the formation of intrachain disulfides in IL-17A protomer.
On the other hand, the production of the interchain disulfide

linkages at the folding end point was probed by determining
the composition of the concentrated mixture after ultra-
centrifugation. It was noticed that IL-17A aglycone 1a, and

Figure 5. UV traces from HPLC analysis of the folding mixture in the
oxidation step for (A) aglycone 10a, (B) GlcNAcylated 10b, (C)
GlcNAc(β1→4)GlcNAc-modified 10c, and (D) disialyl undecasac-
charide-modified 10d. HPLC performed using a linear gradient of
25−35% CH3CN/H2O over 30 min. ⧫UV signal denotes the folding
precursor 10. *UV signal denotes the presumable hydrophobic
folding intermediates or aggregates.

Scheme 3. In Vitro Folding Process for IL-17Aa

aReaction conditions. (i) Oxidation: 10 (1.7 mg/mL) in 500 mM Gn·
HCl, 20 mM Tris-HCl, 15% Glycerol, 1 M Arginine, 5 mM cysteine, 1
mM cystamine, pH 9.0, 4 °C, 48 h. (ii) Ultracentrifugation ×3.
bMonomers modified by cysteine or cysteamine at the Cys10 and
Cys106 sites

cDimers modified by cysteine or cysteamine at the Cys10
and Cys106 sites.

Figure 6. UV traces from UPLC analysis of the obtained mixture after
ultracentrifugation for three times on IL-17A isoforms. (A) Aglycone;
(B) GlcNAc-modified proteins (traces representing ultracentrifuga-
tion for three times shown in red, and for five times shown in purple);
(C) GlcNAc(β1→4)GlcNAc-modified proteins; (D) Disialyl undeca-
saccharide-modified proteins. aEstimated ratio of the desired protein 1
versus all detectable disulfide-containing proteins based on the
integration of UV signals.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c12448
J. Am. Chem. Soc. 2021, 143, 2846−2856

2851

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c12448/suppl_file/ja0c12448_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12448?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c12448?ref=pdf


glycoforms 1c and 1d, took up 60−70% of all disulfide-formed
species in each case (Figure 6A,C,D), and the corresponding
glycans seem to have insignificant effects on the overall
conversions. However, the glycoform 1b, containing mono-
saccharide GlcNAc, requires an extended centrifugation time
to achieve a conversion comparable to other glycoforms
(Figure 6B). This phenomenon could not correlate to the
increasing size of glycans. Examining the reported X-ray crystal
structures11 of nonglycosylated IL-17A isoforms suggests that a
potential CH-π interaction may exist between aromatic
residues (Tyr43 or Tyr44) and the GlcNAc on Asn45 (see
Supporting Information, Page S48, Figure S32), similar to the
“enhanced aromatic sequon” proposed by Powers and Kelly.51

For the glycosylated IL-17A, it may be possible that the
potential CH-π bond within the GlcNAcylated monomers
alters the orientation of either Tyr43 or Tyr44 located close to
the interface of dimerization (Figure S32b), resulting in a
stabilized conformation that may require a higher energy gap
to overcome for generating dimer 1b. In contrast, other
monomeric glycoforms either lack glycan (10a) or possess
larger sized glycan that interrupts the CH-π interactions (10c
and 10d), leading to conformations that are relatively more
favorable for the dimer formation.
After the folding step, purification of the resulted mixture

using reverse-phase HPLC afforded the targeted glycoforms of
IL-17A 1a−d. It was noticed that the IL-17A aglycone (1a)
severely degraded during lyophilization after the purification
step (Figure 7A), suggesting that it might be aggregation-
prone. In contrast, the glycosylated isoforms were obtained in
decent isolation yields (17% for 1b, 14% for 1c, and 27% for
1d), further demonstrating the crucial stabilizing role of N-
glycans during the refolding and postsynthetic manipulations.
Characterizations and in Vitro Biological Evaluations

of Chemically Synthesized IL-17A Isoforms. Except for
protein 1a, three glycosylated IL-17As were obtained in good
purities, as demonstrated by UPLC analysis and Q-TOF mass
spectroscopic data (Figure 7). Notably, the Gaussian patterns
of multiple charged mass signals for synthetic proteins 1b−d
are analogous (see Supporting Information, Page S50−54,
Figure S34−S36), suggesting that they possess similar higher-
order structures.52 The results from nonreducing SDS-PAGE
experiments further confirmed the purities and approximate
molecular weights for the synthetic glycoproteins 1b−d, using
recombinant IL-17A (rIL-17A, from E. coli) as the reference
standard (Page S55, Figure S37).
To confirm the disulfide linkages of the folded protein,

trypsin digestion was performed on glycoprotein 1b, followed
by mass spectroscopic analysis. Mass spectra of the (glyco)-
peptide fragments correlate well with the anticipated pattern
based on the Lys and Arg residues in the sequence (see
Supporting Information, Page S58−61, Table S5−6, Scheme
S1 and Figure S40−41). Together with the tandem MS/MS
experiments (Page S62, Figure S42) and circular dichroism
(CD) measurements (Page S56, Figure S39, Table S4), the
obtained results suggest the correct folding of the synthetic
glycoproteins, as well as insignificant effects on protein
conformations induced by neither the Met23,87 → Nle
mutations nor the glycosylations for IL-17A under the tested
conditions. Moreover, protein thermal stability was evaluated
utilizing nano differential scanning fluorimetry (nanoDSF),
which revealed similar melting points (Tm ∼ 74−77 °C, Page
S63, Figure S43) and relatively high thermal stabilities for 1b−
d. These similar structural and biophysical properties of IL-

17A isoforms, independent of the evaluated N-glycans, may be
attributed to the relatively constrained conformation held by
the six pairs of disulfides.48b

In vitro biological activity of the IL-17A isoforms was
evaluated utilizing a normal human adult dermal fibroblasts
(NHDF) assay, where an interleukin-6 (IL-6)-inducing effect
was expected upon the activation by IL-17A.48a All samples
tested, including three synthetic IL-17As 1b−d, exhibited
potent dose-dependent stimulating activities (Figure 8).
Noticeably, the monosaccharide- and disaccharide-modified
IL-17A 1b and 1c showed comparable potency against the
recombinant sample (rIL-17A), whereas the glycoform
appending large sialyl undecasaccharide (1d) displayed a
significantly higher EC50 value (15.53 ng/mL). Surface
plasmon resonance (SPR) experiments further confirmed
that the N-glycosylation interferes with the interactions
between IL-17A and the extracellular domain of its receptor
IL-17RA (IL-17RA_ECD), where the binding affinity
decreased as the N-glycan gets larger (Figure 9). Remarkably,
the sialyl undecasaccharide-containing glycoform 1d showed a
Kd value of 46.17 nM that is almost 2 orders of magnitude
weaker than that of the aglycone rIL-17A.

Figure 7. UV traces (left) and hi-res mass data (right) from UPLC/
Q-TOF-MS analysis of synthetic proteins 1a (A), 1b (B), 1c (C), and
1d (D). UPLC performed using a linear gradient of 19−44% (for 1a)
or 20−45% (for 1b−d) CH3CN/H2O over 15 min. Calculated mass
(Da, average isotopes): 30164.06 (for 1a), 30570.45 (for 1b),
30976.83 (for 1c), and 34576.04 (for 1d).
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The weakening effect on receptor binding induced by
glycosylation may be related to the structures of IL-17A and
IL-17R.53 It has been suggested that IL-17A usually dimerizes
prior to interacting with the receptors (IL-17R) for triggering
downstream signaling.54 According to the X-ray crystal
structure of IL-17A in complex with IL-17RA_ECD (Figure
10), one of the N-glycosylation sites in the ligand (Asn45) is
located in the region that closely involves in the protein−
protein interaction (PPI). Specifically, the adjacent amino acid
Arg46 and neighboring residues [Ser40Ser41Asp42] form
essential salt bridges and hydrogen bonds with the residues
from IL-17RA (e.g., Asp262, Asn89, and Gln124) for the ligand−
receptor binding. Consequently, it was possible that a large-
sized undecasaccharide at the Asn45 site of IL-17A may
undermine those crucial interactions and lead to attenuated
receptor binding.
To verify this hypothesis and probe the PPI at the molecular

level, we performed hydrogen/deuterium exchange (HDX)
experiments on the mixture of rIL-17A and IL-17RA_ECD in a

1.1:1 molar ratio, and analyzed the dynamic deuterium uptake
of pepsin digested peptide fragments using mass spectrometry.
Comparing to the spectra of IL-17RA_ECD alone, upon
complexation with rIL-17A, the exchange dynamics altered
significantly for several IL-17RA_ECD-derived fragments (see
Supporting Information, Page S65, Figure S44a), which
correlates well with the regions at the protein−protein
interface indicated by the crystal structure.11 In contrast, the
experiments on IL-17RA_ECD with or without glycoprotein
1d did not show any apparent differences in the deuterated
mass spectra (Figure S44b), suggesting the lack of conforma-
tional changes resulted from ligand−receptor interactions.
Notably, while the referred crystallographic data (PDB code:
4HSA) is derived from a mutated isoform of IL-17A, lacking
those interchain disulfide linkages and the first ten N-terminal
residues,11 the results from our HDX experiments suggest that
the dimeric rIL-17A likely adopts a conformation similar to the
crystal structure, resulting in aligned regions of ligand−
receptor binding.
There are previously reported cases that the increase of N-

glycans on proteins may diminish their in vitro biological
activities.55 In the case of IL-17A, our experimental results
support a possibility that sufficient binding to the receptors
may require the attached oligosaccharide to be trimmed down
or entirely removed by the relevant endogenous glycosidases.56

Before the glycosylation sites were fully exposed, the
carbohydrate chain would help stabilize the protein and
protect it against proteolysis, thus improving its circulating
time in vivo.9d,h,57 Alternatively, it could also be possible that
other crucial structural features of typical N-glycans on
secreted proteins, such as α-1,6-fucosylation on the reducing-
end GlcNAc,58 may generate dominant impacts on facilitating
the ligand−receptor binding. At the current stage, these
speculations could not be validated due to the absence of
detailed structural information regarding N-glycans in natural
IL-17A, as well as the limited amount of 1d prepared. On the
basis of the accurate structure−activity relationship informa-
tion obtained from our chemical synthesis of IL-17A, further
study may require a strategy incorporating biological protocols
for producing the glycoprotein on a larger scale to address the
yet to be uncovered issues.

■ CONCLUSION
In conclusion, we have developed a de novo synthesis
approach toward homogeneously glycosylated IL-17A. The
chemical methods-based synthetic route, combined with the
chemoenzymatic glycoengineering on the glycopeptide seg-
ment, has been proved to be sufficient for the preparation of
homogeneous glycoproteins bearing large complex-type

Figure 8. In vitro biological activity of IL-17A isoforms. IL-6 secreted
by NHDF cells upon the treatment of IL-17A samples and TNF-α
was measured against a negative control using only TNF-α. The
experiments were performed with triplicate samples.

Figure 9. SPR sensorgrams displaying the binding of rIL-17A (A), or
synthetic IL-17As 1b−d (B−D) to IL-17RA_ECD. IL-17A samples in
varied concentration were flowed over a surface to which IL-
17RA_ECD was immobilized. Concentrations of the injected IL-17A
sample shown on the right of the data curves.

Figure 10. X-ray crystal structure (PDB code: 4HSA) showing IL-
17A (cyan) in complex with IL-17RA (gray). Left: enlarged view of
the region containing the N-glycosylation site (Asn45).
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sialyloligosaccharide. This strategy highlights the flexibilities of
chemical methods to introduce single or multiple modifica-
tions, including PTMs and unnatural moieties (e.g., N-glycan,
and Nle mutation), as well as the highly efficient extension of
glycan chains, which would be complementary to the methods
that either modify glycans completely on whole proteins,59 or
construct glycopeptide segments chemically.9e,h,i It is note-
worthy that using peptide as transglycosylation substrate offers
the convenience for reaction optimization, and ensures
sufficient separation of starting materials and products, which
may be problematic in some cases of glycoengineering on large
proteins. The obtained homogeneous IL-17A glycoforms
allowed for a structure-based evaluation of impacts generated
from N-glycosylation to the protein stability during in vitro
folding, and to their in vitro proinflammatory activities and
receptor binding abilities. While the preparation of glycopep-
tides with complex oligosaccharides may be further improved
by advancing the biotechnologies, the strategy applied in this
study, as well as the experiences accumulated, would be useful
in future research on producing more diverse glycoforms of
proteins and interrogating the functions of glycosylation. The
knowledge obtained in these practices would further generate a
valuable impact on the field of glycobiology and medicinal
studies of therapeutic proteins.
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