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Abstract: Human interleukin 6 (IL-6) is a potent cytokine with
immunomodulatory properties. As the influence of N-glyco-
sylation on the in vivo activities of IL-6 could not be elucidated
so far, a semisynthesis of homogeneous glycoforms of IL-6 was
established by sequential native chemical ligation. The four
cysteines of IL-6 are convenient for ligations and require only
the short synthetic glycopeptide 43—48. The Cys-peptide 49-183
could be obtained recombinantly by cleavage of a SUMO tag.
The fragment 1-42 was accessible by the simultaneous cleavage
of two inteins, leading to the 1-42 thioester with the native N-
terminus. Ligation and refolding studies showed that the
inherently labile Asp—Pro bond 139-140 was detrimental for
the sequential C- to N-terminal ligation. A reversed ligation
sequence using glycopeptide hydrazides gave full-length IL-6
glycoproteins, which showed full bioactivity after efficient
refolding and purification.

The majority of recombinant human therapeutic proteins is
glycosylated. Typically their stability, biological activity, and
serum half-life is influenced by the sugar part. As cellular
biosynthesis renders the carbohydrate moieties of glycopro-
teins heterogeneous, the isolation of pure glycoforms from
natural sources is rarely possible. However, with the recent
advances in chemoselective ligation methods, homogeneous
glycoproteins have become accessible by synthesis.!! Native
chemical ligation™ has enabled chemists to assemble complex
N-glycoproteins®®! with more than one hundred residues by
means of chemical and semisynthetic!*! methods. As a model
for synthetic therapeutic glycoproteins, we chose the pleio-
tropic cytokine human interleukin 6 (IL-6), which can activate
the immune system and regenerative processes.’) Here we
describe a semisynthetic approach to homogeneous glyco-
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forms of biologically active human IL-6 by sequential native
chemical ligations. Key features of this synthesis are the
optimization of a two-intein system for thioesters with
a native N-terminus and a reversed ligation sequence using
latent thioester glycopeptides.

Processed human IL-6 (183 amino acids) contains four
cysteines and an N-glycan at Asn44. Glycosylation of IL-6 is
highly cell-type specific.[’! Analysis of the N-glycans of human
IL-6 showed a mixture of common and truncated structures.”’
The bioactivity of glycosylated hIL-6 was reported to be equal
to nonglycosylated variants in assays under in vitro condi-
tions.® For in vivo applications’ of recombinant glycosylated
hIL-6, structure—activity relationships could not be estab-
lished, mainly because of the lack of well-defined IL-6
glycoforms.

For the synthesis of homogeneous IL-6 glycoproteins, we
identified the cysteines 43 and 49 as most suitable for
sequential native chemical ligation using thiazolidines!”
(Scheme 1a). This disconnection strategy led to the short
synthetic glycopeptide thioester B (43-48), flanked by
thioester A (1-42) and Cys-peptide C (49-183), which we
envisioned to produce by recombinant methods using inteins.
Despite the accessibility of thioester A by existing solid-phase
methods, we were attempting a two-intein strategy by the
expression of fusion protein D. The use of these selectively
cleavable expression and purification tags was one of the key
methods in the semisynthesis of glycosylated ribonuclea-
se C.I"! Controlled removal of both inteins from D should
directly provide IL-6 thioester A with its native N-terminus.
To the best of our knowledge the N- and C-terminal cleavage
of inteins from fusion proteins was only reported in the
context of cyclic peptides and proteins."

The synthetic gene for fragment A was cloned into the
pTWINT vector (NEB) bearing an N-terminal Ssp DnaB and
a C-terminal Mxe GyrA intein fused to chitin-binding
domains (CBD). Overexpression of the protein in E. coli at
37°C gave inclusion bodies exclusively, whereas at 15°C some
soluble fusion protein D was obtained. The soluble protein
was loaded onto a chitin affinity column and both inteins were
cleaved individually (1. Ssp DnaB F pH 7.0; 2. Mxe GyrA G
pH 8.5, 50 mm MESNA). LC-MS analysis of the eluate from
the column showed MESNA-derived thioester A1, but also
equal amounts of hydrolyzed peptide A°" (data not shown).
A similar mixture of A1 and A°" was found when the purified
inclusion bodies of D were refolded using 0.5M arginine!™
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Scheme 1. a) Retrosynthesis of N-glycosylated human IL-6. b) Intein cleavages of D generating IL-6 (1-42) MES thioester AT.

followed by selective cleavage conditions for each intein
(Scheme 1b). Unexpectedly, after cleaving only the N-termi-
nal intein F from D at pH 7, LC-MS analysis showed some
free peptide A°Y, thus indicating that the C-terminal intein G
was labile below the recommended pH value of 8.5 (Fig-
ure S5).12 Thus, we explored the possibility to cleave both
inteins simultaneously. Gratifyingly, when adding thiol
(50 mm MESNA) under the conditions for the cleavage of
intein F (pH 7), simultaneous liberation of both inteins G and
F was found. LC-MS showed the desired thioester Al co-
eluting with the hydrolysis product A°" (Figure S6).

By cleaving D in the presence of the aromatic thiol
MPAAM™ (2, 50 mm) at pH 6.8, the corresponding MPAA
thioester A2 was obtained, which could be separated from
A°" and the aminolysis™ product A" The refolding of D
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was further optimized and simultaneous intein cleavage was
compared at different pH values (Scheme 2b). Refolding of
D from 6M guanidine hydrochloride (GdmCl) by rapid 60-
fold dilution with a 0.5M Arg buffer at pH 8.5 gave only
soluble protein. This solution was divided, the pH value of the
batches was adjusted to 5.0, 5.9, and 6.8, and MPAA 2 was
added. SDS-PAGE analysis showed only partial cleavage of
the inteins at pH 5.0 and accumulation of the intermediates
AG and FA. Nearly complete cleavages were observed at
pH 5.9 and 6.8. The highest conversion to MPA A thioester A2
and less side reactions were found at pH 5.9 (Scheme 2c¢). On
a preparative scale, thioester A2 was isolated by solid-phase
extraction and HPLC. However, lyophilization of the purified
MPAA thioester A2 led to 5-10% of cyclic and oligomeric
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Scheme 2. a) Optimized simultaneous intein cleavages of D giving IL-6 thioesters A2 and A3. b) SDS-PAGE analysis of simultaneous intein
cleavages of D at pH 5.0, 5.9, and 6.8 +MPAA. c¢) HPLC of simultaneous intein cleavage of D at pH 5.9. d) HPLC-MS of purified A3. e) Different

thiols tested for simultaneous intein cleavage.

side products, which were presumably formed by aminolysis
(Figure S13).1%)

In order to maintain the intein-cleavage efficiency
observed for the aromatic thiol MPAA 2 and to increase the
stability of the corresponding thioester, a series of seven thiols
with aromatic moieties (2-8) was screened (Scheme 2e).
Addition of the nonheterocyclic aryl thiols 2, 6, or 7 to the
cleavage solutions gave the desired thioesters, however,
accompanied by significant amounts of hydrolysis and
aminolysis (Arg) side products. In contrast, for the benzylic
thiol MMBA 8, only traces of side products were found,
reflecting an increased stability of the aliphatic thioester A3
(compare Figures S9 and S10). After further optimization of
cleavage and purification, A3 was obtained in a yield of 56 %
after HPLC (70 mg of A3 from 10 L of bacterial culture,
Scheme 2 a).

Subsequently, we investigated the preparation of IL-6 49—
183 (C; Scheme 3). Expression of the intein fusion protein E
in E. coli at 37°C gave inclusion bodies. Despite the cleav-
ability of the intein moiety after refolding, the isolation of the
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Scheme 3. Overexpression of H, cleavage of the SUMO domain, and
purification of IL-6 (49-183) C.

Cys-peptide C by HPLC gave very low yields (data not
shown). Thus, an alternative expression system'® bearing the
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enzymatically cleavable SUMO tag was tested.

GlcNAc

Opverexpression of the SUMO fusion protein H 43 E‘) 48 Q HS i
in E. coli at 40°C gave inclusion bodies, which N SR * HZN)\( IL-6 (49-183) -COOH
were purified by Ni-NTA chromatography B1 0 c
under denaturing conditions. The SUMO l 1.6 M GdmCI, MPAA, TCEP
domain of H was refolded by dialysis and 2. methoxyamine, pH 4
cleaved by the SUMO specific protease Hisg- GlcNAC
Ulpl (Figures S17 and S18). As HPLC purifi- ) i
cation of C was not feasible, the precipitated 'L6(43 183) [-COOH 10 (et 45 hle)
and resolubilized protease digest was passed o
over a Ni-NTA column, thus eliminating all
Hiss-tagged proteins. A highly enriched Cys- e I /\©\ l A SHBAmeL HPeA TEER
peptide C was obtained, which was partly A3 coon
blocked by an N-terminal thiazolidine derived 1 GleliAe 183
from formaldehyde. This modification was HoN— _COOH IL-6 11
removed by incubation with methoxy- I P PP (Meti45 Nie)
amine!™™” at pH4 and Cys-peptide C was 43 49 T2 82
precipitated by dialysis against H,O (70% o _
yield; 75 mg of C from 5 L of bacterial culture). l 1 cxddallve refolding
Unexpectedly, the solid-phase synthesis of GleNAG
the short glycopeptide thioesters B was not ! h 1%
straightforward. Yields were variable, depend- Hahky — | | —COOH I(IK/I:t1428 o
ing on the resin and the linker system §=—s 5—8
43 49 72 82 07 5y

(Scheme 4). Best results were obtained for the
GIcNACc thioesters B1 (83 %) and B2 (46 %) on
a polystyrene resin with a trityl linker, followed
by insitu thioesterification.”® In the case of
thioester B3, polar resins were required for efficient incor-
poration of the oligosaccharide-Asn building block.['”) B3 was
synthesized on PEGA resin/safety catch double linker?”!
(18 %) and on ChemMatrix resin/2Cl-trityl linker®®! with an
optimized in situ thioesterification (32 % ). The glycopeptide
B4, activated as a benzimidazolone,”” was obtained in 26 %
yield on a PEGA resin. In all cases, the polar resins were
retaining the cleaved glycopeptides and led to low yields. In
compounds B1, B3, and B4, Met48 was replaced by
norleucine in order to prevent unwanted oxidation.

With the required fragments A—C in hand, we investigated
the assembly of the glycosylated IL-6 1-183 polypeptide chain
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Scheme 4. Solid-phase peptide synthesis (SPPS) of glycopeptides B1-B4.
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Scheme 5. Native chemical ligations and refolding of IL-6 GIcNAc 11.

by sequential native chemical ligation!"”! (Scheme 5). Frag-
ment C was ligated with the glycopeptide thioester Bl
(2 equiv) in the presence of MPAA and TCEP. After two
days, the ligation did not proceed further, and the thiazolidine
of ligation product 9 was converted to a cysteine by methoxy-
amine/HCl at pH 4. All attempts to isolate intermediate 10 by
preparative HPLC were not successful, but the polypeptide
could be isolated by TCA precipitation. The ligation of 10
with the thioester A3 was carried out as above and gave the
full-length IL-6 (GIcNACc) 11, albeit, accompanied by a series
of side products. These arose from a missing or doubly
inserted fragment B1 or from a capping reaction that blocked

B1: X = CH, (83 %)
B2: X = S (46 %)

NH,

NH

B3: R = SCH,CH,COOEt (32 %, CM)

zT O

JLL(\AH .

[¢]

B4:R= (26 %, PEGA)
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the N-terminal cysteine
of C. Additionally, the
Asp-Pro site 139-140
was susceptible to
cleavage by methoxy-
amine under acidic
conditions,™  leading
to the corresponding
methoxyamides. Again
HPLC separation was
not feasible and we
thus attempted to
refold the crude liga-
tion product by dialysis
in the presence of
a redox shuffle, which
resulted in complete
aggregation.

a)

+ MPAA GlcNAc
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peptides of the ligation — H,n— IL-6 (1-48) I

mixture were precipi- S
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first to an air oxidation

in 6M GdmCLP fol-
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Despite the precipita-

tion of a major part of

IL-6, some soluble pro-

tein was isolated. The
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homogeneous by SDS-

PAGE and HPLC-MS.
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0.7% (80 pg) for 12
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a continuation of this

approach (data not
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availability and effi-
cient ligation of the
fragments A-C, the
unfavorable properties
of the ligation inter-
mediates and the final
product were compro-
mising the purity and
the yield of glycosy-
lated IL-6. The main
obstacles were associ-
ated with side reactions of Cys residues and the lack of an
appropriate HPLC purification method to remove the
accumulating side products. We reasoned that an inverted
ligation sequence (N- to C-terminus) might circumvent the
main difficulties, as the smaller fragments can be ligated first,
and these intermediates should be compatible with HPLC
purification (Scheme 6a). This strategy either requires a kinet-
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Scheme 6. a) Revised and optimized ligation and refolding scheme for IL-6 GlcNAc 12. b) Native chemical ligations
and refolding leading to nonasaccharide IL-6 glycoform 15.

ically controlled native chemical ligation™! or the use of
a latent thioester in fragment B.

As a latent thioester we envisioned the use of hydrazides,
which are versatile for sequential native chemical ligations in
N- to C-terminal direction.”! We converted glycopeptide
thioester B2 to a hydrazide using 1M hydrazinium acetate
(pH 7.0), followed by deprotection of the N-terminal cysteine
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with methoxyamine (74 % yield). The glycopeptide hydrazide
BS was ligated with the IL-6 thioester A3 for seven days and
the 1-48 hydrazide 13 was obtained in good yield (66%).
According to Liu etal., the C-terminal hydrazide was
subsequently converted to an azide by diazotation at —10°C
and pH 3 in 6M GdmCl followed by thiolysis with MPAA 2 at
pH 7.0.28) HPLC-MS analysis showed the desired MPAA
thioester 14, however, in conjunction with the internal
thiolactone 14a (Figure S37). Purification of the thioesters
14 and 14a by gel filtration (92 % yield) was essential for the
following conversions. The mixture of 14 and 14a was ligated
with segment C. After seven days, the crude ligation mixture
was refolded by dialysis under reducing conditions followed
by oxidative disulfide formation. After gel filtration, the
refolded IL-6 12 was obtained as a homogeneous material in
a yield of 2%.

The yield of refolding was improved to 36 % by a rapid
dilution of the crude ligation mixture from 6M to 0.4M GdmCl
under reducing conditions, followed by gel filtration (Fig-
ure S41). The freshly purified IL-6 glycoprotein showed
a typical CD spectrum, however, when analyzing this
sample by HPLC-MS after one day, an additional isobaric

peak appeared. By reacting a mixture that showed both peaks
with the thiol-modifying reagent MMTS,?” we found that
both species initially contained IL-6 with free thiols. After air
oxidation for ten days, disulfide formation was complete. This
process also generated small amounts of disulfide-linked IL-6
dimers, which were removed by a final gel filtration (Fig-
ure S43). This optimized refolding protocol rendered full-
length IL-6 GlcNAc glycoprotein 12 in high purity according
to HPLC-MS and nonreducing SDS-PAGE analysis
(Scheme 7). The CD spectrum (Scheme 7a) of our synthetic
IL-6 GIcNAc was nearly identical to a reference spectrum®
from recombinant IL-6 and we thus assumed that the
formation of the native four helix bundle fold was achieved.
For the final ligation followed by refolding, oxidation, and two
gel filtrations, an overall yield of 26 % was obtained, provid-
ing 4.3 mg of 12.

We then applied this approach to another glycoform of IL-
6 that carries a complex type biantennary nonasaccharide
(Scheme 6b). In analogy to fragment BS, the glycopeptide
hydrazide B6 was synthesized from B4 (90% yield) and
submitted to sequential ligation with fragments A3 (86 %)
and C. The refolding and formation of the oxidative disulfide

a) CD: b) HPLC-MS:
IL-6 nona 15 IL-6 GIcNAc 12
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Scheme 7. Characterization of semisynthetic IL-6: a) CD spectroscopy, b) HPLC-MS, c) ESI-MS direct injection, d) SDS-PAGE analysis, and
e) biological activity of semisynthetic IL-6 glycoproteins 12 and 15.

12130 www.angewandte.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2014, 53, 12125-12131


http://www.angewandte.org

were carried out as above and gave IL-6 15 with a biantennary
nonasaccharide in 22 % yield (5 mg).

The two refolded IL-6 glycoforms 12 and 15 were
characterized by CD, HPLC, MS, and SDS-PAGE analysis.
In contrast to HPLC-MS, the folded state of 12 and 15 was
observable by direct injection ESI-MS (compare charge
distribution in Scheme 7b and c¢). Additionally, the bioactivity
of both cytokines was compared with recombinant IL-6 from
E. coli in an assay using Ba/F3 cells.””) (Scheme 7¢). The
growth of these cells is dependent on external IL-6 and was
assayed in triplicates. By analysis of a series of dilutions, the
activity of the two semisynthetic IL-6 glycoforms 12 and 15
was found to be equal to the fully recombinant reference IL-6.
The high invitro activity of the two semisynthetic IL-6
glycoforms further indicated that the correct folding was
obtained, as IL-6, lacking one of the two disulfides, already
displays low activity.”” A key feature of the optimized
ligation and refolding scheme is that purification by gel
filtration could be applied to all final steps. This led to a high
recovery and purity of the semisynthetic IL-6 glycoforms. By
varying the short glycopeptide building block B, this highly
efficient approach should be amenable to the rapid gener-
ation of libraries of glycoforms of IL-6.

In summary, we have established a robust semisynthesis
for glycoforms of human IL-6. The longest fragments A and C
were obtained recombinantly in high yields. For the stable
thioester A3 bearing a native N-terminus, a two-intein
approach was established. By use of glycopeptide hydrazides
BS and B6 as latent thioesters, the ligation of the smallest
fragments A and B could be carried out prior to ligation with
C. This permitted a simplified work-up of each ligation
mixture and eliminated side reactions. An efficient refolding
was developed that provided rapid access to libraries of
glycoforms of human IL-6 in high purity and quantities
sufficient for extensive biochemical and biophysical experi-
ments.
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