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Abstract: Granulocyte colony stimulating factor (G-
CSF) is a cytokine used to treat neutropenia. Different
glycosylated and non-glycosylated variants of G-CSF for
therapeutic application are currently generated by
recombinant expression. Here, we describe our ap-
proaches to establish a first semisynthesis strategy to
access the aglycone and O-glycoforms of G-CSF, there-
by enabling the preparation of selectively and homoge-
neously post-translationally modified variants of this
important cytokine. Eventually, we succeeded by com-
bining selenocysteine ligation of a recombinantly pro-
duced N-terminal segment with a synthetic C-terminal
part, transiently equipped with a side-chain-linked,
photocleavable PEG moiety, at low concentration. The
transient PEGylation enabled quantitative enzymatic
elongation of the carbohydrate at Thr133. Overall, we
were able to significantly reduce the problems related to
the low solubility and the tendency to aggregate of the
two protein segments, which allowed the preparation of
four G-CSF variants that were successfully folded and
demonstrated biological activity in cell proliferation
assays.

Introduction

Cytokines are small proteins or glycoproteins produced by
specific cells of the immune system. They play a central role
in cellular signaling as immune modulators and are involved
in central biological events, such as hematopoiesis, inflam-
mation and repair, survival and proliferation, differentiation
commitment, maturation and functional activation of
cells.[1–3] Among them, colony-stimulating factors (CSFs) are
small glycoproteins essential for blood cell formation,
immunocompetence and lymphocyte function.[4,5] The first
four proteins identified in this group were given names
indicating the major type of cells they stimulate: GM-CSF,
stimulating granulocyte and macrophage colony formation,
M-CSF, stimulating macrophage colony formation, G-CSF,
granulocyte-CSF, and multi-CSF (now more commonly
termed interleukin 3, IL3) stimulating a broad range of
hematopoietic cell colony types. CSFs constitute an attrac-
tive class of biomolecules due to their therapeutic applica-
tions, ranging from inflammation, neurological diseases and
autoimmunity.[6–8] In particular, different expressed variants
of G-CSF are currently used for the treatment of chemo-
therapy-induced neutropenia, e.g. G-CSF aglycone from E.
coli (filgrastim), its PEGylated version (pegfilgrastim) and a
mixture of O-glycoforms of G-CSF isolated from CHO cells
(lenograstim). The latter carry the following O-glycans:
Neu5Ac-α(2-3)Gal-β(1-3)[Neu5Ac-α(2-6)]GalNAc and the
truncated form, Neu5Ac-α(2-3)Gal-β(1-3)-GalNAc.[9] The
physiological role of G-CSF O-glycosylation remains unclear
although in vitro studies indicate a higher potency of
glycosylated G-CSF (lenograstim), which might be due to an
increased in vitro stability.[10–18] Reports based on clinical
studies comparing activities of unmodified G-CSF (filgras-
tim) and O-glycosylated G-CSF (lenograstim) are contra-
dictory with respect to beneficial effects of
glycosylation.[19–22] The development of a robust method for
the preparation of homogeneous glycoforms of G-CSF
would help in shedding light on the role of individual
glycosylation patterns and their impact on the physiological
activity of this cytokine.
Whilst GM-CSF was chemically synthesized, including

different homogeneous glycoforms,[23] the only reported
total chemical synthesis of G-CSF aglycone[24] revealed the
complexity of this task because of the aggregation tendency
linked to limited solubility and structural complexity of the
protein. To the best of our knowledge, the only reported
example of homogeneous O-glycosylated G-CSF variant
carrying an artificial mannose at Thr 133 was generated by
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recombinant expression in yeast.[25] Native G-CSF contains
174 amino acids organized in four antiparallel alpha-helices
(Scheme 1A); its tertiary structure is stabilized by two
disulfide bridges (Cys36 to Cys42, &Cys-64 to Cys74) and
the protein contains one additional free cysteine (Cys17)[26]

as well as one O-glycosylation site at Thr133. The latter
leads to G-CSF being present endogenously as a mixture of
glycoforms that is almost indistinguishable from lenograstim
by current analytical techniques.[9] To the best of our
knowledge, no total chemical or semisynthesis of homoge-
neously glycosylated G-CSF variants has been reported so
far.
Therefore, we set out to develop a semisynthetic route

to G-CSF, including chemoenzymatic glycosylation of a
transiently polyethylene-glycol modified (PEGylated) pro-
tein segment,[27] to demonstrate the power of combining
these approaches. Together they should help to overcome
solubility issues previously reported for G-CSF peptide
segments[24] and avoid synthetic challenges within the N-
terminal part of the protein.
Protein semisynthesis is particularly well-suited for

accessing proteins carrying modifications only on a small to
medium-sized segment, which is generated by chemical
synthesis while the unmodified part is recombinantly ex-
pressed, thus simplifying the preparation of the whole
protein.[28,29] Our strategy for the synthesis of homogeneous

G-CSF glycoforms involves the use of chemoenzymatic
glycosylation for the preparation of homogeneous variants
of the synthetic, O-glycosylated fragments starting from a
synthetic peptide containing Thr-α-D-GalNAc (Tn antigen,
Scheme 1B) in position 133. As previously demonstrated,
tagging of peptides with monodisperse PEG via an (enzyme-
or photo-)removable linker modulates the solubility proper-
ties of the peptides, enhancing solubility in aqueous solution
and enabling full precipitation by addition of an appropriate
organic solvent, thus greatly facilitating its enzymatic
glycosylation and recovery of the glycopeptide
product.[27,30,31] Furthermore, utilizing a 1-nitrophenyl-2-
mercaptoethyl-based photocleavable ligation auxiliary
linked to glycine (Aux-Gly) as PEG attachment point
enabled the elongation of the glycosylated peptide by
joining two or more (glyco)peptides via auxiliary-mediated
native chemical ligation without the need for a cysteine
residue.[31] Even though G-CSF contains five cysteine
residues, they are inconveniently located within the se-
quence to chemically access Thr133.
Herein we describe the application of this strategy

towards G-CSF, the various challenges met along the way
and the development of a semisynthesis approach enabling
the preparation of homogeneous O-glycosylated G-CSF
variants.

Scheme 1. A) Three-dimensional structure and sequence of granulocyte colony-stimulating factor (G-CSF). Crystal structure: PDB entry: 2D9Q.
B) O-Glycans used in this study. C) First semisynthesis strategy for full-length G-CSF, the dashed arrows indicate that the products have not been
obtained (CBD=Chitin Binding Domain). Highlighted amino acids in the G-CSF sequence indicate ligation sites used (blue), the glycosylation site
(red) and the site of attachment of the photocleavable linker 14 (magenta).
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Results and Discussion

Auxiliary-Mediated G-CSF Semisynthesis

The envisioned strategy involved an auxiliary-mediated
native chemical ligation (NCL) as key step for the ligation
of the recombinant and the synthetic fragments. The
PEGylated Aux-Gly building block (Scheme 1C) should
facilitate the chemoenzymatic glycosylation and purification
of the C-terminal segment, by improving its solubility, and
allow the NCL reaction at a non-Cysteine site as well as
subsequent mild removal of the solubility tag. This strategy
requires a glycine at the ligation site and we chose the
Leu124-Gly125 junction. We thus recombinantly expressed
the N-terminal segment comprising aa 1–124, and synthe-
sized the C-terminal segment with aa 125–174 including the
Aux-Gly building block[31] (Scheme 1C).
For the preparation of G-CSF1–124 α-thioester 1, a G-

CSF1–124-MxeIntein-His-tag fusion construct was gener-
ated. Highest expression yields were obtained with the E.
coli Rosetta 2(DE3) strain 4 h after induction at 37 °C. G-
CSF1–124-MxeIntein-His-tag was found in inclusion bodies
and had to be re-solubilized, which lowered the yield. The
construct was isolated via Ni-affinity chromatography and
subsequently cleaved with 250 mM sodium mercaptoethane-
sulfonate (MESNa) for 24 h to obtain G-CSF1–124 α-
thioester 1. The product was purified via RP-HPLC and
characterized by LC-MS (Figure S3). Purified 1 was ob-
tained with modest yields of �1 mg per liter of culture.
The C-terminal fragment G-CSF126–174 2 (Scheme 1C)

was prepared via Fmoc-based solid phase peptide synthesis
(SPPS) on a Pro TentaGel® R Trt resin, with low loading
(see ESI). The Aux-Gly building block was installed via O-
(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium-hex-
afluorophosphate (HATU)-mediated coupling, followed by
PEGylation with monodisperse Fmoc-NH-PEG27-COOH
and Fmoc removal to obtain PEG-Aux-G-CSF125–174 3.
Cleavage of 3 from the resin was successfully performed
using Reagent H without ammonium iodide (82.5% tri-
fluoroacetic acid (TFA), 5% phenol, 5% thioanisole, 2.5%
ethane-1,2-dithiol (EDT), 3% ddH2O, 2% dimethyl sulfide
(DMS)) as cleavage cocktail. In the presence of ammonium
iodide we observed (most likely radical induced) cleavage of
the 1-nitrophenyl-2-mercaptoethyl group. Consequently,
ammonium iodide was omitted from the cleavage solution.
The desired product 3 was purified by RP-HPLC and
obtained in 14% yield (based on synthesis scale) with minor
impurities corresponding to methionine oxidation (Δm= +

16 Da) and TFA counter ion (Δm= +114 Da, Figure S13).
With both segments in hand, the first ligation was started

by briefly incubating 3 in 0.2 M sodium phosphate buffer
(NaPi), 35 mM TCEP at pH=7.5 to remove the tert-
butylsulfanyl group from the auxiliary. Subsequently, 1.5 eq.
of 1 dissolved in 6 M guanidinium chloride (Gdn-HCl)
buffer, (final concentrations: 2 mM 3, 3 mM 1, 4 M Gdn
HCl, 0.2 M NaPi, 100 mM MESNA, 10 mM tris-(2-carbox-
yethyl) phosphine (TCEP), pH 7 at 30 °C). Here, a first
challenge was immediately evident: the low solubility of
thioester 1 and the long reaction time, due to the slow

ligation rates as a consequence of the 2-mercaptoethyl
auxiliary[32] and the Leu-thioester,[33] led to aggregation and
precipitation of the majority of 1. Only traces of oxidized
ligation product were detected. Unfortunately, we were
unable to identify reaction conditions that would give
acceptable yields even after screening a large set of
conditions such as concentration of reactants and of chaot-
ropes, thiol additives, reducing agents, buffer systems, pH
and temperature (see Table S1).

Selenocysteine-Mediated G-CSF Semisynthesis

Therefore, we had to consider alternative routes to obtain
G-CSF by accelerating the ligation reaction, thus limiting
the risk of aggregation by speeding up the reaction and
avoiding the Leu-Aux-Gly ligation site (Scheme 2). Due to
the inconveniently placed cysteine residues and the need to
maintain them in the final product we opted for a
selenocysteine (Sec)-mediated ligation, as Sec can be
selectively deselenized to give Ala in a process that leaves
all native cysteine residues untouched.[34–38] Consequently,
we moved the ligation site two residues towards the C-
terminus to generate a Met-Ala junction (Scheme 1A). For
the preparation of the elongated N-terminal segment, the
available G-CSF1–124 gene was elongated by two amino
acids.
The resulting G-CSF1–126 gene was cloned into a

pTXB1 vector to generate a G-CSF1–126-MxeIntein-His-tag
fusion construct. Expression and purification were per-
formed as described for segment 1 and the corresponding
thioester 4 was obtained with a yield of 2 mgL� 1 of culture,
after cleavage with MESNa and purification by RP-HPLC
(Figure 1A).
Viability of this new synthesis route was assessed with

unmodified and monoglycosylated C-terminal Sec-G-
CSF128–174 peptides, as these segments do not require
enzymatic glycosylation. Both C-terminal peptides Sec-G-
CSF128–174 5 and Sec-G-CSF128–174-Tn 6 were synthe-
sized by SPPS (Scheme 2). Fmoc-Thr(GalNAc-3Ac)-OH
was used as building block in order to introduce the
glycosylation at position 133 of 6 and Fmoc-Sec(Mob)-OH
for the addition of Sec at the N-terminus of both peptides.
Crude peptides were obtained in good purity after cleavage
from the solid support and deprotection. After Sec trans-
protection[39] using 50 eq. of 2,2’-dithio-bis-(5-nitropyridin)
(DTNP) in TFA for 30 min, dithiothreitol (DTT) treatment,
and purification via RP-HPLC, fully deprotected dimers of
Sec-G-CSF128–174 5’ and Sec-G-CSF128–174-(Tn) 6’ (Sche-
me 2A & Figure 1B,C) were obtained in 11% and 8% yield,
respectively (based on synthesis scale).
Ligation conditions were explored with segments 4 and

5’ and best results were obtained using equimolar amounts
of both segments at 1.5 mM concentration in ligation buffer
(6 M Gdn-HCl, 100 mM NaPi, 50 mM TCEP, pH 7), with
addition of 4-mercaptophenylacetic acid (MPAA, 250 mM)
to speed up the reaction, and of sodium ascorbate (100 mM)
as radical quencher to avoid the premature radical deseleni-
zation of Sec-G-CSF128–174 5’ by TCEP.[38] On the contrary
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Scheme 2. Alternative approaches for the preparation of full-length, homogeneously glycosylated G-CSF. A) Sec-mediated ligation of chemically
synthesized peptide 5’ (dimer of Sec-G-CSF128–174) or glycosylated peptide 6’ (dimer of Sec-G-CSF128–174-(Tn)), with thioester 4. B) Preparation
of the C-terminal fragment carrying a T-antigen at position 133 and the PEG chain attached to the N-terminus elongated by a TEV protease
recognition sequence. The dashed arrows indicate that the products have not been obtained

Figure 1. A) RP-HPLC chromatogram and MS analysis of purified thioester 4, and SDS-PAGE of thiol induced cleavage of G-CSF1–126-MxeIntein-
CBD (cleavage efficiency: 78%; lane M: low molecular weight (LMW) marker, lane 1: 0 h reaction time, lane 2: 24 h reaction time). B) RP-HPLC
chromatograms and MS analyses of deprotected dimers of Sec-G-CSF128–174 5’ and C) Sec-G-CSF128–174-(Tn) 6’. G-CSF1–126-SR=4; SR=C-
terminal α-thioester.
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to what we observed in the case of the auxiliary-mediated
ligation, in which only traces of product were observed after
prolonged time, the Sec-mediated ligation proceeded at
acceptable speed thereby also limiting the precipitation of
protein segments (Figure S20). Thioester hydrolysis was also
observed, which initiated the addition of more 4 over time.
However, this did not improve the overall yield, since G-
CSF-1–126 (hydrolyzed thioester) partially coeluted with the
ligation product complicating purification. After 4 was
almost completely consumed (22 h), the reaction was
quenched by addition of TCEP and an excess of 6 M Gdn-
HCl buffer at pH 4.7. Ligation product 7 was recovered in
44% yield after purification via RP-HPLC (Figure S20).
Aggregation of the ligation product and co-elution of the

hydrolyzed thioester during RP-HPLC purification limited
the amount of recovered product 7. Due to its poor
solubility full-length G-CSF could only be dissolved in
reducing Gdn-HCl buffer (containing 25 mM DTT), in
which it was deselenized using conditions reported by
Metanis et al.[40] Based on the limited solubility of G-CSF1–
174(Ala127Sec), concentrations of 7 had to be 10 times
lower than originally reported for this procedure.[38,40]

The reaction was finished after 3 h (Figure S20) and
product 8 was directly used in folding experiments without
further purification (see below).
Similar conditions were used for ligating 4 and 6’

(Scheme 2) to give G-CSF with GalNAc in position 133.
This reaction was finished after 12 h (Figure S21) and the
product was recovered in 48% yield after purification via
RP-HPLC. The obtained ligation product 9 was deselenized
giving 10 (Figure S21) and folded as described for 8. Being
able to obtain folded full-length G-CSF via thioester-Sec
ligation allowed us to further develop this strategy to
temporarily improve solubility via a solubility tag that would
allow additional chemoenzymatic glycosylation steps.
This was necessary as enzymatic glycosylation with the

non-PEGylated 6 to elongate the α-D-GalNAc on Thr 133
to β-D-Gal-1,3-α-D-GalNAc (T antigen, Scheme 1B) gave
only incomplete reactions and precipitation of the starting
material. In a first approach, we reverted to a strategy
previously used for the chemoenzymatic glycosylation of
mucin peptides.[30] The PEG polymer was added to the N-
terminus of Sec-G-CSF128–174-Tn on resin including a TEV
protease recognition sequence. Coupling of PEG and of
additional amino acids was achieved under base-free con-
ditions with Oxyma Pure and DIC at rt to avoid racemiza-
tion and deselenization.[41] After cleavage from the resin,
deprotection of the acetyl groups on the sugar with sodium
methanolate to give product 11 (Scheme 2B), and trans-
protection of Sec with DTNP, the obtained 12 (Figure S14)
was purified via RP-HPLC and recovered in 8% yield
(based on synthesis scale). To ensure full solubility under
conditions suitable for enzymatic glycosylation, the peptide
was dissolved in 8 M urea and subsequently diluted with
glycosylation buffer (75 mM TRIS (pH=7.5), 0.06% Triton
X-100, 10 mM MnCl2, 2 mM UDP-Gal, 0.01 mgmL

� 1 human
C1GalT1) to a final concentration of 2 M urea. Quantitative
conversion of PEG-TEV-Sec-G-CSF128–174-Tn 12 to PEG-
TEV-Sec-G-CSF128–174-T 13 was achieved after 2 h (Fig-

ure S15). The product was recovered by precipitation with
ethanol and diethyl ether at low temperature after
centrifugation.[27] Unfortunately, we could not identify
conditions to remove the N-terminal PEG chain by TEV-
protease digestion from PEG-TEV-Sec-G-CSF128–174 car-
rying a β-D-Gal-1,3-α-D-GalNAc disaccharide at Thr133
(Scheme 2B), even though we started out with conditions
previously described to cleave a TEV site before Sec.[42] A
variety of conditions were tested (different temperatures,
ranging from 4 °C to 34 °C, various amount of reducing agent
(0 –10 mM DTT) and addition of urea (2 M) to avoid
precipitation) but none of the tested conditions led to
detectable amounts of the desired product. This behavior of
the PEGylated G-CSF peptide 13 could be explained by
limited accessibility of the cleavage site to the enzyme
because of the tendency of the peptide to aggregate or due
to formation of the diselenide.

Side-Chain Solubilization Tag

In our different synthesis attempts of G-CSF we verified on
the one hand that Sec-mediated ligation is effective in
generating the full-length protein and on the other that the
presence of the PEG polymer is essential for enzymatic
glycosylation. In order to take advantage of both strategies,
we designed a photocleavable linker that can carry the PEG
moiety without interfering with ligations, is attached to an
amino acid side chain and that can be easily removed after
assembly of G-CSF. Removable backbone or side-chain
modifications based on oligoethylene glycol[43] or on poly-
Lys/Arg tags.[44–49] have been previously used to increase the
solubility of peptides. Photocleavable linker 14 was synthe-
sized in 7 steps with an overall yield of 42% on a multigram
scale (Scheme 3; for details on the synthesis see Supporting
Information Scheme S1). Sec-G-CSF128–174-Tn was pre-
pared by SPPS including a Glu(OAll) building block at
position 145 for installing 14.
Linker 14 was coupled to the side chain of Glu145 after

allyl group removal. Deprotection of the linker on resin
allowed efficient coupling of PEG27 (Scheme 3). The Mob-
protected Sec-G-CSF128–145(Aux’-PEG27)-174-Tn 15 was
removed from the solid support and recovered in excellent
purity in 11% yield (based on synthesis scale) after removal
of the acetyl protecting groups on the sugar and purification
via RP-HPLC (Figure 2).
Enzymatic glycosylation was carried out using conditions

previously described.[27] Fortunately, the new side-chain-
linked solubility tag considerably increased the solubility of
15 under glycosylation conditions and complete conversion
was achieved after 4 h, with the product remaining fully
soluble. In order to generate sufficient amount of peptide,
we reacted 15 at higher concentration (1 mM) and with less
activated sugar (UDP-Gal at 1 mM). After 6 h starting
material 15 was completely consumed and the solution
containing Mob-protected Sec-G-SCF128–145(Aux’-PEG27)-
174-T Mob-16 was lyophilized and treated with DTNP in
TFA for Sec trans-protection to give Sec(Npys)-G-CSF128–
145(Aux’-PEG27)-174-T Npys-16. Subsequently, Npys-16
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was precipitated with diethyl ether, centrifuged and the
pellet resuspended in a 6 M Gdn-HCl solution (pH=4.7)
containing 10 mM DTT. Unprotected Sec-G-CSF128–

145(Aux’-PEG27)-174-(T) 16 (Scheme 3A) was obtained
with a yield of 19% (based on synthesis scale) after RP-
HPLC purification (Figure S16) and used in the ligation
reaction with G-CSF1–126 thioester 4.
Due to the improved solubility of 16 compared to 6, a

higher concentration (2 mM) could be reached, thus the
ligation was conducted using the thioester 4 as limiting
reagent in order to reduce the problem of partial coelution
of the ligation product with hydrolyzed 4. After 20 h the
reaction was quenched by addition of TCEP and acidic
Gdn-HCl solution. The crude reaction mixture was purified
via RP-HPLC giving full length G-CSF1–126-Sec-128–
145(Aux’-PEG27)174-(T) 17 in 55% yield. Deselenization of
17 gave 18 in excellent conversion (Figure S22). Unfortu-
nately, the final step of UV-light-induced removal of the
Aux’-PEG27 tag was not as straightforward as anticipated
and a variety of conditions had to be screened to give
satisfactory yields. We added TCEP and sodium ascorbate
to the reaction mix, the first to keep the five cysteines in
reduced form, the second to protect the thiol groups from
radical desulfurization, but none of these precautions could
prevent considerable formation of undesired side products,
mainly desulfurized starting material. The same complex

Scheme 3. Preparation of glycosylated variants of the C-terminal fragment carrying a T-antigen at position 133 and a photoremovable side-chain
linker as solubility tag. A) Variant 16 is ligated to thioester 4. The side-chain-attached PEG could not be removed from full-length deselenized
product 18. B) Variant 19, obtained from 15 by photocleavage and transprotection, is ligated to thioester 4 giving full-length G-CSF modified with a
β-D-Gal-1,3-α-D-GalNAc at Thr133 21 after deselenization of the ligated product.

Figure 2. RP-HPLC chromatogram and ESI-MS of purified Sec-G-
CSF128–145(Aux’-PEG27)-174-(Tn) 15, expected mass: 7092 Da, ob-
served mass: 7093 Da, error of the instrument 5 Da.
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mixture was obtained when 17 was used in the photo-
cleavage reaction before deselenization.
To circumvent this problem, we then tried to remove the

PEGylated Aux’ before ligation (Scheme 3B), thus on crude
Mob-Sec-G-CSF128–145(Aux’-PEG27)-174-(T) Mob-16 that
does not contain any cysteine residues. Photocleavage in
water led to precipitation of the product that then could not
be dissolved anymore. The reaction was thus conducted in
6 M Gdn HCl solution and was finished in 2.5 h. Product 19
could be obtained in 6% yield (based on synthesis scale)
after purification via RP-HPLC. After DTNP trans-protec-
tion the product was precipitated with diethyl ether,
centrifuged and lyophilized, and then used in the ligation
reaction with thioester 4 (Figure S23). After 20 h the ligation
was finished and pure G-CSF1–174(Ala127Sec)-(T) 20 was
recovered in 18% yield after purification via RP-HPLC.
Losses of product are probably due to its tendency to
aggregate on the HPLC column and to the problematic
partial coelution of hydrolyzed thioester that reduced the
collection window for the ligation product. For the subse-
quent deselenization reaction, 20 was dissolved in 6 M Gdn-
HCl, 25 mM DTT (49 eq.), 200 mM NaPi at pH 7.2. After
10 minutes a solution of 6 M Gdn-HCl, 200 mM TCEP
(420 eq.), 200 mM NaPi at pH 5 was added. The starting
material was completely deselenized in 30 min and G-CSF1–
174-(T) 21 was obtained in moderate purity (Figure S23).
Impurities are mostly based on a mixture of desulfurization
and oxidation reactions.
Folding of all three semisynthetic G-CSF variants 8, 10

and 21 was achieved following published protocols by
dialysis of a 1 mgml� 1 solution of the polypeptide in 6 M
Gdn-HCl (pH 4.7) against a buffer containing sarkosyl and
catalytic amounts of CuSO4 (2% Sarkosyl, 50 mM TRIS,
40 μM CuSO4, pH 8.0), in order to remove Gdn-HCl and to
form the correct disulfide bridges.[24] This process was
followed by RP-HPLC (Figure S25). Retention times of the
folded protein variants shifted towards lower values because
of the decreased exposure of hydrophobic residues after
folding. This was observed for all G-CSF variants. Retention
time of the folded aglycone (21.7 min, Figure S25A) is
almost identical to the commercially available and chemi-
cally identical G-CSF aglycone NEUPOGEN® (21.8 min,
Figure S25A).
The retention time of the folded glycosylated variants is

decreased compared to NEUPOGEN® because of the
hydrophilic sugar moieties present in the homogeneously
glycosylated G-CSF variants. After RP-HPLC purification,
the folded G-CSF variants were concentrated, buffer was
exchanged to 10 mM sodium acetate buffer and concen-
tration of the variants was measured at 280 nm. The folded
8, 10 and 21, were successfully obtained in 11%, 5% and
6% yield, respectively.
The yields were lowered by the poor solubility of the

folded products and by losses during HPLC purification, but
they remain in good agreement with literature reports for
folding experiments.[24] The samples were then further
analyzed via CD, HPLC, ESI-MS and SDS-PAGE (Fig-
ure 3).

The secondary structure of the variants does not seem to
be affected by the glycosylation as all three variants show
similar CD spectra and are also almost identical to
NEUPOGEN® with absorption minima at 222 nm and
208 nm and a maximum at 193 nm, characteristic for α-
helical proteins.[50]

Expressed Protein Selenoester Ligation

To further facilitate access to G-CSF variants with variable
carbohydrates modifications, we explored an alternative
route based on the recently introduced expressed protein
selenoester ligation (EPSL).[51] This method combines ex-
pressed protein ligation with diselenide-selenoester ligation,
thus enabling fast ligations of recombinant and synthetic
segments at low concentration, helping to overcome limited
solubility of the starting materials. We employed EPSL
(Scheme 4) for the preparation of another sialylated G-CSF
variant carrying a Neu5Ac-α(2–6)-GalNAc glycan at Thr
133 (Scheme 1B, Figure S24). G-CSF(1–126)-selenoester 23
was prepared from the G-CSF1–126-MxeIntein-His-tag
fusion construct by addition of a hydrazine solution (5%
hydrazine, 100 mM DTT) at room temperature for 24 h to
produce the precursor G-CSF1–126 hydrazide 22, which was
obtained with a yield of 3.2 mg per liter of culture after
HPLC purification (Figure S4). G-CSF1–126 selenoester 23
was prepared by treatment of 22 with acetylacetone in the
presence of diphenyl diselenide (DPDS, 50 mM), in 6 M
Gdn ·HCl, 200 mM HEPES buffer containing TCEP at
pH 1.5. After 2.5 h the solution was extracted with hexane
and pure 23 was recovered after RP-HPLC of the aqueous
layer and subsequent lyophilization (Figure S5). The C-
terminal fragment Sec-G-CSF128–145(-Aux’-PEG27)-174-
(sTn) 24 was obtained through highly efficient enzymatic
glycosylation of 15 using the enzyme ST6GalNAc1 to
transfer sialic acid to position 6 of the GalNAc in 24 h at
37 °C (Figure S17). After lyophilization, crude 24 was
directly submitted to cleavage of the PEGylated linker via
irradiation at 365 nm (Figure S19). After 2 h, Mob-protected
Sec-G-CSF128–174-(sTn) 25 was purified via RP-HPLC and
lyophilized. Subsequently, the peptide was treated with
DPDS in TFA, in the presence of thioanisole and DMS, for
Sec trans-protection. Deprotected Sec-G-CSF128–174-(sTn)
26 was directly used in the EPSL reaction with selenoester
23. EPSL of G-CSF segments was two-times faster than
NCL and selenocysteine-mediated ligation reaction, and was
shown to be very efficient even at much lower concentration
than generally needed for NCL,[51] clearly demonstrating the
opportunities within EPSL for challenging ligation reactions.
The ligation solution was extracted with diethyl ether and
diluted with degassed reducing buffer (0.25 M TCEP,
25 mM DTT in 6 M Gdn·HCl, pH 7.7) for direct deseleniza-
tion of the ligation product within 7 h. Despite the poor
solubility of the protein and its tendency to aggregate on the
HPLC column, leading to reduced recovery, sialylated full
length G-CSF-(sTn) 27 was obtained in acceptable purity
(Figure S24). However, the mass spectrum of the final
product showed signals corresponding to G-CSF-(Tn) 10

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202206116 (7 of 10) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



(Figure S24), indicating fragmentation during analysis or
during ligation and handling. The latter is less likely as the
sialylated peptide remained intact under similar conditions.
Folding of sialylated G-CSF 27 was achieved under the

same conditions used for aglycone 8 and glycoforms 10 and
21 in 9% yield (Figure S25). Considering the yields obtained
for the folding reactions of 8, 10 and 21, we conclude that
the use of the EPSL reaction is compatible with generating
glycoproteins and constitutes a considerable improvement
with respect to reaction time and conversion. The faster
ligation reaction reduces precipitation of badly soluble
protein segments, as well as degradation of sensitive func-
tional groups, thus enhancing recovery of the product.
Semisynthetic G-CSFs 8, 10 and 21 were further tested

for bioactivity in proliferation assays with murine myeloblas-
tic NFS-60 cells, in direct comparison to the commercially
available G-CSF aglycone Neupogen®[52] (Figure 4). All
three (glyco) variants show significant biological activity in
the proliferation assays even though the two glycovariants
are less active in this assay. As previous studies have shown
that glycosylation typically increases stability in cell prolifer-
ation assays, this lower activity could be explained by either
concentration effects due to the low amounts of protein
used or, more interestingly, due the nature and positioning
of the carbohydrates, which have not yet been studied as
homogeneous species. The latter will be explored next, also
with the now available sialylated G-CSF variants.

Figure 3. HPLC and ESI-MS of full-length G-CSF aglycon 8 (A) and homogeneously glycosylated G-CSF-(Tn) 10 (B) and G-CSF-(T) 21 (C). CD
spectra and SDS-PAGE of the three variants (D); legend for the SDS-PAGE in (D): marker= low molecular weight marker, N=Neupogen, 8, 10,
21=G-CSF variant 8, 10 and 21, respectively.

Scheme 4. Semisynthesis of sialylated G-CSF variant 27 via expressed
protein selenoester ligation.
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Conclusion

Access to homogeneous post-translationally modified hydro-
phobic proteins remains a significant challenge and requires
a complex set of peptide and protein chemistry tools. In
approaching the semisynthesis of different glycosylated
variants of G-CSF we relied on the ability of a monodisperse
PEG chain to transiently modulate the solubility of the
segment obtained by SPPS, thus supporting its quantitative
enzymatic glycosylation. Our semisynthesis strategy had to
be adjusted along the way to overcome challenges due to
poor solubility and the tendency to aggregation of the two
segments to be ligated as well as of the full-length product.
Overall, we could obtain three fully functional G-CSF
variants that showed full biological activity. To the best of
our knowledge this is the first semisynthetic strategy to
access G-CSF and the first time that homogeneous, glycosy-
lated variants of G-CSF have been obtained besides an
artificially O-mannosylated G-CSF from yeast.[25]

Beyond the successful semisynthesis of G-CSF, our
findings indicate the need for more general semisynthesis
approaches that work at low concentrations and under
conditions, which can keep hydrophobic/aggregation-prone
peptides and proteins in solution without the need for
complex modification reactions. To this end, we established
access to G-CSF by using the recently introduced EPSL
approach,[51] thereby demonstrating the high potential of this
method for generating challenging protein targets with
complex modifications.
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