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glycosylation pattern and bioactivity

Masumi Murakami,’ Tatsuto Kiuchi,' Mika Nishihara,? Katsunari Tezuka,> Ryo Okamoto,’

Masayuki Izumi,’ Yasuhiro Kajihara'*

The role of sialyloligosaccharides on the surface of secreted glycoproteins is still unclear because of the difficulty in the
preparation of sialylglycoproteins in a homogeneous form. We selected erythropoietin (EPO) as a target molecule and
designed an efficient synthetic strategy for the chemical synthesis of a homogeneous form of five EPO glycoforms
varying in glycosylation position and the number of human-type biantennary sialyloligosaccharides. A segment cou-
pling strategy performed by native chemical ligation using six peptide segments including glycopeptides yielded
homogeneous EPO glycopeptides, and folding experiments of these glycopeptides afforded the correctly folded
EPO glycoforms. In an in vivo erythropoiesis assay in mice, all of the EPO glycoforms displayed biological activity,
in particular the EPO bearing three sialyloligosaccharides, which exhibited the highest activity. Furthermore, we ob-
served that the hydrophilicity and biological activity of the EPO glycoforms varied depending on the glycosylation
pattern. This knowledge will pave the way for the development of homogeneous biologics by chemical synthesis.

INTRODUCTION

The chemical synthesis of natural products has made it possible to obtain
many world-changing molecules (1). Development of protecting groups,
several covalent bond formations, asymmetric synthesis, and structural
analysis accelerated the effort to find more bioactive small molecules for
making drugs through investigation of the structure-activity relationship.

Over the past two decades, protein drugs that are biologics pre-
pared by cell expression systems have emerged in addition to the
above-mentioned small-molecule drugs (2). Many of these biologics
require oligosaccharides, a kind of posttranslational modification (3),
for stability and solubility and to exert their pharmacokinetic properties
in the blood, and these oligosaccharide modifications can be performed
in mammalian cell expression systems. Such systems yield several dif-
ferent glycoproteins varying in oligosaccharide number and glycosyla-
tion position by mutagenesis, but the glycoproteins obtained exhibit
considerable heterogeneity in oligosaccharide structure. Not only does
this heterogeneity hinder the elucidations of oligosaccharide structures,
but it also makes it difficult to determine which oligosaccharides play
important roles in glycoprotein bioactivities.

In the same period, the chemical synthesis of proteins (4) and gly-
coproteins had emerged (5-7); however, the quantity of glycoprotein
synthesized was still small compared to what was needed for further
biological studies and clinical applications. The major difficulty in
chemical glycoprotein synthesis comes from the time-consuming
preparation method of the oligosaccharide building blocks. In princi-
ple, the regulation of anomeric configuration, multiple protection, and
deprotection steps are required in the multistep organic synthesis. Sev-
eral reports used these steps and chemically synthesized oligosaccha-
rides for the chemical synthesis of glycoproteins (8), but the practical
synthesis of a suitable amount of glycoproteins of high purity and of
defined chemical structure remains a formidable challenge.
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Bioactive glycoproteins need to have acidic sialyloligosaccharides,
especially for the control of the resulting pharmacokinetic properties,
where the negative charges of the sialic acid moieties can profoundly
affect renal filtration. However, the chemical synthesis of such sialylgly-
coproteins is challenging because of the unexpected lability of the sialyl
linkage under acidic conditions, which is a common problem in organic
synthesis (9). Especially, acidic treatment is unavoidable in the chemical
synthesis of the sialylglycopeptide-o-thioester that is essential for the
chemical synthesis of glycoproteins. The lability of the sialyl linkage
was thought to be attributed to the characteristic chemical nature of a
deoxy sugar because sialic acid itself is a 3-deoxy sugar. However, our
research group discovered that the carboxylic acid group of the sialic acid
acts as an acid catalyst to accelerate the hydrolysis of the sialyl linkage
(Fig. 1, B and C, and fig. SIB) (10). This finding enabled us to examine
the protection of the carboxylic acid group as a phenacyl ester so that the
sialyl linkage would have a high degree of stability under acidic conditions
owing to the absence of the catalytic protonation to the glycosidic oxygen
(fig- S1B), and we found that the hydrolysis yield of sialyl linkage was indeed
significantly decreased (fig. S1B) (10). Using this protection of the sialyl
carboxylic acid, we achieved a practical synthesis of a sialylglycopeptide-
o-thioester through butoxycarbonyl (Boc) solid-phase peptide synthesis
(Boc SPPS) that yields a suitable amount of peptide-a-thioester. Our
optimized Boc protocol accelerated the chemical synthesis of several
glycoproteins by means of repetitive native chemical ligation (10, 11).

Here, we describe the efficient chemical synthesis and biological
activity of five homogeneous erythropoietin (EPO) glycoforms bearing
one, two, and three human type biantennary sialyloligosaccharides at
the native positions. These results provide the first insight into the
relationship between the number of sialyloligosaccharides as well as
glycosylation position and the in vivo bioactivity of EPO.

RESULTS

EPO is a heavily glycosylated protein and is known as a cytokine that
induces the maturation of red blood cells (12). EPO has four sialylo-
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Fig. 1. Structure of the EPO glycoforms and sialyloligosaccharide. (A) Primary structure of EPO 2 showing the amino acid sequence, glycosylation
sites, ligation sites (red circle), and disulfide bonds (red dotted line). The glutamine at position 78 was substituted with alanine. (B) Structure of the
asparaginyl sialyloligosaccharide 1 used for the chemical synthesis of a sialylglycopeptide-o-thioester in Boc SPPS. Sialic acid was protected as a
phenacyl (Pac) ester, shown in magenta. (C) Acceleration of hydrolysis by an intramolecular acid catalyst.

ligosaccharides, and three of them are N-linked sialyloligosaccharides
at the asparagine 24, 38, and 83 residues (Fig. 1A) (13, 14). These sia-
lyloligosaccharides exhibit a diverse range from bi- to tetraantennary
forms and play a critical role in increasing the lifetime of EPO in
blood and in enhancing biological activity by interfering with glomer-
ular filtration and galactose-binding lectin interaction (15). The serine
at position 126 has a short sialyloligosaccharide that consists of three
to four sugars. This short sialyloligosaccharide is not involved in the
maturation of red blood cells (16). Therefore, here we focused on
elucidating the function of three N-linked sialyloligosaccharides.
The Higuchi group (16) reported that the sialyloligosaccharide at
the 83 position seemed to be essential for bioactivity in vivo. We have
already synthesized EPO bearing a sialyloligosaccharide at the 83 po-
sition (10) and found very weak bioactivity in vivo. In addition to this
EPO glycoform, we found that our synthesized EPO analogs bearing
two or three sialyloligosaccharides around the 24 to 32 positions did
not show bioactivity in vivo (17, 18). Therefore, we synthesized an
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EPO glycoform bearing a sialyloligosaccharide at the 83 position by
an efficient new synthetic route and used it in a current assay used
to determine the borderline bioactivity in vivo among the three kinds
of monoglycosylated EPO. Here, we decided to use a biantennary sia-
lyloligosaccharide because this sialyloligosaccharide, such as 1 (Fig.
1B), can be prepared from egg yolk on a gram scale (10, 19). Preparation
of a suitably protected tBoc-Asn-(sialyloligosaccharide diphenacyl ester)-
OH 1 for glycopeptide synthesis is briefly summarized in Materials
and Methods.

Here, we designed a practical synthetic route for the preparation
of five EPO glycoforms by varying the glycosylation number and
position. The EPO polypeptide chain consists of 166 amino acids
and was divided into six segments (Fig. 2), and each segment was
coupled using native chemical ligation (NCL) (4, 20) to yield the
full-length glycopolypeptide chains. However, EPO does not have
a suitable number of cysteines for NCL, so we selected the Cys*
and Ala®* 7 %% 1% sites for NCL. The Ala®* 7 *® 1%% sites were
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Fig. 2. Scheme for the synthesis of the EPO glycoforms by chemical ligation. The suitably glycosylated or nonglycosylated segments of [1-28], [29-49],
and [79-97] were selected depending on the synthesis of EPO glycoforms 2 to 6 assembled by peptide ligation reactions. The full-length polypeptides
were folded to form a three-dimensional structure through oxidative folding methods. Conditions: (i) NCL; (ii) conversion of thiazolidine into cysteine;
(iii) deprotection of the Pac and formyl groups; (iv) deprotection of the Pac group; (v) thioesterification of hydrazide; (vi) desulfurization; (vii) deprotec-

tion of the Acm group.

prepared as cysteines in the peptide and glycopeptide form, and
then these cysteine sites were converted into alanine sites as a native
EPO sequence after NCL (21-23). Because we had designed a synthet-
ic route for providing several EPO glycoforms varying in sialyloligo-
saccharide number and glycosylation position, three peptide segments
([1-28], [29-49], and [79-97]) containing the inherent N-glycosylation
position were each synthesized in glycopeptide and nonglycosylated
forms. The nonglycosylated peptide segments [1-28], [29-49],
[50-78], [79-97], and [98-127] were prepared by the Boc SPPS
method, and the peptide segment [128-166] was prepared by the
9-fluorenyl methoxycarbonyl (Fmoc) SPPS method. Sialylglycopeptide
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segments [29-49] and [79-97] were prepared by an improved Boc SPPS
method, which uses phenacyl-esterified Boc-Asn(disialyloligosaccharide)-
OH 1. However, for the glycopeptide-a.-thioester segment [1-28], a direct
synthesis using the Boc SPPS method was difficult, so a segment coupling
strategy on a solid support was used (see Materials and Methods). In the
previous synthesis of an EPO glycoform bearing sialyloligosaccharide at
the 83 position (10), a mutation at the 21 position was essential because
of the setting of the NCL site, but the current segment coupling strategy
enabled an examination of the synthesis of a glycopeptide-o-thioester seg-
ment [1-28] having a natural amino acid sequence. According to this
strategy, the current route needs only a mutation at the 78 position
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Fig. 3. Proposed EPO in vitro folding process. All folding intermediates were analyzed by trypsin digestion and subsequent MS/MS analyses. The

analysis revealed that the disulfide bond Cys?*-Cys®* formed first under redox conditions.

Table 1. Yields of in vitro folding. Yields (%) were estimated by RP-HPLC area.

Misfolded

Concentration EPQN24 N38, N83 5 EPON38: N&3 3 EPON24 N83 4 EPON24 N38 g5 EPON®3 6
0.1 mg/ml 68 (1) 58 (£5) 43 (£3) 49 (+5) 37 (£3)
0.01 mg/ml 86 (+6) 90 (+6) 66 (+2) 76 (+11) 63 (2)

(Q—A) to avoid an undesired side-chain cyclization during NCL, and
the other sequence is prepared as a human-type EPO amino acid
sequence. After preparation of all of the peptide segments as well as
glycopeptide segments, sequential segment coupling was performed
according to the convergent synthetic strategy shown in Fig. 2. Seg-
ment coupling and deprotection of the Acm as well as phenacyl
groups were performed in good yield. In our previous synthesis of
EPO bearing a sialyloligosaccharide at asparagine 83 (10), the de-
sulfurization and deprotection of the Acm groups were performed
in the final step. Previously, when we had used a related strategy
for the synthesis of the EPO bearing three sialyloligosaccharides 2,
we found that silver acetate used for the deprotection of the Acm
group seemed to induce the absorption of the hydrophobic EPO poly-
peptide into silver acetate. This also seemed to accelerate the aggrega-
tion of the EPO polypeptide. After extensive investigation, we
determined that it is essential to perform desulfurization and depro-
tection of the Acm group before the final NCL step (Fig. 2). This new
synthetic route enabled us to obtain each of the five glycosylated EPO
polypeptides in sufficient yield (figs. S11 to S15).

For the folding of the glycopolypeptides thus obtained, we opti-
mized the conditions of the in vitro folding reaction by monitoring
the folding intermediates using SDS—polyacrylamide gel electrophore-
sis (SDS-PAGE), electrospray ionization mass spectrometry (ESI-MS),
and the combination method of trypsin digestion and subsequent liquid
chromatography (LC)-MS/MS analysis (figs. S16 to S24). The folding
experiments were examined with EPO glycopeptide (0.1 mg/ml) based
on previous reports (17, 24). Each sialylglycopolypeptide was completely
denatured in a solution containing 8 M guanidine at the beginning of
the folding process, and then the guanidine concentration was gradually
diluted under dialysis conditions in the presence of cysteine-cystine re-
dox reagents. In the case of EPON** ™% 4 bearing two sialyloligosac-

Murakami et al. Sci. Adv. 2016;2:e1500678 15 January 2016

charides at positions 24 and 83, we monitored the sequence of disulfide
bond formation steps using peptidase digestion and subsequent LC-MS/MS
analysis. When the folding buffer solution was changed from 8 M
guanidine to 3 M guanidine containing cysteine-cystine redox reagents,
a disulfide bond formed between the Cys* and Cys™ residues (Fig. 3).
However, when the folding buffer solution was changed to buffer
containing 1 M guanidine, both oligomeric misfolded EPO and correct-
ly folded EPO formed. Therefore, to avoid the formation of oligomeric
misfolded forms, we used a dilute condition in which the initial concen-
tration of the glycopolypeptides was set at 0.01 mg/ml (Table 1), and
this condition successfully gave the correctly folded EPO glycoforms in
good yields because the protein-protein aggregation was suppressed.
Notably, the yields of the in vitro EPO folding were found to be differ-
ent, depending on the number of sialyloligosaccharides and glycosyla-
tion position (Table 1 and figs. S16 to S19). The highest yield was found
for EPO™** ™% 3 (90% yield), whereas EPO™** ™** N8 3 oave an 86%
yield. EPO™** N% 4 and EPO™® 6, both lacking the sialyloligosac-
charide at asparagine 38, had lower folding yields (66 and 63%, respec-
tively), generating a considerable amount of misfolded products
during the folding experiments. This result suggests that the sialyloli-
gosaccharide at asparagine 38 might be important both for the forma-
tion of the productive folding intermediate and for the prevention of
protein-protein aggregation.

All of the folded EPO glycoforms were purified by reversed-phase
high-performance liquid chromatography (RP-HPLC), and their mo-
lecular weight and disulfide bond positions were analyzed with ESI-MS
(Fig. 4, A and B, and figs. S20 to S24). The molecular weights of all
of the folded EPO glycoforms were identical as compared with the
theoretical monoisotopic mass value based on high-resolution ESI
mass spectra (figs. S26 to S30). To confirm the disulfide bond
positions, all the purified EPO glycoforms were digested with trypsin
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Fig. 4. Characterization of EPO glycoforms 2 to 6. (A) (a to e) ESI mass spectra of EPO glycoforms 2 to 6. All mass spectra are not of the ESI-MS data
derived from the top area of the HPLC profile. All mass spectra were measured with total solution of individual EPO glycoforms isolated. (B) RP-HPLC
chromatogram and ESI-MS spectrum of folded 2. (C) CD spectra of EPO glycoforms 2 to 6 in 0.1% TFA aq.

followed by LC-MS/MS analysis. These analyses clearly indicated that
the synthesized EPO glycoforms have correct disulfide bond patterns,
which are Cys*-Cys™ and Cys’-Cys'®".

The circular dichroism (CD) spectra of all the EPO glycoforms
were also measured and showed the same spectral profiles (Fig. 4C),
which were identical with those of the reported EPO (25), indicating
that all of the EPO glycoforms used the same suitable protein secon-
dary structure. According to these results, the differences in sialyloli-
gosaccharide number and glycosylation position do not affect the
protein’s folded structure.

The hydrophobicity of each EPO glycoform was also evaluated
with a provisional method based on the profile of RP-HPLC, and
the results revealed that the most hydrophilic EPO was EPQ™** N3 N&3
2 bearing three sialyloligosaccharides, whereas the most hydrophobic
one was, surprisingly, EPO™N** ™ 5 bearing two sialyloligosaccharides
(Fig. 5A). Although the addition of sialyloligosaccharide was expected
to increase the hydrophilicity of the EPO glycoform, an interesting
finding was that EPO™** N*¥ 5 exhibited greater hydrophobicity than
EPO™® 6 bearing one sialyloligosaccharide. The sialyloligosaccharide
at position 83 might be important to cover the hydrophobic protein
surface (the orange over the yellow hydrophilic surface) around gly-
cosylation position 83 (Fig. 5C) to increase the solubility of EPO. The
Dubé group (26) reported that an EPO mutant lacking glycosylation
at asparagine 38 and 83 resulted in a low-yield secretion and EPO
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might be metabolized as a nonnatural glycoprotein because of its highly
hydrophobic nature.

The in vitro bioactivity of EPON*» N N83 3 'based on the cell
proliferation activity resulting from the binding of the synthetic EPO
to the EPO receptor on the TF-1 cell (27), was confirmed to be
slightly higher than that of commercially available EPO [EPOGIN
expressed by CHO (Chinese hamster ovary) cell lines] (Fig. 5B). This
might arise from a difference between the oligosaccharide structures
of the two EPO samples. The synthesized EPON?* N3% N8 5 hag
biantennary sialyloligosaccharides, whereas EPOGIN has three sialy-
loligosaccharides in which the structure has a variety of bi- to tetra-
antennary forms. EPO bearing highly branched oligosaccharides has
been reported to result in lower cell proliferation activity in vitro
(16). Thus, the results of our biological assay were found to be
consistent with previous reports, and these results clearly support
the finding that EPON** ™3% N83 3 hag a correct three-dimensional
structure in its protein portion.

To assess the biological activity of the synthetic EPO glycoforms, we
evaluated the in vivo hematopoietic activity (hematocrit) using mice
(Fig. 5D). Because EPOGIN at 4.4 uM showed a saturation of hemato-
poietic activity, the data of EPOGIN at 1.4 uM were used for the com-
parison of synthetic EPO glycoforms 2 to 6. All of the synthesized
EPO displayed hematopoietic activity, but the activity varied depending
on the glycosylation pattern, as expected. Among the synthesized EPO
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Fig. 5. Characterization of the EPO glycoforms. (A) RP-HPLC chromatogram of a mixture of EPO glycoforms 2 to 6 to obtain insight into their hydro-
phobicity assessed by the elution time. Compounds 2, 4, 5, and 6 (3.0 ug each) and 3 (4.5 ug) were mixed, and the resultant solution was injected in RP-HPLC.
Retention time: 2, 33.38 min; 3, 33.99 min; 4, 34.52 min; 5, 38.64 min; 6, 35.35 min. (B) Cell proliferation assay. Orange circle, synthetic EPON>* N38 N&3 3. gray
triangle, EPOGIN. (C) EPO protein surface, with the three N-glycosylation sites highlighted in purple. The hydrophilic amino acids are shown in yellow, and the
hydrophobic amino acids are shown in orange [the model was created from the NMR structure of human EPO (Protein Data Bank: 1BUY)]. (D) In vivo
hematopoietic activity of the synthesized EPO glycoforms and EPOGIN. The concentrations of 2 to 7 were set at 1.4 uM. Sample 7 was a misfolded form
of EPO 4. Sample 8 was a mixture of 2 to 6 (individual EPO glycoform concentration was set at 0.28 uM, but total EPO protein concentration was 1.4 uM).
Blue bar, 0 days; red bar, 2 days; green bar, 5 days; purple bar, 7 days.

glycoforms, the most potent bioactive compound was found to be  hematopoietic activity than the heterogeneous mixture of the glyco-
EPO™?» N8 N83 5 (1.4 uM), although it displayed a lower hematopoie- ~ forms, which resembles commercially available EPO biologics. Recently,
tic activity than EPOGIN (1.4 pM) (day 2: 60%, day 5: 68%, day 7: glycosylated biologics and their biosimilars have come out, and it re-
83% versus day 7 EPOGIN: 100%). Additionally, EPO bearing two  mains to be determined whether homogeneous oligosaccharide is es-
biantennary sialyloligosaccharides (3, 4, and 5) resulted in a lower  sential for their bioactivity (29). Therefore, we thought that this unique
activity compared with 2, and the hematopoietic values of these glyco-  assay, which can be performed with just chemical synthesis, is
forms were different depending on glycosylation position. A remark- interesting. As expected, the mixture of glycoforms 8 (individual EPO
able finding is that the sialyloligosaccharides at asparagine 38 and 83 are  glycoform concentration was set at 0.28 pM, but total EPO protein
much more important than the sialyloligosaccharide at asparagine 24 in  concentration was set at 1.4 uM) showed 27% hematopoietic activity
terms of higher hematopoietic activity. The Yamaguchi group (28) also  compared with the average value of individual homogeneous EPO gly-
reported a relationship between glycosylation position and hemato-  coforms 2 to 6 (Fig. 5D). Biologics are currently used as a mixture of
poietic activity, although their EPO mutants, prepared by a cell expres-  glycoforms, but our result clearly indicates that a homogeneous glyco-
sion system, showed considerable heterogeneity in the oligosaccharide  form is ideal for determining the effective dose in pharmacokinetics
structure. Therefore, our result is the first assay of hematopoietic activ-  rather than a mixture of glycoforms that decrease the amount of ef-
ity performed using homogeneous EPO glycoforms and provides insight ~ fective individual EPO glycoform in the administered dose. If the three
into the relationship between glycosylation pattern and hematopoietic = N-glycosylation positions of EPOGIN have three homogeneous tri- or

activity in vivo. tetraantennary sialyloligosaccharides, the activity of the hematocrit
In addition to our initial assays of each homogeneous EPO glyco-  might be increased.
form, we also carried out a unique assay using a solution that con- Furthermore, we also performed an assay with the misfolded EPO

sisted of a mixture of equimolar amounts of EPO glycoforms 2 to 6  glycoforms 7 for which the correctly folded form is EPON** ™ 4 (Fig,
to investigate whether homogeneous EPO would exhibit more potent  5D). Surprisingly, this misfolded EPO 7 also exhibited hematopoietic
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activity, although weaker than that of its folded EPO™** ™ 4, From
the result of the trypsin digestion, it was confirmed that the misfolded
EPO 7 has one disulfide bond at Cys*-Cys™, but we could not ob-
serve the disulfide bond at Cys’-Cys'®'. In addition, SDS-PAGE
showed that EPO 7 was a mixture of a dimer, trimer, and multimer,
which was easily reduced to a monomer by the reducing agents tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) or p,L-dithiothreitol
(DTT). This misfolded EPO 7 displayed a quite similar CD profile
as the folded EPO™?* N83 4 (fig. S25). From these results, we h&)othe-
sized that both the misfolded EPO™** ™*? 7 and its native EPO™>* N®?
4 have similar protein structures, but the misfolded one may form
weak aggregates of oligomeric form. The misfolded EPO 7 was stable
enough to be isolated by HPLC purification, suggesting that it would
be stable under physiological conditions. However, we could not con-
firm which form of EPO binds to the EPO receptor in mice so as to
have hematopoietic activity: the monomeric form produced by refold-
ing in blood or the oligomeric form itself. We speculate that even
oligomeric misfolded EPO™** ™ 7, which may be formed by di-
sulfide bonds and hydrophobic interactions, has a correctly folded
protein structure to be able to induce weak hematopoietic activity.

DISCUSSION

On the basis of the results shown in Fig. 5D, the relationship between
glycosylation number as well as glycosylation position and hemato-
poietic activity was evaluated. Hematopoietic activity increased with
increasing number of sialyloligosaccharides and a prolonged half-life
of EPO in the blood. In a previous report, the sialyloligosaccharide at
asparagine 24 of both urinary human EPO (30) and recombinant hu-
man EPO (16) was shown to exhibit diversity in a range from a bi- to
a tetraantennary pattern, whereas the sialyloligosaccharides at aspara-
gine 38 and 83 were shown to exist mainly in a tetraantennary form.
We hypothesized that there is a hydrophobic protein surface (Fig. 5C:
orange color) around asparagine 38 and 83, and this surface may de-
crease the solubility of EPO into the body fluid or perhaps accelerate
aggregation. Therefore, our results in conjunction with previous re-
ports (10, 17, 18) suggest that the sialyloligosaccharides at asparagine
38 and 83 are necessary to cover the hydrophobic protein surface with
tetraantennary sialyloligosaccharide, which is needed to retain their
solubility in the blood and to prevent protein-protein aggregation. A
chemically synthesized, homogeneous polymer-modified EPO deriva-
tive of defined chemical structure (25, 31), which has branched poly-
mer moieties bearing four negatively charged carboxylates at positions
24 and 126, where N- and O-glycosylation respectively occur, was pre-
viously reported to exhibit the most potent hematopoietic activity thus
far. Because this negatively charged polymer modification enabled the
EPO derivative to increase its solubility and to have reduced protein-
protein aggregation as well as improved glomerular filtration, the half-
life of EPO derivative in vivo was prolonged. On the other hand, an EPO
derivative in which the asparagine residues of the three N-glycosylation
sites were mutated to lysine displayed suitable solubility in comparison
with that of nonglycosylated EPO with the native amino acid sequence
(24, 32). This substitution might change the isoelectric point of the EPO
analog protein and thus interfere with protein-protein aggregation, al-
though the hematopoietic activity of this EPO derivative was not con-
firmed in vivo. Considering these effects of protein modifications, we
hypothesized that the human body uses glycosylation as a posttranslational

Murakami et al. Sci. Adv. 2016;2:e1500678 15 January 2016

modification in order for the secreted protein to regulate its hydrophilicity
and protect it from protein-protein aggregation, as well as to regulate
renal filtration in the case of EPO, because the oligosaccharide exhibits
highly hydrophilic and low antigenic properties in the body.

It has been a long-cherished goal of organic chemists to reveal the
relationship between glycosylation and the biological activity of EPO.
This is the first work to give an insight into the relationship between
glycosylation pattern and hematopoietic activity based on the chemical
synthesis of EPO glycoforms bearing biantennary sialyloligosacchar-
ides with a natural linkage between oligosaccharide and protein. Re-
moving any one of the three sialyloligosaccharides at the native
positions resulted in a decrease in hematopoietic activity, whereas
our previous study demonstrated that EPO bearing the same three
sialyloligosaccharides at nonnative positions did not display any he-
matopoietic activity in vivo (17, 18). This means that glycosylation po-
sition and glycosylation pattern are critical for the bioactivity of
glycoproteins. Glycosylation pattern might be dependent on the
chemical property of the changing protein surface in the course of
biological evolution. This knowledge and method developed for the
chemical synthesis of glycoproteins will open a path to studying
how glycosylation is determined at gene-coded positions and to the
making of homogeneous biologics by chemical synthesis.

MATERIALS AND METHODS

2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HBTU), 1-hydroxy-benzotriazole (HOBt), and Boc-amino
acids were purchased from Peptide Institute Inc. Boc-Cys(Trt) was
purchased from Watanabe Chemical Ind. S-Trityl-mercaptopropionic
acid was purchased from Oakwood Products Inc. Trifluoroacetic acid
(TFA), triisopropylsilane (TIPS), 1,2-ethanedithiol (EDT), sodium
2-mercaptoethanesulfonate (MESNa), hexamethyleneimine,
1-methylpyrrolidine, N-methylimidazole, N,N'-diisopropylcarbodiimide
(DIC), N,N-diisopropylethylamine (DIPEA), and TCEP were purchased
from Tokyo Chemical Ind. Cesium carbonate, N,N-dimethylformamide
(DMEF), dichloromethane (DCM), dimethyl sulfoxide, piperidine, m-cresol,
thioanisole, trifluoromethanesulfonic acid (TfOH), diethyl ether,
thiophenol, benzyl mercaptan, DTT, dimethylsulfide (DMS), 2,2’-
azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044),
and 2-amino-2-hydroxymethyl-1,3-propanediol (tris) were purchased
from Wako Pure Chemical. Fmoc-amino acids, Boc-Arg(di-Z),
Boc-His(DNP), Boc-Asn(Xan), 1-(mesitylene-2-sulfonyl)-3-nitro-1H-
1,2,4-trizole (MSNT), amino-PEGA resin, 4-(4-hydroxymethyl-3-
methoxyphenoxy)-butyric acid (HMPB), and (benzotriazol-1-yloxy)
tripyrrolidinophosphonium hexafluorophosphate (PyBOP) were pur-
chased from Novabiochem. Guanidine hydrochloride (Gn-HCI),
HPLC-grade acetonitrile (MeCN), and L-cysteine hydrochloride hy-
drate were purchased from Kanto Chemical Co. Inc. 2-Bromoaceto-phenone,
3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one (DEPBT),
4-mercaptophenylacetic acid (MPAA), and N-(fert-butoxycarbonyloxy)-
succinimide (BocOSu) were purchased from Sigma-Aldrich. EPOGIN
(Epoetin B; subcutaneous injection syringe 12000) was purchased from
Chugai Pharmaceutical Co. Ltd.

The Boc—amino acids used were as follows: Gly, Ala, Val, Leu, Ile,
Pro, Ser(Bzl), Thr(Bzl), Met, Asp(Bzl), Glu(Bzl), Asn(Xan), Gln, His(Dnp),
Lys(Cl-Z), Arg(di-Z), Phe, Tyr(Br-Z), Trp(formyl), Thz (where Bzl:
benzyl, Xan: xanthyl; Dnp: dinitrophenyl; di-Z: two-benzyloxycarbonyl;
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Br-Z: 2-bromo benzyloxycarbonyl; Thz: 1-4-thiazolidinecarboxylic
acid). The Fmoc-amino acids used were Gly, Ala, Val, Leu, Ile, Pro,
Ser(tBu), Thr(fBu), Asp(OfBu), Glu(OfBu), Asn(Trt), GIn(Trt), Lys(Boc),
Arg(Pbf), Phe, Tyr(OtBu), and Trp(Boc) (where tBu: tert-butyl;
Try: trityl; Pbf: 2,2,4,6,7-pentamethyldihydrobezofuran-5-sulfonyl).

RP-HPLC analyses were performed using Vydac C18, C8 (GRACE
Co.), Cadenza CD-C18 (Imtakt), or Proteonavi (Shiseido) for analyt-
ical and semipreparative HPLC. Proteonavi (Shiseido) was used in LC/MS
analysis. LC/MS and direct infusion ESI-MS spectra were recorded
on a Bruker Daltonics amaZon mass spectrometer and a Bruker
Daltonics Esquire 3000 mass spectrometer, respectively. High-resolution
mass spectra (direct infusion) were measured on a Bruker Daltonics
SolariX mass spectrometer (9.4 T).

Synthesis of tert-Boc-Asn-(sialyloligosaccharide

diphenacyl ester)-OH 1

Preparation of the target compound has been already reported (10). In
brief, hexapeptidyl-sialyloligosaccharide was purified from egg yolk, and
then the peptide portion was digested with peptidase (Actinase-E, Kaken
Pharmaceutical Co. Ltd.) to have a crude H,N-Asn-(sialyloligosaccharide)-
COOH. The resulting H,N-Asn-(sialyloligosaccharide)-COOH was
protected with an Fmoc group by treatment with 9-fluorenylmethyl-
N-succimidylcarbonate (3 equiv.) and NaHCO; (4 equiv.) in H,O-
acetone. Purification of the product was performed with RP-HPLC
(C18 column, isocratic 50 mM NH,OAc-MeCN) to obtain Fmoc-
Asn-(sialyloligosaccharide)-COOH.

A solution of homogeneous Fmoc-Asn-(sialyloligosaccharide)-OH
(for example, 20.0 mg, 8.3 umol) in cold H,O (4°C) was passed
through a short cation exchange resin [Dowex-50Wx8(H")] to re-
move salt. After lyophilization of the eluent, a solution of this residue
in H,O (30 ml) was adjusted to pH 3.6 with aq. Cs,CO; (2.5 mg/ml)
and then lyophilized. To a solution of this residue in dry DMF (4 ml),
phenacyl bromide (5.7 mg, 0.03 mmol) was added to obtain Fmoc-
Asn-(sialyloligosaccharide diphenacyl ester)-OH. Purification was per-
formed by preparative C18 RP-HPLC (10).

Removing the Fmoc group of Fmoc-Asn-(sialyloligosaccharide di-
phenacyl ester)-OH (for example, 20.0 mg, 7.2 umol) in DMF (2.0 ml)
was performed with 1-methylpyrorridine (75.0 pl, 0.72 mmol), hex-
amethyleneimine (2.0 pl, 17.7 umol), and HOBt (2.0 mg, 14.8 umol).
After the isolation of the product by precipitation with diethyl ether,
H,N-Asn-(sialyloligosaccharide diphenacyl ester)-OH was treated
with BocOSu (7.7 mg, 36 pmol) and DIPEA (6.2 ul, 36 pmol) in
DMEF (1.0 ml). After 3 hours, diethyl ether (10 ml) was added to this
mixture, and then the precipitate was purified by preparative C18 RP-
HPLC to obtain fert-Boc-Asn-(sialyloligosaccharide diphenacyl ester)-
OH (13 mg, 68%) (10).

Synthesis of peptides and glycopeptides

The peptide segments used for NCL were as follows. Segment [1-28]:
H-[Ala'-Cys’-Asn**(glycan)-Gly*®]-a-thioester: APPRLICDSRVLER-
YLLEAKEAEN(glycan)ITTG-o-thioester. Segment [29-49]: H-
[Cyszg’ 3(Acm)- Asn38(g1ycan)—Tyr49]—a—thioester: C(Acm)AEHC
(Acm)SLNEN(glycan)ITVPDTKVNFY-a-thioester. Segment [50-
78]: H-[CysSO(Thz)-Ala78]-oc-hydrazide: C(Thz)W (formyl)
KRMEVGQQAVEVW (formyl) QGLALLSEAVLRGA-a-hydrazide.
Segment [79-97]: H—[Cys79(Thz)—Asn83 (glycan)-Lys’”]-a-thioester:
C(Thz)LLVN(glycan)SSQPW (formyl) EPLQLHVDK-o-thioester. Seg-
ment [98-127]: H—[Cys98(Thz)—A1a127]—a—thioester: C(Thz)
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VSGLRSLTTLLRALGAQKEAISPPDAASA-o-thioester. Segment
[128-166]: H-[Cys'**-Cys'®'(Acm)-Arg'®°]-COOH: CPLRTI-
TADTFRKLFRVYSNFLRGKLKLYTGEAC(Acm)RTGDR-COOH.

Solid-phase peptide synthesis

A typical procedure of Boc SPPS was used for the synthesis of peptide-
o-thioesters and glycopeptide-o-thioesters (10). The peptide-o-
thioesters and glycopeptide-a-thioesters were prepared by an improved
Boc SPPS method based on the original in situ neutralization Boc SPPS
protocol established by the Schnolzer group (33). A HSCH,CH,CONH-
PEGA resin (PEGA resin: poly[acryloyl-bis(aminopropyl)polyethylene
glycol]) was used for the synthesis of the peptide-o-thioesters H-[Ala'-
Glyzs]-a-thioester (fig. S3), H-[Cyszg-Ala49]-(x-thioester (fig. S4), H-
[Cys79—Ly397]—oc—thioester (fig. S6), and H—[Cysgs—Ala127]—a—thioester
(fig. S8), and a HSCH,CH,CONH-NovaPEG resin was used for the
synthesis of the sialylglycopeptide-o-thioesters H-[Cys*-Asn®(glycan)-
Tyr49]—a—thioester (fig. S5) and H—[Cys79—Asn83(glycan)—Ala97]—a—
thioester (fig. S7). Both resins, bearing a linker, were prepared as
follows. S-Trityl-3-mercaptopropionic acid (80.0 mg, 0.2 mmol)
was dissolved in DMF (1.0 ml), and the solution was stirred for
1 min for activation. This solution was added to resin (ca. 50 umol)
to incorporate mercaptopropionic acid into the amino resin to make
an amide-form linker. The trityl group was then removed by 1-min
treatment with 5% TIPS in TFA twice. The coupling of amino acids
according to the peptide sequence was carried out by using Boc-
amino acids (0.4 mmol), HBTU (72.1 mg, 0.19 mmol), and DIPEA
(70.0 ul, 1.15 mmol), with a preactivation for 1 min and coupling
for 15 min at ambient temperature. After coupling of the individual
Boc-amino acid, the Boc group was removed by 3-min neat TFA
treatment twice. After synthesis of the desired peptides or glycopep-
tides on the resin, the complete deprotection of the side chain protec-
tion was performed on the solid support, and then thiolysis was
performed to detach the peptide-o-thioester or glycopeptide-o-thioester
from the resin. The peptides were deprotected using a low-TfOH
cocktail (TFA/DMS/m-cresol/TfOH, 5:3:1:1) and a high-TfOH cocktail
(TFA/thioanisole/ethanedithiol/TfOH, 20:2:1:1) according to standard
Boc-chemistry procedures, and the sialylglycopeptides were deprotected
using the low-TfOH cocktail. The resulting peptides and glycopeptides
on the resins were washed with DCM and DMEF; then to this resin, 5%
(w/v) MESNa/sodium phosphate buffer (200 mM, pH 6.0 to 6.8)
containing 6 M Gn-HCl was added to detach the peptide-a-thioesters
and glycopeptide-a-thioesters. After the above described deprotec-
tion steps, almost all of protecting groups were removed except for
Cys(Acm) at Cys*, Cys™, and Cys'®'; and Trp(formyl) at Trp>’,
Trp®, and Trp®*. The peptide formula used for NCL was given ear-
lier. Synthetic peptide-a-thioesters and glycopeptide-a-thioesters
were purified by preparative HPLC (Vydac C18 ®10 x 250 mm,
0.1% TFA:0.1% TFA in 90% MeCN = 70:30 to 45:55 over 25 min
at a flow rate of 4 ml/min) and characterized by ESI-MS.

Preparation of H-[Cys>°-Ala’®]-a-hydrazide

After the preparation of the H-[Cys*-Ala’®]-a-thioester, conversion
of the o-thioester form into its hydrazide form was done along with
deprotection of the formyl group of Trp by the treatment with 2%
hydrazine-monohydrate for 30 min at room temperature; then the
pH of the solution was adjusted to pH 4.2 with methoxyamine hydro-
chloride to remove the Thz group. The Thz group was removed by
treatment for 2 hours at room temperature (fig. S9).
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Synthesis of H-[Cys'?%-Arg'®®]-OH

The conventional Fmoc-based SPPS protocol was used for the
preparation of H—[Cyslzs—Argl“]—OH (10). The first amino acid,
Fmoc-Arg(pbf)-OH (353 mg, 1.0 mmol), was attached to the 4-
(hydroxymethyl)phenoxyacetic acid linker-PEGA resin (HMPA
Linker PEGA resin, 215 mg, 200 pmol) using MSNT (296 mg,
1.0 mmol) and N-methylimidazole (60 ul, 750 pmol) in DCM
(4.0 ml). The resin was treated with 20% piperidine in DMF for
15 min at ambient temperature for the removal of the Fmoc group.
Peptide coupling was carried out using a microwave-assisted
protocol as reported in the literature (34). Fmoc-amino acids
(0.25 mmol) were preactivated by DIC (38.7 ul, 0.25 mmol) and
HOBt (33.8 mg, 0.25 mmol) in DMF (1.0 ml) for 5 to 10 min,
and the solution was added to the resin. The Fmoc-amino acids
used were Gly, Ala, Val, Leu, Ile, Pro, Ser(tBu), Thr (fBu), Asp(OtBu),
Glu(O1Bu), Asn(Trt), GIn(Trt), Lys(Boc), Arg(Pbf), Phe, Tyr(OtBu),
and Trp(Boc). Coupling of Fmoc-Cys(Trt), Fmoc-Cys(Acm), and
Fmoc-His(Trt) was carried out at ambient temperature for 60 min
without any microwave. After coupling of the individual Fmoc-amino
acid, the Fmoc group was removed by 20% piperidine/DMF (1.5 ml)
for 20 min. After construction of the peptide, H-[Cys'**-Arg'*’]-OH
was released from the resin with a solution of TFA/TIPS/H,O (38:1:1).
To this solution was added Et,O to afford the precipitate of the peptide.
The precipitate was collected by centrifugation. Purification of the residue
by RP-HPLC (Vydac C18 ®10 x 250 mm, 0.1% TFA:0.1% TFA in 90%
MeCN = 70:30 to 20:80 over 30 min at a flow rate of 4 ml/min) afforded
H—[CyleS—ArgMG]—OH. ESI-MS: mass/charge ratio (m/z) calcd. for
Ca06H334N6205655: [M+H]" 4640.4, found: 4639.6 (deconvoluted).

Synthesis of H-[Ala'-Asn?*(glycan)-Gly?®]-a-thioester

The peptide-a-thioester H-[Ala'-Asn**(glycan)-Gly*®]-a-thioester
was prepared using the segment coupling method (35, 36). The
side-chain protected peptide Boc-[Ala'-Ala'’]-OH was prepared
by Fmoc chemistry (Boc-Ala-OH was used for the N terminus).
The C-terminal side-chain protected glycopeptide-a-thioester
Boc-[Lys*’-Asn**(glycan)-Gly*®] on the resin was prepared by an
improved Boc chemistry (10).

For the preparation of side-chain protected Boc-[Ala'-Ala
OH, an HMPB linker PEGA resin (HMPB-PEGA resin) was used
(37). Each peptide elongation step and deprotection of the Fmoc
group were performed in the same manner as in the preparation
of H-[Cys'**-Arg'®’]-OH. After completion of all of the coupling
steps, the fully protected peptide was released from the resin with
acetic acid/TFE (1:1) for 12 hours. The solution was filtered to re-
move the resin, and the filtrate was concentrated in vacuo to obtain
the side-chain protected Boc-[Ala'-Ala'®]-OH peptide. The side-
chain protected H-[Lys*’-Asn**(glycan)-Gly*®] was prepared by
an improved Boc SPPS method, and it was kept on the resin for
the next segment coupling step.

To perform segment coupling on the resin, the side-chain
protected Boc-[LysZO-AsnM(glycan)-Glyzs] linked on the resin was
treated twice with neat TFA for 2 min to remove the Boc group,
and then the resin was washed with 5% DIPEA/DMEF for 1 min. Cou-
pling of the side-chain protected Boc-[Ala'-Ala'*]-OH (53.9 mg, 15 umol)
was performed by using 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine
(HODhbt; 4.9 mg, 30 umol) and DIC (4.6 pl, 30 pmol) in phenol-
chloroform [1:4 (v/v), 2.0 ml] in the dark for 12 hours at ambient
temperature. After the segment coupling on the resin, side-chain de-

19]_
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protection was performed using a TFA cocktail (95% TFA/TIPS) and
a low-TfOH cocktail. Then, the crude glycopeptide-o-mercaptothioe-
ster linker on the resin was treated with 0.2 M phosphate buffer
containing 6 M Gn-HCl and MESNa to yield the H-[Ala'-Asn*(glycan)-
Gly”*]-peptide-o-thioester (4.2 mg, 82 pmol, 8.2% isolated yield) as a
white foam (fig. S10).

Typical procedure for the synthesis of EPO derivatives: Synthesis

of EPON?* N38 N83 holypeptide bearing three N-glycans
First ligation. The first NCL was previously reported (10). The

NCL of H—[CysgS(Thz)—Alalﬂ]—a—thioester (2.5 mg, 0.80 umol) and
H-[Cyslzs-CyslGl(Acm)-ArgMG]-OH (3.7 mg, 0.80 umol) was per-
formed in a sodium phosphate buffer solution (0.2 M, pH 6.8,
0.4 ml) containing 6 M Gn-HCl, 40 mM MPAA (2.7 mg, 16 umol),
and 40 mM TCEP. The ligation reaction was completed within 3 hours.
After completion of the reaction, the N-terminal Thz moiety of the
product was converted into a Cys residue as a one-pot reaction by
adjusting the pH to 4.0 with methoxyamine hydrochloride. After 2 hours,
the reaction mixture was subjected to RP-HPLC (Vydac C18 @10 x
250 mm, 0.1% TFA:0.1% TFA in 90% MeCN = 75:25 to 25:75 for
30 min at a flow rate of 4 ml/min). Fractions containing the desired
product were collected and lyophilized to give H-[Cys*®-Cys'®' (Acm)-
Arg'*®]-OH (yield: ca. 92% based on HPLC analysis). HPLC analytical
yield was estimated based on HPLC area: 100 x [area of product/(area
of product + peptide-thioester + peptide-MPAA-thioester)]. The
HPLC profile was previously reported (10). ESI-MS: m/z calcd. for
C334H554N10009755: [M+H]* 7619.8, found: 7620.0 (deconvoluted).

Second ligation. The second NCL was previously reported (10).
The NCL of H-[Cys79(Thz)-Asn83(glycan)-Lysg7]-a-thioester (3.8 mg,
0.8 umol) and H-[Cys”®-Cys'®'(Acm)-Arg'*°]-OH (6.0 mg, 0.8 umol)
was performed in a sodium phosphate buffer solution (0.2 M, pH 6.8,
0.4 ml) containing 6 M Gn-HCI, 40 mM MPAA, and 40 mM TCEP.
The ligation reaction was completed within 12 hours. After comple-
tion of the reaction, a sodium phosphate buffer solution (200 mM, pH
8.0, 60 pl) containing piperidine (5.0 ul) and 2-mercaptoethanol (3.0 pl)
was added to this ligation solution to remove the phenacyl group
of the sialic acid and the formyl group of Trp. After 2 hours, the so-
lution was neutralized with HCI, and then Thz was converted into Cys
as a one-pot reaction by the addition of methoxyamine hydrochloride
(the pH was adjusted to 4.0). After 3 hours of incubation, the product
was purified by RP-HPLC (Vydac C18 @10 x 250 mm, 0.1%
TFA:0.1% TFA in 90% MeCN = 75:25 to 25:75 for 30 min at a flow
rate of 4 ml/min) to yield H—[Cys79—Asn83(glycan)—CyS161(Acm)—
Arg'®]-OH. The purity of the product was confirmed by HPLC
and ESI-MS analysis. The yield of the second NCL was ca. 79% based
on HPLC analysis. HPLC analytical yield was estimated based on
HPLC area: 100 x [area of product/(area of product + peptide-thioester
+ peptide-MPAA-thioester)]. The HPLC profile was previously re-
ported (10). ESI-MS: m/z calcd. for Cs;;HgqaN;3,0186S4: [M+H]"
12014.3, found: 12013.4 (deconvoluted).

Third ligation: Synthesis of H-[Cys®* 33(Acm)-Asn®*®(glycan)-Ala’®]-
a-hydrazide (fig. S11). The NCL of H—[Cyszg’ 33(Acm)—Asn38(glycan)—
Tyr49]-a-thioester (6.1 mg, 1.2 pmol) and H-[CysSO-Ala78] -a-hydrazide
(3.8 mg, 1.2 umol) was performed in a sodium phosphate buffer solution
(0.2 M, pH 6.8, 0.478 ml) containing 6 M Gn-HCI, 40 mM MPAA
(2.7 mg, 16 umol), and 40 mM TCEP. The ligation reaction was com-
pleted within 3 hours. After completion of the reaction, the solution
was adjusted to pH 9.3 by 5 M NaOH aq (ca. 10 ul), and then the
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solution was left at room temperature for 2 hours to remove the phen-
acyl group. The reaction was monitored by HPLC (Proteonavi C4 ®4.6 x
250 mm, 0.1% TFA:0.1% TFA in 90% MeCN = 80:20 to 15:85 over 25 min
at 1 ml/min). The solution was treated with 10 mM TCEP for 5 min
to reduce undesired intermolecular disulfide bonds, and then the prod-
uct was purified by preparative HPLC (Proteonavi C4 10 x 250 mm,
0.1% TFA:0.1% TFA in 90% MeCN = 95:5 over 5 min, then 65:35 to
20:80 over 30 min at 2.5 ml/min). Fractions containing the desired
product were collected and lyophilized to give H-[Cys* **(Acm)-
Asn® 8(glycan)-Ala78] -a-hydrazide (4.7 mg, 49% isolated yield) as a white
foam. ESI-MS: m/z calcd. for Cs36H534N750;3654 [M+H]" 7971.6, found:
7971.1 (deconvoluted).

Fourth ligation: Synthesis of H-[Cys®* 3% ¢ gAcm)-Asn” 8(glycan),-
Arg166]-OH (fig. S12). To use H—[Cyszg’ 3 (Acm)—Asn38(glycan)—
Ala’®]-0-hydrazide for NCL, the hydrazide form was converted
into a thioester. For this reaction, a sodium phosphate buffer solu-
tion (0.2 M, pH 3.5, 207 ul) containing 6 M Gn-HCI was freshly
prepared by bubbling with argon gas for 2 min. H-[Cys*” **(Acm)-
Asn®®(glycan)-Ala”]-a-hydrazide (3.3 mg, 0.4 umol) was dissolved in
this solution (207 ul) and was allowed to stand in an ice bath. This so-
lution containing H-[Cys*” **(Acm)-Asn™®(glycan)-Ala’®]-o-hydrazide
was added to another cold solution containing 300 mM NaNO, in
distilled water (21 pl), and the mixture was placed in an ice bath for an
additional 15 min. This solution was then mixed with a sodium
phosphate buffer solution (0.2 M, pH 6.8, 207 ul) containing 6 M Gn-
HCland 0.3 M MPAA, and the mixture was placed at room temperature
for 1 hour to make the H-[Cyszg’ 33(Acm)-Asn38(glycan)-Ala78]-0!-
thioester. After adjusting the solution pH to 6.8, H-[Cys” -Asn® (glycan)-
Cyslsl(Acm)—Arglﬁﬁ]—OH (6.0 mg, 0.5 umol) was directly added to the
solution, and the mixture was left at room temperature for 5 hours. This
NCL reaction was monitored by HPLC (Proteonavi C4 ®4.6 x 250 mm,
0.1% TFA:0.1% TFA in 90% MeCN = 65:35 to 25:75 over 25 min at
1 ml/min). After the NCL was finished, the solution was treated with
10 mM TCEP for 5 min to reduce undesired intermolecular disulfide
bonds and then purified by preparative HPLC (Proteonavi C4 ®10 x
250 mm, 0.1% TFA:0.1% TFA in 90% MeCN = 95:5 over 5 min, then
55:45 to 20:80 over 30 min at 2.5 ml/min). Fractions containing the
desired product were collected and lyophilized to give H-[Cys™ *> ! (Acm)-
Asn®® ®(glycan),-Arg'®]-OH (3.9 mg, 49% isolated yield) as a white foam.
ESI-MS: m/z caled. for CgssH;374N20803228s: [M+H]* 19952.8, found:
19952.8 (deconvoluted).

Desulfurization of H-JCyszg' 33, 161(Acm)-Cys>" 79+ 98 128,
Asn®®* 83(glycan),-Arg'®°]-OH (fig. S13). A sodium phosphate
buffer solution (0.2 M, pH 7.0) containing 6 M Gn-HCI and 250 mM
TCEP was freshly prepared by bubbling with argon gas for 2 min.
H-[Cys® 3 161(Acm)-Cys™ 7 % 128 A5 $3(glycan),-Arg'®®]-
OH (2.0 mg, 0.1 umol) was dissolved in this buffer solution (200 ul;
the glycopeptide concentration was adjusted to 0.5 mM), and then
2-methyl-2-propanethiol (18.0 ul, 160 pmol) and 2,2"-azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride (VA-044, 1.3 mg) in a sodium
phosphate buffer solution (0.2 M, pH 7.0) containing 6 M Gn-HCl were
added (23). The reaction mixture was left at 37°C for 2 hours. The re-
action was monitored by HPLC (Proteonavi C4 ®4.6 x 250 mm, 0.1%
TFA:0.1% TFA in 90% MeCN = 60:40 to 20:80 over 25 min at 1 ml/min).
The solution was treated with 10 mM TCEP for 5 min to reduce
undesired disulfide bonds and then purified by preparative HPLC (Pro-
teonavi C4 @10 x 250 mm, 0.1% TFA:0.1% TFA in 90% MeCN = 95:5
over 5 min, then 55:45 to 20:80 over 30 min at 2.5 ml/min). Fractions
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containing the desired product were collected and lyophilized to give H-
[Cys® 3 161(Acm)-Ala™ 7 9 128 Agn® 83(glycan),-Arg!®]-OH
(1.4 mg, 70% isolated yield) as a white foam. ESI-MS: m/z calcd. for
Css53H1374N208032:54 [M+H]" 19824.6, found: 19823.9 (deconvoluted).

Deprotection of the Acm group of H-[Cys®® 3% 16! (Acm)-
Asn®® #(glycan),-Arg'°®]-OH (fig. S14). H-[Cys®> *> '°'(Acm)-
Asn’® 8 (glycan)z-Arg166]-OH (ca. 0.8 mg, 0.04 umol) was dissolved
in 90% acetic acid solution (81 ul) containing AgOAc (ca. 1.01 mg,
6.0 umol), and the mixture was stirred for 2 hours at ambient tempera-
ture. After centrifugation of the reaction mixture, the supernatant was
collected in a new tube, and 90% acetic acid solution (161 ul) containing
DTT (24.9 mg, 160 umol) was added . After stirring for 5 min, the re-
sultant precipitate was removed by centrifugation, and the supernatant
was subjected to preparative HPLC (Proteonavi C4 ®10 x 250 mm,
0.1% TFA:0.1% TFA in 90% MeCN = 95:5 over 5 min, then 55:45 to
20:80 over 30 min at 2.5 ml/min). Fractions containing the desired
product were collected and lyophilized to give H-[Cys®* ** '*'-Asn™®
83(glycan)z-ArgIGG]-OH (0.7 mg, 89% isolated yield) as a white foam.
ESI-MS: m/z calcd. for CguaH1350N2050310S4: [M+H]" 19611.3, found:
19611.3 (deconvoluted).

Fifth ligation: Synthesis of H-[Ala"-Cys” % 3% 1_Asn?* 3% &(glycan),-
Arg166]-OH (fig. S15). A ligation buffer solution (0.2 M sodium
phosphate, pH 6.5) containing 6 M Gn-HCI, 100 mM MPAA, and
50 mM TCEP was freshly prepared by bubbling with argon gas for
2 min. H-[Ala'-Asn**(glycan)-Gly*®]-a-thioester (0.5 mg, 0.089 umol)
and H—[Cy529—Asn38’ 83(gl}rcan)z—Arg166]—OH (0.7 mg, 0.036 pmol) were
dissolved in the ligation buffer (17.8 ul), and the solution was left
at room temperature for 3 hours. To remove the phenacyl group
of sialyloligosaccharide at the 24 position, the solution was adjusted
to pH 9.3 by the addition of 5 M NaOH agq. (ca. 2 to 5 ul) under
monitoring with a micro pH meter and was left at room temperature
for 2 hours. The reaction was monitored by HPLC (Proteonavi C4
D4.6 x 250 mm, 0.1% TFA:0.1% TFA in 90% MeCN = 70:30 to 20:80
over 20 min at 1 ml/min). The solution was treated with 10 mM TCEP
for 5 min to reduce undesired disulfide bonds and was then purified by
preparative HPLC (Proteonavi C4 @10 x 250 mm, 0.1% TFA:0.1%
TFA in 90% MeCN = 95:5 over 5 min, then 55:45 to 20:80 over 30 min
at 2.5 ml/min). Fractions containing the desired product were collected and
lyophilized to give full-length H-[Ala'-Cys” **** '°'-Asn®* 3 8(glycan),-
Arg'®]-OH polypeptide (ca. 0.6 mg, 67% isolated yield) as a white foam.
ESI-MS: m/z calcd. for Cyo65H1720N250042355: [M+H]" 24957.9, found:
24957.0 (deconvoluted).

Folding and formation of disulfide bonds in the glxcosy-
lated EPO polypeptide H-[Ala'-Cys” 2 33 161_Agn?% 38 83(g|y-
can);-Arg'®®1-OH (fig. S16). Folding of the glycosylated EPO
polypeptide H-[Ala'-Cys” > > 1. Asn** ** %(glycan);-Arg'*°]-
OH was performed by using a stepwise dialysis method. The EPO
polypeptide was dissolved in a tris-HCI buffer (100 mM, pH 7.5)
containing 8 M Gn-HCI, and the EPO polypeptide concentration
was adjusted to a suitable concentration (0.1 or 0.01 mg/ml). This
solution was placed at room temperature for 1 hour and then poured
into the dialysis tube (molecular weight cutoft at 8000, Spectra/Por).
Then, the solution was dialyzed against the first folding buffer (3.0 M
Gn-HCI, 100 mM tris-HCI, pH 8.5) containing 4 mM cysteine and
0.5 mM cystine for the redox system and left for 24 hours at 4°C. The
external buffer solution was replaced with the second folding buffer
solution (1.0 M Gn-HCI, 100 mM tris-HCI, pH 8.0), and dialysis was
performed for 16 hours. Finally, the external buffer solution was discarded
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and replaced with the third folding buffer solution (10 mM tris-HCI,
pH 7.0), and this final dialysis was performed for 16 hours. The folded
sialyl-EPO was purified by RP-HPLC (Proteonavi C4, 5 um, 4.6 x 250 mm,
0.1% TFA:0.1% TFA in 90% MeCN = 60:40 to 25:75 for 30 min at a flow
rate of 1 ml/min). Fractions containing the folded sialyl-EPO were
collected and then lyophilized. The folding yield was estimated by
HPLC analysis and shown in Table 1. The purity of the folded sialyl-
EPO was confirmed by HPLC and ESI-MS. HPLC analytical yield was
estimated based on HPLC area: 100 x [area of folded EPO/(area of
folded EPO + misfolded EPO)].

Confirmation of the disulfide bond positions

To confirm the position of the disulfide bonds that formed, the folded
EPO derivatives were individually digested with a suitable amount of
trypsin (incubated for 12 hours), and then the resultant peptide frag-
ments were analyzed with an HPLC-MS instrument. To identify
which fragments included disulfide bonds, treatment with TCEP
was performed to reduce the disulfide bonds, and then all of the pep-
tide fragments were analyzed by HPLC-MS to compare the HPLC
profiles before and after TCEP treatment. The disulfide bond positions
were determined based on this HPLC-MS analysis.

Biological assay of the synthesized EPO derivatives: Cell
proliferation assay (in vitro assay)

The in vitro cell proliferation assay (27) was performed using a TF-1 cell
line in the presence of EPO™*™** ™2 or commercially available EPOGIN
(recombinant human EPO). The concentrations of EPON?* N38: N83
and EPOGIN were varied from 10 pM to 100 nM. For a negative con-
trol, only the cell culture medium, instead of EPO, was used. The plates
containing TF-1 cells and EPO were incubated in a 5% CO, atmosphere
at 37°C. Cell growth was monitored every 24 hours by microscopy. After
72 hours, cell growth was estimated using 2-(2-methoxy-4-nitrophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazolium, monosodium salt
(WST-8) (purchased from DOJIN) (38). WST-8 was added to each well
of the plate, and the cells were incubated for 2 hours. The absorbance of
WST-8 in each well was measured at 450 and 630 nm. Cell proliferation
was estimated and is shown in Fig. 5B.

In vivo hematopoietic activity

Groups of three mice (7 weeks old, BALB/c) were dosed intravenously
three times on days 0, 2, and 5 with the indicated protein concentra-
tions (1.41 pM, 100 pl per day). Blood samples were collected on days
0, 2, 5, and 7 for the evaluation of the effect on hematologic para-
meters. The hematocrit was determined by measurement of the
packed cell volume for each time point immediately after blood col-
lection. The hematocrit was estimated and is shown in Fig. 5D. All
animal experiments were performed under the strict regulation
established by Osaka University (permission number 26-03-0).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/1/e1500678/DC1

Fig. S1. Acid stability of sialyloligosaccharide phenacyl ester.

Fig. S2. General scheme of the synthesis of a sialylglycopeptide-o-thioester by an improved
Boc SPPS method.

Fig. $3. HPLC profile and ESI mass spectrum of H-[Ala'-Gly*]-a-thioester.

Fig. S4. HPLC profile and ESI mass spectrum of H-[Cys®®3(Acm)-Tyr*®]-o-thioester.

Fig. S5. HPLC profile and ESI mass spectrum of H—[Cy529'33(Acm)-Asn38(gchan)—Tyr”]—cx—thioester.
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Fig. S6. HPLC profile and ESI mass spectrum of H—[Cys79(Thz)-Trpsg-(formyl)—Lys97]-a-thioester.
Fig. S7. HPLC profile and ESI mass spectrum of H»[Cys79(Thz)—Asn33(gchan)-Trpaa(formyI)—
Lys®’]-o-thioester.

Fig. S8. HPLC profile and ESI mass spectrum of H-[CysgB(Thz)-AIa127]—a—thioester.

Fig. 9. HPLC profile and ESI mass spectrum of H-[Cys*°-Ala’®]-a-hydrazide.

Fig. $10. HPLC profile and ESI mass spectrum of H-[Ala'-Asn**(glycan)-Gly®]-a-thioester.

Fig. S11. Monitoring NCL between H-[Cys?* *3(Acm)-Asn®®(glycan)-Tyr*]-o-thioester and
H-[Cys°°-Ala’®]-a-hydrazine.

Fig. S12. Monitoring NCL between H-[Cys
H—[Cys79—Asn(gchan)—Argwé]-OH,

Fig. S13. Monitoring the desulfurization reaction of H-[Cys
Asn3® S3(g|ycan)—Arg1“]—OH.

Fig. S14. Monitoring of the removal of Acm group of H-[Cys
Arg'®?]-OH by RP-HPLC and ESI-MS.

Fig. S15. Monitoring the NCL between H-[Ala'-Asn?*(glycan)-Gly®®]-a-thioester and H-[Cys®-
Asn®® 83(glycan),-Arg'®®]-OH.

Fig. $16. The folding reaction of EPON2% N38 N83 (nolypeptide form of H-[Ala'-Asn®* 38 83(glycan)s-
ArgW“]—OH.

Fig. S17. The folding reactions of EP polypeptide form of H-[Ala'-Asn>® #3(glycan),-
Arg'®?]-OH) and EPON?* N8 (polypeptide form of H-[Ala'-Asn** #(glycan),-Arg'®®]-OH).

Fig. $18. The folding reactions of EPON** N38 (polypeptide form of H-[Ala'-Asn** *¥(glycan),-
Arg'®®]-OH) and EPON®? (polypeptide form of H-[Ala'-Asn®3(glycan)-Arg'®®]-OH).

Results of folding experiments

Fig. S19. Monitoring of in vitro folding by SDS-PAGE.

Fig. 520. Analysis of disulfide bond positions of EPON2* N38 N83 3 by trypsin digestion.

Fig. 521. Analysis of disulfide bond positions of EPON*® N83 3 by trypsin digestion.

Fig. $22. Analysis of disulfide bond positions of EPON** N&3 4 by trypsin digestion.

Fig. 523. Analysis of disulfide bond positions of EPON>* N38 5 by trypsin digestion.

Fig. 524. Analysis of disulfide bond positions of EPON® 6 by trypsin digestion.

Fig. 525. Characterization of misfolded EPON?* N3 (compound 7).

High-resolution mass spectra of EPO glycoforms

Fig. 526. High-resolution mass spectrum of EPQN% N38 N&3 5

Fig. $27. High-resolution mass spectrum of EPON3® N&3 3.

Fig. 5$28. High-resolution mass spectrum of EPON?*
Fig. 529. High-resolution mass spectrum of EPON3® N&3 5,
Fig. $30. High-resolution mass spectrum of EPON® 6.
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