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Abstract

We describe herein the assembly of hEPO(79-166), a key glycopeptide segment en route to
erythropoietin, in minimally protected form. Key to the success of this synthetic endeavor was the
application of our two-step cysteine-free native chemical ligation strategy, by which we achieved
formal ligation at alanine and proline residues through the use of an N-terminal amino acid
surrogate presenting a readily removable thiol functionality.

Introduction

Our laboratory has long been engaged in the development and application of powerful new
technologies for the chemical synthesis of “biologic” level structures, such as peptides and
glycopeptides.[il From a target perspective, we have defined, as an orienting goal, the de
novototal synthesis of the glycoprotein, erythropoietin (EPO), in homogeneous form. It was
clear from the outset that reaching this target would prove to be a formidable exercise, and
that meaningful progress toward this goal would be predicated on the development of a
range of enabling methods in oligosaccharide and polypeptide synthesis. Indeed, our
ongoing pursuit of synthetic, homogeneous EPO has inspired the development of a range of
broadly useful ligation and aspartylationliil reactions.l!]

A major advance in the capacity to synthesize homogeneous polypeptides arose from the
seminal discovery of native chemical ligation (NCL) by Kent and colleagues.liiil As outlined
in Figure 1a, the C-terminus of one fragment (Peptide 1) possesses a thioester, while the
coupling partner (Peptide 2) incorporates an N-terminal cysteine residue. Intermolecular
trans-thioesterification generates a unimolecular intermediate that is well-positioned to
undergo intramolecular S—N acy!l transfer, generating the coupled peptide fragment. The
elegant and powerful Kent NCL method has been widely used for the merger of peptides
bearing suitably placed cysteine residues. Early on, we recognized that the requirement that
a cysteine residue be situated at the site of peptide ligation would represent a significant
obstacle in the synthesis of EPO, whose four cysteines are not located at logical
disconnection points. To address this challenge, we and otherslil conceived of a two-step
cysteine-free NCL strategy, which involves incorporation, on the N-terminus of one peptide
fragment, of an amino acid surrogate possessing a temporary activating thiol functionality
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(Figure 1b). Following ligation, the thiol group is removed to reveal the target peptide
sequence, bearing the native amino acid at the site of ligation. Key to the application of this
strategy to complex systems was our discovery of a mild, free radical-based desulfurization
protocol, which is highly tolerant of a diverse array of structural motifs commonly found in
peptide and glycopeptide substrates.[V] Through recourse to this approach, we and others
have thus far established the means to achieve ligation at alanine,V valine, Vil threonine, [Vill
leucine,lViil] lysine,® and prolinel™] residues. As will be shown (vide infra), our two-step
cysteine-free NCL strategy greatly facilitated the assembly of the target hEPO(79-166)
glycopeptide segment. As compared to the strategy used for the preparation of synthetic
erythropoiesis protein (SEP), the strategy employed herein has the advantage of producing
hEPO without changing its natural amino acid sequence.X!

Erythropoietin (EPO), encoded as a 166-residue conserved polypeptide chain and found in
nature as a 165 residue mature protein bearing four sites of glycosylation, was selected as
our orienting synthetic target on the basis of both its challenging structure and its compelling
therapeutic profile. As the primary regulator of erythropoiesis, EPO elevates or maintains
red-blood cell levels through a feedback mechanism involving the EPO receptor (EPOR)
and the carbohydrate domains covalently attached to EPO.Xi1l Previous studies have
suggested that the carbohydrates can have significant regulatory effects on the biological
properties of hEPO, including its biosynthesis, secretion, conformation, and stability.iii
However, efforts to rigorously elucidate the structure-function relationships of individual
hEPO glycoforms have thus far been limited by the fact that natural and recombinant EPO
are currently obtained as heterogeneous mixtures of glycoforms. Access to homogeneous
hEPO glycoforms with defined glycan structures is thus considered key to evaluating the
impact of glycosylation on biological properties.XVl Depending upon the size and
glycosylation pattern of the target protein, homogeneous glycoproteins may theoretically be
accessed by either synthetic or enzymatic means.[*V] Despite the attendent challenges, the
synthetic approach offers much greater flexibility with respect to structural modification of
the glycan.

Our original synthetic approach toward EPO envisioned assembling three glycopeptide
fragments — hEPO(78-166),xVil hREPO(29-77),xVill and hEPO(1-28)[*Viiil — which together
span the entire expanse of erythropoietin. Under this plan, the individual glycopeptide
fragments would be merged through recourse to sequential Blake-Aimoto coupling®Xi] and
cysteine-based NCL. Toward this end, we were able to prepare the constituent glycopeptide
domains. However, all attempts to accomplish the requisite Blake-Aimoto condensation of
partially protected hEPO(29-77) and hEPO(78-166) have been unsuccessful, resulting in
extensive aggregation and decomposition of the glycopeptide substrates.*X]
Disappointingly, the attempted condensation reaction failed even in organic solvents such as
dimethyl sulfoxide (DMSQ), dimethylformamide (DMF), and trifluoroethanol (TFE).

In light of these findings, we devised a modified strategy toward EPO that would employ the
two-step formal alanine version of the Cys-free NCL method recently developed in our
laboratory. As shown in Scheme 1, the synthetic target, a hEPO glycoform bearing N-linked
chitobiose glycans, would be assembled from three glycopeptide fragments: hEPO(79-166)
(1), hEPO(29-78) (2), and hEPO(1-28) (3). Thus, the point of ligation between fragments 1
and 2 has been shifted by one residue so that the N-terminal amino acid at the ligation site is
an alanine residue in the native sequence. Under our plan, a cysteine residue, located at the
N-terminus of glycopeptide 1 (in red), would serve as a surrogate for alanine, to facilitate
NCL of 1 and 2. It was our hope that the aggregation problems encountered in previous
attempts at traditional fragment coupling would be circumvented through recourse to
unprotected peptide segments under the solublizing standard NCL conditions, which use
buffered solution containing high concentrations of guanidine hydrochloride, conditions
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designed to minimize aggregation problems.*Xl Following ligation, the cysteine residue
will be converted to the native alanine residue through exposure to our metal-free
dethiylation (MFD) conditions.[Vl Following merger of fragments 1 and 2, standard
cysteine-based NCL would serve to join fragment 3 [nEPO(1-28)], thus completing the
synthesis of a full length polypeptide chain corresponding to [Arg166]EPO with single
glycoform.

We describe herein a straightforward synthesis of the most complex of these fragments,
glycopeptide 1, which is composed of an 88-amino acid chain bearing one N-linked and one
O-linked glycan.

Experimental Section

Materials

All solvents were reagent grade or HPLC grade (Fisher). The following Fmoc and Boc
amino acids and dipeptides from Sigma-Aldrich, EMD Biosciences, and Chem-Impex
International were used as building blocks for solid phase peptide synthesis: Fmoc-Ala-OH,
Boc-Ala-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-
Cys(Acm)-OH, Fmoc-Cys(StBu)-OH, Fmoc-Thz-OH, Boc-Thz-OH, Fmoc-GIn(Trt)-OH,
Boc-GIn(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-1le-OH,
Fmoc-Leu-OH, Fmoc-Lys(Alloc)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, Fmoc-Pro-OH,
Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Trp(Boc)-OH, Fmoc-Val-OH, Fmoc-
Asp(tBu)-Ser(¥'Me. Meprg)_-OH, Fmoc-1le-Ser('¥"Me. Meprg)-OH, Fmoc-Leu-

Thr(¥Me. Mepro)-OH, Fmoc-Tyr(tBu)-Ser(¥Me. Meprg)-OH, Fmoc-Tyr(tBu)- )
Thr(¥Me. Mepro)-OH, Fmoc-Val-Ser(¥Me: Mepro)-OH. The fully protected glycophorin**i
building block was prepared according to the published procedure X!

Analysis and Purification Methods

All separations involved a mobile phase of 0.05% TFA (v/v) in water (solvent A)/0.04%
TFA in acetonitrile (solvent B). LCMS analyses were performed using a Waters 2695
Separations Module and a Waters 996 Photodiode Array Detector equipped with Varian
Microsorb C18 and C4 columns at a flow rate of 0.2 mL/min. UPLC-MS analyses were
performed using a Waters AcquityTM Ultra Preformance LC system equipped with Acquity
UPLC® BEH C18 and C4 columns at a flow rate of 0.3 mL/min. Preparative separations
were performed using a Ranin HPLC solvent delivery system equipped with a Rainin UV-1
detector and Varian Microsorb C18 and C4 columns at a flow rate of 16.0 mL/min.

General Procedure for Solid Phase Peptide Synthesis

Automated peptide synthesis was performed on an Applied Biosystems Pioneer continuous
flow peptide synthesizer. Peptides were synthesized using the standard automated Fmoc
protocol (HATU, DIEA, DMF). The deblocking solution was a mixture of DMF/piperidine/
DBU (100/5/5). The NovaSyn® TGT resins from EMD Biosciences were employed for the
synthesis. Upon completion of the automated synthesis on a 0.05 mmol scale, the peptide
resin was washed into a peptide cleavage vessel with DCM. The resin cleavage was
performed with TFA/H,O/TIS (95:2.5:2.5) solution or DCM/AcOH/TFE (8:1:1) for 45 min.
The liquid was blown off with nitrogen. The oily residue was extracted with diethyl ether
and centrifuged to give a white pellet. After the ether was decanted, the solid was
lyophilized or purified for further use.
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A Procedure for the Preparation of Peptide p-cyanophenyl Esters

1.0 equiv of fully protected peptides and 6.0 equiv of p-cyanophenol were mixed with 0.28
equiv of DMAP (26 mM in DCM), 3.0 equiv of DCC (29 mM in DCM) was then added to
the mixture at room temperature. After stirring for 2 hr, the solvent was removed by nitrogen
stream and the oily residue was treated as above with ether. The pellet was dissolved in
TFA/H,O/TIS (95:2.5:2.5) and stirred at room temperature for 45 min. The liquid was
blown off and the residue was treated with ether. The pellet was dissolved in MeCN/H,0O
(1:1) for further analysis and purification.

General Procedure for the Preparation of Peptide Esters

The fully protected peptidyl acid (1.1 equiv) and the amino acid ester hydrochloride (1.0
equiv) were dissolved in CHCI3/TFE (3:1) and cooled to —10 °C. HOOBL (1.1 equiv) and
EDCI (1.1 equiv) were then added. The reaction mixture was stirred at room temperature for
2.5 h. The solvent was gently blown off by a nitrogen stream and the residue was washed
with HoO/AcOH (95:5). After centrifugation, the pellet was dissolved in TFA/H,O/TIS
(95:2.5:2.5) and stirred at room temperature for 45 min. The solvent was removed and the
residue was treated as above with ether. The pellet was dissolved in MeCN/H,0 (1:1) for
further analysis and purification.

General Procedure for Direct Aminolysis

Synthetic peptide ester (1.0 equiv), peptide (1.0-2.0 equiv), nBuzP (1.5-2.0 equiv) and
HOOBL (33 equiv) were carefully dissolved in DMSO. The mixture was stirred at room
temperature for 10 min, after which time, 22 quiv of DIEA was added in one portion. The
reaction progress was monitored by LCMS or UPLC-MS. After completion of the reaction,
it was quenched by the addition of EtOAc/AcOH (95:5, 20 times the reaction volume). The
precipitate was collected by centrifugation, dissolved in MeCN/H,0 (1:1), and purified by
HPLC.

Native Chemical Ligation and Metal-Free Dethiylation

N-terminal peptide ester (1.5 equiv) and C-terminal peptide (1.0 equiv) were dissolved in
ligation buffer (6 M Gdn-HCI, 100 mM NayHPQOy4, 50 mM TCEP, pH 7.5). The resulting
solution was stirred at room temperature. When there was no increase in product formation,
the reaction was quenched with MeCN/H,O/AcOH (47.5:47.5:5) and purified by HPLC.

To a solution of the purified ligation product in degassed CH3CN/H,0 (v/iv = 1:1, 0.2 ml)
was added 0.2 ml of 0.5 M bond-breaker® TCEP solution (Pierce), 0.02 ml of 2-methyl-2-
propanethiol and 0.2 ml of radical initiator VA-044 (0.1 M in H,0). The reaction mixture
was stirred at 37 °C and monitored by LCMS or UPLC MS. Upon completion, the reaction
was quenched by the addition of MeCN/H,O/AcOH (47.5:47.5:5). The desired product was
isolated by HPLC.

Results and Discussion

Our original strategy envisioned an iterative direct aminolysis approach toward 1, with
points of ligation at the Pro87-Trp88, Alal25-Ser126, and Alal27-Alal28 sites (Scheme
2).xvixixel Thys, glycopeptide 1 would be prepared under modified Blake-Aimoto
conditions'8 from four fragments: two long polypeptides — hEPO(128-166) (6) and
hEPO(88-125) (8) — and two shorter glycopeptides — hEPO(126-127) (7) and hEPO(79-87)
(9). In designing this route, we hoped to minimize loss of the precious glycan domains by
appending the oligosaccharides to short peptide fragments. Moreover, the direct aminolysis—
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based fragment condensation reaction is resistant to epimerization at the proline and alanine
sites, thus allowing for the production of enantiomerically pure glycopeptides.*i]

Peptide 6 was obtained by solid phase peptide synthesis (SPPS), using commercially
available building blocks and Fmoc chemistry. Following HPLC purification, the partially
protected peptide was used directly in the condensation reaction without further
modification (23%, isolated yield). Peptide 8 was prepared from the fully protected peptidyl
acid using the method developed by Sakakibara et al.*"V] Briefly, following cleavage from
the highly acid labile trityl ester resin, the protected hEPO(88-124) fragment was coupled
with L-alanine-2-(ethyldithiophenyl) ester hydrochloride to give rise to fully protected
peptidyl phenyl ester, which, upon one-pot side chain deprotection, afforded the desired
product 8 in 12% yield.

The next subgoal was that of synthesizing the two glycopeptides, 7 and 9. As described
previously, we had much earlier demonstrated the ability to produce O-linked glycopeptidyl
esters, even in the presence of multiple hydroxyl groups and secondary and tertiary carboxyl
groups.xVil We applied this technique to the synthesis of 7. As expected, substrates 4 and 5
rapidly underwent coupling to afford glycopeptide 7 in two forms, with the major one
bearing a 6-membered lactone ring between the hydroxyl group at the C-4 of galactose and
the carboxyl group of sialic acid. The structures of the two products were confirmed through
analysis of their fragmentation patterns in electrospray ionization-mass spectrometry (ESI-
MS). As precedented, the lactone can be hydrolyzed under mild conditions to generate the
structure of natural glycophorin.*V1 In our experiments, we found that formation of the
lactone ring served to beneficially prevent the cleavage of the labile a-2,3-glycosidic bond
during both the condensation reaction and HPLC purification. The ratio of the lactone
product generated can be enhanced by increasing the amount of HATU used in the coupling
reaction. The preparation of the second glycopeptide fragment, 9, was straightforward and
high yielding. Under Lansbury aspartylation conditions, the disaccharide glycosylamine
could be efficiently attached to the corresponding peptide p-cyanophenyl ester, affording
compound 9 in 64% yield.

With the four component glycopeptides segments in hand, the stage was now set for the
assembly of the glycopeptide 10 by aminolysis of the activated esters. Coupling of 7 with
acceptor 6 was first investigated. The reaction was carried out as previously described, with
the exception that nBusP was used as the reducing agent in place of tris(2-
carboxyethyl)phosphine (TCEP). This modification served to eliminate competing side
reactions caused by the carboxyl groups of TCEP. In addition, nBugP has better solubility in
DMSO, making it easier to achieve the high concentration of reactants required for the
bimolecular coupling reaction.*Vil Indeed, under the optimized conditions, the condensation
reaction between 6 and 7 proceeded smoothly and cleanly to give the desired glycopeptide
product, as shown. Deprotection of the N-terminal Fmoc group was effected by treatment
with piperidine. Next, condensation with 8 and subsequent Fmoc removal provided partially
protected acceptor hEPO(88-166). Finally, formation of glycopeptide 10 was accomplished
through aminolysis of the p-cyanophenyl ester 9 with this acceptor, followed by unmasking
of the N-terminal amine functional group.XVill As expected, in the absence of phosphines,
the disulfide bond was stable under the experimental conditions.

Having accomplished the synthesis of glycopeptide 10, we next attempted to condense this
fragment to a lysine-protected hEPO(29-78) glycopeptide. The segment condensation
reaction was carefully studied under a variety of conditions. Unfortunately, all of our
attempts to effect the union of these two fragments were unsuccessful. At best, only a trace
amount of presumed coupled product could be observed by examination of crude reaction
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mixtures using LCMS. It appears that the failure of this reaction can be attributed to the poor
handling properties of the lysine-protected glycopeptide substrates.

This disappointing finding was seen to arise from protection of the amino groups of lysine
residues, leading to destabilization of the synthetic glycopeptide fragments.*I We thus
sought to deprotect the Alloc groups of 10. However, because of complications apparently
caused by the presence of the thiol group and the O-linked glycan, the attempted palladium-
mediated deprotection reaction was also unsuccessful.

While the possibilities for removing the Alloc groups by non-palladium based reactions
have not yet been exhausted, we began to investigate an alternative NCL—based route
toward glycopeptide 1. Because NCL is highly selective for the N-terminal amino groups,
even in the presence of unprotected lysine residues, this option would allow us to
circumvent the difficulties arising from introduction of lysine protecting groups.*Vil As
described above, our laboratory has developed a series of two-step cysteine-free NCL
methods which enable formal ligation at non-cysteine residues through emplacement of a
thiol-containing surrogate on the N-terminal peptide fragment. We now sought to apply
these methods to the synthesis of fragment 1 en route to hEPO. As shown in Scheme 3, our
modified route to 1 would require the synthesis of two glycopeptide substrates, 12 and 14,
and the peptide segments 11 and peptide thioester 13. Peptide 11 and glycopeptide 12 each
present an N-terminal cysteine, which, following ligation, must be converted to the native
alanine residue through metal-free dethiylation. Similarly, the N-terminus of fragment 13
incorporates a thio-proline amino acid surrogate. As we recently reported, provided it is of
the correct stereochemical configuration, the resident thiol functionality effectively
promotes ligation, and is readily removed to reveal the natural proline residue.X]

Fragments, 11, 13, and 14, were prepared in an analogous manner to those described above.
In the modified syntheses, Boc-Cys(StBu)-OH, (2S,4R)-Boc-Mpt(Trt)-OH, and Boc-Thz-
OH were used as building blocks for the N-terminal residues, in place of the Fmoc amino
acids. The synthesis of glycopeptide 12, which contains an unprotected glycophorin moiety,
is shown in Scheme 4. In order to avoid manipulation of the protecting groups in the late
stages of the synthesis, we elected to prepare glycopeptide 12 from the fully unprotected
glycosylamino acid 18 (Scheme 4). In this route, the key step is the selective formation of
the amide bond in 19. In the event, coupling between activated ester, Fmoc-Thz-OSu, and
18 proceeded very efficiently under slightly modified Schotten-Baumann conditionsP*Vill to
provide di-glycopeptide 19 in 36% yield. Under the previously described conditions, 4 was
coupled to 19 to provide the desired product 12 in 21% yield.

With the requisite fragments in hand, we next investigated the synthesis of 15. In the event,
peptide 11 was coupled with 12, followed by Fmoc deprotection and thiazolidine ring-
opening, to provide the ligation acceptor corresponding to hEPO(125-166). As a key step in
the synthesis, the proline-mediated ligation of acceptor 13 and donor 14 was carefully
studied. This type of merger, though with much simpler substrates, had recently been
demonstrated.[®] We were pleased to find that, under our standard conditions, the union of
these two substrates could be achieved in a reasonable isolated yield (23%). With this
ligation donor, the coupling to acceptor hEPO(125-166) proceeded smoothly in the presence
of 4-mercapto-phenylacetic acid (MPAA), to deliver the desired product 15.

The next challenge would be to effect the removal of the three erstwhile thiol groups located
at positions 87, 125, and 128. We had not previously had the opportunity to evaluate the
efficiency of our metal-free desulfurization reaction in a complex glycopeptide of this size.
In the event, we were pleased to observe that, upon exposure to our standard aqueous, metal-
free dethiylation (MFD) conditions,**V!"" complete desulfurization was achieved in 2h,
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yielding the target glycopeptide 16. Although we have not yet attempted to open the
thiazolidine ring of 16, based on our previous experience, we expect that treatment of 16
with excess methoxyamine at pH 4 should afford the desired product 1.0iX]

Conclusions

In summary, we have prepared complex glycopeptide 1 en route to homogeneous EPO
(Figure 3). Through the course of our synthesis, we demonstrated the power and versatility
of our recently developed two-step cysteine-free NCL strategy for the assembly of large
peptide and glycopeptide fragments. Current efforts are focused on the preparation of
fragments 2 and 3 and the ligation of these fragments to generate synthetic EPO.
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Figure 1.

NCL and cysteine-free NCL.
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ESI-MS for glycopeptides 16. Chemical formula: C4ggH791N1310161S2, calc. Mass:
11102.72, [M+6H]6*: 1851.45, [M+7H]7*: 1587.10, [M+8H]8*: 1388.84, [M+9H]°*:
1234.64, [M+10H]10+: 1111.27, [M+11H]11*: 1010.34, [M+12H]12*: 926.23; Observed
mass: [M+6H]6*: 1852.31, [M+7H]*: 1588.08, [M+8H]8*: 1389.84, [M+9H]°*: 1235.09,

[M+10H]10+: 1111.95, [M+11H]11*: 1010.94, [M+12H]12*: 927.18

Isr J Chem. Author manuscript; available in PMC 2013 April 10.

m/z



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dong et al.

Figure 3.
Chemical synthesis of hEPO. The residues in yellow color are the disconnection sites.
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Scheme 1.

Retrosynthetic analysis of hEPO. Acm, acetamidomethyl, is a thiol protecting group for
cysteine. R can be alkyl or aryl groups. Z is thiazolidine-4-(R)-carboxylic acid, a protected
cysteine residue.
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Scheme 2.

Direct aminolysis based strategy for the synthesis of glycopeptide 1. Fmoc (fluorenyl-9-
methoxycarbonyl) and Alloc (allyloxycarbonyl) are the protecting groups for the amine
functionality. The inset is ESI-MS for glycopeptide 10 (Chemical Formula:
Cs09Hg19N1310171S3, calc. Exact Mass: 11598.86, [M+6H]6+Z 1934.14, [M+7H]7+Z
1657.98, [M+8H]8*: 1450.85, [M+9H]%*: 1289.76, [M+10H]10*: 1160.89, [M+11H]11*:
1055.44, [M+12H]2*: 967.57; Observed: [M+6H]%*: 1935.55, [M+7H]"*: 1659.33, [M
+8H]8*: 1452.21, [M+9H]%*: 1290.96, [M+10H]10*: 1161.96, [M+11H]!1*: 1056.45, [M
+12H]12*: 968.69). Reagents and conditions: (a) HATU, DIEA, DMSO, 39%; (b) 1. nBusP,
HOOBLt, DIEA, DMSO; 2. piperidine, DMSO, 58% for the first step, 35% for the second
step; (c) 1. HOOBt, DIEA, DMSO; 2. piperidine, DMSO, 70%.
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Scheme 3.

Native chemical ligation strategy for the synthesis of glycopeptide 1. Reagents and
conditions: (a) 1. 6 M GneHCI, 100 mM NaH,POy4, 50 mM TCEP, pH 7.5, 67%; 2.
piperidine, DMSO, 61%; 3. 0.2M MeONH,, 60%; (b) 6 M GneHCI, 200 mM NaH,POy4, 50
mM TCEP, pH 7.5, 23%; (c) 6 M GneHCI, 100 mM NaH,POg4, 50 mM TCEP, 200 mM
MPAA, pH 7.8, 40%; (d) TCEP, VA-044, BuSH.
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Scheme 4.

Chemical synthesis of glycopeptide 12. Reagents and conditions: (a) 1. 1.0 M NaOH,
MeOH; 2. Fmoc-Thz-OSu, Na,CO3, DMF, DME, H,0, 36% for 2 steps; (b) 4, HATU,
DIEA, DMSO, 21%.
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