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Recent advances in the chemical synthesis of proteins have
facilitated the study of modifications inaccessible by recombi-
nant methods.! The most powerful methods® exploit the
selective coupling between unprotected or partially protected
peptides and peptide thioesters. Despite many improvements
in peptide ligation methods the synthesis of the required
fragments is mainly performed in a stepwise manner on a
solid phase using Boc or Fmoc chemistry, which limits these
peptides to about 50 amino acids because of the accumulation
of side products. For glycopeptides, in particular, additional
difficulties restrict the stepwise approach to shorter peptides.
Here we report a convergent fragment-condensation method,
which uses segments having a C-terminal pseudoproline.P!
These segments prevent racemization and can be used to
overcome the size limitations in the stepwise synthesis of
peptides and glycopeptides.

The semisynthesis of bovine ribonuclease C (RNase C)
required glycopeptide thioester RNase 26-39, which was
prepared on a dual-linker resin using an acetylated N-
glycan. However, the stepwise elongation of RNase glyco-
peptide 26-39 by only a few amino acids resulted in truncated
sequences because of acetyl-group migration as well as
incomplete deprotections and couplings.” In contrast, elon-
gation of glycopeptides with an unprotected carbohydrate
may lead to additional O-acylation in each step.”) We thus
considered a convergent fragment condensation! on the solid
phase for the elongation of glycopeptides with an unprotected
sugar to circumvent the above-mentioned side reactions. A
serious drawback of the fragment condensation is the
racemization of the activated peptides at the C terminus,
especially under microwave conditions,” which restricts this
approach to fragments with a C-terminal glycine or proline!
or O-acylisopeptides.®! We were inspired by the special
properties of commercially available pseudoproline dipep-
tides, which couple without racemization and significantly
improve solubility.”) Thus, protected fragments with a C-
terminal pseudoproline should also couple without racemi-
zation. This would provide access to additional safe fragment-
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coupling sites at serine and threonine, which occur frequently
in proteins. The synthesis of the demanding RNase 1-39
glycopeptide thioester was envisioned through three fragment
condensations on the solid phase (Scheme 1).

Surprisingly, since Mutter et al. first proposed pseudopro-
line-based fragment couplings® only three brief notes have
mentioned this topic.'” For an expeditious synthesis of the
RNase 23-32 fragment B (Scheme 1) we attached the pseu-
doproline dipeptide Fmoc-Lys(Boc)-Ser(WM*M¢pro)-OH (1a)
to the trityl resin 2. After standard elongations (piperidine/
NMP; TBTU) fragment B was obtained, albeit in an
unexpectedly low yield.

Fmoc quantification combined with a quantitative ninhy-
drin assay showed that the loss of peptide occurred before
elongation to the tripeptide. HPLC-MS analysis of the
cleavage solution indicated the formation of diketopiperazine
3 (Scheme 2), which was isolated and confirmed by NMR
spectroscopy (see the Supporting Information). Despite the
resistance of trityl esters to diketopiperazine formation, the
cis-configured"! pseudoproline ester 2b was readily cleaved
from the resin by intramolecular cyclization.

Fmoc removal and peptide retention on the resin under
varied conditions was quantified by determination of the free
amino groups. This required liberation of the dipeptide from
the resin since the ninhydrin test thermally induces the
formation of diketopiperazine (Scheme S1 in the Supporting
Information).

Fmoc removal and subsequent cyclization were depen-
dent on the linker and on the cleavage conditions. The
pseudoproline dipeptide was completely cleaved from the
trityl linker after 15 min of incubation with 20 % piperidine/
NMP (Scheme S2 in the Supporting Information). Using the
2-CI-Trt linker™ under the same conditions delayed both
diketopiperazine formation and deprotection (separately
confirmed by LC-MS). Higher concentrations of piperidine
(50 %) accelerated both reactions, resulting in a narrow time
window. When either DBU or 1-methylpyrrolidine™ were
used, mainly diketopiperazine formation was slowed and the
best results were obtained with DBU/HOBt."*

Fragment B was resynthesized on 2-Cl-Trt resin 4
(Scheme 3). After deprotection of 4a with DBU/piperidine/
DMF (2:2:96) the third amino acid was coupled. The
following deprotection with 50 % piperidine was prolonged
in order to fully cleave residual pseudoproline dipeptide as
diketopiperazine (see Scheme S2 in the Supporting Informa-
tion). Methionine residues were replaced with norleucine in
order to avoid sulfoxide formation.! After peptide elonga-

Angew. Chem. Int. Ed. 2011, 50, 6406 —6410



ﬁn gewandte
intemationat Edion . CHEIMIE

i HH TR S S Sl S A
RNase HoN—] }—coon
1 34 40 124
native chemical ligation
H v HS ISH lSH lSH ?H lSH lSH
HoN—] RNase1 -39 |)J\s;=g HZN)\1 RNase 40-124 }—cooH

!

G "‘\ PG -

recombinant

PG

P \
l
| K-E-T—A-A-A-K-F-E-R-Q-H-M-D-S-S*T—S-A-A—S-SJS-N-Y-C-N

Hsegment couplings on solid phase

PG tBuO 0-" PG (BuO.

Boc— )Y Fmocﬁ )\’( Fmoc
e X

i : V
-Q-M—M-K-SJR N-L-T- K DR |)\ \/\)k ’\o

resin

BocHN

Eh —Edng

resin

Scheme 1. Retrosynthesis of RNase 1-39 glycopeptide thioester via fragments with a C-terminal pseudoproline. Fmoc = 9-fluorenylmethoxycar-

bonyl, Boc=tert-butyloxycarbonyl, PG = protecting group.
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Scheme 2. Tertiary pseudoproline dipeptide esters (2b) are cleaved as
diketopiperazines. DIPEA=diisopropyl ethyl amine.

tion, fragment 5 was cleaved from the resin using 20 %
AcOH/CH,(CI, without affecting the C-terminal pseudopro-
line. Purification by gel filtration gave the fragment 5 in 23 %
yield.

Fragment RNase 17-22 (6) was synthesized analogously.
A side product with an additional alanine moiety could be
removed by flash chromatography to afford fragment 6 in
25 % yield.

The 16-mer D was first assembled on 2-CI-Trt polystyrene
resin 4. However, cleavage of the hydrophobic peptide under
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mild conditions was not efficient, and under more acidic
conditions the terminal pseudoproline opened. Since a more
hydrophilic 2-CI-Trt resin was not commercially available, we
modified ChemMatrix resin 7 with the 2-Cl-Trt linker 8, which
was activated as a bromide and coupled with 1b.'"] The
deprotection of resin 10 was further improved by washing
with 0.5% HOBt after the DBU/HOBt-mediated Fmoc
cleavage. The hydrophobic peptide was readily liberated
from the hydrophilic resin and was obtained in 40% yield
after gel filtration. Only after incorporation of the internal
pseudoproline fragment did fragment 11 display good sol-
ubility in acetonitrile-water.”)

The RNase 33-39 fragment A was synthesized on a
double-linker PEGA resin as described previously.*! Deace-
tylation of the GIcNAc moiety with dilute hydrazine
hydrate™ yielded glycopeptide resin 12. Each of the three
segment condensations with 5, 6, and 11 was carried out with
2 equivalents of pseudoproline peptide and PyBOP in NMP
and reached completion within 1 day at room temperature or
within 1h under microwave irradiation'! at 55°C
(Scheme 4). No epimerization was observed after the segment
condensations. The purity of the glycopeptides after the first
and the second segment condensation was very high (Figur-
es S5 and S6 in the Supporting Information). Only after the
last fragment coupling did the HPLC profile show some
truncated sequences caused by impurities of fragment 11 (see
Figure S7 in the Supporting Information). The RNase 1-39
glycopeptide 13 was alkylated at the safety-catch linker with
TMS-diazomethane." Subsequent thiolysis and deprotection
gave the desired RNase 1-39 thioester 15 in 23 % yield after
HPLC. Analysis of the amino acid components of thioester 15
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Scheme 3. Synthesis of peptide acids 5, 6, and 11. DMF = N,N-dimethylformamide, DIC = N,N'-diisopropylcarbodiimide, HOBt = 1-hydroxybenzo-
triazole, NMP = N-methylpyrrolidone, HFIP=1,1,1,3,3,3-hexafluoroisopropanol, Trt=trityl, Dmcp = dimethylcyclopropyl, HCTU = N-[(1H-6-chloro-
benzotriazol-1-yl)-(dimethylamino) methylene]-N-methylmethanaminium tetrafluoroborate-N-oxide, Pbf=2,2,4,6,7-pentamethyl-2,3-dihydro-1-benzo-

furan-5-sulfonyl, TFA=CF,;COOH.

by GC-MS (see the Supporting Information) detected only
0.1% of p-Ser, which indicates that the pseudoproline-based
segment condensation effectively precludes racemization
even under microwave conditions (55°C). Without the
pseudoproline, C-terminal serine is prone to considerable
racemization during conventional segment condensation.!'”)
The fragment couplings with C-terminal pseudoprolines
were investigated on glycopeptides bearing an unprotected
oligosaccharide. Glycopeptide 16 was synthesized as de-
scribed previously (Scheme 5).1 The segment couplings were
carried out at room temperature since elongation with the
shortest peptide 6 resulted in significant acylation of the sugar
moiety (Figure S10 in the Supporting Information). The
transient O-acylation was conveniently removed on the
resin'® with hydrazine hydrate prior to Fmoc cleavage. The
unprotected nonasaccharide complicated selective N-alkyla-
tion of the safety-catch linker owing to the limited solubility
of glycopeptide 17. Despite incomplete linker activation and
some sugar O-alkylation, the 39-mer thioester 19 bearing a
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nonasaccharide was obtained in 9% yield after deprotection
and HPLC purification.

Because of the difficulties in the activation of the safety-
catch linker, an alternative synthesis of thioester 19 was
carried out on 2-CI-Trt ChemMatrix resin 9 (Schemes S5-S7
in the Supporting Information). Here the coupling of the
glycosyl asparagine 24 and the segment condensations were
nearly quantitative with only some O-acylation (Figures S16
and S18); these products were removed by hydrazinolysis
(Figures S17 and S19). The protected glycopeptide RNase 1—
39 was released from the resin 23 with dilute TFA and was
subsequently thioesterified following an in situ procedure
(Scheme S7).%! After deprotection and purification the yield
of isolated RNase 1-39 thioester 19 increased significantly
(13%).

In summary, a linear synthesis of peptide segments with a
C-terminal pseudoproline was established on the solid phase.
These segments permitted robust epimerization-free frag-
ment condensations at serine and threonine residues, as
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a) coupling: peptide 5, 6, or 11, PyBOP, DIPEA (2 equiv each) in NMP, pW (55°C, 2x30 min);

deprotection: 20% piperidine/NMP, PyBOP = benzotriazolyl-1-oxytripyrrolidinophosphonium hexafluorophosphate, TMS = trimethylsilyl.

demonstrated with the convergent solid-phase synthesis of

challenging glycopeptide thioesters. This method

facilitate the synthesis of peptides and glycopeptides not

directly accessible by ligation strategies.

Received: February 19, 2011
Published online: May 31, 2011

Angew. Chem. Int. Ed. 201, 50, 6406 —6410

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

Keywords: fragment coupling - glycopeptides -

should also  peptide synthesis - ribonucleases - solid-phase synthesis

[1] C.P. Hackenberger, D. Schwarzer, Angew. Chem. 2008, 120,
10182; Angew. Chem. Int. Ed. 2008, 47, 10030.
[2] a) P. E. Dawson, T. W. Muir, 1. Clark-Lewis, S. B. Kent, Science

1994, 266, 776; b) H. Hojo, S. Aimoto, Bull. Chem. Soc. Jpn.
1991, 64, 111.

www.angewandte.org

6409


http://dx.doi.org/10.1002/ange.200801313
http://dx.doi.org/10.1002/ange.200801313
http://dx.doi.org/10.1126/science.7973629
http://dx.doi.org/10.1126/science.7973629
http://dx.doi.org/10.1246/bcsj.64.111
http://dx.doi.org/10.1246/bcsj.64.111
http://www.angewandte.org

Communications

H OH OH
HO O &%

Q o 0 Ho=-[O
HO HO HO

OH NHAC
HO OH OH OH ©,

Q o 0 Ho=-[O
HO HO HO OH NHAC

OH NHAC oHo Q 10}

3 HO
NHA
OH
o]
me:HN\:/u\N
(NH
J'\NHth
16

OH
NHAc
NHAc oHo O NH
d

HO OH

H OtBu

[K-E-T(ypMe Mepro)-A-A-A-K-F.E-R-Q-H-Nle D}/
[T-5-A-A] j\)

OH OH
HO OH 5
Q o 0 Ho==|0
HO! HO! HO!
OH NHAc
H OH OH
Ho 2 Jos)

\)’\
\I/ BccHN\j

SfoYfC—NfoNIefNIe

“szszr”ic ’ég/

i %290 % ¥
N\)l\ \)J\E"S\/\)LN No Rink-
(o]

BocHN

PG 0 0o o)

H
RNLTRDRF o~ Ay Rink-
R Ao PEGA

N:

o
c,\/L--/o

17R=H
¢ TMS-CHN,, hexane/CH,Cl,

18 R = TMS-CH;

1. ethyl 3-mercaptopropionate, PhSNa, DMF
2. TFA, ethyl 3-mercaptopropionate, Et3SiH, H,O

O o}

HoN— K-E-T-A-A-A-K-F-E-R-Q-H-Nlg-D-S-S-T-5-A-A-5-S-5-N-Y-C-N-Q-Nle- Nle—KfS—RfoLfT—K—D—R Vks’\/Lo’\

Scheme 5. Synthesis of RNase 1-39 thioester (19):
(2 equiv each) in NMP, 24 h.

[3] T. Haack, M. Mutter, Tetrahedron Lett. 1992, 33, 1589.

[4] C.Piontek, D. Varén Silva, C. Heinlein, C. Pohner, S. Mezzato, P.
Ring, A. Martin, F. X. Schmid, C. Unverzagt, Angew. Chem.
2009, 121, 1974; Angew. Chem. Int. Ed. 2009, 48, 1941.

[5] Y. Kajihara, A. Yoshihara, K. Hirano, N. Yamamoto, Carbohydr.
Res. 2006, 341, 1333.

[6] P. Lloyd-Williams, F. Albericio, E. Giralt, Tetrahedron 1993, 49,
11065.

[7] A.R. Katritzky, M. Yoshioka, T. Narindoshvili, A. Chung, N. M.
Khashab, Chem. Biol. Drug Des. 2008, 72, 182.

[8] T. Yoshiya, Y. Sohma, F. Fukao, A. Taniguchi, S. Nakamura, M.
Skwarczynski, T. Kimura, Y. Hayashi, Y. Kiso, Pept. Sci. 2006, 43,
43.

[9] T. Wohr, F. Wahl, A. Nefzi, B. Rohwedder, T. Sato, X. Sun, M.
Mutter, J. Am. Chem. Soc. 1996, 118, 9218.

[10] a) Novabiochem in Innovations, Vol. 6/04, 2004, http://
www.emdbiosciences.com/html/NBC/innovations.htm; b) L.
Coin, P. Schmieder, M. Bienert, M. Beyermann, J. Pept. Sci.
2008, 74, 299; c¢) Genzyme in http://www.genzymepharmaceuti-
cals.com/pdf/Genzyme_Pseudoproline_dipeptide_flyer.pdf,
2010.

19

a) deprotection: 20% piperidine/NMP; b) coupling: peptide 5, 6, or 11, PyBOP, DIPEA

[11] a) A. Nefzi, K. Schenk, M. Mutter, Protein Pept. Lett. 1994, 1, 66;
b) P. Dumy, M. Keller, D. E. Ryan, B. Rohwedder, T. Woehr, M.
Mutter, J. Am. Chem. Soc. 1997, 119, 918.

[12] K. Barlos, D. Gatos, W. Schaefer, Angew. Chem. 1991, 103, 572;
Angew. Chem. Int. Ed. Engl. 1991, 30, 590.

[13] X.Li, T. Kawakami, S. Aimoto, Tetrahedron Lett. 1998, 39, 8669.

[14] A.B. Clippingdale, C. J. Barrow, J. D. Wade, J. Pept. Sci. 2000, 6,
225.

[15] a) M. Quibell, L. C. Packman, T. Johnson, J. Am. Chem. Soc.
1995, 117, 11656; b) C. Zikos, E. Livaniou, L. Leondiadis, N.
Ferderigos, D. S. Ithakissios, G. P. Evangelatos, J. Pept. Sci. 2003,
9, 419.

[16] E. Bardaji, J. L. Torres, P. Clapes, F. Albericio, G. Barany, R. E.
Rodriguez, M. P. Sacristan, G. Valencia, J. Chem. Soc. Perkin
Trans. 1 1991, 1755.

[17] H.M. Yu, S. T. Chen, K. T. Wang, J. Org. Chem. 1992, 57, 4781.

[18] R. Ingenito, E. Bianchi, D. Fattori, A. Pessi, J. Am. Chem. Soc.
1999, 121, 11369.

[19] N. L. Benoiton, Y. C. Lee, R. Steinaur, F. M. Chen, Int. J. Pept.
Protein Res. 1992, 40, 559.

[20] S. Flemer, Jr., J. Pept. Sci. 2009, 15, 693.

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2011, 50, 6406 —6410


http://dx.doi.org/10.1016/S0040-4039(00)91681-2
http://dx.doi.org/10.1002/ange.200804735
http://dx.doi.org/10.1002/ange.200804735
http://dx.doi.org/10.1002/anie.200804735
http://dx.doi.org/10.1016/j.carres.2006.04.037
http://dx.doi.org/10.1016/j.carres.2006.04.037
http://dx.doi.org/10.1016/S0040-4020(01)81800-7
http://dx.doi.org/10.1016/S0040-4020(01)81800-7
http://dx.doi.org/10.1021/ja961509q
http://dx.doi.org/10.1002/psc.928
http://dx.doi.org/10.1002/psc.928
http://dx.doi.org/10.1021/ja962780a
http://dx.doi.org/10.1002/ange.19911030516
http://dx.doi.org/10.1002/anie.199105901
http://dx.doi.org/10.1016/S0040-4039(98)01868-1
http://dx.doi.org/10.1002/(SICI)1099-1387(200005)6:5%3C225::AID-PSC244%3E3.0.CO;2-T
http://dx.doi.org/10.1002/(SICI)1099-1387(200005)6:5%3C225::AID-PSC244%3E3.0.CO;2-T
http://dx.doi.org/10.1021/ja00152a005
http://dx.doi.org/10.1021/ja00152a005
http://dx.doi.org/10.1002/psc.454
http://dx.doi.org/10.1002/psc.454
http://dx.doi.org/10.1021/jo00044a001
http://dx.doi.org/10.1021/ja992668n
http://dx.doi.org/10.1021/ja992668n
http://dx.doi.org/10.1002/psc.1181
http://www.angewandte.org

